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VERTICAL-CAVITY SURFACE-EMITTING LASERS WITH FACET-ETCHED
METASURFACES

Erik Strandberg

Photonics Laboratory - Department of Microtechnology and
Nanoscience - Chalmers University of Technology

Abstract

The vertical-cavity surface-emitting laser (VCSEL) is a ubiquitous device
today. It is responsible for efficiently powering the short-reach fiber-optic
links in data centers and registering your face every time you unlock
your iPhone. The VCSEL’s popularity comes from its micro-sized cav-
ity, enabling the laser to lase with low threshold currents, inherent single
longitudinal mode, and excellent high-speed modulation performance.
However, the small cavity size implies that the emitted beam will have a
significant divergence. Which means that the VCSEL needs to be pack-
aged together with bulky external optics to perform even the simplest
optical task. One of the more recent advancements in nanophotonics is
called metasurfaces, a surface patterned with nanoparticles that can tai-
lor the phase and polarization state for an incident beam. By carefully
designing the geometry of the nanoparticles, it is possible to replicate
and combine the output of essentially any classical refractive optical el-
ement, all in an optical component with a thickness that is of the same
order as the wavelength of the beam.

The idea behind this work is to monolithically integrate metasurfaces
directly in the facet of the VCSEL, removing the need for any beam
shaping optics and delivering an arbitrary beam while maintaining the
small footprint of the laser diode. In this thesis, I present how to de-
sign and fabricate a VCSEL with an integrated metasurface and how we
have utilized them to construct miniaturized illumination modules for
biophotonics. We have demonstrated an unconventional metasurface de-
sign that can very efficiently, > 90%, deflect light to large angles, > 60°
and circumvents the inherent problem of aspect-ratio dependent etching
associated with monolithic integration. The VCSELs with facet-etched
metasurfaces have enabled a combined dark-field and total internal reflec-
tion microscope module, and a surface-plasmon resonance sensing mod-
ule with comparable to the state-of-the-art resolution at An = 4.9-1076
refractive index units.

Keywords: vertical-cavity surface-emitting lasers, metasurfaces, meta-
gratings, miniaturized biophotonics, surface plasmon resonance

111



v



Publications

This thesis is based on the work contained in the following papers:

[A] Mindaugas Juodénas, Erik Strandberg, Alexander Grabowski,
Johan Gustavsson, Hana Jungové—éipové, and Mikael Kall. “ High-
angle deflection of metagrating-integrated laser emission for high-
contrast microscopy”, in Light: Science and Applications, 12.1 (2023):
251.
doi: 10.1038/s41377-023-01286-0

IB] Erik Strandberg, Mindaugas Juodénas, Hana Jungova-Sipova,
and Mikael Kall. “Flat Plasmonic Biosensor with an On-Chip
Metagrating-Integrated Laser”, Submitted.



vi



Contents

Abstract iii
Publications v
Acknowledgment ix
Akerepyms xi
[ 1 Tntrdduction 1
- ground . . ... ..o 1
1.2 Mofivation . . . . . . .. ... 4
[ 13l State-of-the-art . . . .. .. ... ... ... ... ..... 5
| t4—mthis thesis . . . ... ... 0000000 5
| 4717 Thesis outline . . . . . . .. ... ... ....... 6

| |
2 Vertical-Cavity Surface-Emitting Lasers 7
T i entals . . . . ... 7
2.1.T Population inversion . . . . . . . .. ... ... .. 8
| 2.1.2 Optical teedback . .|. . ... ... ... ... ... 9
i laser . . . . . ... 12
220—Fhev wluu,al cavity surface-emitting laser . . . . . . 12

|—2'2'2—‘V‘CS'E1r|caV1ty simulations - effective index method 21

2.2.3 VCSHEL tabrication . . . .| ... o000 L. 22

294 \f(\‘SE L—characterization [ 28
1

vii



3 Monolithically integrated metasurfaces 33

3.1 Shaping light with sub-wavelength nanostructures . . . . . 34
3.1.1 Phase gradient metasurfaces . . . . . . .. ... .. 36
3.2 Diffractive unit cell metasurfaces . . . . . ... ... ... 40
3.3 GaAs dielectric metasurface fabrication. . . . . . . . . .. 42
3.3.1 Aspect-ratio dependent etching . . . . ... . ... 42
3.3.2 Metasurface process flow . . . . . .. ... ... .. 43
3.4  Fourier plane imaging for metasurface characterization . . 45
[ 4 Integrated blophotonlcs | 49
«Il
| |
5 Future work | 57
| rb—bmnmary—ot—pa{aerh 59
|
[Included papers A—B | 71

Vviil



Acknowledgment

First and foremost, I would like to extend my biggest possible thank you
to Asa, both for introducing me to the photonics lab, VCSELSs, for sup-
port, guiding words, and encouragement along the way for the last three
years. Mikael for inviting me to be around bio nanophotonics and for a
great general excitement about nanophotonics. Thank you, Anders for a
smooth introduction to the Ph.D. journey and all the clean room duties,
and thank you, Philippe for making sense of electromagnetic theory. Be-
yond the professors, an extra large special thank you to Mindaugas, for
supplying this project with nanofabrication expertise, and for making
the bio imaging lab thoroughly enjoyable to be in; I will not ponder on
what I would have done without you. Alexander for all the guidance in
the clean room, the introduction to chess, and the steady supply of inter-
net content. Thank you, Hana for all biophotonics and pipette guidance.
To the other final Ph.D. student of the optoelectronic lab, Hans, thank
you for spare snus and for managing to even make the tropical heat in
Shenzen enjoyable. Thank you to Lars for all discussions about how op-
tics actually work and the chess games, and to Timo for making my last
thesis writing during Covid less lonely. Thank you to Niclas for all the
electron beam lithography support and for the unprecedented amount
of joy you bring to nanofabrication. I had the great pleasure to guide a
handful of student projects in the optoelectronic lab, Isac, Christoffer,
Sofia, Jacob, Theodor, and Gustav, thank you for supplying the lab with
extra excitement; I wish you all the best with future endeavors. Thank
you, Tintin for some great nanofabrication and laughs. Thank you to the
GaN group for adopting me. Of course, a huge thank you to everyone

X



else working in the photonics lab, bio nanophotonics department, and
the myfab clean room, no one mentioned, no one forgotten. Thank you
to Simon, Per, Frida, and Erika for making the first five years of the
physics education bearable and thank you to my mother and brother,
Sophia and David, for making the first eighteen years of my life bear-
able. The final thank you is saved for my star and the love of my life,
Hanna, without you everything is gray.

Erik Strandberg
Goteborg, December 2024



Acronyms

ARDE
CCD
DF
DBR
EBL
EEL
GaAs
HDMS
MQW
NA
OSA
PDMS
QW
RIE-ICP
SEM
SMSR
SPP
SPR
TIR
TLM
VCSEL

Aspect-Ratio Dependent Etching
Charge-Coupled Device
Dark-Field

Distributed Bragg Reflector
Electron-beam Lithography
Edge-Emitting Laser

Gallium Arsenide
Hexamethyldisilazane

Multiple Quantum Well
Numerical Aperture

Optical Spectrum Analyzer
Polydimethylsiloxane

Quantum Well

Inductively Coupled Plasma Reactive Ion Etch
Scanning Electron Microscope
Side-Mode Suppression Ratio
Surface Plasmon Polariton
Surface Plasmon Resonance
Total Internal Reflection
Transfer Length Method
Vertical-Cavity Surface-emitting Laser

x1



Xii



CHAPTER 1

Introduction

1.1 Background

Since the first demonstration of the laser, by stimulated emissions from a
ruby crystal in 1960 [1], it has arguably been one of the most transforma-
tive devices for modern society and all fields of the natural sciences. Since
then, it has been an exciting quest for the laser community to find new
materials that can induce lasing, delivering new lasers at different wave-
lengths and with different strengths. For example, using a high-voltage
electric current! to excite molecules in C20O for cutting and welding met-
als [2], optically pumping Nd:YAG crystals for optical surgery and the
detection of gravitational waves [3], or utilizing relativistic electrons to
create extreme ultraviolet light in complex material science [4].

One of the more commen types of laser today is the semiconductor
laser [5], where the band gap of a semicondugctor crystal is utilized to
emit light. Since the band gap is dependent on crystal constituents
and their ratio [6], it is possible to achieve emission ranging from the
UV into the far-infrared. The wide band gap of the AlGaN material
system camrproduce UV wavelengths, 210-320 nm |7, 8], InGaN-AlGaN
supports emission over the visible wavelength, for example, 405 nm laser
diode used in high-density optical storage disks, spotlights and head-
lights [9,10]. For longer wavelengths in the visible spectrum InGaAlP-
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GaAs takes over, with for example 650 nm diodes used in old DVD play-
ers [11,12], InGaAsP-InP can emit in the far-infrared covering the wave-
length spectrum used in optical communication 1310-1550 nm [13, 14],
and the narrow separation in energy between sub-bands is used in quan-
tum cascade lasers to emit light into the far-infrared as far as 24 pm [15].
Finally, for emission in deep red into the near-infrared, 750-1100 nm, Al-
GaAs is the material of choice and used for pumping the mentioned
Nd:YAG lasers [16,17] and pumping erbium-doped fiber amplifiers [18].
The AlGaAs system has been especially attractive for laser diodes, since
AlAs and GaAs are lattice matched; it enables epitaxial growth of layers
with a high refractive index contrast. AlGaAs can-be-highly doped, both
p- and n-type, to produce low-resistance ohmic contacts, and since the
epitaxial growth of AlGaAs is very mature, the produced wafers have
a very low defect density [19-21]. All of the different material systems
pose theirewn, challenges for producing a stable laser-diode, and research
is still devoted to finding suitable ways to produce electrically pumped
devices for each material system, and for incorporating new fabrication
and new growing techniques [22]. The current and future interest in the
semiconductor laser can be attributed to nanofabrication, an field that
has seen huge investmments, research, and improvements following the
undeniable success of the transistor, allowing the semiconductor laser to
piggyback on the development of new and improved techniques.

The two main types of semiconductor lasers are the edge-emitting laser
(EEL) and the vertical-cavity surface-emitting laser (VCSEL). The main
difference, as their names suggest, is the direction of emission from the
substrate. The gallium arsenide (GaAs) VCSEL with emission in the
infrared has since the inception in 1979 [23] and commercialization in
1996 been the laser of choice for short-reach fiber-optic links in data cen-
ters [24,25], short-range 3D sensing applications [26], and used to be the
light source in an optical computer mouse [27]. Due to their micro-sized
cavity, the VCSEL has an extremely compact footprint, low threshold
durrent for lasing, excellent high-speéddperformance at low power, and in-
herent single longitudinal modelemission. In addition, the VCSEL emits
a circular symmetric beam from the surface of the semiconductor wafer,
in contrast to the EEL, which enables screening during the fabrication
and in turn leads to higher fabrication yields of mounted lasers. How-
ever, though EEL and VCSELs can be made extremely compact and
energy efficient, their small cavity sizes imply that the emitted beam
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will always have a significant divergence. Which requires the lasers to be
packaged together with bulky external optics to perform even the sim-
plest tasks; optics such as shaping the laser beam to suit the application.

One of the more recent revolutionary developments in nanophotonics is
the dielectric optical metasurfaces, the latest development in the minia-
turization of beam shaping optical elements. The miniaturization first
started with Fresnel, who realized that the ordinary lens focuses light
by introducing a laterally varying phase accumulation from the curved
geometry of the lens surface. Since light is an electromagnetic wave, it is
periodic by 27 and Fresnel understood that he only needed to be able to
control a phase shift up to 27 to focus a beam. This realization led to the
construction of the Fresnel lens, where the curved surface of the lens only
achieves a phase accumulation of between 0 — 27 and the rest of the glass
is removed [28|, reducing the weight of the lens. It is still possible to see
Fresnel lenses in a university classroom that uses an overhead projector
or in your nearest lighthouse [29]. The next step in miniaturization is
called diffractive optics and was made possible by nanofabrication tech-
niques allowing fabrication of nanostructures with a comparable size to
the wavelength of light [30,31]. In diffractive optics, a discrete pattern of
different heights is structured to induce the laterally varying phase delay
of 21 needed for beam shaping. Even though diffractive optics can create
complex optical beam-shaping [32], it faces several problems, foremost
the complex nanofabrication process needed to etch a sub-wavelength
pattern to several|different discrete heights, needed for advanced beam
shaping.

The dielectric metasurface is essentially an integrated diffractive opti-
cal element, but instead of varying the height to induce a phase delay,
the geometry of discrete nanoparticles in a sub-wavelength lattice, called
metaatoms, is utilized [33,34], allowing for the entire optical element to
be fabricated in one step. By tailoring the geometry of the metaatom,
the metasurface can perform tasks that the diffractive optic cannot, such
as extensive control over the polarization state [35,36]. Moreover, the
metasurface [37] can produce the optical output of essentially any classi-
cal refractive or diffractive optical element, such as lenses [38,39], blazed
gratings [40], changing the polarization state [41], or any combination
thereof [42], and the metasurface can even| outperform classical optics
in cettain applications, such as single lenses with near-unity numerical
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apertures [43|. So, the dielectric metasurface delivers any optical func-
tion from an optical element, from a surface of a single layer of dielectric
metaatoms, with a thickness on the order of the wavelength of the beam,
leading to an unparalleled reduction in the weight and size of any opti-
cal setup. This might all sound too good to be true; unfortunately, the
metaatoms’ geometry comes with resonances, which means that they
have a relatively narrow wavelength band, compared to refractive optics,
for which the wanted optical output is produced. It is currently a large
quest to find the best solution to solve wide-band operation of meta-
surfaces [44]. Beyond the narrow band of operation, the fabrication of
metasurfaces is usually relying on sub-wavelength lithography with elec-
tron beam lithography (EBL) which is very expensive, but alternatives
to EBL are emerging such as nanoimprinting or self-assembled metasur-
faces [45,46]. Finally, optical metasurfaces can be structured into mate-
rials that can be externally tuned, which would allow for wavelength-thin
active optical beam shaping, among others, electrically tunable transpar-
ent indium tin oxide [47], thermal tuning of resonant silicon disks [48],
or infiltration of liquid crystal in resonant cavities [49].

1.2 Motivation

The VCSEL is the perfect candidate[for monolithic integration of the
metasurface directly on the facet of the laser. A GaAs-VCSEL can be
grown on an undoped GaAs substrate, a dielectric material with very
low defect density, which causes minimal scattering losses, and a high
refractive index, which simplifies the fabrication because it reduces the
needed etch depth for a dielectric metasurface. Furthermore, the VCSEL
is inherently lasing with a single-mode longitudinal mode which is ideal
for the, in general, narrow band operation of a dielectric metasurface.
Finally, the laser diode’s surface emission means that the metasurface
can easily be etched directly into the facet of the laser. The metasurface
removes the need for packaging the VCSEL with external optics; it be-
comes possible to fabricate laser diodes that produce an arbitrary beam
directly from the chip, retaining the small footprint of the VCSEL. In
addition, the laser diodes are fabricated on centimeter-sized chips with
hundreds to thousands of individually addressable lasers, each of which
can have its own dedicated metasurface. This creates the possibility
to have chips emitting a plethora of different beams that each can be
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designed to complete their own optical tasks and switched between ex-
tremely rapidly, which has limitless potential for miniaturized optical
devices.

1.3 State-of-the-art

There are several demonstrations of different approaches to the inte-
gration of dielectric optical metasurfaces together with a semiconductor
laser. The first two aimed to generate on-chip beams with orbital an-
gular momentum by patterning a SiNy metasurface on the facet of the
VCSEL [50], and a SiNy metasurface on a half-cavity VCSEL to induce
orbital angular momentum [51]. The first demonstration of a monolith-
ically integrated metasurface with a VCSEL was in 2020, where they
collimated, deflected, and produced Bessel beams on-chip with dynamic
phase metasurfaces [52|. The same group published an additional paper
with dynamic phase metasurfaces with an extensive demonstration of
array_beams with different properties, large-angle deflection, and holog-
raphy[53|. In 2022;-they extended their fabrication to include what is
called spin-decoupled metasurfaces, a combination of dynamic and geo-
metric phase metasurfaces, and demonstrated holographic images of dif-
ferent polarizations and vortex beams [54|. Finally, a last demonstration
with spin-decoupled metasurfaces was used to create several holograms
withrdifferent polarizations from the same laser [55|. Beyond Genevet’s
group, there has also been a demonstration of integrated amorphous-Si
metasurfaces on the facet of a VCSEL to create circularly polarized light,
and by reverse biasing the diode, they demonstrated how it can be uti-
lized as a photodetector for light withy a circular polarization [56], and
a demonstration of GaAs metasurface integrated in the top distributed
Bragg reflector that both provides the needed reflectance for lasing and
alters the polarization state of the emitted beam, from linear to circu-
lar [57].

1.4 In this thesis

In this thesis, I present how bottom-emitting GaAs VCSELs, emitting
light at 980 nm, with monolithically integrated optical metasurfaces,
have been designed and fabricated. We have fabricated a diffractive-type
metasurface, called a metagrating, that is able, through an unconven-
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tional design, to collimate, in one dimension, and to deflect, in the other
dimension, the emitted beam from the VCSEL, creating a fan-shaped
beam directly from the laser chip. This laser is then used to perform
miniaturized biophotonics. The first demonstration in Paper A [58] is a
miniaturized illumination module for dark-field and total internal reflec-
tion (TIR) microscopy, two standard illumination techniques that deliver
a large signal-to-noise ratio, since the background from the source is sup-
pressed. Since the emitted beam is at a steep angle, the illuminated body
is spatially offset from the illumination module; thus, it can be directly
attached to an existing bright-field microscope, making it attractive as
an affordable add-on for any existing microscope setup that needs extra
functionalities. In addition, two neighboring VCSELSs on the same chip
provide the illumination needed for the dark-field and the TIR, which en-
ables rapid switching between the two modes of microscopy of the same
target. The second demonstration, in Paper B, uses the same type of
metasurface design to excite surface plasmon polaritons (SPPs) in a thin
metal film, which can be used to perform a biosensing technique called
surface plasmon resonance (SPR). The illumination module is bonded to
a glass slide that can be interfaced with a sensing slide that has both the
metal film needed to support SPP excitation and bonded polydimethyl-
siloxane (PDMS) microfluidic channels for easy analyte perfusion. The
full biosensor has been extensively characterized, and we demonstrate a
comparable performance to the state-of-the-art SPR sensor, but with a
miniaturized illumination and a not-seen-before flat form factor.

1.4.1 Thesis outline

The second chapter describes the lasing action of a semiconductor laser
and how to design the VCSEL cavity for single-mode and single-polarization
emission, as well as the fabrication process and the achieved performance
of the laser diodes. In the third chapter, the principles of conventional
phase-gradient and diffractive metasurfaces are introduced, and how to
design and fabricate metasurfaces in GaAs. For the final chapter, the
used design to realize the miniaturized illumination modules is described,
and the two applications for the papers are briefly discussed.



CHAPTER 2

Vertical-Cavity Surface-Emitting Lasers

As the name suggests, the vertical-cavity surface-emitting laser (VC-
SEL) emits light normal to the surface of the semiconductor wafer. The
cavity is formed by sandwiching a gain medium between two highly re-
flecting distributed Bragg reflectors (DBRs). The VCSEL is sometimes
referred to as a micro-cavity laser and gains significant advantages from
the small-sized cavity, such as low threshold currents and outstanding
high-speed performance at low power consumption. The VCSELs fabri-
cated for metasurface integration are substrate-emitting and designed to
be lasing in a single longitudinal and transverse mode, and with pinned
polarization over the entire biasing range of the VCSEL.

2.1 Laser fundamentals

Laser is an acronym for Light Amplification by Stimulated Emission of
Radiation. The light emitted by stimulated emission is highly coher-
ent and almost monochromatic, making the laser the ideal candidate for
any application that demands a precise light source. To obtain stimu-
lated emission as the dominant radiative process, three ingredients are
required: a medium which can be pumped with energy to create optical
gain, an energy pump for said medium, and a resonator to create a high
energy density of photons at a certain wavelength [5,59].
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Figure 2.1: The three possible photon-electron processes of the two-level
system. The incident and emitted photons all have a wavelength, A = h¢/AE,
corresponding to the energy difference of the two-level system.

2.1.1 Population inversion

Stimulated emission is a quantum interaction and to understand how to
make it the dominant radiative process in a medium, it is instrumental
to study one of the simpler quantum systems - the two-level system. In
the two-level system, electrons can be in a low-, F1, or high-energy state,
FE5, the number of electrons per unit volume, populating these energy
levels, is denoted by N; and Ny respectively. In this system, there are
three different one-electron-one-photon interactions that can take place,
as shown in Fig. 2.1, between an electron in either state and a photon
with a wavelength that corresponds to the separation of the energy levels,

AE:EQ—E&:% — )\:%, (2.1)
where h is %mck’s constant, c is the speed of light and A the wavelength
of the photon. In the first interaction, an electron can be excited from
the lower-energy state to the higher-energy state, absorbing the photon
in the process. The rate of absorption will be dependent on the density of
electrons in the lower energy state and the energy density of the photons

Raps = B12N1p(A), (2.2)

where p(\) is the photon energy per unit volume between A and A +
d\. Bjs is known as Einstein’s B coefficient and is a function of the
energy separation in the two-level system. For the second interaction,
an electron in the higher-energy state can spontaneously be deexcited
to the lower state, which produces a photon with wavelength A, and
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is known as spontaneous emission. The spontaneous emission does not
need a photon to induce the interaction and is only dependent on the
number of electrons in the higher energy level,

Ry, = Ag1 No, (2.3)

where Aoy is, again, Einstein’s A coefficient. Finally, a photon can inter-
act with an electron in the high-energy state and deexcite the electron.
This interaction is called stimulated emission and produces an additional
photon from the energy difference by the deexcitation of the electron.
The rate of stimulated emission is therefore dependent on the electrons
in the higher energy state and the energy density of photons in the gain
medium,

Rst = Bglng(A), (24)

where Bs; is, again, Einstein’s B coefficient.

So, of the one-electron-one-photon interaction, there are two radiative
processes that can generate light. Both are dependent on the number
of electrons in the higher energy state, No. In thermal equilibrium, the
number of electrons in the excited state is low, which makes absorption,
R.1s, the dominant process of the two-level system. So, the first step to
constructing a laser is to inject the gain medium with energy to excite
electrons to the higher-energy state, where the excess of charge carriers
induces non-equilibrium conditions; what is known as population inver-
sion, that enables the generation of light.

2.1.2 Optical feedback

However, there are still two radiative processes, spontaneous, R, and
stimulated emission, Ry, and there is a key difference between the pho-
tons emitted from the two processes. Since the spontaneously emitted
photons are from electrons deexciting from the conduction band by ran-
dom fluctuations, they will be emitted with a random phase and wave-
length. Thus, the radiation from spontaneous emission is isotropic and
incoherent. On the other hand, the deexcitation of the electron in stim-
ulated emission is induced by the incident photon, creating a quantum
mechanical copy of the incident photon with exactly the same phase and
wavenumber, giving rise to highly directional and coherent radiation.
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Figure 2.2: The Fabry-Perot cavity with two planar mirrors, with reflectance
R; and R, respectively, separated by length L. The gain medium that can
generate light by population inversion is sandwiched between the mirrors. The
wavelength that fulfills Eq. 2.8 will form standing waves inside the cavity and
resonate.

Unfortunately, the ratio between the rates of stimulated to spontaneous
emission, under thermal equilibrium, can be found as,

e Be 1
L] T R ohe/MesT _ 1’

(2.5)

Sp

where kp is the Boltzmann constant and 7' is the ambient temperature.
At room temperature and at a wavelength A\ < kT, the rate of sponta-
neous emission far exceeds the rate of stimulated emission. For example,
at room temperature, T" = 300 K with photons in the near infrared spec-
trum, A = 980 nm, the ratio between the two processes is R ~ 5 - 10724

Fortunately, the rate of stimulated emission is dependent on another term
as well; the energy density of photons, p(A), from Eq. 2.4. By placing
the gain medium inside an optical resonator, it is possible to increase the
photon density for a resonating wavelength and have stimulated emission
dominating over the spontaneous. Again, it is instrumental to study the
simplest possible resonator, the Fabry—Pérl;] resonator, as shown in Fig.
2.2, only consisting of two plane mirrors, with reflectance R; and R».
The plane wave solution for the electric field propagating in the cavity
along the z-axis can be written as,

E(z,y,2) = Ey(z,y)e” *2el 923 (2.6)

where E; is the transverse electric field profile, k& = 2mnpeg/A is the
propagation constant along the z-axis, g and a are the gain and loss
coefficients for propagation one round trip in the cavity, and I'" is the

10
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Figure 2.3: The direct band gap of the GaAs semiconductor crystal.

confinement factor that takes into account how much of the field is over-
lapping with the gain medium. The resonances of the cavity can be
found by requiring that the field reproduces itself after propagating one
round trip, 2L, in the cavity,

E(r,y,2) =E(z,y,2+2L) — 1=¢ " /RiRye!v"%  (2.7)
——

NG 7

Phase Amplitude

The two terms of the result can be separated into two conditions for
lasing. First the phase condition,

. 20Ln,
l=e2HL Ly okl —27q — = —Zlwefl (2.8)
q

where n,ef is the effective refractive index of the mode and ¢ is the mode
number. This gives the longitudinal resonating modes of the cavity. The
first four modes for the Fabry-Perot cavity are shown in Fig. 2.2. The
second term is referred to as the gain condition,

—— 1 1 1
1 — F(g—a)L — = — — 1 2
Rl RQ@ gth F o + @ n R1R2 ) ( 9)

where gty is known as the threshold material gain. g}, is the needed gain
for the active region to perfectly balance the loss from propagation in the
cavity and the loss from the mirror facets. When g > g, one photon will
generate more than one photon per round trip in the cavity, creating a
self-oscillating system where the energy density of the photons, p()), can
grow large, which increases the stimulated emission process, Ry, making
the dominating process for generating light, creating coherent emission.

11
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2.2 The semiconductor laser

Semiconductor lasers, or laser diodes, are emitters where stimulated
emission is generated by injecting current or photons into a semicon-
ductor crystal. The two main types are the edge-emitting laser (EEL),
with a cavity along the length of the substrate, and the vertical-cavity
surface-emitting laser (VCSEL), with a cavity vertical to the surface of
the substrate. The active region, or gain medium, consists of a semicon-
ductor crystal that has a direct band gap, where population inversion
can be established in a forward-biased pn-junction, by injecting either
photons or electrons. In Fig. 2.3 a direct band gap of semiconductor
crystal, with a parabolic approximation for the conduction and valence
band, is presented; the emitted photon will have a wavelength corre-
sponding to the energy difference of the deexcitation, A = he¢/AE. The
resonant cavity, for optical feedback, is formed by reflection from the re-
fractive index difference between different compositions of semiconductor
materials, dielectric materials, and the index contrast to air.

[

2.2.1 The vertical-cavity surface-emitting laser

As mentioned, the VCSEL has a vertically oriented cavity. The fabri-
cated VCSEL for this work is in the AlGaAs material system designed
to lase at 980 nm. With the vertical cavity, the small optical confine-
ment to the active region gives a very limited amount of gain from one
round trip in the cavity, in comparison to the EEL, which creates a need
for highly reflective mirrors to induce lasing. Usually, the VCSEL cav-
ity has an effective length of one or several wavelengths, which makes
the VCSEL inherently lasing with a single longitudinal mode. In Fig.
2.4A a top view of a fabricated GaAs bottom-emitting VCSEL, next to
a cross-section of the VCSEL in Fig. 2.4B.

] Quantum wells

Semiconductor lasers usuai‘l'_y']take advantage of thin layers of gain ma-
terial, with a thickness on the order of ~ 10 nm, called a quantum
well (QW), where the discretization of the electron wavefunction in one
dimension significantly alters the material properties [60]. The small
volume of active material that needs to be pumped implies that only a
small current is needed to achieve population inversion, which reduces
the threshold current, even though it reduces the optical confinement.
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Figure 2.4: (A) Microscope image of a fabricated bottom-emitting GaAs-
VCSEL. Note that most of the image is the probe pads for the laser. (B) A 3d
render of the cross-section of the bottom-emitting GaAs-VCSEL.

The QW also has a reduced density of states compared to bulk material,
which for a certain excess of carriers has a narrower gain spectrum, i.e.
the wavelength range over which the active region can provide gain, at
the band edge [61]. This, in turn, leads to a further decrease in threshold
current, since population inversion at the band edge can be reached for
lower excess current densities. Finally, the small thickness of the QW
allows for strain engineering of the gain medium; the active layers can
be grown with strain without exceeding the critical thickness where the
material would crack, which enables further tailoring of the band struc-
ture [62].

The full active region usually consists of multiple quantum wells (MQWs),
separated by barriers of some higher band gap material. The gain spec-
trum for GaAs is usually on the order of 10-100 nm, which red-shifts
when biased. There is research dedicated to investigating QW with dif-
ferent compositions, called chirped QW, to enable more temperature-
stable operation of the VCSEL [63]. Recently, it was demonstrated that
it is possible to cascade several active regions of MQW, separated by
tunnel junctions that can recycle carriers, to further increase the gain of
the laser cavity [64].
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Figure 2.5: Illustration of a DBR with alternating layer with a higher, ny, and
lower, ny refractive index. If the layers have a thickness A/4n the transmitted
field, Fi, experiences destructive interference and a mirror of arbitrary high
reflectance, for a certain wavelength range, can be constructed.

Longitudinal modes

The short cavity gives rise to a large free spectral range between the
longitudinal modes, i.e. a large gap in wavelength between the modes.
The free spectral range can be calculated by taking the derivative of the
mode number, g, with respect to the wavelength in the phase condition,
Eq. 2.8, and is

)\2
AN= ——, 2.10
2Lng off ( )
where ng e =1 — nl dgf\ff is the effective group index of the mode. For

a}aAs VCSEL with emission at A = 980 and a one wavelength long
ity, the free spectral range is A\ ~ 140 nm. This is much larger than
the gain spectrum of the MQW; thus, the short cavity VCSEL inher-
ently has one resonant longitudinal mode that can lase. However, the
resonant wavelength is a function of the effective refractive index, Eq.
nefr, of the cavity, as seen from 2.8, which is also temperature-dependent.
The refractive index of semiconductor materials usually increases with
temperature, causing the resonant wavelength to red-shift with an in-
crease in bias currentf—]

Distributed Bragg reflectors

Since the optical confinement to the active region with the vertical cavity
is very limited, the amount of generated photons from each round-trip
is small, which in turn sets a very high requirement on the reflectance
of the mirrors. The reflectance required to fabricate a lasing VCSEL is
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Figure 2.6: The reflectance from a DBR that is designed to highly reflect light
at A = 980 nm. (A) The reflectance from three different GaAs-AlAs DBR with
16, 32 and 64 mirror pairs. (B) Zoomed in image of the stopband where the
reflectivity approaches unity and the the bandwidth of the stopband increases
with the number of pairs in the DBR.

usually R > 99%, which makes it necessary to employ DBRs, illustrated
in Fig. 2.5. By alternating refractive index materials of a higher, ny, and
lower, nq, refractive index, it is possible to create near-unity reflectance
within a certain wavelength range.

When an incident beam, Ej;, is illuminating the top of a DBR, there will
be reflections from all the interfaces. If the thickness of each layer is ex-
act quarter wavelength, the phase shift from each reflection back to
the top is exactly 2mm, where m is an integer. This means that all reflec-
tions will constructively interfere for the reflected field, F,, and suppress
the transmitted wave, E;, by destructive interference. The reflectance
from a DBR can be analyzed via the transfer matrix method [65] where
the reflectance for a certain wavelength is found as,

o\ 2N 2
Ntop — Mbot (n_;)

n 2N
Ntop + Nbot (%)

Rppr = , (2.11)

where nj/no is the refractive index contrast of the alternating layers in
the stack, N is the number of mirror pairs, and niep, npot are the re-
fractive indices at the top and bottom of the stack respectively. From
Eq. 2.11 the reflectivity of the DBR stack increases with the number of
mirror pairs, N, and approaches unity. The spectral width of the stop-
1@, the range of wavelength with high reflectivity, is determined by
the index contrast, nj/ng, in the DBR, where a large contrast leads to
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a wider stopband.

A huge benefit for the fabrication of a VCSEL in the AlGaAs material
system is that GaAs and AlAs are lattice matched, making it possible
to epitaxially grow many layer pairs of GaAs/AlAs, enabling the growth
of very precise thicknesses with a relatively high index contrast, nj/no,
which gives a broad stop band around a chosen wavelength. In Fig. 2.6
the simulated reflectance spectrum of AlAs/GaAs DBR can be seen with
three different amounts of mirror pairs, N. However, since the refrac-
tive index is, again, temperature dependent, the stop band of the DBR
red-shifts in a GaAs-VCSEL. To successfully design a lasing VCSEL, is
therefore a wavelength matching problem between the gain spectrum,
the longitudinal resonating mode, and the reflectance spectrum of the
DBR, all three of which have their own wavelength _drift with respect
to temperature. There have been demonstrations of-temperature-stable
VCSELs in GaN by utilizing materials with a negative thermo-optic co-
efficient to construct the DBR [66].

Oxide aperture

The DBR confines the optical field in the longitudinal direction. Fur-
thermore, the charge carriers and photons need to be confined in the
transverse direction [67]. The first VCSEL just consisted of an etched
air post mesa, where the refractive index step from the semiconductor
crystal to air provides the waveguiding structure. However, this design
suffers greatly from high thermal resistance because of the surrounding
air, and large scattering losses from rough etched sidewalls. Addition-
ally, it is hardto place large enough contacts on top of the mesa for
low resistance, while at the same time keeping the absorption losses low.
The first commercial VCSEL developed a concept where protons are im-
planted deep into the top DBR [68]. The implanted protons passivated
the semiconductor, forming an insulating layer, and can guide carriers
through the center of the device. However, the proton implantation
only takes care of the glectrical confinement. In the proton implanted
VCSEL, they only used the fact that as the laser heats up during opera-
tion, the heat creates a refractive index gradient, referred to as thermal
lensing [69]. This is a suboptimal solution since the modal properties
become strongly bias-dependent. Furthermore, since the protons need
to belimplanted deep within the mesa, the protons were prone to scat-
tering and spreading out during the implantation, which made it very
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Figure 2.7: The three of the most prominent transverse mode control schemes
for VCSELSs.

difficult to precisely control and fabricate very small-aperture devices for
single-mode lasing. The different aperture schemes are presented in Fig.
2.7.

The most popular solution for today’s GaAs-VCSELs is the oxide aper-
ture [70], where one or several layers in the p-doped top DBR have a
significantly higher Al content [71,72]. By oxidizing the VCSEL mesa
during the fabrication, exposed surfaces will start forming into an ox-

[lide. But since the oxidation rate is a strong function of the aluminum
content of each layer, it is possible to selectively oxidize certain layers
with a large aluminum content [73]. The oxide aperture elegantly solves
both the electron and photon confinement in one fabrication step |74].
The formed oxide has a higher resistance than the non-oxidized mate-
rial, which confines electrons, and the oxide has a lower refractive index,
which creates the waveguide structure for photon confinement.

The waveguide formation can be analyzed with effective index methods
|75], which show that the modification of refractive index changes the
local resonating wavelength, \g, as

Aneg  Alg

2.12
e vt (2.12)

where the neqg is the effective index of the VCSEL before oxidation. The
waveguide structure that is formed by oxidation can be seen in Fig. 2.8A.
By solving the wave equation from Maxwell’s equations for a cylinder
with the different effective indices as boundary co@tions, as shown in
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Figure 2.8: (A) The refractive indices of the oxide confined VCSEL. The
oxidized layer creates lower effective refractive index in the cladding layer,
Neffox, compared to the core, ne.g. The refractive index difference creates a
waveguide that is responsible for the transverse mode control of the VCSEL.

(B) The first four LP modes of the VCSEL.

Fig. 2.8, the intensity of the transverse modes are [65]

212 ? 272 2 a2

ILp(r,¢) < |ELp(r,¢)|° = (w—i)) [Lj(glll (wi())] {235282))} e “o,
(2.13)
where Erp is the optical field strength, wg is the 1/e? radius of the
mole, Li)_l is the [** generalized Lagukrre polynomial of order p — 1,
and ¢ is the azimuthal angle. These modes are referred to as the linearly
polarized modes, LP. When [ is larger than one, [ > 0, the cos and sin
factors represent the existence of orthogonal states rotated by 90° /1 from
each other. The eigenvalue when solving for the LP modes corresponds

to the wavelength of the different modes

[ Ane A
)‘LP:>‘0 [1(2])—{—11) 27TH7’L Hd ], (214)

where neg is the refractive index of the core of the waveguide. The
fundamental LPg; has the longest wavelength with the higher-orders de-
creasing in wavelength. The diameter of the oxide aperture, doy, is the
most significant parameter to control during the fabrication of the VC-
SEL, since it both controls the distribution of the transverse modes and
the threshold current. The size of dox sets the extent of the waveguide
which decides the transverse modes that it can support. The waveguided
modes experience lower losses and will be able to lase. Since it is pos-
sible to tune the amount of losses the higher order modes experience, it
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is possible to suppress the lasing of all higher order transverse modes.
However, light is always generated for all the transverse modes within
the gain spectrum, but a VCSEL is termed quasi-single mode laser when
the side-mode suppression ratio (SMSR) is larger than 30 dB, meaning
that the fundamental mode is lasing with 1000 times more intensity than
any other of the higher order modes.

Since the oxide aperture also sets the transverse confinement of electrons,
it also decides the active volume that needs to be pumped with carriers
to induce lasing, setting the threshold current of the laser. However,
since a small aperture will limit the area for current to pass through the
laser, it will increase the total resistance of the laser, which increases the
thermal build-up from ohmic heating. This implies that the VCSEL will
reach thermal rollover earlier, limiting the maximum output power of the
laser diode. The fabricated VCSELSs in this thesis only have one layer in
the top DBR with high aluminum content that is placed in an antinode
of the optical field, to have the smallest possible refractive index step,
Aneg, and is referred to as weakly guided VCSEL. The oxide aperture
decides the modal distribution of the VCSEL; the higher order modes
have a larger radial extent, as seen in Fig. 2.8B. The weak guiding allows
for the largest radial distribution of the transverse mode, which means
that the higher-order modes will be suppressed for the largest possible
oxide aperture, allowing a high maximum output power in single-mode
operation.
]

Furthermore, there is one more degree of freedom for the LP modes
from Eq. 2.13. The electric field can also oscillate in two orthogonal
polarizations perpendicular to the propagation direction. Therefore, the
fundamental LPg; has two polarization states, and higher order modes
with [ > 0 have four different polarization states. The GaAs crystal
is isot@ic, meaning that the two orthogonal modes should have ex-
actly the same wavelength. However, because of defects from growth
or induced anisotropy from fabrication, the two modes generally have
slightly different wavelengths, but this difference is usually not seen in a
spectrum characterization of a VCSEL due to the limited resolution of
spectrum meters used in standard laboratories, < 0.2 nm.
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Figure 2.9: (A) The sub-wavelength grating can be approximated by an
effective index medium with an anisotropic permitivitty for the electric field,
depending on if the field is parallel with or orthogonal to the grating lines. (B)
SEM image of the sub-wavelength grating etched into the top of the VCSEL
substrate.

Polarization properties

It is desirable, especially for metasurface integration, to have the VCSEL
emit light with a specific polarization with as much power as possible;
research has been devoted to find possible modifications to the VCSEL
that cause the polarization to be pinned down. The idea is to introduce
some asymmetry in the VCSEL to either separate the two orthogonal
states in wavelength or introduce higher losses for one of the polarization
states. The standard modification for the top-emitting VCSEL is to etch
a sub-wavelength surface grating [76,77]. The grating lines create an
anisotropic effective permittivity in the top mirror for an electric field
that is polarized in the parallel or perpendicular direction compared to
the grating bars,

o) = L +d(e—1),
€ (2.15)
d+e(l—d)’

€eff, | =

where € is the permittivity of the material in the grating lines and d is
the duty cycle, as shown in Fig. 2.9A [78]. This effective permittivity
approximation is valid as long as the period of the grating is small com-
pared to the wavelength-—Sinee the reflectance of the DBR is built up
from destructive interference by reflections at interfaces between layers
with A/4 thickness, the modification of the permittivity can selectively
decrease the reflectance for the different polarizations of the electric field.
This in turn increases the losses for the lasing modes, enabling the laser
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Figure 2.10: Refractive index profile and the fundamental resonating longi-
tudinal mode of the cavity. The inset shows that the optical intensity has a
maximum exactly centered on MQW for highest optical confinement and that
is has a minimum centered on the oxide aperture for the weak guiding.

to only lase with one polarization over a larger range of bias currents.
In Fig. 2.9B an scanning electron microscope (SEM) image of the sub-
wavelength grating in the top mirror of the bottom-emitting VCSEL is
presented.

However, the sub-wavelength grating has only been shown to work prop-
erly for the top-emitting VCSEL. Since the top DBR has a lower re-
flectalce for outcoupling in the top-emitting VCSEL, there is still signif-
icant intensity at the top surface of the top mirror where the grating is
incorporated. Which allows for the etching of a shallow grating, < 100
nm, in the top mirror to pin the polarization. For the bottom-side emit-
ting VCSEL, with a highly reflective top mirror, there is almost no in-
tensity that feels the refractive index difference from such a shallow top
side grating. For the bottom-side emitting devices, the main technique
explored to pin the polarization has been the etching of deep trenches
next to the VCSEL mesa to induce an anisotropic relaxation of the ac-
tive region, but the technique has not been able to demonstrate reliable
performance |79, 80].

2.2.2 VCSEL cavity simulations - effective index method

The resonating modes of the VCSEL structure can be simulated with
the effective index method [81]. The simulations performed here are,
so-called, cold cavity simulations where only the electric field inside the
cavity is considered..-The gain in the active region is simulated by in-
troducing an imaginary part of the refractive index of the MQW. In the

21



Chapter 2. Vertical-Cavity Surface-Emitting Lasers

effective index method, the wave equation of the electric field is solved by
assuming that the time dependence is harmonic with angular frequency
w, and can be discretized on a grid along the z-axis, labeled with ¢, into
concentric circular slices as

E(r,z,¢,t) = 0, E(r, ¢, t)e’", (2.16)

where 7); is the amplitude of the electric field in each region ¢. By also
assuming that the envelope of the electric field is slowly varying, C};ng ~ 0,
the above equation can be rearranged into an eigenvalue problem with
the form

d277i 2 _

W —+ kO (1 — &) €n; =0, (217)
where &; is the eigenvalue and ¢; is the corresponding permittivity in
each region 7. The name of the method comes from Eq. 2.17, where
it can be seen that the eigenvalue for the solution represents the slight
modification, (1 — ¢;), of the actual index into an effective index that
is felt by the resonating mode. The full optical field of the bottom-
emitting VCSEL and refractive index profile can be seen in Fig. 2.10.
Since the solved eigenvalue in general is complex-valued, the imaginary
part corresponds to the losses of the mode @yl thus it is possible to
estimate the threshold gain, Eq. 2.9, as the amount of gain needed to be

added to the MQW to compensate for the total losses of the longitudinal

mode
g = Tolm §i] Re [<€Z>], (2.18)
NnQWUu;

where (¢;) is the WeighQ average effective index, nqw is the refractive
index of the quantum wells, and w; is a binary function that is one in
the 7 regions that make up the quantum wells and zero everywhere else.
Besides threshold gain, it is also possible to estimate the quality factor
for the cavity and the slope efficiency of the fabricated VCSEL.

2.2.3 VCSEL fabrication

The epitaxial structure designed with the effective index method, from
the previous section, was for this work grown by Jenoptik AG using
metal-organic chemical vapor deposition. A labeled cross-section of the
final fabricated device can be seen in Fig. 2.11. The fabrication consists
of depositing metal contacts to p- and n-doped DBR for ohmic con-
tact, etching down the VCSE esa, and selectively wet-oxidizing the
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Figure 2.11: Labeled cross section of the fabricated GaAs VCSEL.

mesa to form the aperture. The top and the bottom sides of the chips
are referred to as the VCSEL and metasurface sides, respectively. The
final step, described in the next chapter, is to fabricate the optical meta-
surface; thus, it is of the highest importance to keep the metasurface side
of the chip as pristine as possible during the entire fabrication run.

Process flow

The steps for the nanofabrication of a polarization-pinned bottom-emitting
VCSEL suitable for monolithic integration of a metasurface are briefly
described below.
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1. Alignment marks

The first step is to pattern both the

VCSEL and metasurface side with

alignment marks for the rest of the

fabrication process. The alignment

marks are deposited by evaporation

and consist of a metal stack with

20/50/100 nm of Ti/Pt/Au, respec-

tively. Alignment marks are needed

on both sides to precisely align the

VCSEL to the metasurfaces. The metal

stack has a thin Ti layer for adhesion

to the GaAs substrate, and the Pt

layer is a protection layer between the Au and Ti layers. Without the Pt
layer, the metals diffuse into each other in the subsequent steps. If the
Au and Ti diffuse together, the alignment mark becomes much less re-
flective, which makes precise alignment more difficult. The metasurface
side is covered with a protective coating of 400 nm of SiNy to protect
the surface from the rest of the fabrication.

2. Sub-wavelength grating

The VCSEL side is patterned with

the sub-wavelength grating for polar-

ization pinning. The grating is etched

into GaAs with sputtered 50 nm SiO9

hard mask. Since the grating lines

need to be sub-wavelength, the grat-

ing is patterned by EBL. Both the

hard mask and the GaAs etch are

performed with an inductively cou-

pled plasma reactive ion etch (ICP-

RIE), where the SiO2 mask is etched

with CF4 and the grating in GaAs is etched down by a switched SiCly-
O9 etch. The switched process is also used to etch the optical dielectric
metasurfaces, which is described in greater detail in the next chapter.
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3. p-contact

The contact on the p-doped side of
the DBR has the same metal stack
of 20/50/100 nm Ti/Pt/Au as the
alignment marks. The contact is only
patterned on the VCSEL side of the
chip for current injection. Since it is
possible to highly p-dope GaAs with
carbon, the top GaAs layer is doped
to 5-10™ cm™3, and the metal stack
forms a low resistive ohmic contact
to the GaAs without any annealing.
After the deposition, the ohmic con-

nection is verified by the transfer length method (TLM).

4. VCSEL mesa etch

The mesa of the VCSEL needs to be
etched down into the bottom n-doped
DBR for deposition of the n-contact.
Since the n-contact layer is 5 pm deep
within the VCSEL epi, a sputtered
300 nm SiNy hard mask for the GaAs
etch is first patterned. The mesa is
etched down by an AR-SiCly ICP-
RIE.
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5. Selective wet oxidation

Most layers in the epitaxial stack are

susceptible to oxidation since they con-

tain Al. Therefore, a protective layer

of SiNy is first deposited and only

etched open to expose the sidewalls

of the VCSEL mesa. Since the en-

tire bottom mirror and the top mir-

ror are fully covered by SiNy , any

vertical oxidation is suppressed. The

VCSEL chip is oxidized in a furnace

at 410°C, where water vapor is in-

troduced until the chamber reaches

approximately 0.5 bar. The largest oxide aperture diameter for single-
mode operation is dox ~ 2-3 pm. On the chip, there are also several
dedicated mesas at different positions that are patterned without the
p-contact, called witness mesas. They can be etched down to the oxide
aperture layer to directly image the achieved aperture diameter, giving
an accurate estimation of the oxide apertures on the chip.

6. n-contact

The n-contact consists of an evapo-
rated metal stack of 20/52/100 nm
of Ni/Ge/Au. The n-type DBR is
doped to 1-10'® ¢cm™3 with silicon.
Since n-type doping with silicon can-
not reach as high concentrations as
p-type doping with carbon, the n-contact
is annealed at 390°C to diffuse Ge
into the GaAs substrate, which highly
dopes the GaAs layer and creates a
low resistive ohmic contact. Lastly,
the ohmic contact is verified by TLM.
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7. Passivation and bond pads

With all the contacts and the oxide

aperture in place, the entire VCSEL

surface is passivated with a sputtered

300 nm SiNy film. As discussed with

the polarization grating, the optical

field has very low intensity at the top

surface of the highly reflective top mir-

ror, which implies that the lasing is

largely unaffected by adding an ad-

ditional layer on top of the VCSEL.

The film is etched open for connec-

tion to the p- and n-contacts and

50/450 nm thick Ti/Au bond pads are sputtered for probing or wire
bonding. Then, one more 300 nm thick SiNy film is sputtered to pro-
tect the VCSELSs from the subsequent metasurface fabrication. The last
SiNy layer is only etched open at positions for probing or wire bonding.
Some of the bottom-emitting VCSELSs are characterized without a meta-
surface, in the following section. A final SiNy layer is sputtered on the
metasurface side of these VCSELs to act as an anti-reflection coating, in
order to reduce the reflections from the GaAs-to-air interface.
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Figure 2.12: (A) The VCSEL chip is clamped to an aluminum holder with
a hole so that an integrating sphere can be brought close enough to collect
all light from the diode. (B) Current-Power-Voltage measurement of a single-
mode GaAs VCSEL with an oxide aperture dox = 2 um, without the polarizer.

2.2.4 VCSEL characterization

The VCSELSs are characterized through three different types of character-
izations: optical output power and voltage as a function of bias current,
optical spectrum as a function of current, and far-field characteristics as
a function of bias current.

Current-Optical output power-voltage measurement

The current-optical output power-voltage (IPV) relation is found by bi-
asing the laser diode with a certain bias current, I}, while measuring the
corresponding voltage, Vi, and collecting all the light that is emitted,
Popt, as shown in Fig. 2.12A. To collect all emitted light, an integrat-
ing sphere is brought close enough so the aperture collects all the light
emitted from the VCSEL. Here, three characteristics of the VCSEL per-
formance are considered: the threshold current Iy, the slope efficiency
dgf}ft, and maximuim power at thermal rollover, P ax. First, of the
threshold current, I;;,, the current where the gain surpasses the loss in
the cavity, g > ¢in, and the diode starts lasing. Secondly, the dgf:t is
the linear increase in optical power with respect to increased bias cur-
rent above the threshold. Finally, as I}, increases, the temperature in
the cavity increases. This leads to both a mismatch between the gain
spectrum with respect to the lasing wavelength, which reduces the gain
experienced by the mode, i.e. modal gain. Moreover, the high ther-
mal energy of the carriers causes them to be thermally excited over the

MQW, which reduces the material gain. Both the reduction of modal
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Figure 2.13: (A) Polarization resolved measurement for single-mode GaAs
VCSEL with an oxide aperture dox = 2 pm, without the sub-wavelength grating
to pin the polarization. (B) The same measurement for a VCSEL with the sub-
wavelength grating etched into the top mirror.

and material gain for larger bias currents causes Pop to roll over and
reduce when more current is supplied. The maximum optical output
power is obtained at the thermal rollover. The final feature of the IPV
curve for a bottom-emitting VCSEL is the ripple in Pp¢; the ripple is
due to the back reflection from the GaAs interface at the substrate. To
minimize the effect, a A/4 anti-reflection coating layer of SiNy has been
sputtered on all fabricated VCSELSs without an optical metasurface, as
mentioned before.

The polarization characteristics of the VCSEL are measured with the
same [PV setup, but with a linear polarizer before the integrating sphere.
As explained in the previous section, the fundamental mode can have two
orthogonal polarization states with the electric field along the two prin-
cipal axes of the GaAs crystal, the [011] and [011] directions for a GaAs
substrate grown on a (100) oriented substrate. From small anisotropic
differences in the crystal growth or induced by the fabrication, the two
modes are slightly separated in wavelength. This separation causes the
fabricated VCSELs to have a preferential lasing mode. The wavelength
separation has the effect that the modes experience a different material
gain or a different modal gain depending on how close they are to the
peak of the gain spectrum. The state that experiences the highest gain
will start to lase first, as can be seen in Fig. 2.13A the preferential state
has a field oriented along the [011] axis. When the lasing starts, the high
photon density consumes all avallaHle carriers and suppresses lasing of
the other polarization state at low Ij,. But, as mentioned, when I}, is in-
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Figure 2.14: (A) The emitted beam is focused down on a tip of a SMF and
fed to an OSA. (B) Spectral distribution of the quasi-single mode VCSEL with
dox = 2 pm, for different bias currents, I,. The intensity difference between the
fundamental mode, LPg;, and the first higher order mode, LP1, is beyond 30
dB which qualifies the VCSEL as quasi-single mode. In the inset the wavelength
shift as a function of I}, is shown.

creased, both the gain spectrum and resonances start to shift, due to the
increase in temperature. After a certain Iy, the orthogonal polarization
state [011] starts to lase, causing the polarization state of the emitted
beam to drift. The polarization resolved measurements are performed
by biasing the VCSEL slightly above threshold, and the linear polarizer
is rotated to align with the preferential lasing state [011] of the laser.
After which the polarizer is rotated by 7/2 to measure optical output
power of the orthogonal state [011]. In Fig. 2.13B the same polarization
resolved IPV is presented for the VCSEL with a sub-wavelength grating
etched into the top-mirror, as discussed in Sec. 2.2.1, where it can be
seen that the lasing in the orthogonal mode is suppressed.

[]

Spectral measurement

To capture the spectrum of the laser, the emitted light is coupled into a
fiber and fed to an optical spectrum analyzer (OSA), as in Fig. 2.14A.
The measured spectral characteristics for several bias currents, Ij,, are
presented in Fig. 2.14B, for a quasi single-mode VCSEL. In the spec-
trum, the broadband emission from the gain spe@lm from the MQW
can be see the emitted light that has an intensity above the noise
floor. In the gain spectrum, there are several peaks that come from the
different higher-order transverse modes; the fundamental mode, LPqq,
has the longest wavelength as discussed before in Sec. 2.2.1. The SMSR
is calculated as the difference in intensity@ween the fundamental mode

30



2.2. The semiconductor laser

Figure 2.15: (A) Measurement setup for the beam width of a VCSEL. (B)
Analytically propagated field by Lq to the substrate of the VCSEL. (C) The
beam width dependency of the bias current, which increases mainly due to
thermal lensing from the increase in temperature.

and the higher-order mode with the highest intensity, and as mentioned,
a VCSEL is termed quasi single-mode with SMSR > 30 dB. Finally,
the measurement in Fig. 2.14B is performed for the same VCSEL as
in Fig. 2.12, where the second polarization has significant power for
I, > 3 mA; however, the spectrum measurement only shows one lasing
peak for the fundamental, leading to the conclusion that the two lasing
polarizations are separated in wavelength smaller than the resolution of
the OSA, AX < 0.2 nm. Lastly, as an inset in Fig. 2.14B an inset of the
wav th shift Wt‘t?lrespect to Ig, which increases due to the increase
in the refractive index of the cavity due to the increase in temperature.

Far-field emission

[
The final characterization is performed to find the beam width, 1/e?, of
the beam when it is leaving the GaAs substrate, the width that the beam
will have when it is illuminating the optical metasurface. The VCSEL
is again biased, and the emitted beam illuminates a diffusive plate at
a distance Lq from the substrate. The resulting image on the diffusive
plate is imaged by a lens onto a charge-coupled device (CCD) camera, as
presented in Fig. 2.15A. From the imaged beam, the divergence of the
beam can be calculated, which allows us to analytically back propagate
the beam byL4 back to the substrate. The analytically propagated beam
that will be incident on the metasurface is presented in Fig. 2.15B for the
bias current I}, = 1 mA. Finally, the beam width of the emitted beam
changes with the bias current due to the t@erature increase of the
cavity. The effect is known as thermal lensing, where the temperature

31



Chapter 2. Vertical-Cavity Surface-Emitting Lasers

increase leads to a refractive index profile that provides an additional
focusing effect of the beam from the cavity. The additional lensing effect
leads to a greater divergence of the emitted beam, which leads to an
increase of the beam width with bias current, I,. In Fig. 2.15C the
1/e? beam width of the beam that is incident on the substrate of the
bottom-emitting VCSEL is presented as a function of the bias current,
Iy,
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CHAPTER 3

Monolithically integrated metasurfaces

The metasurface is a two-dimensional metamaterial, artificially struc-
tured materials with sub-wavelength constituents, that exhibit extraor-
dinary behavior when illuminated, allowing for the construction of, for
example, perfect lenses [82] or electromagnetic invisibility cloaks [83].
Metamaterials utilize a spatial modification of the dielectric function, €
and p, by sub-wavelength nanostructures, called metaatoms. However,
the above examples utilize the plasmonic response of metallic metaatoms
that are stacked in three dimensions. Since metals are associated with a
large attenuation,.and because it is an enormous nanofabrication task to
construct three-dimensional sub-wavelength structures, for optical wave-
lengths, the beam-shaping of light is mainly performed with dielectric
metasurfaces [84].

Contrary to the three-dimensional metamaterials, a two-dimensional meta-
surface relies on structuring metaatoms on a surface, which can introduce
abrupt changes to amplitude, phase, and polarization. The dielectric
metasurface has been shown to be able to extensively control light, be-
ing able to replicate essentially any function of a classic refractive optical
element and outperform them in some cases. In addition, it is possible to
combine several functionalities into one single surface, with a thickness
of the same order as the wavelength.
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Figure 3.1: (A) Analogy for the generalized Snell’s law, a lifeguard is in a
hurry to save a drowning swimmer. The height of wall on the border between
the beach and water will determine the optimal path for the lifeguard. The
phase gradient from the metasurfaces functions as a wall with a varying height,

but for light. (B) The schematics for the derivation of generalized Snell’s law.

If the interface between n;, and nq,.¢ has a spatially dependent phase, @, the

dx
direction of the refracted beam can be arbitrarily controlled.

3.1 Shaping light with sub-wavelength nanostruc-
tures

Classical refractive elements, such as a lens, shape the phase profile of
a transmitted beam by a laterally varying phase accumulation from the
curved surface of the lens. Metasurfaces are sub-wavelength structured
surfaces that impart a designed phase profile and amplitude on the trans-
mitted wave. Snell’s law can be generalized by introducing a phase gra-
dient along the interface between two different media as [37]

Ao do

— . N
21 dx (3-1)

Nin SiN Oy, — Noyt SIN Oy =
Here % is the phase gradient along the interface, ni, and ngy: are the
refractive indices of the incident and outgoing media, 6;, and 6y, are
the respective resulting angles. In Fig. 3.1A an analogy for the gener-
alized Snell’s law is presented, by extending the high school analogy for
Fermat’s principle, where a lifeguard wants to save a drowning swimmer.
Fermat’s principle says that light will take the fastest route between two
points, which is equivalent to saying that light takes the path with the
smallest amount of accumulated phase. In the analogy, a lifeguard wants
to save a drowning swimmer. The lifeguard is in a hurry and wants to
take an optimal path, knowing that it is faster to run on the beach than
to swim in the water. To arrive at generalized Snell’s law, the lifeguard
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3.1. Shaping light with sub-wavelength nanostructures

also has to consider the time it takes to climb a wall with varying height
on the border from the beach to the water. By controlling the height
variation of the wall, it is possible to control the optimal paths from any
starting position for the lifeguard to any position of a drowning swim-
mer. The phase gradient in the generalized Snell’s law functions just as
a wall with a varying height, where the amount of accumulated phase is
dependent on where light is incident on the interface. Eq. 3.1 is found
by applying Fermat’s principle and simple trigonometry for an interface
that imparts a varying amount of accumulated phase, an interface with
a gradient of accumulated phase, %, as shown in Fig. 3.1B [37]. Just
as for the optimal path for the lifeguard, generalized Snell’s law implies
that the direction of the refracted beam can be arbitrarily controlled
by the introduction of the phase gradient. As with refractive optical ele-
ments, the phase profile of the metasurface needs to be able to span 0-27

to achieve arbitrary beam shaping, which is known as full phase coverage.

By replicating the spatially varying phase ﬁle of any classical refrac-
tive optical element, the needed phase gradient, Eq. 3.1, to achieve a
desired beam can be computed. For example [65], the phase profile of a
lens for focusing or collimation of a beam, an axicon to produce Bessel
beams, or a blazed grating for deflection,

2mn
¢lens:_ )\out\/x2 +E2]_f2_fa
2
Qbaxicon = — ﬂ-?;\OHt NA V x2 + 2; (32)
2mn . )
Oblazed = — Aout [zsin©,; + ysin©,],

where f is the focal length of the lens, NA= sin « is the numerical aper-
ture in air for the axicon, and ©;, ©, are the deflection angles for the
grating. Beyond phase profiles that replicate known optical elements, it
is possible to start from an arbitrary electric field that is desired some
distance away from the metasurface. Then numerically backpropagates
the field to the metasurface plane and finds the phase distribution that
generated the field. This methodology is popular for the projection of
holograms [85] with metasurfaces or diffractive optical elements, and typ-
ically the Gerchberg—Saxton algorithm is used to quickly compute the
needed phase distribution [86].

A metasurface will mot only impart a laterally dependent phase on an in-
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Figure 3.2: (A) Three alternatives for beam shaping of a divergent beam, Ej,,
from a metasurface with the transfer function T. (B) Discretized rectangular
lattice for a phase gradient metasurface. Every metaatom has an individual
complex transfer coefficient, t, and ¢,.

cident beam, but also a laterally dependent amplitude. The modulation
due to a metasurface can generally be written as a spatially dependent
complex transfer function,

_ . _ |talz,y) 0O Eqx(x,y)

o) = T Bt = =G0 0 IR0 oy
where Eq ¢ and E;, are the outgoing and incident beams on the metasur-
face, and t = |t|e/? are complex transmission coefficients for the incident
beam, for respective polarization, at position x and y in the metasur-
face, as shown in Fig. 3.2A. Noteworthy is that an arbitrary beam can
be produced by the imparted phase, Eq. 3.1. Since adding the phase
from a second transfer function corresponds to a linear operation, it is
possible to stack several beam shaping phase gradients into one single
transfer functicE]and realize it with a single metasurface. Finally, the
reflection from the metasurface[can be written in the same way.

3.1.1 Phase gradient metasurfaces

The conventional way to design phase gradient metasurfaces is called
phase-mapping, where T is approximated by discretizing it in a sub-
wavelength periodic lattice as

Ty~ 3 Tpaan) = 30 |05, 0L e

t
p.q y(pa/, qCL)

where T(pa,qa) is the transfer function for one metaatom at position
(pa,qa), a is the lattice constant of the rectangular grid, and p and
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3.1. Shaping light with sub-wavelength nanostructures

Figure 3.3: When the lattice constant is smaller than the wavelength in the
substrate of a metasurface, a < A/ngub, all higher orders of diffraction are
suppressed.

q are integers. The discretization is exemplified in Fig. 3.2B. Each
metaatom samples the phase profile at a discrete point in the lattice of
the metasurface. Since the phase-mapped metasurface is discretized in
a periodic lattice, the metasurface can add momentum and diffract the
incident beam. By limiting the lattice constant, in a rectangular lattice,
to be smaller than the wavelength in the substrate, any higher order
of diffraction can be suppressed. The conditjon for suppressing higher
diffraction orders is found by considering added momentum from the
lattice and the dispersion relation in free space,

2 A
K2 =k2 4+ k2, Ko+ —m =kpowr — a< —2 (3.5)
a Nsub

where kg in and kg oyt are the in-plane momentum of the beam incident
on the metasurface, and m is an integer. If the lattice constant a ful-
fills the above condition, all higher diffraction orders will have a purely
imaginary propagation constant in the direction of propagation, which
means that the field is evanescent and does not propagate any energy.
The metasurface and the corresponding momentum are shown in Fig.
3.3.

Equipped with a discretized transfer function, T(pa, ga), the individual
metaatoms that can be fabricated and have full phase coverage need to
be designed. In the phase mapping approach, Maxwell’s equations are
solved for a range of different metaatoms to create a mapping between
the geometry of the metaatom to the respective complex transfer coef-
ficients, £, and fy. With the mapping, the final step is to construct the
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Figure 3.4: The three main metaatoms for phase gradient metasurfaces. For
dynamic phase the size of the metaatom, w and [, is varied to change the
effective refractive index, neg. In geometric phase one metaatom is rotated to
produce the desired phase gradient. Finally, in the resonant phase a metaatom
with Mie-resonance is changed in size.

metasurface by placing metaatoms in the specified grid to approximate
T(z,y). Generally, the design of phase gradient dielectric optical meta-
surfaces is divided into three main categories: dynamic, geometric and
resonant phase.

Dynamic phase metasurfaces

For a dynamic phase metasurface, also referred to as propagation phase
or effective waveguide index metasurfaces, the dimensions of the metaatom
are changed to create the different phase delays, as seen in Fig. 3.4A.
Since the material of the substrate has a larger refractive index than the
surrounding medium, changing the size of the etched metaatoms leads
to a change in the effective refractive index of each unit cell,

o = [l e, (36)

tdynami

where A is the free-space wavelength, h is the height of the metasur-
face, and neg is the effective index of the unit cell. From the existence
of geometric Fabry-Pérot resonances, the effective index in Eq. 3.6 is
not a linear function of the area of the metaatom; thus, electrodynamic
simulations are needed to accurately design the phase delay. Secondly,
the simulations are necessary to find the transmission amplitude, |f|, of
the metaatoms. Finally, an anisotropic metaatom can impart a different
phase delay for each of the principal axes, and thus alter the polarization
state of the incident beam. For example, the metaatom in Fig. 3.4A will
have a different effective index for the z-axis, Cﬁpared to the y-axis.
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3.1. Shaping light with sub-wavelength nanostructures

Geometric phase metasurfaces

The geometric phase metasurface, or Pancharatnam-Berry metasurface,
got its name from the discovery and generalization of geometric phase
by Pancharatnam [87] and Berry [88]. The geometric phase metasurface
is created by an anisotropic metaatom, referred to as a nanofin, that cre-
ates a different refractive index for an incident beam along two different
principal axes of the unit cell, as shown in Fig. 3.4B. The nanofin can
then be rotated to create the phase gradient. The principle is straight-
forward to show with Jones calculus, where the transfer function from
one nanofin, at a certain position in the metasurface lattice, (pa, ga), can
be rotated by the angle 6 as

- 2

T (6) = R(-0) ¢ | Ri6)

Y

trcos?0 + fy sin? 6 D(fx — fy) sin 0 cos 9]

(3.7)
Ton(6) = [(fx —ty)sinfcosf  {,sin*6 + &, cos? 6

A~

where £, and fy are the complex transmission coefficients for the po-
larization along the two principal axes of the nanofin. For an incident

1] , the resulting beam field becomes

linearly polarized beam, Ejjpear = [O

pr(e)Elinear - [tﬂ? ;_ ty + tac ; ty €2i0:| 7?“— [ e ;_ L + tz ; ty 6_2i0:| l_;

(3.8)
where 7 and [ are the basis vectors for right-handed and left-handed cir-
cularly polarized light, respectively. The phase of the second term, with
et2 for each handedness, is determined by the rotation of the nanofin,
and the phase shift due to this rotation, 26, is known as the geomet-
ric phase. The first term can be canceled by designing the transmission
coefficients, ¢, and t,, to produce a relative m-shift, meaning that each
nanofin functions as a half-wave plate. Without the first terms Eq. 3.8
reduces to

pr(e)Elinear = %62107?"1_ %6_229&] (3'9)
which implies that the geometric phase will be imparted with a different
sign into each handedness of the linear polarized beam. If the phase gra-
dient is designed to focus light, an incident linearly polarized beam will
be split into a focused right-handed polarized beam and one diverging
left-handed polarized beam. This implies that if the geometric phase
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metasurface is illuminated by a VCSEL, lasing with a linearly polarized
beam, it is only possible to design the geometric phase for half of the
intensity. The other half will get modulated with the same phase gradi-
ent, but with the opposite sign.

Resonant phase

The early stage of phase gradient metasurfaces was created by phase
shifts from plasmonic resonances. However, due to the large attenuation
corresponding to using metals at optical frequencies, the technique was
generalized to using dielectric metaatoms that support different orders
of electric and magnetic Mie resonances [84]|. The transmittance and the
reflectance of electric and magnetic Mie-type resonances, approximated
as Lorentzian resonances, are found as

. 21w 21Ymw
tresonant = 1 + W2 — 2 e_ 22',7 W + w2 — ani 2% ’
: e m mt (3.10)
X 207w 20w .
’r’ pr— - )
resonant wg — w2 — 2i",’ew w?n —w? = 2Z'fymw

where 7. and 7,,, are the damping coefficients for the electric and mag-
netic induced dipoles respectively, w, and w,,, are the angular frequencies
of the electric and magnetic resonances. By tuning the dimensions of the
Mie particle, it is possible to have the resonances overlap, w. = w,, with
damping coefficients; this creates a perfect destructive interference of
the reflection and gives unity transmission, known as the Kerker con-
dition. However, since the functionality comes from being close to the
resonances of the metaatoms, the method sets a very high requirement
on the fabrication tolerances.

3.2 Diffractive unit cell metasurfaces

In the conventional phase mapping approach to design metasurfaces, the
lattice constant is, as mentioned, usually set to be sub-wavelength to
suppress all higher orders of diffraction, Eq. 3.5. One limitation for the
phase mapping approach is that the individual metaatom samples the
phase gradient at discrete points[in]the lattice. Thus, the sampling rate
is limited by the periodicity of the lattice, which in turn is limited by
how small lattice constant, a, that can be fabricated. Therefore, the

40



3.2. Diffractive unit cell metasurfaces

Figure 3.5: (A) Added momentum from a metasurface with a large peri-
odicity allows for higher diffraction order. (B) The supercell for diffractive
metasurface. By changing the size and position of the metaatoms inside the
supercell, constructive interference can take place in all but one wanted diffrac-
tion order.

phase mapping approach cannot resolve arbitrarily steep phase gradi-
ents, which are required to efficiently deflect light to large angles. As
seen in Eq. 3.2 for the blazed grating, the deflection angle, ©, or ©,,
are scaling constants for how rapidly the phase profile should change
laterally.

One solution to the limited phase sampling is called the diffractive meta-

surfaces{43|. In contrast to the phase mapping approach, the unit cell

has larger periodicity, referred to as a diffractive lattice constant aq, than

the wavelength in the substrate, intentionally opening up higher orders

of diffraction. By, again, considering the added momentum from the

metasurface and the dispersion relation in free space,
27

A
K=k 4+ k2, ko + —m=kpow — aa> ——m, (3.11)
aq Nsub

where, as long as the inequality is fulfilled, the mth diffraction order
corresponds to a propagating solution. The diffractive metasurfaces and
the corresponding momentum can be seen in Fig. 3.5A. In the other
dimension, the lattice constant is, again, smaller than the wavelength in
the substrate to suppress all higher orders of diffraction, and labeled as
the non-diffractive lattice constant, ang .Erl:;]owever, with a large periodic-
ity, several metaatoms can be placed in each unit cell; these larger unit
cells with several particles are referred to as a supercell. Each metaatom
in the supercell will impart its own amplitude and phase contribution for

each of the diffraction orders. Thus, the geometry and position of the
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particles inside the supercell can be designed to create destructive inter-
ference in all but one desired diffraction order, as shown in Fig. 3.5B,
with the deflection angle set by the grating equation

A

aqNs

sin (Gout,m) = m. (3.12)
The diffractive metasurface circumvents the limitation of the sampling
rate in the phase mapping approach by setting the deflection angle with
the diffractive periodicity, aq, of the supercell. The one-dimensional ver-
sion of the diffractive metasurface, where the metaatoms of the supercell
are grating lines, is referred to as a metagrating. A-moteworthy result for
the metagrating is that it has been theoretically shown that it is always
possible to find a configuration that has a unity relative transmission
into the desired diffraction order [89].

3.3 GaAs dielectric metasurface fabrication

The intention is to monolithically integrate the designed metasurfaces
into the GaAs substrate of the bottom-emitting VCSELSs described in
the previous chapter. GaAs is a dielectric material with a high refractive
index, ngaas = 3.52 at 980 nm. The high refractive index increases the
modulation from the geometry of the metaatom, since a higher refractive
index amplifies the electric field within the metaatom. Generally, this
relaxes the nanofabrication, since it is possible to achieve 2w phase cov-
erage by metaatoms of smaller height. For example, the dynamic phase
delay, Eq. 3.6, is proportional to the effective refractive index, neg, and
the height of the metaatom, h. By increasing neg the height can be re-
duced. The processing of the metasurface is performed after the laser
diode is complete, since the fabrication of the laser diode involves deep
etchi f GaAs, which could potentially damage the metasurface. Since
the metasurface is a delicate nanostructure that will modulate the phase
of light, it is of the highest importance that the backside of the chip is as
pristine as possible during the laser diode fabrication to etch a functional
and efficient metasurface in the substrate.

3.3.1 Aspect-ratio dependent etching

An inherent problem with monolithic integration is the lack of an etch
stop layer. When etching without an etch stop, larger gaps in an ex-
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3.3. GaAs dielectric metasurface fabrication

Figure 3.6: Fabrication of GaAs metasurfaces. The positive resist ARP6200
is exposed to create metal mask for the GaAs-etching. The inset shows the
steps for the switched SiCly-Ar etching. The switched etching mimics bosch
etching, where the SiCly-Ar etching steps are cycled by flushing O5 for side-
wall passivization. The final two SEM images are of fabricated metasurfaces,
designed by a conditional generative adversarial network [90], that replicates
the phase profile of a lens, Eq. 3.2, with focal length 600 pm.

posed pattern are usually etched deeper than smaller gaps, due to the
easier access of etching reagents, which is known as aspect-ratio depen-
dent etching (ARD To design an efficient monolithically integrated
metasurface, the A needs to be taken into account. Omne solution
is to find the etch rate dependency for different gaps and take that into
account in the design process. The other approach is to design a meta-
surface that only uses the same gaps in the exposed pattern, since that
automatically leads to all gaps being etched to the same depth. In this
work, mainly the second approach has been considered, which is further
discussed in the next chapter.

3.3.2 Metasurface process flow

The advantage of the metasurface over its predecessor, diffractive optics,
is that only one etching step is needed to fabricate the entire metasurface.
The monolithically integrated GaAs metasurfaces are etched by an ICP-
RIE process with a metal mask. The high selectivity of a metal mask
is needed, since the height of the metaatoms generally needs to be on
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the order of one wavelength to achieve full 27 phase coverage. The full
process step is presented in Fig. 3.6 and described here.

1. Sacrificial SiO»

First step is to sputter a sacrificial layer for the metal hard mask. SiOs is
chosen since it is easy to remove after the metasurface etch by a buffered
oxide etch (BOE) or hydrofluoric (HF) acid wet etch. The sacrificial layer
should be as thin as possible to minimize distortion of the etched pattern;
however, with a too thin layer, the metal can stick to the metasurface
after the sacrificial layel Wet etch. Since metal is associated with a high
absorption and will distort the designed modulation of the dielectric
metaatoms, which is highly undesirable. For the metasurface fabrication
the sputtered SiOs is set to 25 nm, which allows for a clean removal of
the metal hard mask.

2. Electron beam lithography

Since the metaatoms are sub-wavelength, EBL is needed to pattern the
mask for the optical dielectric metasurface. The surface is prepared by
dehydration baking, at 160°C to remove surface moisture and volatile
surface compounds, and covered with hexamethyldisilazane (HMDS),
that reacts with any leftover surface moisture and forms a hydrophobic
layer, which increases the resist adhesion. The resist for the fabrica-
tion is ARP6200 diluted by a 1:1 ratio with thinner, which results in a
120 nm resist film for the EBL. The ARP-resist is developed by n-amyl
acetate and rinsed with isopropyl alcohol (IPA). Since it is an organic
developer with a hydrocarbon chain that is non-polar, n-amyl acetate is
hydrophobic and cannot be properly rinsed by only deionized water.

3. Metal hard mask lift-off

The metal stack for the hard mask is evaporated 10/50 nm Ni/Cr, where
the Ni serves as the adhesion layer to the substrate surface and the Cr as
the etch mask. To have minimal distortion of the designed pattern, the
metal stack should be as thin as possible. However, the metal film also
needs to be cleanly removed after the etch. With a too thin metal film,
the mask has a tendency to break up into small shards of metal that
spread everywhere in the solvent for the lift-off, making it impossible to
ensure that all metal is properly removed. With the 10/50 nm Ni/Cr
metal stack, the film lifts off as one continuous piece where the pattern
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is connected, ensuring that all metal is removed. The lift-off for this
fabrication is performed in an organic solvent-based remover MR-rem
400. The metal stack has a high selectivity to the subsequent etch;
patterns as deep as 1.4 pum have been etched into GaAs without any
notable degradation to the metal mask.

4. Metasurface etch

First, the sacrificial SiOy layer is etched with an ICP-RIE by a CF4
plasma. The metasurface etch is performed with a switched etching
process that mimics the Bosch process for silicon, as seen in the inset
of Fig. 3.6. The switch process cycles between etching with a SiCly
and Ar plasma and sidewall passivization by injecting Os to form SiO-
passivation of the sidewalls. The switched process cycles between three
steps. In the first step, GaAs is etched using SiCly and Ar plasma.
The SiCly gas separates into Si and Cls, and Cly chemically etches the
GaAs, while the Ar ions physically etch the GaAs. In the second step,
the sidewall passivation of SiOs is formed by an Os plasma, where the
oxyéta reacts with the remaining Si from the GaAs etching step. These
two steps are cycled between until the design depth is reached. The
deeper the etching is performed, a slight tilt inwards of the metaatom
occurs. This comes from the decreasing access of etching reagents. To
counteract the tilt, the time of the etching step is increased the longer
the etch is performed.

5. Sacrificial SiO5 wet etch

To finally remove the metal mask, the sacrificial SiOg film is removed
by a BOE or HF wet etch. The chip is stirred during the wet etch
to minimize the metal that electrostatically attaches to the GaAs sub-
strate. Lastly, the chip is rinsed with water and properly cleaned before
characterization.

3.4 Fourier plane imaging for metasurface char-
acterization

The main characterization for both the stand-alone GaAs metasurfaces
and the VCSEL with facet-etched metasurfaces’ performance is done
with Fourier plane imaging. An inverted microscope is set up as shown
in Fig. 3.7A. The objective is focused on the plane of the metasurface;
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Figure 3.7: (A) Inverted microscope setup for Fourier plane imaging to char-
acterize stand-alone metasurfaces or VCSEL with facet-etch metasurfaces. The
light emitting diode (LED) is used to illuminate metasurface plane to be able
to focus the imaging. (B) Fourier plane image of a diffractive metasurface that
is illuminated by a plane wave. The first diffraction orders are open, but in-
terference from the metaatoms channel almost all light into the +1 diffraction
order at 65° or k/k, = 0.906. The lower inset is an integrated cross-section of
the image in logarithmic scale.

in the back-focal plane of the objective, the spatial frequencies or mo-
mentum of Eq,+ are separated laterally. By placing a lens that in turn
images the back-focal plane onto the CCD camera, the measured image
corresponds to the spatial frequency or momentum of Eq,;. The spatial
frequencies of a theoretically desired beam can easily be computed by the
Fourier Transform of desired E; and can be compared to the measured
image. An example of a standalone diffractive metasurface illuminated
by a plane wave is presented in Fig. 3.7B, where the metasurface is
designed to deflect light to a large angle of 65°. The highest possible
momentum of light that can be imaged is limited by the numerical aper-
ture of the objective
Np: Nobj sin Gobj, (313)

where ngp; is the refractive index of the medium where the objective
is collecting light and 6qp; is the largest angle that can be collected.
Finally, the relative transmission efficiency is characterized by measuring
the ratio of the intensity of the desired beam to the total transmitted
intensity. Exemplified with the relative transmission efficiency of the
diffractive metasurface, in Fig. 3.7B, where the relative transmission

[
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efficiency is calculated as

Iy
I1+ 1o+ 14’

Tlrel = (314)

where I_1, Iy and Iy are the intensities of the three different diffraction
orders.
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CHAPTER 4

Integrated biophotonics

Biophotonics is an interdisciplinary field that combines biology and pho-
tonics to explore and manipulate biological systems using light. Ad-
vanced tools, such as fluorescence microscopy [91], super-resolution mi-
croscopy [92], optical coherence tomography [93], or optical tweezers [94],
provide insight by peering into the otherwise unseen. Biophotonics is
pivotal in medical diagnostics, disease treatment, and research by en-
abling the monitoring of molecular or cellular processes. Driven by an
ever-growing demand and curiosity to image or sense new things, an
enormaous range of biophotonics techniques and devices have emerged in
the literature in recent decades [95].

4.1 Miniaturized integrated biophotonics

The small footprint of the VCSEL with a facet-etched metasurface holds
potential for the miniaturization of several of the above-mentioned ex-
amples of biophotonics devices. All the mentioned techniques start by
having the proper illumination source to enable the sensing. Since the
metasurface integrated VCSEL directly produces an arbitrary beam from
the chip, it can remove the need for any external optics. This miniatur-
ization step can pave the way for advanced biophotonics to reach new
areas, such as in point-of-care applications, where it is impossible to set
up a bulky optical setup. Further, every VCSEL can have its own meta-
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surface; it is possible to produce a chip that can produce a plethora of
beams for different purposes. These VCSEL chips are a suitable can-
didate for the illumination source for lab-on-a-chip devices, where the
chip integrated together with microfluidics could perform several differ-
ent sensing techniques simultaneously. For this work, two such illumi-
nation modules for biophotonics have been miniaturized, enabled by the
VCSEL with a facet-etched metasurface. The first is an illumination
module that can rapidly switch between two different modes in high-
contrast microscopy, dark-field (DF) and total internal reflection (TIR),
and the second module is a miniaturized illumination source for angle-
resolved surface plasmon resonance (SPR) sensing.

4.2 Metagratings for high angle deflection and
quasi-collimation

For both of the presented modules, the desired beam is a line of light

at a steep angle, referred to as a fan-shaped beam. Most of the light

should be deflected to a larger angle than the critical angle of a glass-air
interface. The critical angle is found from Snell’ law as,

6. = arcsin (nom> : (4.1)

Nin

where light at a larger angle than 6. will be reflected back from the
surface. However, the total internally reflected light still produces an
evanescent field that extends beyond the interface, with a penetration
depth of the same order as the wavelength. The short extent of the
evanescent field can be utilized to construct a sensor or imaging device
that only senses or creates images of molecules or particles that are in
very close proximity to the interface. To have total internal reflection
illumination in a suitable environment for biophotonics, light needs to
be deflected to a large angle. For example, if the illumination source is
incident from a glass medium, ny, = 1.51, and illuminating a sample dis-
persed in water, ny, = 1.33, the critical angle is . = 62.0°. Preferably,
all light from the illumination source should be above the critical angle.

For deflection of light, the diffractive metasurface, as discussed in Sec.
3.2, has the advantage of being able to produce very steep angles with
maintained efficiency. Furthermore, it is also possible to circumvent the
L] ARDE, mentioned in Sec. 3.2, associated with monolithic integration,
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4.2. Metagratings for high angle deflection and quasi-collimation

Figure 4.1: (A) Phase profile for the offset-axicon metagrating. By an off-
set o along the z-axis the phase profile becomes linear along the z-axis and
hyperbolic along the y-axis. (B) SEM image with a tilted view of a cleaved
offset-axicon metasurface.

with the diffractive metasurface. The positions of the metaatoms inside
one supercell can be adjusted to create the needed destructive interfer-
ence, while the gaps between the metaatoms are held at a constant size.
With all gaps in the metasurface of the same size, any ARDE is circum-
vented by design. The metasurface for the two illumination modules is
called an offset-axicon metagrating and is designed to produce the fan-
shaped beam from the divergent Gaussian beam of a bottom-emitting
VCSEL. It is referred to as a metagrating since it is the one-dimensional
version of the diffractive metasurface, where the metaatoms of the su-
percell are grating lines that are positioned and sized to create the de-
structive interference needed to channel light into one desired diffraction
order.

To design a metagrating that can shape the beam from the VCSEL
into a fan-shaped beam, it is necessary to take another route than the
conventional phase-mapping design. Instead of discretizing the desired
phase profile, the metagrating is first designed for the wanted deflection
angle and then formed into concentric rings, creating the phase profile
of an axicon, as shown in Fig. 4.1. An axicon would form a Bessel beam
if the incident beam is aligned with the center of the concentric circles.
However, by moving the axicon phase profile off-center, along the x-axis
in Fig. 4.1, the imparted phase profile will now be linear along the x-
axis, which corresponds to deflection, and a hyperbolic profile along the
z-axis] that can be used to focus light.
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Since the gradient hyperbolic phase profile depends on the offset of the
axicon from the center, it will decide the focusing strength of the meta-
grating along the y-axis. The phase profile for an axicon with an offset
along the x-axis becomes

27Tnout

A

Paxicon (T, y) = — NA\/(ZU - 5170)2 + 92, (42)
where xg is the offset between the optical axis of the axicon and the
reference coordinate system. The focal length that zg corresponds to
can be found by comparing it to the phase profile for a lens, Eq. 3.2. A
certain offset, xg, will make the difference between the hyperbolic phase
distribution of the offset axicon and the hyperbolic phase from the lens
with a certain focal length, f, approach zero along the y-axis as

A¢(Oa y) = ¢lens(07 y) - ¢axicon(07 y) — 0

:noutNA\/I(z)"{'y2 — Nprop (\/ 92 _£]_f> %Oa

where nprop is the refractive index of the medium, for which the focal
length is set for. Eq. 4.3 can be solved to find the needed offset xg to
achieve a certain focal length, f, for the hyperbolic phase profile of the
offset-axicon metagrating.

(4.3)

Since the beam from the VCSEL that is incident on the metagrating has
certain divergefcg, characterized in Sec. 2.2.4, g of the fabricated meta-
grating is set to counteract the spherical wavefront of the beam incident
on the offset-axicon metagrating, which results in the collimation of the
beam from the hyperbolic phase profile. For the linear phase profile in the
other dimension, the inherentdiyergence of the VCSEL is maintained,
which produces a broader range of angles centered around the deflection
angle of the metagrating, Eq. 3.13. The fabricated offset-axicon meta-
gratings have proven to be able to very efficiently produce the fan-shaped
beam into both an air, 1.1 > 86%, and a glass, 1n.q > 71%, environment.
The large efficiency is[atfiributed to the high fidelity fabrication enabled
by the elimination of the ARDE, and the high-quality material provided
by the epitaxially grown GaAs.
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4.3. Dark-field and total internal reflection microscopy

Figure 4.2: (A) The VCSEL with the full offset-axicon metagrating that pro-
duces a combined DF and TIR illumination. (B) The neighboring VCSEL with
the divided offset-axicon metagrating that only produces TIR illumination.

4.3 Dark-field and total internal reflection mi-
Croscopy

Traditionally, both DF and TIR illumination are achieved using bulky
prisms or expensive high NA objectives to limit the field of view. Both
techniques aim to eliminate direct light from the illumination source,
which leads to a huge improvement in the signal-to-noise ratio of the
images. In DF microscopy, the illumination path is partially blocked to
only allow for light with angles larger than the numerical aperture of the
imaging objective to illuminate the object. Thus, the collected image
by the objective will only consist of the light that has been scattered
from the illuminated object. In TIR microscopy, a sample is illuminated
by light that is strictly above the critical angle of an interface. But
since the evanescent field, as mentioned above, extends beyond the in-
terface, light will scatter from a sample that is in close proximity to the
interface. A VCSEL with an integrated offset-axicon metagrating, as
described above, can be used to directly emit the beam needed for both
TIR and DF microscopy. The offset-axicon metagrating was optimized
for emission into a glass environment, nglass = 1.51, with a deflection
angle centered around Opr = 63° with the diffractive period of the
supercell, ag = 730 nm. O7iR is just above the critical angle for a glass-
water interface, 6. = 62.0°.

For a combined DF and TIR illumination, the VCSELs with offset-axicon
metagrating were then bonded on a standard 1 mm thick microscopy slide
and used to illuminate a microfluidic cell containing a colloidal solution
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of Au nanorods, as seen in Fig. 4.2A. The illumination angles from
the offset axicon metagrating are by design centered at 63°, but span in
the range of 30°-90°. The scattering from the colloidal solution can be
imaged by DF within the area that covers the angular range below the
critical angle, and the nanorods that are close to the surface with TIR,
within the area of light that is above the critical angle. Unfortunately,
the TIR image is contaminated by the scattering from the DF' illumina-
tion of the colloidal solution, which results in the combined DF and TIR
illumination.
[]

To be able to separate the TIR illumination, a second type of metagrat-
ing was fabricated, where the offset-axicon is divided into two mirror-
symmetric halves that both only emit light at angles starting from 63°,
strictly above the critical angle of the glass-water interface, which can
be seen in Fig. 4.2B. The two counterpropagating beams can be used
to only illuminate within TIR. The final demonstration was to fabricate
chips with both lasers for the combined DF and TIR illumination and
lasers with the strictly TIR illumination. With the two different types of
metagrating integrated lasers adjacent on the same chip, it was possible
to illuminate the same area with the two different modes of illumination
and very fagidly switch between them.

4.4 Surface-plasmon resonance sensing

The same offset-axicon metagrating as in Paper A has been repurposed
to enable a planar and miniaturized excitation module for surface plas-
mon polariton (SPP) excitation. Light propagates as a wave in free
space by the coupling between the electric and magnetic fields. Since
the electron distribution in a metal also couples to the electric field, it is
possible to have propagating waves bound to the metal interface, called
surface-plasmon polaritons. To excite the SPP along the metal inter-
face, momentum matching is required between the incident beam and
the surface mode. But the momentum of the SPP lies beyond the light
cone in any medium. Additional in-plane momentum is needed to be
supplied to the incident beam, most commonly performed with what is
known as the Kretschmann configuration. For the Kretschmann con-
figuration, a prism, with a large refractive index, is brought in contact
with the metal interface and illuminated by light at a large angle. The
combination of the larger refractive index and angle supplies the extra
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4.4. Surface-plasmon resonance sensing

momentum needed to excite the SPP. All attempts at miniaturization of
angle-resolved SPR sensing utilize the Kretschmann configuration, and
therefore rely on a bulky coupling prism to achieve the SPP excitation.
The VCSEL with the offset-axicon metagrating can directly emit a beam
into a glass environment with the needed momentum for SPP excitation,
enabling the construction of a miniaturized and planar sensor.

By exciting the SPP in a thin metal film, usually 50 nm of Au, the
evanescent field extends beyond the metal, which makes the momentum
needed to excite the SPP sensitive to the refractive index within the
evanescent field as

1 ‘5metal ’ng

sin HSPR = (4.4)

Nsub |5metal‘ - ng’
where fgpr is the angle needed to excite the SPP, ng,, is the refractive
index of the glass substrate above the metal film, £eta1 is the permittiv-
ity of the metal film, and ng is the sensed refractive index on the metal
surface. Measuring the change of the coupling condition due to refrac-
tive index changes is called surface plasmon resonance (SPR) sensing. In
Fig. 4.3A a simulated resonance spectrum can be seen, with water as
the analyte, ny = 1.333, and the drift of the dip as ng is increased. For
our sensor, with a planar geometry, the angle of the SPP excitation is

projected as
& = 2lglass tan(fspr), (4.5)

w@e tglass 1S the thickness of the glass slide that the VCSEL are bonded
to.

A cross-section of the miniaturized SPR sensor can be seen in Fig. 4.3B.
The array of VCSELs with facet-etched metagratings is bonded using an
index-matched optical adhesive on a 1.0 mm thick glass slide with pat-
terned contact tracks for wire bonding. Additiona because the angle
for SPP excitation lies beyond the critical angle, light will be internally
reflected at the top glass surface. To be able to couple the information-
carrying light from the chip, Au lines with the width 2 ym and spaced by
15 pm are patterned to the top glass surface. The thin Au lines scatter
out the field intensity at discrete points. Finally, the sensor chip with
the thin film that supports SPP excitation is a 0.4 mm thick glass slide
with patterned 5/50 nm Ti/Au strips. The dimensions of the strips are
600x6000 pum, and aligned with the VCSEL illumination. The sensor
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Chapter 4. Integrated biophotonics

Figure 4.3: (A) Simulated SPR dip in reflectance that changes position with
the refractive index changes of ng within the evanescent field. (B) A cross-
section of the miniaturized and planar SPR biosensor.

chip is bonded together with microfluidic channels on the other side for
analyte perfusion. The microfluidics are fabricated in PDMS by etching
a Si master mold with deep reactive ion etching and then molding the
microfluidics into a PDMS slab. The microfluidic layout has three chan-
nels with equal lengths, equal numbers of bends, and with an individual
inlet and outlet for each channel. This design ensures equal hydraulic
resistance for all three sensing channels.
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CHAPTER 5

Future work

The future work is to continue the path with miniaturized biophotonics.
A new type of diffractive metasurface has been designed, and the pro-
totype holds some promise to extend the successful offset-axicon meta-
grating concept into two dimensions. Since the metagrating is still based
on grating lines, it is impossible to fully focus a linearly polarized beam.
By taking the same concept but extending it into one more dimension,
by etching holes instead, it should be possible to focus the beam from a
VCSEL with a very high NA. Which could be used to construct minia-
turized optical tweezers. Secondly, one noise source in the SPR sensor is
the fact that light is waveguided by total internal reflection in the glass
slide to which the VCSEL is bonded. The waveguided mode also has an
evanescent field that extends beyond the interface and has a possibility
to be utilized for another miniaturized biosensing module.
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CHAPTER 0

Summary of papers

Paper A

High-angle deflection of metagrating-integrated laser emission
for high-contrast microscopy

Nature: Light Science and Applications, October 13, 2028

In Paper A we demonstrate a miniaturized illumination module for dark-
field and total internal reflection microscopy. Flat meta-optic compo-
nents offer the potential to replace traditional optical elements, paving
the way for highly compact biophotonic devices when combined with on-
chip light sources and detectors. However, achieving efficient light shap-
ing into wide angular wavefronts, crucial for high-contrast microscopy,
remains challenging. In this work, we present curved GaAs metagrat-
ings integrated with vertical-cavity surface-emitting lasers (VCSELs) to
enable on-chip illumination for total internal reflection and dark-field
microscopy. Leveraging an innovative design that avoids aspect ratio-
dependent etching issues in monolithic integration, we achieve off-axis
emission at 60° in air and 63° in glass, with relative deflection efficien-
cies exceeding 90% and 70%, respectively. The emitted laser beam is
collimated out-of-plane while maintaining Gaussian divergence in-plane,
creating a long and narrow illumination region. Additionally, we demon-
strate that different metagrating-integrated VCSEL configurations can
be combined for rapid switching between dark-field and total internal re-
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flection modes. This approach delivers a flexible and high-performance
illumination solution for high-contrast imaging, compatible with con-
ventional microscopy systems and adaptable to biophotonic applications
such as portable microscopy, NIR-II bioimaging, and lab-on-a-chip de-
vices.

Paper B

Flat Plasmonic Biosensor with an On-Chip Metagrating-Integrated
Laser

Submitted.

In paper B we demonstrate a miniaturized biosensor module for surface
plasmon resonance (SPR) sensing. Traditional SPR sensors are limited
by bulky prism components, restricting their use in miniaturized applica-
tions. To overcome this, we developed an innovative SPR sensor using a
metasurface-integrated vertical-cavity surface-emitting laser. This laser
enables direct angle-resolved SPR sensing in a compact form, combined
with a multichannel microfluidic cell for multi-analyte testing. Our de-
vice demonstrated resolution in refractive index that is comparable to
the state-of-the-art and achieved direct detection of miRNA detection,
highlighting its potential for point-of-care applications.
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