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Large-angle deflection lens using supercell metasurfaces

A focusing metalens, for monolithical VCSEL integration, utilizing nano-holes to
circumvent aspect ratio dependent etching

KERSTIN VAHLIN
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Photonics laboratory
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Abstract

A metasurface is an ultra-thin flat optical component, containing nanostructures
that scatter light. Due to the planar structure it can be monolithically integrated
with a vertical cavity surface-emitting laser (VCSEL), which removes alignment is-
sues. With metasurfaces, full control of the wavefront is possible and hence a light
beam can be shaped in almost anyway. For instance focusing metalenses, lenses that
deflect light or vortex generators can be made. In many applications, for example
in bio-photonics, it is desirable to have a lens with high numerical aperture, which
entails deflection of light with large angels. The conventional way of designing a
metasurface is to use phase mapping, however that approach has a fundamental
limitation when it comes to creating steep angles. Therefor another type of meta-
surface based on dilracting elements have been implemented in this project. More
specifically, these metasurfaces are made in GaAs to enable integration with GaAs
VCSELs and the dilracting elements (supercells) are structured by nano-holes to
get the desired light shape and circumvent the issue of aspect ratio dependent etch-
ing (ARDE).

The metasurfaces were first simulated in COMSOL, then fabricated using electron-
beam lithography and dry etching, and finally characterized. Metalenses utilizing
supercells that deflect light up to 85° have been achieved. The lenses deflect with
the desired angle and show a focusing e [edt. However the focus of the lenses is not
as tight as desired and calls for further investigation.

Keywords: metasurface, VCSEL, COMSOL Multiphysics
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1

Introduction

Laser (Light Ampli cation by Stimulated Emission of Radiation) is a light source
that utilizes stimulated emission to produce light. The stimulated emission creates
a coherent, collimated beam with a narrow linewidth, which are all properties that
are highly sought after in applications that require a precise light source. The semi-
conductor laser is one of the most important and used types of lasers, since it is
low-cost, compact and power-e cient. This makes them suitable for applications
like communication, in printers, DNA sequencing and measurement systems [1].
Semiconductor lasers take advantage of the bandgap between the conduction and
valence band of the material to emit photons with a certain wavelength, and since
there are many di erent semiconducting materials with di erent sized bandgaps, a
span of wavelengths can be realized. To give two examples, the material system
AlGaAs-GaAs is used for red to infra-red light and InGaN-AlGaN is used for green,
blue and ultraviolet light.

As with any technology, there are many di erent kinds of semiconducor lasers. The
two main types are the edge emitting laser (EEL), which as the name suggest emits
light at the edge of the chip, and the vertical-cavity surface-emitting laser (VCSEL),
which has been used in this project. A VCSEL emits the laser beam perpendicu-
lar to the top surface, in contrast to an EEL. This makes it possible to test the
laser after fabrication at wafer level. In comparison, EELs can't be tested until
individual lasers have been prepared by cleaving and mounting [1]. VCSELSs have a
wide range of applications; optical communication, face recognition and proximity
sensors, to mention a few [2] [3]. Roughly described, a VCSEL consists of a vertical
resonator in which quantum wells are placed that generate photons when injected
carriers interact with photons [1]. VCSELs are inherently single longitudinal mode
due to their short cavity length, which can be compared with the cavity of EELs
that can be up to a few millimeters in length. The VCSELSs' aperture decides the
transverse mode distribution of the laser, and by making it small enough it is pos-
sible to make the VCSEL lase with one mode, also known as a single-mode device.
However, the small aperture makes the VCSELS' emitted Gaussian beam divergent
(> 30 FWHM), which is a drawback when for instance coupling light into a ber [4].

One of the recent advancements in nanophotonics is the use of thin metasurfaces to
manipulate light, replacing the bulky refractive optical components, like lenses. A
metasurface is a thin layer consisting of nanostructures which act as small optical
antennas, scattering light. The planar structure of a metasurface makes it possi-
ble to monolithically integrate them on the backside of VCSELs. This integration

1



1. Introduction

removes the issue of having to align external lenses and other optical components,
which could bene t applications like ber communication, printing and face recog-
nition [3].

Another possible area of usage for the metasurface integrated VCSELSs is as a part
of a lab-on-a-chip (LOC) device. Several VCSELs with di erently designed meta-
surfaces can be used for di erent purposes or together. Previous work has shown
high-contrast microscopy using metasurface integrated VCSELSs that can be a part
of a LOC device [2]. Another opportunity would be to create an optical tweezer,
which could then be integrated on a LOC device. In optical tweezing, a laser beam is
focused to capture and move e.g. particles or biomolecules to study them. However,
in order to achieve a well focused beam, a metasurface with high numerical aperture
is needed which implies that the light needs to be de ected and focused with a large
angle. As a rst step towards optical tweezing, the goal of this thesis is to design and
fabricate a metasurface that can focus light from a VCSEL at a high de ection angle.

The metasurfaces that are fabricated in this project are made in GaAs, since they
are to be monolithically integrated with infra-red VCSELSs using that material sys-
tem. Creating a metasurface in only one material, for monolithic integration, gives
rise to a fabrication issue, namely aspect ratio dependent etching (ARDE), which
needs to be addressed. Very briey, the etching depth of the material is dependent
on the distances within the pattern of the metasurface, where narrow areas will be
etched to a shallower depth than broad areas. This aspect ratio dependent etching
can potentially be prevented by including an etch stop layer. However, when being
integrated into the substrate of a VCSEL as is the goal here, this is not possible.

In this project metasurfaces have been simulated, fabricated and characterized. This
thesis will start with some background about electromagnetic waves, lasers and
optical tweezing, followed by theory about and di erent types of metasurfaces. After
that the used simulation method is described together with the outcome. The
fabrication process of the metasurfaces will presented. Finally a comparison between
simulation and characterization of the fabricated metasurfaces will be made.



2

Light and Laser

In this section some important concepts of electromagnetic theory will be presented.
This will be followed by background about lasers and semiconductor lasers. Finally,
an introduction to optical tweezing and what to consider for the metasurface design,
will be given.

2.1 Electromagnetic waves

Light are electromagnetic waves that are governed by Maxwell's equations. This
section will state some equations and de nitions that are useful in understanding
propagation of light. In short, the electromagnetic waves are oscillations of electric
and magnetic elds that arise from the acceleration of charged particles. In a homo-
geneous, isotropic and linear media the oscillations of the electric and magnetic eld
are perpendicular to each other. A wave is often represented as a complex function.
However, the complex notation just simpli es the mathematics, to get the actual
eld, only the real part needs to be considered. Since the electric and magnetic
elds are perpendicular it is su cient to state one. The wave function of the electric
eld can be written as,

E(+t) = Ed(t k9: (2.1)

whereEy = Ex® + Ey9 + E,2 is the amplitude of the electric eld,! the angular
frequency of the sine wavey = xR + y§ + z2 is a position in space andk =
k«® + ky§ + k2 is the wave vector. The wave vector represents the propagation
direction of the wave and its magnitude is inversely related to the wavelength,

q
== . k=jRj= K2+ kZ+ k2 (2.2)

The wave in Equation 2.1 is a plane wave, which means that the wave front is
constant in a plane. It is also monochromatic, meaning that it only contains one
frequency, and it is fully polarized, meaning that the electric eld (or magnetic eld)

of the wave is con ned in a single plane perpendicular to the propagation direction.
However, any real beam is always a superposition of many plane waves, the plane
wave is the basis for any beam, with di erent frequencies and the polarization can
for instance be circular which implies that the polarization plane rotates around
the propagation axis. In Figure 2.1, a graphic representation of a linearly polarized
plane wave can be seen.



2. Light and Laser

Figure 2.1: Graphic representation of a linearly polarized plane wave. The green
sinus wave shows the electric eldEy) and the purple shows the magnetic eld ).
The wave vector,K, marked with a black arrow, is in the propagation direction. The
wavelength, , is also marked. The polarization plane is along the-axis since the
E- eld is oscillating in that plane.

Electric and magnetic elds are described by Maxwell's equations, which by assum-
ing no free charges or currents can be written as,

_ @B
r E= ot
r H=@@Dt (2.3)
r D=0
r B=0;

where E and H are the electric and magnetic eld respectively.D and B are the
electric displacement and magnetic induction, which represent the material response
when an external eld is applied, and can be expressed in termsBfand H as,

D="E+P
(2.4)
B= H+M oA + M
where" = "g", is the permittivity, "o the vacuum permittivity and ", is the relative
permittivity, = o r the permeability with , and , being the vacuum and

relative permeability, respectively. However, the relative permeability is almost one
for non-magnetic materials at optical frequencies, why only the vacuum permeability
is often used. P and M are the electric and magnetic polarizations. Further, the
refractive index (n), which describes the electromagnetic %ropagation in a material,
is given by the relative permittivity and permeability, n = " ", . From Maxwell's
equations the wave equations can be derived, which are satis ed by the plane wave
solutions, like the one in Equation 2.1. In this thesis Maxwell's equations are solved
in simulations using the nite element method, which will be described further in
the section about Simulations.
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2. Light and Laser

2.2 Laser

Laser, short for Light Ampli cation by Stimulated Emission of Radiation, is a tech-
nique that generates light via stimulated emission. This makes the emitted light
close to monochromatic and coherent. A laser consists of an optical gain medium,
which can produce light when the medium is supplied with energy, enough to create
population inversion [1]. To induce lasing, the gain medium is surrounded by a
resonator which provides optical feedback, by creating a standing wave at a desired
wavelength. Population inversion and optical feedback are the two most important
things to consider when creating a laser, and will be described further. There are
many types of lasers and they are often named after what medium is used to gener-
ate light by population inversion. For instance, gas lasers, like the HeNe laser which
Is found in student labs, and free-electron lasers, that creates X-ray radiation for
material science. The laser type used in this thesis is the semiconductor laser, which
uses the band gap in a in semiconductor to create the needed population inversion.
VCSELs are semiconductor lasers and will be discussed in the end of this section.

2.2.1 Population inversion

Population inversion is needed for optical gain and thus lasing and can be explained
by considering a simple two-level quantum system, where electrons only can exist
in two energy levels,E; and E,. In each energy level the electron population den-
sities aren; and n,. In a photon-electron interaction in this system there are three
possible transitions, involving photons, for electrons, see Figure 2.2. In the rst
one, absorption, an electron in the lower energy level is exited to the higher energy
state by absorbing a photon. In the second transition, spontaneous emission, an
electron in the higher energy level is deexcited to the lower energy level and emits a
photon with the energy di erence of the two energy levels. The phase of the emit-
ted photon is random, why the outgoing beam is incoherent. In the last process,
stimulated emission, the deexitation is a result of photon-electron interaction and
again the energy di erence is emitted as a photon, together with the incident pho-
ton. There are thus two photons created from one photon, which is the optical gain
in lasers. The photons that are generated through stimulated emission have, unlike
spontaneous emission, the same phase as the incoming photon which makes the light
coherent. Further the direction and exact wavelength of the generated photon are
also duplicated from the incident photon, which make the propagation direction and
wavelength of the light the same.

The rate at which each process occurs can be described by the following equations,

Rapbs = B12ng
Rsp = Asny (25)
Rst = Boiny

whereB,, A,; and B,; are the Einstein coe cients which describes the probability
of absorption or emission, and is the photon density. In thermal equilibrium
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Figure 2.2: Three possible transitions for electrons interacting with photons, in a
two level system. To the left, absorption, where an electron (blue dot) is excited
from the rst energy level (E;) to the second level E;) by absorption of a photon
(green arrow). In the middle, spontaneous emission, an electron is deexcited to the
lower energy level which emits a photon. To the right, stimulated emission, where a
deexcitation occurs after an electron-photon interaction resulting in coherent light
emission which is what is used in lasers.

the lower energy state is more populated than the highen(>n,) which makes the
absorption rate, Raps, higher than the emission rate, particularly the desired stimu-
lated, Rg;. To increase the rate of stimulated emission, the laser medium is pumped
with energy which makes the population of the higher energy state increase. This
is what is referred to as population inversion, when, > n;. However the popula-
tion inversion does not only increase stimulated emission, but also spontaned®s,,
which in addition tends to dominate over stimulated emission since oftely; > B 5.
Hence, a substantial part of the light is incoherent, which is what is used in light
emitting diodes (LED). For a laser however, coherent light is desired so the stimu-
lated emission needs to dominate over the spontaneous, which can be achieved by
optical feedback.

2.2.2 Optical feedback

From Equation 2.5, it can be seen that the expression for the rate of stimulated
emission is proportional to the photon density, . To get a high photon density the
pumped medium is placed in a resonator, which creates an optical feedback loop
for the mode of light from the stimulated emission. The most simple resonator is a
Fabry-Pérot cavity with two plane mirrors (R; and R;) at a distanceL from each
other, see Figure 2.3. Generated light from stimulated emission is re ected by the
mirrors, making it propagate forward and backwards. With the correct dimensions
of the cavity (L), the superposition of the back- and forward propagating waves,
creates a standing wave. This makes the photons from the stimulated emission stay
in the cavity, and in turn generate even more photons. This creates a self-oscillating
system, which makes the photon density grow.

To create a standing wave, the electromagnetic eld needs to reproduce itself in
phase and amplitude after one round-trip in the cavity. This gives rise to a phase
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Figure 2.3: Fabry-Pérot cavity for optical feedback. The cavity is made of two
plane mirrors (R; and R,) which are placed a distance. from each other. The
mirrors re ects the photons which creates standing waves, also known as optical
feedback.

and an amplitude condition, in a Fabry-Pérot cavity. The phase condition is,

_ 2Lneff
m
where g is the resonance wavelength, is the cavity length, ne is the e ective
refractive index of the mode andn is an integer. As can be seen from this condition,
the length of the cavity and the refractive index of the pumped media decides the
resonant wavelengths.

e llonen 2 =1 =) koneg2L=2m =) (2.6)

The second condition, the amplitude condition, describes the balance between the
round-trip losses in the medium and mirrors, and the gain from the active region.
From its expression, the material threshold gain is obtained,

9 — 1 1 1
RiR,el 9 Mt =1 = == i+ ZIn ;
1R2 ) On L "RR,
where is the optical con nement factor which is the fraction of the optical mode
in the active region. g and gy, are the gain and threshold gain respectively and;
is all the losses in media due to propagation. When the threshold gain is surpassed,
one photon on average generates more than one photon after one round-trip in the

cavity. This leads to the self-oscillation feedback that starts the lasing.

(2.7)

2.2.3 Semiconductor lasers and VCSELs

In a semiconducting laser, population inversion is established in a semiconductor
material usually through current injection. The current injection excites electrons
from the valance band,E,, to the conduction band, E., creating population inver-
sion. That means that the wavelength of the emitted photons is determined by the
bandgap of the semiconducting materialf, = E. E,), see Figure 2.4. Since there
exist a wide range of semiconductors with di erent bandgaps, lasers with di erent
wavelength can be engineered. For instance, the material system AlGaAs-GaAs
system is used for the wavelengths 750-850 nm and InGaN-AlGaN is used for wave-
lengths around 250-550 nm. The optical feedback is achieved by creating interfaces
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between semiconducting materials with di erent refractive index which gives re ec-
tion. The main types of semiconducting lasers are the edge-emitting laser (EEL)
and the vertical-cavity surface-emitting laser (VCSEL) which di ers by the direction
of emission. In this work VCSELSs are used for integration with metasurfaces and
will be explained further.

Figure 2.4. The valence band E,) and the conduction band E.), which makes up
two signi cant energy levels in semiconductors. The energy di erence between the
bands is called the bandgap and is marked witky (= Ec E,). The wavelength
of the emitted photon is set by the bandgap.

A vertical-cavity surface-emitting laser (VCSEL) is a semiconductor laser that emits
a laser beam perpendicular to the top surface. VCSELs have high e ciency and
are well compatible for wafer-scale production [2]. A great advantage with VC-
SELs, compared to EELSs, is that they can be tested after fabrication at wafer level
without mounting them. This can't be done with EELs, which have to be cleaved
and mounted before testing [1]. VCSELs have a wide range of applications, like op-
tical communication, face recognition and proximity sensors, to mention a few [2] [3].

In this project metasurfaces that can be integrated with VCSELs made of the mate-
rial system AlGaAs/GaAs has been considered, which generates light at the wave-
length =984 nm with an output power of 1-5 mW. A VCSEL consists of a vertical
resonator with quantum wells inside which generate photons when injected carriers
interact with photons, see Figure 2.5 [1]. Each quantum well, which together make
up the active region, contains a designed conduction and valence band, in which
the population inversion can take place. Quantum wells are, compared to bulk ma-
terial, reduced below the de Broglie wavelength in one dimension which makes the
movement of particles in that direction restricted. This con nes the carriers and
creates a higher density of states at the band edge, which increases lasing e ciency
and gives a higher gain. Since the volume of the quantum wells is very small, only
a small current is needed to achieve population inversion, compared to bulk lasers.
The quantum wells are designed to make the laser lase at the desired wavelengths,
by varying the material composition of the layers to get di erent sized band gaps,
see Figure 2.6. The resonator, which creates the optical feedback, is made of two
distributed Bragg re ectors (DBRs), which can also be seen in Figure 2.5. ADBR is
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Figure 2.5: Sketch of a GaAs VCSEL. To the left the parts making up the VCSEL
are marked; doped DBRs, multiple quantum wells (MQW), the oxide aperture and
ohmic contacts for current injection. To the right, the path of the pumping current,

I, and the light output can be seen.

formed by growing layers with di erent refractive index. Each layer causes the light
to re ect, but also to refract. In addition, if the optical thickness of the layers are
made to be a quarter of the wavelength, constructive interference is created between
the re ected beams of the di erent layers. Assuming that the optical thickness of
the layers are a quarter wavelength, the intensity of the re ectivity is given by,

|
R = (Ninn2)™  (Nouwn)®™ (2.8)
(nin n2)2N + ( noutnl)ZN ’ .

where n;, and ngy,; are the refractive indices of the material before and after the
DBR, n; and n, are the refractive indices of the layers in the DBR andN the
number of layers. To make the VCSEL lase, the re ectivity of the DBRs has to be
greater than 99%, due to the thin gain medium, see Equation 2.7. Moreover, one
DBR has lower re ectivity than the other to allow for emission of the light created
in the active region. In addition, the DBRs are doped, one is p-doped and the
other is n-doped. This is to supply the quantum wells with free electrons and holes.
The VCSEL also has contacts for current injection and an oxide aperture, which
Is seen in Figure 2.5. The aperture has two functionalities. The rst is to con ne
the current laterally, to minimize losses to the rest of the structure and get carriers
in the quantum wells. The other is to create a waveguide structure to make the
VCSEL lase with one mode, making it a single-mode device. The emitted light from
the VCSEL is a Gaussian beam that diverges which can make e cient coupling to
for instance optical bers, an issue [4]. Finally, the emitted light is also linearly
polarized.

2.3 Optical tweezing

Optical tweezing is a method that focuses a laser beam in order to capture and move
objects like molecules, atoms and nanoparticles. The development of this method
was awarded the Nobel prize in 2018 and it has many applications in physics and

biology. For instance it can be used in medicine to capture and study biomolecules
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Figure 2.6: Multiple quantum wells, that makes up the active region of a VCSEL.
Each quantum well well is injected with carries¢ andh™) which creates population
inversion making it possible to achieve optical gain.

like molecular motors, DNA and bacteria [5]. Or in quantum optics to investigate
single particle interaction with light.

To get a tightly focused laser beam, creating a trap, an objective lens with high
numerical aperture (NA) is often used [5]. When light is scattered on a particle
near the focus, it will de ect, which changes the momentum of lightK). Due to
conservation of momentum a force with opposite momentum will be exerted on the
particle. The change of momentum depends on where on the particles' surface the
light scatters and the intensity of light. Hence, the position of the particle relative
to the beam a ects the change of momentum and therefore the force on the particle.
The intensity of a light beam varies in space, it has an intensity gradient. The inten-
sity gradient of a Gaussian beam is characterized by the Gaussian function, meaning
that the highest intensity is in the middle of the plane perpendicular to the propa-
gation direction. If the particle is displaced from the center of a Gaussian beam, the
force will be directed towards the center of the trap since the momentum change is
greater for higher intensity than lower, making the resulting force pointing towards
the high intensity center. For a particle in the center of the beam, the forces in the
direction of the intensity gradient will be canceled out while the forward force will
be kept. This makes the particle stay in the middle of, but slightly downstream, the
light beam. The force a ecting the particle is often, for convenience, decomposed
into two forces: a scattering force in the light propagation direction and a gradient
force in the direction of the gradient. With an intensity gradient perpendicular to
the beams' propagation direction a two dimensional optical trap can be made. Using
a well focused laser, a longitudinal intensity gradient in the propagation direction
can be established, creating a three dimensional optical trap.

A theoretical explanation of the forces in an optical trap needs to be treated in three
di erent cases, depending on the particle size (radius) relative to the wavelength

( ) [5]116]. The rst case is when the particle size is much larger than the wavelength
(r ). The conditions for Mie scattering are lled and ray optics can be used.
Individual rays from the laser beam are refracted by the particle, which changes
the momentum carried by light. According to Newton's third law, an equal and

opposite momentum change is transmitted to the particle. The magnitude of the
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Figure 2.7: Forces acting on a particle (circle) in the Ray optics view. On the left
hand side, when the particle is in the middle of the beam and on the right hand side
when the particle is displaced with respect to the beam.

force acting on the particle due to the change of momentum is proportional to the
light intensity. The direction of the force is the same (attractive) as the intensity

gradient if the refractive index of the particle is greater than the surrounding, and
the opposite direction for lower refractive index. In the ray picture, the rays in the

middle of the beam mainly contributes to the scattering force while the outer rays
with higher angles constitutes the gradient force, see Figure 2.7.

When the particle is much smaller then the wavelengthr( ), the second case
needs to be considered, where Rayleigh scattering is applicable. This type of scat-
tering originates from the trapped particles' polarizability. Since the electric eld of
light is oscillating, charges in the particle will move with the same frequency, making

it a point dipole. A single point charge in an electromagnetic eld will experience a
force, the Lorentz force,

F=oE+v B);

whereq s the charge of the particley is the velocity of the particle,E and B are the
electric and magnetic eld. Describing a dipole as a sum of two single point charges
with opposite charge, the following expressions for the scattering and gradient forces
can be obtained.

!
_1on128 518 m2 1 °?
Pscatt - T 3 4 m2+2
Iy (2.9)
2nr® m? 1

rlo;
C  m2+2 0

Forad =

were | o is the light intensity, n the refractive index of the medium surrounding
the patrticle, c is speed of light in vacuumy is the particle radius, the light wave-
length andm is the ratio of refractive index between the particle and the surrounding
medium. Note that these equations are for spherical particles. From these equations
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it can be seen that the scattering force is proportional to the intensity, while the
gradient force is proportional to the intensity gradient.

Lastly, when the particle size is approximately the same as the wavelength ()
neither Mie or Rayleigh scattering can be used. Instead full electromagnetic theory,
meaning solving Maxwell's equations with appropriate boundary conditions, needs
to be considered. Optical tweezing of particles in this range are hard to model.
However, experiments show that there is no major di erence from the behaviour of
Rayleigh particles [6].

One possible area of usage for metasurface integrated VCSELS is to create an optical
tweezer, for example as a part of a LOC device. It has previously been shown that
VCSELSs, using external objectives, can be used for optical tweezing [7] [8] [9] [10]
[11]. It has also been shown that metasurfaces can be used for optical trapping, but
using another metasurface material and not a VCSEL as the light source [12]. An
optical tweezer that is based on a metasurface integrated VCSEL, has to the authors'
knowledge and to this date not been demonstrated. As mentioned previously, a high
numerical aperture is required for trapping. That in turn means that the metasurface
needs to be able to de ect light with a large angle. This has been the starting point
for the design of the metasurfaces in this project.
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Metasurface

This chapter gives a background to the concept of metasurfaces, di erent examples
of it and what type of metasurfaces will be fabricated in this project.

3.1 De ection of light

Historically, and still today, lenses have been used to bend and focus light into de-
sired directions and focal points. Traditional lenses, also known as refractive optics,
are based on gradual phase changes that are accumulated as the light propagates
through it. However, only phase shifts between 0 and 2are of importance, every-
thing that is just and integer multiplied with 2  will just add a constant since light

are waves with a phase that is repeated in cycles of 20ne of the recent advance-
ments in nanophotonics is the use of thin metasurfaces to bend the light, replacing
the bulky refractive optical components. A metasurface is a thin layer consisting of
nanostructures which act as small optical antennas, scattering light. The antennas
are arranged in arrays and can for instance be meta-atoms or small apertures [13].
Meta-atoms are small resonators which depending on their geometry (e.g. shape,
size and orientation), creates di erent geometric resonances which, together with
already existing resonances (e.g. electron resonances) of the material, a ects the
e ective refractive index. The change of e ective refractive index gives rise to phase
delays of the scattered light. Consequently, the need of light propagation to achieve
phase change is reduced and the metasurface can be made very thin [4]. The planar
structure also makes it possible to monolithically integrate them on the backside of
VCSELs. The integration removes the issue of having to align external lenses and
other optical components.

Metasurfaces are designed in such way that phase shifts, ranging from Q2tq can

be made over sub-wavelength spatial distances, which gives full control of the wave
front [14]. This is realized by designing a two dimensional array of meta-atoms that
are located on the metasurface. Each meta-atom adds a phase delay to the passing
light, creating a phase gradient over the metasurface. With the phase gradient in
mind, a generalization of Snell's law can be expressed,

_od .
2 dx’
where ; and . are the incident and transmitted angles respectivelyy; and n; the
refractive indices of the two media, ¢ is the vacuum wavelength anof;—X the phase

nesin(¢)  nisin( ) =
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Figure 3.1: Visualization of Snell's generalized law. Light propagates from point
A in one media (refractive indexn;) to point B in another media (n;). This can
be done by taking the blue or the pink path, which are both in nitesimally close
to the actual path (governed by Fermat's principle), which gives a phase di erence
of zero between them. At the interface of the two media is a structure (dark grey)
which introduces a phase shift in the path of light as a function of the position on
the interface (x). is added to the blue path and+ d is added to the pink path.
i and . is the angle of incidence and transmission, respectively.

gradient. The equation states that the transmitted beam can have any shape, given
a suitable phase gradient [14]. A visualization of the parts in the equation can be
seen in Figure 3.1.

With metasurfaces it is possible to get the same e ects as with lenses, since full
control of the wavefront can be achieved. For instance a collimating lens or a focusing
lens can be created. When it comes to lenses, the numerical aperture (NA) is an
important number which measures how much light that can be gathered in one
point. NA is de ned as,

NA = nsin ;

wheren is the refractive index surrounding the lens and is the half angle of the
cone of light that can enter the lens, see Figure 3.2. In the same gure the focal
length f , which is the distance to the focus point and the lens diametdr, is also
marked.

There are di erent types of metasurfaces which uses di erent design approaches to
modulate the phase. One example is dynamic phase (also propagation phase or ef-
fective index of wave guides) metasurfaces, where the size of the meta-atom in a cell
of the array determines the cell's e ective refractive index. By altering the size, the
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Figure 3.2: Half angle, , de ning numerical aperture, focal lengthf and lens
diameterL.

e ective refractive index is changed, which in turn changes the phase delay. Another
type is the geometric phase (also Pancharatnam Berry phase) metasurface. In this
method a birefringent meta-atom is placed in each cell and by changing the orien-
tation of the meta-atom the phase delay can be controlled. The last type is called
resonant metasurfaces. The idea is to operate around the resonance frequency, which
is a sum of the materials' electron resonances and the geometric resonances from
the meta-atoms. All the mentioned methods are based on phase mapping, meaning
that each cell produces the desired phase delay. In this project a di raction based
metasurface, which is a subcategory to the dynamic phase metasurface, has been
used and will be explained further.

3.2 Dynamic phase metasurface

The conventional way to design a metasurface is to utilize phase mapping. A phase
map shows a continuous function of what phase delay, which is mimicing the re-
fractive index counterpart, that needs to be added in each spatial point of the
metasurface to get, for instance, a collimating lens, such a phase map can be seen
in Figure 3.3a. To realize the phase map on a physical metasurface, it is discretized
into periods, see Figure 3.3b. Note that the lattice period is smaller than the wave-
length in the substrate, since that only allows for coupling into the zeroth di raction
order,

Ly

P2 < , (3.1)

70
n
where P is the length of the period andn is the refractive index of the medium.
The equation is derived and explained further in the next chapter about di ractive
based metasurfaces. Within each period, or cell, a certain phase delay, according to
the discretized phase map, should be added, which is done by placing a meta-atom
that corresponds to the correct phase delay. In the dynamic phase approach, this is
accomplished by changing the size of the meta-atom in the period. This will change
the e ective refractive index of the cell and hence the phase delay. A meta-atom can
in this case be a nano-pillar, as can be seen in zoomed in part of Figure 3.3b, that
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adds di erent phase delays depending on the radius. The pillars can be made in var-
lous materials and on various substrates, but are usually etched into a high-contrast
dielectric material, since having a high refractive index contrast localizes more of
the eld inside the pillar, which gives a stronger dependency between the geometry
of the pillar and the phase delay. Other shapes like squares or rectangles, are also
possible, however utilizing a rotational symmetric meta-atom the polarization state
of the beam will not be changed.

(@)

(b)

Figure 3.3: (a) Phase map of a collimating lens which shows what phase delay that
needs to be added in each continuous point of a surface. (b) shows the same phase
map, but with a grid that represents the discretization of the phase map. In each
period of the grid a meta-atom that corresponds to the desired phase delay should
be placed. To the right an example of a meta-atom containing a pillar can be seen.
The desired phase-delay can be achieved by varying the radius of the pillar.
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The phase mapping approach works well for smaller angles, but for larger angles
most of the energy is dissipated into the structure, making the e ciency low [15] [16].
Larger angles requires a very steep phase gradient which calls for a discretization
that can be hard to realize in fabrication.

3.3 Diraction based metasurface

A variant of the dynamic phase metasurface is to use diractive elements which,
as the name suggests, builds on diraction of light. As discussed, a problem with
the phase mapping approach is that it is hard to achieve large de ection angles
with good e ciency. With di raction based metasurfaces, on the other hand, large
de ection angles can be achieved with high e ciency. This can be circumvented by
using di ractive meta-atoms. A periodic pattern is designed in such way that higher
di raction orders are opened, which in contrast to the zeroth order have de ection
angles with respect to the normal. One period, or cell, consists of various amounts of
structures, like nano-pillars, with a geometry designed to favor one desired di raction
order and cancel out the unwanted ones. This is often referred to as a supercell
metasurface, since one periodicity contains several scatterers, or a metagrating in
two dimensions. For instance, if the period of the pattern is chosen to be di ractive
for the rst order, that means that the orders To, T and T ; are transmitted, as
can be seen in Figure 3.4. However, if the wanted bending direction corresponds to
transmission of the rst positive order, T;, then the design within a period needs
to be made in such a way that the scattering pattern redistributes the energy into
that bending direction, see inset of Figure 3.4. Note that in the phase mapping
approach one needs to consider the diraction as well to be sure that no higher
di raction orders are opened, since it leads to unwanted energy leakage. Possible
di raction orders can be derived by looking at the di ractive grating in Figure 3.5.
The derivation will be done in one dimension for clarity, but additional dimensions
can be calculated in the same way. Starting by separating the components of the
wave vector of the incoming k), realizing that the grating will add momentum only

in the plane of the grating, and then expressing the momentum of the transmitted
(ki) and re ected (k) light,

Ri = Kiz2+ kix®
E=E+G:ki;22+ ki;xk‘+ GRr (32)
R} = R] +G= ki;22+ ki;xk"' Gk'

where G = %k is the reciprocal lattice vector andG = |Gj is the magnitude. P
is the period of the lattice andi is the diraction order. Next, the magnitude of
the transmitted beam and the momentum in the propagation directionz, can be
evaluated as,

q
kt2 = ki2;z +(ki;xk+ G)2 :) ki;z = kt2 (ki;x + G)2 (3-3)
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Figure 3.4: Supercell with a period that opens up the transmission orders,,
T.1 and T 41 in one direction. The inset shows a sketch of how the meta-atom can
be designed for desired energy distribution. The dashed arrow visualizes how the
position of the pillars can be changed to get the wanted interference.

Figure 3.5: One dimensional diractive grating at the interface of two media
(refractive index n; and n.), with a period P and a reciprocal lattice vectorG.

The incident, re ected and transmitted light is represented by their momentum
(Ki;K:;Ry). The reciprocal lattice vector, G, only adds momentum in the plane of

the grating (x).
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To transfer energy into a certain di raction order and not have an evanescent eld,
ki, can't be imaginary, which gives,

kt2 (Kix + G)2 >0 3 kt2 > (kix + G)2 (3.4)

From Equation 2.2 together with = -2, wheren is the refractive index, and
assuming a plane wave with orthogonal incidentk(x = 0), the condition for which
di raction orders that are opened can be written as,

nt i _ 2 0 -2
— > — =) P> — i 3.5
- o (3.5)
The same calculations apply to the re ected momentum, with the di erence being
the refractive index, since the transmitted and re ected wave propagates through
di erent media. This means that di erent number of orders can be diracted for
transmission and re ection.

p2> 2 2 (3.6)
n;
Equations 3.5 and 3.6 states a condition for the size of the period to transfer energy
into a certain di raction order. However, when it comes to di ractive metasurfaces
and di ractive elements, the grating equation also needs to be considered, since it
sets the de ection angle.
i2

! or kisin ¢  kjsin ; = B (3.7)

o

ngsin y njsin ; =

|

From the transmission grating equation (Equation 3.7), the critical angle can be

calculated. The critical angle is when = 5.

1 i2
= - = ini=— k — 3.8
t= 5 =) sing P (3.8)
Above = 5, the di raction order can only couple into an evanescent wave and does

not transfer energy. This means that even if the period is large enough to create
higher di raction orders, the angle might be to large and hence that di raction
order does not transfer energy. This can be derived mathematically by looking at
the condition for when the transmitted wave is propagating, again in one dimension,
starting with the expression as in Equation 3.2.

Ri = Kez2+ Kex® =) Kiz2= R Kex R
q n o q
:) k'[;z = ktZ kgx = kt;X = kt sin t = kt2 (k'[ sin t)2

S
n 0 P2 2 3.9
= Equation 3:7 = k? I?+ ki sin (3:9)

=) kZ> ||i+kisini =) sini<£_ ki — = (k G)
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The last implication is what is stated in Equation 3.8. Considering a plane wave

propagating orthogonal to the grating, ; = 0, the following expressions can be
obtained
0< i kt i = ﬁ I o
| ki ) P nFi) n;P (3.10)
:) 0 o 1t = O
n;P n; N¢ I

The last inequality determines possible di raction orders where energy can be trans-
ferred.

A great advantage with metagratings is that it is, in theory, possible to get the
transmission to be one [16]. The supercell metasurface approach has previous been
used to create a lens with a numerical aperture close to unity [17]. In that work they
used pillars made of Si on top of SiPto cancel out unwanted di raction orders.
Depending on the angle and therefor the length of the period, di erent numbers of
pillars were used. A similar work, but in one dimension, has also been shown to be
successful [2]. In this case a grating made in GaAs was used to de ect with an angle
of 6(°, which in addition was integrated on a VCSEL. On the other hand, a problem
with the supercell metasurface is that it can be hard to de ect small angles with
good e ciency [15] [17]. For smaller angels the period becomes larger, and looking
at Equation 3.5 or 3.6, more diraction orders appears. This in turn means that
there are more orders to cancel out which adds di culties. To be able to build a
lens with high numerical aperture, where angles from almost 9@ 0 needs to be
covered, a mix of dynamic phase and supercell metasurface can be used [15] [17].

3.4 Meta-atoms

As mentioned previously, there are many ways in which a meta-atom can be cre-
ated. Di erent shapes like pillars, ns, V-shapes, apertures and holes can be made
[4] [13]. Further, the material can also be varied in many ways to achieve the de-
sired output. In this project however, GaAs is the only material used. Previous
work, using this material system only, have created shapes like GaAs nano-pillars
with varying radius and gratings [2] [3]. However when creating the various shaped
pillars the spacing between them will vary through out the surface. This gives rise
to a fabrication issue when etching through the GaAs substrate which is called as-
pect ratio dependent etching (ARDE). It means that wider spacing will give deeper
etching. To circumvent this problem an etch stop layer could be integrated in the
GaAs substrate. However that is not desirable since one of the advantages with
GaAs metasurfaces is that they can be monolithically integrated to the backside
GaAs substrate of a VCSEL.

Another way around it is to create a design that avoids the problem of ARDE. This
has been done in a previous work where gratings in GaAs have been designed and
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fabricated with equal slit distances [2]. However, using a grating makes it only pos-
sible to de ect light in one dimension, not two which is desirable if a focus point is
wanted. In this thesis, nano-holes with the constraint that they all should have the
same radius, are used. The holes are etched into the GaAs substrate and thus con-
sists air. The holes will be used as structures in the supercell approach, or di raction
based metasurface, for large angle de ection. The phase delay, di raction and inter-
ference e ects will be set by the distances between the holes, the radius and depth
of the holes. Nano-holes have previous been used to support di erent resonances
in dielectric materials and for biosensing using silicon [18] [19]. As mentioned in
the previous section, a mix of supercells and dynamic phase metasurfaces could be
needed for a metalens covering all angels. For the dynamic phase metasurface, the
phase delay is controlled by the size of the meta-atom, hence the issue of ARDE
could reappear using holes. A way around this could be to make the height of the
hole a function of the radiushneta (), based on experimental etching rate, and then
map the phase delay to that function.
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A

Design and simulations of
metasurfaces

This section starts with a description of the nite element method (FEM) and
the used software COMSOL Multiphysics. Next, the set-up of the structure and
veri cation of the simulation model is described. Finally, the optimization of the
geometry to get the desired light de ection is presented together with the results of
the optimization.

4.1 The nite element method

The nite element method (FEM) is a numerical simulation method normally used
for solving di erential equations [20]. It is commonly used in electromagnetics to
solve Maxwell's equations. To compute the electric eld in a domain, FEM dis-
cretizes the geometry into small nite elements, or subdomains, which are smaller
and simpler in shape. The eld is then calculated in each domain and expressed
as low-order polynomials. Hence, the eld of the whole domain is represented by
piecewise functions. That way of describing the eld is not normally enough to,
together with the boundary conditions, ful ll e.g. Maxwell's equations pointwise.
What FEM does, instead of nding a pointwise solution, is to nd an averaged
solution for the electric eld to satisfy the di erential equation and the boundary
conditions. A great advantage with FEM is that it can deal with complex geome-
tries when dividing it into subdomains, creating unstructured grids called meshes.
A problem with FEM is that it requires a lot of computational memory.

4.2 Simulation in COMSOL

In this work the software COMSOL Multiphysics, which utilizes FEM, has been
used to solve Maxwell's equations for the metasurfaces. One period, or cell, of the
whole metasurface has been modeled in COMSOL by setting up the material prop-
erties and geometry of the meta-atoms. One period consist of between three and
four nano-holes and then periodic boundary conditions, assuming an in nite lattice
of the same supercell, have been used in the transverse direction. In the longitudinal
directions ports were set up which at the bottom excites the cell with an electro-
magnetic wave and measures the propagated wave at the top.
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Figure 4.1: Sketch of a supercell that was simulated in COMSOL and used for the
di raction based metasurface. The left gure shows the cell from the front and the
right gure is from the top.

The supercell structure used in the simulations were made of building blocks in dif-
ferent materials and can be seen in Figure 4.1, where all dimensions are marked.
Staring from the bottom, there are two blocks of GaAs which represents the sub-
strate. The rst block is a perfectly matched layer (PML) and will be discussed
later in this section. Put into the substrate are pillars lled with air, making up the
nano-holes. On top of everything are two blocks of air, again the top one is a PML.
The ports are located at the out-pointing interfaces of the inner substrate and air
blocks, see 'Port 1' and 'Port 2' in Figure 4.1. Since the supercell is designed to be
di ractive the ports were set up to be able to measure several di raction orders.

4.2.1 Meshing, boundary- and start conditions

Since FEM divides the structure into smaller elements, also known as meshing, the
following condition was used to decide the maximum allowed element size,

0

|max -

NCmesh

where g is the wavelength of the exiting waven is the refractive index of the domain
and Cnesh IS @ positive integer that determines the discretization of the wavelength,
where a larger value gives a result closer to the continuous value. Before any opti-
mization of the geometry of a supercell was done, convergence studies of the mesh
was made to nd out a su cient value of Cyesn. The convergence study ofesh Can
be found in appendix A.1.1.
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Since only one cell of a whole metasurface is simulated, a periodic boundary condi-
tion in the transverse direction is assumed. The periodic boundary condition was
ful lled by making sure that the meshing at opposite sides (transverse direction) of
the structure were the same. For the excitation of the cell, starting conditions were
set up. To ensure that the ports in the model were properly set up convergence stud-
ies of the height of the substrate l{s,,) and height of air above the substrate If,; ),

see Figure 4.1, were made. The ports are set up to be continuous (Robin boundary
condition) and by doing this study one makes sure that all evanescent waves are
absorbed. The convergence study of,, and h,, can be found in appendix A.1.2.

4.2.2 Perfectly matched layers

A perfectly matched layer (PML) is an arti cial domain that can be added in sim-
ulations to truncate regions, often with open boundaries, where computations are
made. The domain has a refractive index that is made to attenuate all propagating
waves, which can be used to simulate the appearance of a structure surrounded by
free space. As can be seen in Figure 4.1, there are two blocks of PML, one made
of air and one of GaAs, both with the heighth,,. The PML were added to faster
reach the free space condition to be able to measure all di raction orders properly
and to be able to put the ports closer and in turn get a faster simulation. To decide
the thickness Qpmi) of the PML, which properly absorbs the electromagnetic wave,

a study of the electromagnetic eld for di erent thicknesses was made. The result
can be found in appendix A.1.3.

4.3 Optimization of Supercell

Once the structure was properly set up, see Figure 4.1, optimization of the geometry,
within the supercell, to get the desired constructive and destructive interference was
carried out. The de ection angle is set by the period of the supercell. Note that
the period in one direction,Pq is chosen to be diractive while the period in the
other direction, P,q, is picked to be non-di ractive. As a starting point, geometries
from previous similar works were considered [2] [3]. Following this, the optimization
module in COMSOL together with parametric sweeps were used. The distances
(01, g2 and gg) between the holes, the radiusr() and height (hmeta) Of the holes,
see Figure 4.1, were optimized. The used optimization algorithm was the Nelder-
Mead method, which is a direct search method based on function comparison. In all
simulations, the structure was rst excited with and optimized for linearly in-plane
polarized light and then optimized for both in-plane and out-of-plane polarized light.

In Figure 4.2 the simulated E- eld, of a supercell with an optimized geometry for
in-plane polarized light, can be seen for the de ection angle 61The relative trans-
mission, , for the rst transmission order (T.;) was 96% and the total transmission
(Twot) wWas 61%. The optimized dimensions can be seen in Table 4.1. Optimization
of angles between 85and 31, with steps of 1 were carried out and the results can
be seen in appendix A.2. 31was picked as the lower limit since the periodicity for
angles below that, makes the second di raction order appear. The upper limit, 85
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Figure 4.2: The simulated E- eld in a supercell that de ects light with 61 . In the
E- eld the created interference pattern can be seen. The E- eld plot is normalized
and shows the in-plane X) polarization.

was considered to be large enough and since the di racting perioBy) only changed
with 1 nm or less for larger angles, it could be di cult to fabricate it. The choice
of angle discretization was based on previous work [15] [17]. Initially the radius and
height of meta-holes were included in the optimization for a range of angels. When
the radius and height were considered to be good and joint for those angles, they
were kept constant ( = 110 nm and hpeta = 700 nm) for the rest of the optimization
and only the distances ¢, g and g;) between the holes were included. The reason
for that was to ful Il the constraint of a constant radius to circumvent ARDE and it
also made the optimization algorithm more e cient and faster. Since the structure
varies between the di erent cells with di erent angles, the relative transmission and
total transmission also uctuates. Even though the goal of course was to get it as
high and equal as possible.

Table 4.1: Optimized dimensions for 61, considering only in-plane linearly polar-
ized light. The de nitions of the parameters can be seen in Figure 4.1.

Dimension Length

01 136 nm
o)) 609 nm
(03] 904 nm
Nmeta 700 nm
r 110 nm
Pq 1125 nm
Pnd 240 nm
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Since the VCSEL emits linearly polarized light in one plane, one has to consider two
planes when creating a spherical lens due to the fact that the supercell has to be
rotated in that design. This will be described more in detail in the Characterization
chapter. Therefor a second optimization, considering both in-plane and out-of-
plane polarized light was carried out, also in the range between 8&nd 31 with
integer steps. The optimization was done using the dimensions from the previous
optimization with only in-plane polarization, as starting values. Again, the radius
and height of the holes were set to bea, = 110 nm and hyea = 700 nm. For the

de ection angle 61 the in-plane relative transmission, , for the rst transmission
order (T.1) was 90 % and the total transmissionTi;) was 68 %. The out-of-plane
relative transmission, , for the rst transmission order (T.;) was 78 % and the total
transmission (Tyt) was 34%. The dimensions of that de ection angle can be seen
in Table 4.2. Comparing with the optimization for only in-plane polarized light,
the total transmission is lower. Furthermore, it is harder to get equally high total
transmission for in-plane and out-of-plane transmission using this geometry, even
though the relative transmission is similar. The results of the optimized dimensions
for the rest of the angles can be seen in appendix A.2.

Table 4.2: Optimized dimensions for 63, considering both in-plane and out-of-
plane linearly polarized light. The de nitions of the parameters can be seen in
Figure 4.1.

Dimension Length

01 103 nm
(o 592 nm
(08 884 nm
Nmeta 700 nm
r 110 nm
Pq 1125 nm
Pnd 240 nm

Based on the simulations of the supercell, patterns were created that was later
used in the fabrication process. Dierent patterns for metasurfaces with di erent
functionalities were made and will be described in the Characterization section.
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5

Fabrication of GaAs metasurfaces

This chapter starts with an overview of the fabrication route of GaAs metasurfaces,
and the machines and techniques used in each step. Following that, the results
from an optimization process that was carried out for the dry etching (Inductively
Coupled Plasma-Reactive lon Etching) will be presented.

5.1 Process route

In this section the clean room fabrication route for the metasurfaces will be described
and theory of each process step will be explained. The goal of the fabrication is to
create nano-sized structures in a GaAs-chip. The process follows a positive electron-
beam lithography route that can be seen in Figure 5.1. Note that the fabrication of
metasurfaces is rst done on a plain GaAs chip, without any VCSEL, to optimize and
try out di erent metasurfaces, and then integrated on the backside of a VCSEL when
the desired metasurface has been fabricated. The fabrication starts with cleaning of
the GaAs chip, followed by a reactive sputtering of Si@ After that, resist is spinned,
exposed and developed, on top of the SjQayer. Subsequent the development, a
lift-o is made to create a metal mask of Cr and Ni. Dry etching is then used to etch
through SiO, and GaAs. Finally, etching with HF is made to remove Si@together
with the evaporated metal.

5.1.1 Standard solvent cleaning

The chips used in this fabrication process were diced from a GaAs wafer with a
thickness of0:5 mm. Once the desired chip size was acquired, typically 1 cn?,
solvent cleaning of the chip was done to make sure that no dirt or small GaAs
particles would remain on the surface. The used standard solvent cleaning process
consists of three steps. First, the chip is put in a beaker with acetone at 50 during

5 minutes. Then the chip is taken out and sprayed with acetone, using a spray gun.
Secondly, the chip is put into a beaker of methanol for 5 minutes. Finally, the chip
lays in a beaker of isopropyl alcohol (IPA) for 3 minutes and is then blow dried with
nitrogen gas (N).

5.1.2 Sputtering

Once the chip was cleaned, reactive sputtering of SiQvas made. This was done
using a sputter machine in the clean room at Chalmers. Sputtering is a physical
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Figure 5.1: Process route used for fabrication of metasurfaces. The route starts
with reactive sputtering of SiG,. Then Electron Beam Lithography (EBL) is used to
create a mask, including spinning of resist, pattern writing with an electron-beam
machine and development of the resist. Following that, metal evaporation and a
lift-o is made to create a metal mask to get higher selectivity. Finally, dry etching
through SiO, and GaAs followed by etching with HF to remove remaining Si©and
metal, is done.

vapor deposition (PVD) method to, for instance, deposit thin Im layers. Surface
atoms, from a sputtering target material, are ejected by bombarding the surface with
energetic particles that can be a gaseous ions that are accelerated from a plasma.
The ejected atoms are then deposited on the substrate or chip.

DC or RF sputtering are the two most common sputtering methods, which di er by
the power source, using a direct or alternating current. Using RF sputtering prevents
charge build up and was used in this fabrication. The target material and substrate
to be deposited, are placed in parallel inside a vacuum chamber [21]. An inert gas,
often Ar, is injected into the chamber. An RF current is applied between the target
material (cathode) and the substrate (anode). The Ar atoms are rst ionized, which
makes the positive ions collide with the negative target material ejecting atoms into
the plasma. The electrons in the plasma are then, together with the ejected atoms
of the target material, attracted to the positively charged substrate, where they will
condense and create a thin Im on the substrate, see Figure 5.2.

Using conventional sputtering, single element materials can be deposited e ciently.
However, if a compound like Si@ is wanted, reactive sputtering can be used. In
addition to the inert gas, a non-inert gas, like @ in this case, can be used [22].
The non-inert gas chemically reacts with the ejected atoms of the target material,
Si in this case, and creates a compound material which is then deposited on the
substrate. To get the desired thickness of the sputtered Im, parameters like time
and power can be changed. In this project 112 s and 1 kW were used to achieve g SiO
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Figure 5.2: Sketch of a sputtering machine. The injected Ar atoms are ionized
by the applied electric eld between the cathode and anode. Surface atoms from
the Si target are then ejected under bombardment of accelerated Ar ions. The Si
atoms react with the injected Q, creating SiQ, which then forms a Im (blue) on
the substrate.

thickness of 25 nm. To make sure that the thickness was correct, a measurement in
an ellipsometer was made.

5.1.3 Electron-abeam lithography

Subsequent the sputtering of the Si@layer, electron-beam lithography (EBL) was
used to create a mask of the pattern designed for the metasurface. In EBL, a focused
beam of electrons is scanned over a surface with a Im that is sensitive to exposure
of electrons. With EBL, patterns with small features,< 50 nm, can be created and
then transferred into a material, using for instance etching.

The rst step in the lithography process is to spin resist on the chip. Prior to the
spinning the chip was heated to evaporate any residuals from the cleaning. This was
followed by a deposition of hexamethyldisilazane (HDMS), to improve the adhesion
of the resist. The used positive resist was ARP6200 (1:1) and the spinning lasted
45 seconds using a speed of 4000 rpm and an acceleration of 1000 rpm/s, which
created a 125 nm thick resist layer. After spinning, a soft bake was done at 166r

5 minutes. The purpose of soft baking is to evaporate the solvent from the resist
and enhance the adhesion of the resist on the chip.

Next in EBL, an electron-beam writes the pattern by exposing the resist. The
molecules in the exposed areas are degraded, while the unexposed stay in their
original state. In the following step, when the resist mask is developed, the exposed
(degraded) parts are dissolved by the developer. The used developer was n-Amyl ac-
etate. When writing the pattern, there are several parameters that can be changed.
One of them is the electron dose of the beam. It is important that the dose is high
enough to get su cient exposure. Therefore a clearence test was made, where the
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depth of the developed parts of a test pattern, exposed with di erent doses, was
measured with a pro lometer. The test can be seen in appendix B.1 and shows that
a dose of at least 180-200C/cm? is needed. More over, the step size, beam current
and beam aperture were investigated during the metasurface fabrication to nd out
which parameters gave the best optical performance during the characterization.

5.1.4 Metal mask

To get a higher etch selectivity of the mask versus GaAs for the following etching
a metal mask was created, replacing the resist mask. This was done by rst evap-
orating 100 A Cr followed by 500 A Ni. Then a lift-o was made, by submerging
the chip into the remover MR-Rem 400. The remover dissolves the remaining unex-
posed parts of the resist, lifting o the metal that is on top of it. The metal that was
evaporated directly on the SiQ-layer is left, having the same pattern as the exposed
resist. Niis used since it has a high etch selectivity compared to GaAs. A layer of Cr
was added underneath to get better adhesion of Ni, to make the lift-o process easier.

Evaporation is a physical vapor deposition (PVD) method. For the evaporation that
was used in this project, an e-beam thin Im evaporator was used. In the evaporator
an electron beam is created, often by charging a tungsten lament. The beam is
then directed to a crucible with the wanted material, using a magnetic eld. The
beam heats the content of the crucible, making it evaporate. The chip is placed
on a holder above the crucible inside a vacuum chamber, see Figure 5.3. When the
evaporated material reaches the sample holder with the chip, it forms a thin solid
Im on it. Compared to the sputter machine, the e-beam makes it possible to reach
very high temperatures which is why metals with high melting points can be used.
Further, evaporation is a very directional deposition technique, in comparison to
sputtering, which gives poor sidewall coverage, which in turn is suitable for a lift-o
process.

5.1.5 Inductively Coupled Plasma-Reactive lon Etching

To transfer the pattern into the GaAs-substrate, dry etching, or more specic In-
ductively Coupled Plasma-Reactive lon Etching (ICP-RIE), was used. The etching
was done in two steps, rst to etch through the Si@-layer and then through GaAs.

For the etching of SiQ, Fluorocarbon gas (CFk) is injected to a vacuum chamber
where the chip also is placed. In the chamber, Flourine atoms become ionized and
reacts with Si, creating gases like S To make the etch rate faster, Q is also
injected. This creates gasous compounds like CO, G@nd COF,. The created
gases are vented out from the chamber and SiGs etched wherever there is no
metal mask. The chemical reactions are summarized in Figure 5.4. To know how
long the etching of SiQ should be to get through the used layer of 25 nm a laser
interferometer was used to measure the thickness while the etching was ongoing.
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Figure 5.3: Sketch of e-beam thin Im evaporator. An electron beam is created
by charging a tungsten lament. To target the crucible, with the metal to be
evaporated, the beam is bent by a magnetic eldg). The electron beam evaporates
the metal, Ni and Cr, which forms a Im on the substrate.

Figure 5.4: Summary of the chemical reactions for ICP-RIE of SiQ@ CF, is
injected to a vacuum chamber and creates compounds like F and £FThe our
atoms reacts with Si in the SiQ layer (blue) creating gases such as SiF O, can
also be injected into the chamber to increase the etch rate, by creating gaseous

compounds as CO, C@and COF,.
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Figure 5.5: Etching of GaAs, mimicing the Bosch process for Si. The gure shows
the three steps that are included in each cycle of the etching. First, to the outermost
left in the gure, GaAs is etched through physical and chemical reactions with Si¢l
and Ar. Secondly, Q is injected, forming a passivation layer of Si@(blue), seen in
the second block from left in the gure. In the third step, third block in the gure,
the bottom of the passivation layer is etched away by Si¢land Ar, and kept at the
side walls. The forth block shows the rst step in the following cycle where GaAs
is etched with the walls protected. This type of etching is used to etch narrow and
deep trenches.

Once the layer of SiQ was etched away, etching of GaAs followed. This etching is
a deep reactive-ion etching, using a processes that mimics the Bosch process for Si,
which makes it possible to etch deep with vertical walls. The Bosch process contains
three steps that are cycled, see Figure 5.5. The rst step is GaAs etching, using
SiCl, and Ar. SIiCl, forms Si and C}. Cl, then chemically etches GaAs, while Ar
lons are accelerated to physically knock out atoms in GaAs. Next, a descum step
IS made via injection of Ar to remove residue compounds. In the second step, a
passivation layer of SiQ is formed on the side walls and the bottom of the trench,
by injecting O, that reacts with the remaining Si from the rst step. Thirdly in a

nal step, the passivation layer at the bottom is etched away by injecting SiGland

Ar. The reason to why only the bottom part of the passivation layer is etched, is
presumably because of anisotropic etching of SiCfavoring vertical over horizontal
etching. This is probably achieved by either the Ar ions being accelerated vertically
and therefor also etch in that direction or SiCJ doing anisotropic etching of SiQ.
The steps are then cycled, so in the rst step of the following cycle, the walls are
protected while the bottom gets etched which makes it possible to create deep and
narrow trenches.

A problem with the Bosch etching is that as the etching gets deeper, the side walls
tends to become tilted inwards, making the hole V-shaped. The reason for this is
that the access angle to the bottom becomes steeper as the etching gets deeper. To
get rid of this, or to minimize the tilting, the etching recipe was optimized. There are
many parameters that can be adjusted in Bosch etching, like time, power, amount
of gas injected to the chamber and chamber pressure. The optimization that was
made focused on the etching time. By using a longer etching time during the last
cycles of the etching, the walls seemed to get more straight. As a starting point a
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