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How to shape light with thin surfaces

Controlling light is critical to human advancement. It gives us a tool to investigate
nature and is also important for information processing, sensing and manufacturing,
to name a few. In the past decades, researches have investigated a new type of very
thin material that can shape light, called metasurfaces. Usually, they are no thicker
than a micrometer, that is about a 100 times thinner than a human hair. As chips in
a computer are made with nanofabrication methods, metasurfaces can be produced
with similar techniques, which mean that they can be readily produced with the
equipment we have. But why do we need such methods to produce them?

The power of metasurfaces stems from their ability to confine light. Think of it
like this: a window just let light go right through it in order for you to see what
is outside. Metasurfaces do let light through, but not directly. Metasurfaces trap
light, making it bounce around inside it in different directions before finally letting
it out, they are said to support resonances. For researches, this is very interesting.
By using these resonances, one can shape light to applicable forms. For example,
light passing through a metasurface can be steered and focused in any direction. It
might be interesting to shape any type of light, but for the purposes of my work,
pulsed lasers is the choice.

Maybe not useful for the average person, but one special type of light is an
ultrashort laser pulse. Laser pulses are what they sound like: laser light in the form
of pulses. In order to get these pulses, a wide range of colours of light interact
with each other, cancelling each other out everywhere except within the short pulse
duration. Ultrashort laser pulses are extremely fast, meaning that the whole pulse
can pass by an object in a very short time frame. How fast? Well, the pulses I am
interested in pass objects in a matter of femtoseconds. A femtosecond is to a second
as a second is to 31 million years!

Ultrafast laser pulses are both used in research and in technology, for example,
in laser eye surgery. To have such pulses for a specific application, we want to be
able to manipulate the pulses to any shape. This, we can already do with existing
optical devices, but the search for more efficient ways is ongoing.

This is where metasurfaces come in, seemingly perfect for the job. They are
efficient, versatile and very small. So the question is, can metasurfaces be useful for
laser pulses? For shaping pulses, metasurfaces have been confirmed to be able to
shape pulses. However, this has only been done by spatially separating the colours
in a pulse and introducing one metasurface for each colour. In my project, I want to
investigate to what extent a single metasurface can shape laser pulses. I do not do
this in practice, but with simulations. In a simulation software, I can make a laser
pulse pass through a metasurface and look at the results. What I found is that,
indeed metasurfaces are able to shape pulses, and by shaping I mean split the pulse
into two pulses or a chain of many smaller pulses.

i



.



Abstract

Dielectric metasurfaces are the state of the art of functional optical devices with
light manipulating capabilities. Metasurfaces are planar devices which makes them
highly efficient since they do not suffer from propagation effects. These devices
consist of sub-wavelength dielectric structures arranged in a lattice, situated on a
substrate of dielectric or metallic material. They have been shown to have the ability
of local phase and polarization control. Furthermore, due to their design, they are
a promising candidate to replace conventional refractive and diffractive optics as a
more compact and versatile option. Their light manipulating capabilities stem from
their sub-wavelengths structures which support Mie resonances. With these reso-
nances, light can be locally confined in the metasurface, allowing for local control
of light on a sub-wavelength scale. Many metasurfaces in research are considered
for continuous wave sources, but in recent years, ultrafast physics has made ad-
vances with dielectric metasurfaces. As setups for pulse-shaping in ultrafast physics
are large and suffer from losses, metasurfaces could be a functional alternative. In
this thesis, the pulse-manipulating capabilities of dielectric metasurfaces are investi-
gated. By solving Maxwell’s equations in the time domain, the response of dielectric
metasurfaces are investigated when femtosecond pulses are incident on them. It was
found that, by designing a metasurface that has resonances within the spectrum of
the pulse, the metasurface exhibited pulse manipulating capabilities. Pulse-splitting,
spectral filtering and temporal oscillations of the pulse envelope were found as prop-
erties of designed metasurfaces. This work defines a starting point for the design of
dielectric metasurfaces for the manipulation of ultrashort laser pulses in the tempo-
ral and spectral domain.
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FDTD - Finite Difference Time-Domain

RCWA - Rigorous Coupled-Wave Analysis

SRR - Split-Ring Resonator
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BIC - Bound States in the Continuum
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MQ - Magnetic Quadrupole
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EBL - Electron Beam Lithography
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Chapter 1

Introduction

In 1968, a new type of electromagnetic material called metamaterial gathered at-
tention after V. G. Veselago published a paper showcasing the possibility of an
engineered optical element to exhibit negative refractive index [1]. ”Meta” means
beyond and was what Veselago tried to achieve: going beyond the properties of
optical components found in nature or conventional optics. The idea was to en-
gineer sub-wavelength structures and arrange them in a lattice to induce unique
optical responses. From an electromagnetic point of view, an atom’s response is
governed primarily by its size relative to the wavelength of the incident light. An
object consisting of multiple atoms follows the same principle. In this regard, any
sub-wavelength structure could be considered an atom, called a meta-atom, which
is the building block of metamaterials.

Using metallic split-ring resonators (SRRs) as meta-atoms for their plasmonic
resonant response, a material with negative refractive index was constructed experi-
mentally for microwave frequencies in 2001 [2]. A plasmonic resonance, the collective
oscillation of conduction electrons in a metal, can be optically excited, leading to
strong confinement of light and local field enhancement in individual SRRs [3]. The
experiment was performed with microwave frequencies since the size of the SRRs
had to be on the order of the wavelength, and constraints of fabrication did not
allow for smaller sizes. Since then, metamaterials with similar properties have been
realized from near-IR up to optical frequencies [4][5].

However, these materials have clear disadvantages. For one, the desired response
could only be measured for a short range of frequencies, since the sub-wavelength
structure response is sensitive to wavelength. Second, metallic metamaterials suffer
from ohmic losses, making them less attractive as an optical element [3]. Because of
this, the search for materials exhibiting negative refractive index has dialed down.

However, Veselago introduced a new platform for light manipulation. With the
help of plasmonic meta-atoms, advances in light manipulation have been realized
regarding phase control, polarization control, beam shaping and beam steering to
name a few [6]. Applications of metamaterials are wide and is a matter of designing
a meta-atom and the lattice for a desired response.

As an alternative to plasmonic devices, dielectric metamaterials were suggested
as an optical device with similar properties. The advantage of using dielectric meta-
materials are that the losses of dielectric meta-atoms were heavily reduced compared
to the plasmonic counterpart. While metallic meta-atoms rely on plasmonic reso-
nances, dielectric ones use Mie resonances as the building block of the response [7].
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Mie resonances are multipole resonances supported by dielectric particles with com-
parable size to the incident light wavelength and are used to analyse the optical
properties of nanoparticles [8]. For dielectric metamaterials, Mie resonances of indi-
vidual meta-atoms govern the collective response of the device. Although initially
Mie resonances were thought to be a property of only spherical structures, it has
been shown that cuboids and cylinders, among others, also support Mie-type reso-
nances [8]. The condition of these structures to be a functional metamaterial is that
the meta-atom size is sub-wavelength in order to support Mie resonances [6].

Metasurfaces, 2D metamaterials, are a sub-category of metamaterials that has
gathered attention in the past decades. Metasurfaces consist of one or a few layers of
planar lattices of meta-atoms, usually resting on a substrate of metallic or dielectric
material [6]. Since functional meta-atoms for near-IR to optical wavelengths require
that the meta-atoms are on the micro- to nanometer scale, to keep the meta-atoms
sub-wavelength, metasurfaces can be fabricated with state of the art nanofabrication
methods [6]. A second advantage of metasurfaces compared to bulk metamaterials is
that propagation effects/losses are negligible, since metasurfaces can be considered
planar optical devices: a sub-wavelength, optically active structure [9].

All-dielectric metasurfaces have been proven to exhibit full polarization and
phase-control [6]. The first experimentally realized all-dielectric metasurface which
proved full phase control is shown in Fig. 1.1 a). In Fig. 1.1 b), the phase response is
shown to cover the full phase range of 0-2π within a wavelength range of ∼200 nm.
Here, the phase is tuned by changing the wavelength of light. However, the response
of the device is governed by the relative size of the meta-atoms with respect to the
wavelength. Consequently, full phase coverage can be achieved at a fixed wavelength
by tuning the meta-atom size.

b)a)

Figure 1.1: a): Electron micrograph side-view of silicon discs (gray) of height 220
nm and radius 242 nm. The discs are arranged in a square lattice of periodicity
666 nm and situated on a silicon oxide substrate, fabricated with standard silicon-
on-insulator technology. The scale bar is 500 nm. b): The transmittance and
spectral phase response were measured with a white-light spectroscopy setup at
normal incidence. (Adapted from [10].)
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Since total phase and polarization control is necessary for complete wavefront
manipulation, dielectric metasurfaces have attracted significant attention and have
been realized as functional optical devices for various applications. This includes
beam forming, beam steering, encryption, spectroscopy and holographic lithogra-
phy [6][11]. These examples refer to metasurfaces designed for continuous wave ap-
plications.

In more recent years, advancements with metasurfaces for ultrashort physics
have been made. In contrast to continuous waves, the response of spatio-temporal
pulses depends on the time-dependent manipulation capabilities of metasurfaces [12].
For ultrashort pulses, metasurfaces have been realized that exhibit beam steering,
beam shaping, polarization conversion and are incorporated in ultrafast switching
schemes, among other functions [12]. Moreover, non-linear frequency conversion has
been performed by pumping metasurfaces to drive second or third order harmonic
generation [12]. Metasurfaces have captured attention in ultrafast physics because
they are compact, efficient and relatively easy to produce with existing methods.
Furthermore, they are potentially compatible with high peak powers and high in-
tensities that an ultrashort pulse might feature.

Pulse-shaping using dielectric metasurfaces has also been performed to some ex-
tent. However, this has only been done in conjunction with a 4f-setup, which is
used to spatially separate the spectral components of ultrashort pulses and manipu-
late them individually. By introducing one metasurface for each spatially separated
frequency component of an ultrashort pulse, as a spatial mask, it was shown that
the spectral phase and amplitude could be controlled over the spectrum of a 10 fs
pulse in the near-IR region [13]. This was performed using metasurfaces with both
plasmonic and dielectric responses [13]. More recently, a 4f-setup with a similar pur-
pose was developed using all-dielectric metasurfaces as a spatial mask [14]. Here, an
incident 25 fs transform limited Gaussian pulse was modulated to a triangular and
rectangular pulse in two separate simulations [14]. A third simulation showcased an
incident pulse that was split into three Gaussian pulses after propagation through
the setup [14].

Pulse-shaping is essential in ultrafast physics. The above examples show the
versatility of metasurfaces as a promising future for compact, light manipulating
devices. Specifically, manipulation of the temporal profile of laser pulses is a neces-
sary tool for researches in communication systems, quantum-state systems, coherent
control of molecular and chemical systems, laser wakefield accelerators and more [14].

1.1 Objective

In this thesis, the temporal pulse manipulation properties and capabilities of a sin-
gle dielectric metasurface will be investigated using the simulation tool Lumerical
FDTD. The goal is to identify to what extent a single dielectric metasurface can act
as an optical device with pulse manipulation capabilities. Hence, it is desired to di-
rectly manipulate the pulses in the temporal and spectral domains without spatially
separating the frequency content. Conventional pulse-manipulating devices often
suffer from propagation losses as well as dispersion. With a dielectric metasurface,
these complications could be reduced.
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1.2 Thesis outline

First, the necessary theory of metasurfaces and ultrashort physics will be presented
in Chapter 2. This includes an introduction to the working principle of metasur-
faces: the Mie resonances supported by meta-atoms, lattice resonances and how
these contribute to the total response of a metasurface. Next, the relevant theory
of ultrashort physics will be presented which will be used to define a light source
in numerical simulations as well as interpret the response of the metasurface. In
Chapter 3, the numerical method used to propagate a simulation consisting of a
femtosecond pulse and a metasurface will be explained, as well as the capabilities
and relevant settings of the simulation software Lumerical FDTD. The software nu-
merically propagates electromagnetic fields in time using a finite difference Maxwell
equation propagator. Finally in Chapter 4, a simulated metasurface is presented
with three examples of ultrashort responses when a femtosecond pulse is incident
on the surface. Here, the interplay between the metasurface’s spectral response and
the ultrashort pulses are shown.
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Chapter 2

Theory

In this section, the relevant theory for the thesis is presented. First, the optical prop-
erties of dielectric metasurfaces and the geometrical requirements for their function
as optical devices will be presented. Second, the essential physics of ultrashort laser
pulses will be explained and how such pulses can be modified in the temporal and
spectral domains.

2.1 Dielectric metasurfaces

Dielectric metasurfaces is a category of dielectric metamaterials: sub-wavelength
2D structures with unique light manipulation capabilities. In contrast to 3D meta-
materials, which are periodic in 3 dimensions, metasurfaces are planar structures
consisting of a lattice of one or more types of unit cells, which in turn contain one
or more sub-wavelength structures called meta-atoms [6]. The lattice of meta-atoms
usually rests on a substrate of dielectric material. An example of a square lattice
metasurface is presented in Fig. 2.1, with a unit cell containing one dielectric cylin-
der as the meta-atom. This relatively simple structure allows meta-surfaces to be
realized with existing nano fabrication methods such as electron beam lithography
(EBL), deep reactive ion etching (DRIE) and atomic layer deposition (ALD) [11].
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Figure 2.1: Schematic of a square lattice dielectric metasurface. Meta-atoms (green)
rests on a dielectric substrate (blue). a): Top view. Meta-atom cylinders of refractive
index natom and characteristic size d. The meta-atoms lie within unit cells (red
dotted square) of periodicity a. n1 denotes the refractive index of the substrate.
ax̂ and aŷ denotes the primitive lattice vectors of the lattice. b): Side view of the
metasurface. n0 is the refractive index of the surrounding media and h is the height
of the meta-atom.

Dielectric metasurfaces provide unique capabilities and advantages to manipu-
late light compared to conventional refractive and diffractive optics. First, they
are optically thin: the optically active structures are sub-wavelength. This ensures
that absorption losses are low as well as removing the dependence on propaga-
tion effects, as conventional optics are limited to [9]. Moreover, their size makes
them a promising candidate for lightweight, miniaturized applications in research
and technology. Second, phase, amplitude and polarization of light can be con-
trolled locally in each meta-atom, enabling sub-wavelength spatial resolution in the
near-field of the outgoing wavefront [9]. Third, both the electric and magnetic inter-
action with the metasurface can be engineered, meaning high-efficiency transmission
devices can be realized with minimum reflection [9]. Lastly, higher diffraction or-
ders of sub-wavelength metasurfaces do not propagate, meaning optical power loss
due to undesirable diffraction is prohibited [9]. Although there are applications
for diffractive metamaterials in which the periodicity of the unit cells are super-
wavelength [11][6][12], this section will focus on metasurfaces with sub-wavelength
periods for the purpose of the thesis.

2.1.1 Meta-atoms

The fundamental building blocks of dielectric metasurfaces are sub-wavelength scat-
terers referred to as meta-atoms. These are engineered, sub-wavelength structures
consisting of a dielectric material with high refractive index, compared to the sur-
rounding media [15][16]. The geometric shape and size of meta-atoms is determined
by the desired application and is usually found via heuristic methods. Moreover,
the fundamental purpose of meta-atoms is their ability to resonantly couple to inci-
dent light of some wavelength λ. This coupling require that the refractive index of
the meta-atom is sufficiently high to confine the electric and magnetic fields of the
incident light, as well as keeping the effective size of the meta-atom comparable to
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λ [15]. Furthermore, a high refractive index ensures that the coupling between adja-
cent meta-atoms in a lattice is reduced due to resonant confinement [16]. Therefore,
for a meta-atom of characteristic size d and refractive index natom(λ), the following
equation must hold:

d ≈ λ

natom(λ)
, (2.1)

where λ is the vacuum wavelength [15].
The excited resonances in individual meta-atoms can be explained to be Mie-type

resonances [15][17]. Mie resonances arise when the electric and magnetic fields of in-
cident light interact with the multipole moments of a spherical dielectric particle.
However, such multipole moments, electric and magnetic, are observed in particles
of different geometries such as cuboids and cylinders [8]. Therefore, a variety of
structures which support Mie-type resonances are used as meta-atoms for dielectric
metasurfaces.

By illuminating a meta-atom with light and exciting its supported Mie-type res-
onances, the meta-atom acts as a radiating nanoantenna with a radiation pattern as
a superposition of the supported multipolar modes. The two lowest modes are the
magnetic and electric dipole (MD and ED, respectively), followed by quadrupoles
and octopoles. The far-field patterns of the 4 lowest modes are shown in Fig. 2.2. If
the scattering cross section of one mode is dominant, the particle will mostly radiate
light as that multipole’s field pattern [15].

ED MD

EQ MQ

y

z

Figure 2.2: Cross-sectional electric field far-field pattern of the first 4 Mie resonances.
EQ and MQ are the electric and magnetic quadrupole, respectively. Here, the
Mie resonances are excited by a light source propagating in the z-direction, with
polarization in the y-direction. Black arrows indicate polarization of the far-fields.
ED and MQ have even parity while MD and EQ have odd parity.
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The dominant scattering can also be a combination of multiple modes when their
scattering cross sections spectrally overlap. If the ED and MD have equal scattering
strengths, directional scattering can be attained depending on the relative phase
between the interfering dipole fields. This type of directional scattering is called the
Kerker effect. If the ED and MD fields are in-phase, the backward propagating light
is suppressed, as shown in Fig. 2.3. This is called the first Kerker condition. The
second Kerker condition is when there is a π-phase difference between the ED and
MD fields, meaning the forward propagating light is suppressed (see Fig. 2.3) [15].
Note that even if the scattering cross section of the ED and MD spectrally overlap,
a Kerker condition is not necessarily satisfied: the relative phase depends on the
geometry and material of the meta-atom.

The Kerker effect can be explained by the parity of the ED and MD. ED has
even parity, meaning the electric field propagates with the same phase backward and
forward. MD has odd parity, meaning backward and forward propagation are out
of phase [18]. Combining the two, constructive interference occurs in the forward
direction for the first Kerker condition.

Figure 2.3: Cross-sectional electric field far-field pattern when the first and second
Kerker conditions are satisfied. The first Kerker condition is the case when the
ED and MD resonances are in phase, leading to total suppression in the backward
direction. This is the sum of the far-fields of the ED and MD patterns displayed in
Fig. 2.2. For the second Kerker condition, the ED and MD resonances are completely
out of phase, leading to total suppression in the forward direction.

The Kerker effect can be extended to the generalized Kerker effect by considering
the interference of higher order multipoles such as electric and magnetic quadrupoles
(EQ and MQ, respectively) [18]. To satisfy either of the Kerker conditions, an even-
parity pole has to be matched with an odd-parity pole. For example, either ED (even
parity) + EQ (odd parity) or MD (even parity) + MQ (odd parity) [18][19]. The
field distribution is again the sum of these multipoles, and the generalized Kerker
effect considers even higher poles.

The resonant response of the meta-atom is dependent on its relative size to the
wavelength of incident light as stated in Eq. 2.1. As mentioned, one can satisfy a
Kerker condition when the scattering cross section of two Mie resonances overlap.
Since the relative size determines the response, one can change the response by
either changing λ for a fixed size of the meta-atom, or by changing the size of the
meta-atom for a fixed λ [15]. Although the two procedures are not equivalent, since
the refractive index of real materials is frequency-dependent, they function similarly.
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Changing the response via the meta-atoms geometric parameters is the first design
freedom that enables metamaterials to extensively manipulate light.

Assuming that the meta-atom satisfies a Kerker condition, the phase of the
radiated light can be manipulated in the full range of 0 − 2π. It is well-known
that singular Mie resonances can accumulate a maximum phase of π [16][20][8]. By
tuning λ or d around such a resonance, it is possible to attain any phase in the range
0− π, relative to the source. In the case of overlapping resonances, the phase range
of the individual resonances are added together to extend the possible phase range
to 0 − 2π [16][20][8]. Therefore, by tuning λ or d close to a Kerker condition, full
phase control can be realized.

2.1.2 Sub-wavelength lattices

A dielectric metasurface can act either as a diffraction grating or as a sub-wavelength
grating. The square lattice shown in Fig. 2.1 can be considered as a 2D grating with
periodicity a along the x- and y-axes. However, the following theory considers
diffraction along one of the axes of periodicity, the x- or y-axis, in the metasurface
to explain the properties of diffraction and sub-wavelength gratings. The 1D grating
equation is

sin θm = sin θ0 +
mλ

a
[21]. (2.2)

Here, θm is the angle of the mth diffraction order and θ0 is the angle of the incident
light. From here, only normal incidence is considered (θ0 = 0) of an incident plane
wave. For a super-wavelength metasurface, a > λ/n1 and Eq. 2.2 have real solutions
with propagating higher diffraction orders (m > 0). This is called the diffraction
regime which is the operational regime for conventional diffraction gratings.

However, for a sub-wavelength metasurface, a < λ/n1 and all higher diffraction
orders become evanescent modes in the plane of the metasurface [21]. The m > 0
modes become evanescent at the point a = λ/n1 and are called Rayleigh anomalies
(RAs): a property of sub-wavelength gratings which can be used to enhance lattice
resonances [22].

For even smaller periodicities, meaning a << λ/n1, the system is in the deep-
sub-wavelength regime [21]. Here, the metasurface can be treated as a homogeneous
surface with anisotropic effective refractive index [21]. Typically, the boundary of
this regime is defined as

d <
λ

2natom

[21]. (2.3)

Increasing d above this boundary, the metasurface is in the sub-wavelength regime,
where the lattice can not be approximated to a homogeneous material due to the
local interactions of light with the unit cells. The implications of these two regimes
will be further discussed in Section 2.1.3.

The radiated field of a sub-wavelength metasurface can be explained by Huygen’s
principle. Huygen’s principle states that a wavefront can be decomposed as a col-
lection of point-secondary sources, Huygen’s sources, radiating at each point of the
wavefront [16]. Specifically, a Huygen’s source is an electrically small antenna that
has a far-field pattern as a superposition of crossed electric and magnetic dipoles,
which is fully realizable with meta-atoms [16][20]. Moreover, if the meta-atoms in a
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metasurface satisfy a Kerker condition, complete forward or backward scattering is
possible. This is known as a Huygen’s metasurface [16].

In this configuration, as an extension of the phase manipulation capabilities of
singular meta-atoms, phase control in the range 0 − 2π is possible over the meta-
surface. By tuning d locally for each meta-atom, arbitrary phase gradients over
the surface can be realized, while maintaining a high transmission or reflection.
Huygen’s metasurfaces can therefore be realized as functional optical elements with
applications in beam deflection, shaping and focusing [8]. Huygen’s metasurfaces
are not limited to dipole resonances, but considering the generalized Kerker effect,
one can attain full phase control locally via the interaction between higher order
Mie resonances [16].

2.1.3 Lattice resonances in metasurfaces

Metasurfaces do not only support local Mie resonances but lattice resonances over
the surface. There are different possible lattice resonances, but what they have
in common is that they all relate to the radiative coupling of Mie resonances be-
tween meta-atoms in the lattice [22][16][23][24]. Even though the high refractive
index of the meta-atoms confine the resonances in the structure, the meta-atoms
in a sub-wavelength lattice lie sufficiently close to one another for the fields from
one meta-atom to excite adjacent meta-atoms, leading to complex interactions over
the surface [24]. As a result, the hybridization of the collective Mie resonances over
the lattice produce narrower and enhanced resonances, compared to single meta-
atoms [24].

While Mie resonance is the radiative channel, the evanescent fields can also en-
hance these resonances via lattice resonances. As mentioned, sub-wavelength lattices
support evanescent diffraction orders which exist in the plane of the lattice. If an
evanescent mode matches the momentum of a lattice mode, the evanescent mode
can propagate in-plane, enhancing the near-field [25].

Bloch modes

For a diffraction order with some wavevector kxy in the plane of the lattice, it can
propagate in the lattice, if its wavevector matches with one of the Bloch modes
supported by the lattice. A Bloch mode is an eigenstate of the lattice with in-plane
momentum k and wavefunction

Ψk(r) = eik·ru(r) [26]. (2.4)

Here, r is the in-plane position vector and u(r) is a periodic function. For all lattice
vectors R which are linear combinations of the primitive lattice vectors ax̂ and aŷ,
u(r) = u(r+R)[26].

There are 2 subcategories of Bloch modes, namely transverse electric (TE) and
transverse magnetic (TM) modes. For TE modes, the electric field components are
in-plane while for TM modes, the magnetic field components are in-plane. TEm

(TMm) modes are further defined by the number of nodes m of the magnetic Hz

(electric Ez) field component that lie within the height h of the metasurface (see
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Fig. 2.1). For odd TEm (TMm) modes, Hz (Ez) are orthogonal to normally incident
light and can not be excited by it. However, evanescent fields can excite odd modes,
provided they are phase-matched.

For a metasurface in the deep-sub-wavelength regime, the lattice is effectively
homogeneous. This implies that the modulation of the Bloch wave due to u(r) is
weak since there are no sharp structural changes in the point of view of the light.
In this case, only the fundamental Bloch mode is supported by the lattice, in which
the diffraction orders can couple to and propagate.

In the sub-wavelength regime, sharp structural changes are seen by the diffraction
orders and the modulation due to u(r) is significant [21]. In this case, multiple
Bloch modes are supported by the lattice which can couple to one another as well
as to the free-space 0th diffraction order [21]. This is referred to as the multimode
regime and is the operating region for most metasurfaces [21] with light-manipulating
capabilities. Furthermore, the high refractive index contrast in the lattice results in
highly dispersive Bloch modes, which have an impact on the metasurface’s spectral
properties, such as broadband high transmission or reflection [21].

Surface Lattice Resonances (SLRs)

The propagating diffraction orders in Bloch modes are referred to as SLRs [27].
A given SLR can be adjusted to resonate at a specific wavelength by varying the
period of the lattice. This is an important feature since the main purpose of SLRs
in metasurfaces is their ability to outcouple to free space via the Mie resonances
of meta-atoms [27][24][25]. Note that the light propagation direction of the SLRs
is orthogonal to that of the incident light on the metasurface, which means that
the supported Mie resonances for a given wavelength in this direction differ from
normal incidence of light. Both the hybridized Mie resonances directly excited by
the incident light and this ”secondary” excitation contribute to the total radiated
field [24]. As a result, the radiative losses of sub-wavelength metasurfaces are reduced
by outcoupling of the evanescent fields [27].

While the evanescent diffraction orders can enhance the radiative resonances,
their absence is in this regard a disadvantage. At the RA wavelength (a = λ), the
higher diffraction orders start to propagate, meaning all shorter wavelengths do not
contribute to a near-field enhancement [24]. Therefore, at the RA, a sharp feature
can be seen in the response spectrum of the metasurface. This RA feature is in
practice observed when the wavelength in the metasurface’s substrate matches the
lattice periodicity [24].

Bound States in the Continuum (BICs)

With propagating Bloch mode excitations in the lattice, BICs are possible in the
metasurface. BICs are non-radiating, resonant modes which lie within the range
of allowed radiating frequencies of an optical element [28]. There are different ap-
proaches in quantifying BICs, but in the purpose of metasurfaces, a suitable way is
a multipole decomposition method (MDM) [28]. A TM or TE Bloch mode can be
decomposed as an infinite series of Mie-type multipole modes [28]. The total field
pattern of a Bloch mode is therefore a superposition of constituent multipole reso-
nances, similar to the total field pattern of meta-atoms that support Mie resonances.
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Considering normally incident light in Fig. 2.1 a), a TM or TE mode can have a
multipolar content in which none of the multipoles radiate along the z-axis [28]. As
a result, there is no total far-field radiation in this direction. This is referred to as
a symmetry protected BIC and is highly sensitive to geometrical symmetry of the
lattice as well as the meta-atom material properties [28]. The symmetry protected
BICs can generally be explained in terms of the different symmetry classes Bloch
modes belong to, but for the purpose of this thesis, a MDM approach is sufficient.
An example of the formation of a symmetry protected BIC, as a sum of Mie reso-
nances, is shown in Fig. 2.4 a).

Symmetry protected BICs are however only realized in theory since they require
perfect symmetry of a metasurface. If the material contains imperfections or absorbs
light, which is the case for real materials, the symmetry breaks between multipole
resonances and the mode can radiate light in the z-direction. This ”leaky” BIC is
referred to as a quasi-BIC, and is the manifestation of symmetry protected BICs in
real systems [28].

z

z

b)

a)

Figure 2.4: Formation of BICs displayed as a sum of the far-fields of Mie resonances.
a): Formation of a symmetry protected BIC. All excited Mie resonances do not
radiate in the z-direction. Therefore, the total radiated field does not radiate in
the z-direction. b): Formation of an accidental BIC. Some of the Mie resonances
radiate in the z-direction, but the total radiation in this direction is suppressed due
to destructive interference between the multipoles.

Analogous to the second Kerker condition, an accidental BIC can arise through
the destructive interference between multipoles for a given Bloch mode. In contrast
to symmetry protected BIC:s, accidental BICs require fine-tuning of the geometrical
parameters of the metasurface to realize a Bloch mode which has non-zero radiation
of the constituent multipoles in the z-direction. Specifically, a case where all multi-
poles are in anti-phase, resulting in total radiation suppression in the z-direction [28].
The formation of an accidental BIC is shown in Fig. 2.4 b). As for quasi-BICs, ac-
cidental BICs are in practice ”leaky” and radiate in the z-direction.

Note the difference between SLRs and radiative BICs. While SLRs are the ra-
diative coupling between Bloch modes and meta-atoms, quasi-BICs and accidental
BICs are cases where a supposedly non-radiative mode in the lattice radiates due
to symmetry breaking or other imperfections in the lattice [28]. With this distinc-
tion, it follows that BICs, being more resonantly confined, result in higher Q-factors
compared to SLRs.
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Fano resonances

In the transmission spectrum of a metasurface, SLRs are seen as narrow peaks with
an asymmetric line shape, which is a feature of a Fano resonance [22]. A Fano reso-
nance is the result of the interference between a broad and sharp resonance [22] or,
alternatively, a sharp resonance interfering with broad, off-resonant contributions of
other modes [15]. SLRs follow a Fano profile, in which the broad resonance corre-
sponds to the excited Mie resonances in the individual meta-atoms, while the sharp
resonance is given by the in-plane excitations [22]. As for symmetry-protected BICs,
their Q-factor is infinite and the width of the resonance disappears, whereas no res-
onance profile can be seen in a transmission spectrum [29]. However, for accidental
and quasi-BICs, the Q-factor becomes finite and the resonance can be observed with
a Fano profile in the transmission spectrum.

The angular frequency-dependent transmission profile T (ω) of a Fano feature
can be described as

T (ω) =
T0

1 + q2
(q + Ω(ω))2

(1 + Ω2(ω))
+ T1(ω), (2.5)

where T1(ω) is the background contribution of non-resonant modes, and T0 is
the offset [30]. Ω(ω) = 2(ω − ω0)/γ where ω0 is the resonant frequency and γ is the
inverse mode lifetime [30]. The peak asymmetry stems from the Fano parameter q.
|q| → ∞ (q → 0) corresponds to a transmission (reflection) peak with Lorentzian
profile, while a highly asymmetric profile can be seen when q = 1.

2.1.4 Coupled resonances

A common feature of metasurfaces is that multiple resonances are observed over the
response spectrum. A possible scenario is that 2 supported resonances are spectrally
close to one another, separated by ∆λ. By tuning the geometrical parameters of
the metasurface, a spectral separation of ∆λ = 0 can be achieved, meaning that
the resonances spectrally overlap [29]. In this case, there is no coupling between the
resonances and they spectrally overlap in a point of degeneracy [31].

However, two resonances can not always overlap in this way. It has been shown
that, by tuning the geometrical parameters of the metasurface, two resonances ap-
proaching each other spectrally never reach ∆λ = 0 [29]. Instead, around the non-
zero minima of ∆λ, the resonances spectrally separate. This is called an avoided
resonance crossing [29]. In this case, the resonances experience strong coupling,
where energy oscillates between the modes [29]. For dielectric metasurfaces, an in-
crease of the Q-factor of one of the resonances has been observed as it approaches
the ∆λ minima, resembling a quasi-BIC [29].
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2.2 Ultrafast optics

Ultrafast optics refers to light events that occur on short time scales, usually in
the range of picoseconds (10−12) down to attoseconds (10−18). In practice, light
modulated in these time scales is realized by mode-locked lasers. Compared to con-
tinuous wave (CW) lasers, pulsed lasers have a time-dependent optical intensity. In
this section, the characterization of laser pulses will be discussed as well as temporal
modulation and phase manipulation of such pulses.

2.2.1 Temporal Domain

A laser pulse in the temporal domain is characterized by its time-dependent wave-
function

U(t) = |A(t)| exp [j(2πν0t+ φ(t))] , (2.6)

where A is the complex envelope of the pulse and ν0 is the pulse carrier frequency
[32]. φ(t) = arg {A(t)} is the phase of the pulse. Eq. 2.6 fully characterizes the pulse
in the temporal domain. At a given time t within the pulse, the optical frequency
can be measured to be

νi = ν0 +
1

2π

dφ(t)

dt
, (2.7)

called the instantaneous frequency [32]. Notice that Eq. 2.7 is dependent on the time
derivative of the phase. If the phase is constant or linear over the pulse, the instanta-
neous frequency will be constant. When the phase is constant or linear, this is called
a transform-limited pulse and corresponds to the shortest possible pulse of a given
frequency spectrum, meaning that all frequency components of the pulse arrive at
the same time. However, if the phase has a quadratic form or, more generally, if
φ̈(t) ̸= 0, the instantaneous frequency varies over the pulse [32].

A pulse with time-varying νi is called a chirped pulse. There are 2 types of
chirps: down-chirp (φ̈(t) < 0) and up-chirp (φ̈(t) > 0) [32]. The latter is a common
result of pulses interacting with a homogeneous dielectric medium. Since most real
refractive materials have a frequency-dependent refractive index with a higher index
for higher frequencies, this leads to a longer delay for the higher frequencies, and
the pulse becomes up-chirped.

The optical intensity profile of the pulse is described as

I(t) = |U(t)|2 = |A(t)|2 [32]. (2.8)

For simplicity, consider a pulse envelope which is symmetric around the carrier
wavelength. For the corresponding intensity profile, a common analytical example
is a Gaussian profile, meaning

I(t) = |A(t)|2 = I0 exp

[
−4 ln 2t2

τFWHM

]
, (2.9)

where I0 is the peak intensity and τFWHM is the temporal full-width at half-maximum
(FWHM) [32].
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2.2.2 Spectral Domain

To investigate the spectral properties of a laser pulse, it is convenient to study it in
the frequency domain. The temporal pulse U(t) can be converted to its correspond-
ing spectral pulse V (ν) via a Fourier transform:

V (ν) =

∫
dt U(t) exp [−j2πνt] = |V (ν)| exp [jψ(ν)] , (2.10)

where ψ(ν) is the frequency dependent spectral phase [32]. Analogous to the tem-
poral domain, the spectral width of the pulse is determined by the FWHM ∆ν of
the spectral intensity S(ν) = |V (ν)|2.

∆ν and τFWHM are inversely proportional to one another, with some pulse-
dependent proportionality, and the product of these widths characterizes the pulse.
For example, a transform-limited Gaussian pulse follows the relation τFWHM∆ν =
0.44, which is the time-bandwidth product of the pulse [32]. By introducing a chirp
to such a pulse, the temporal FWHM is unchanged while the spectral FWHM in-
creases, meaning τFWHM∆ν > 0.44. If the spectral width ∆ν << ν0, it can be

approximated to the wavelength spectral width ∆λ ≈ λ2
0∆ν

c
, where λ0 = c/ν0 [32].

Note that if ∆ν << ν0 does not hold, the spectral width loses significance since the
spectrum is no longer defined by its central frequency [32].

To further analyse a laser pulse, investigation of the spectral phase is convenient,
since it encodes the chirp, distortions and chromatic dispersion of the pulse. As for
the temporal phase, if the spectral phase is not constant or linear over the spec-
trum, it corresponds to a chirped pulse, meaning that ψ(ν) is non-linear [33]. The
first derivative of the spectral phase

Tg =
1

2π

∂ψ(ν)

∂ν
= − λ20

2πc

∂ψ(λ)

∂λ
(2.11)

is called group delay [34]. A light pulse incident on a dielectric optical element expe-
riences a time delay as the pulse propagates through it. The time delay is frequency
dependent and corresponds to a phase shift of the pulse frequency components,
which is quantified by Tg [34]. Tg imparts a time delay since the frequency compo-
nents will constructively interfere in a later point in time due to the phase shifts.

For a non-resonant homogeneous material, the magnitude of Tg depends on the
thickness of the material, and the spectral phase response is

ψresp(ν) =
2πνn(ν)l

c
, (2.12)

where c is the speed of light, n(ν) is the refractive index and l is the material
thickness. Since n(ν) is frequency dependent, different frequencies will experience
different phase shifts.

For resonant structures, ψresp(ν) follows more complicated dependencies of ν [34].
In the case of meta-surfaces, multiple types of resonances are present. Therefore,
an analytical expression for ψresp(ν) may not be feasible. Instead, numerical post-
processing of the total spectral phase of a pulse transmitted through a metasurface
can determine the spectral phase response of the metasurface.

If Tg is frequency dependent, the pulse is subject to chromatic dispersion. The
chromatic dispersion can be measured from the group delay dispersion (GDD) of a
pulse, defined as
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D2 =
1

2π

∂Tg
∂ν

=
1

4π2

∂2ψ(ν)

∂ν2
=

(
λ20
2πc

)2
∂2ψ(λ)

∂λ2
+

λ30
2πc2

∂ψ(λ)

∂λ
[35]. (2.13)

For a laser pulse, D2 is evaluated at the carrier wavelength of the pulse if the
chromatic dispersion is to be evaluated [35]. Then, if D2 is positive, the pulse has
normal dispersion, meaning higher frequency components travel slower than lower
frequency components (up-chirped pulse) [35]. If D2 is negative, the opposite case
holds, called anomalous dispersion(down-chirped pulse) [35]. Most dielectric media
exhibit normal dispersion for visible wavelengths, while longer wavelengths can ex-
perience anomalous dispersion in the same material [32].

16



Chapter 3

Method

To simulate the metasurface response to ultrashort pulses, a finite difference time-
domain (FDTD) method is used in the commercially available software Lumerical

FDTD. Lumerical offers both FDTD and Rigorous Coupled-Wave Analysis as solvers,
but FDTD is selected since it simulates systems in the time-domain, meaning that
it is computationally advantageous to capture the temporal evolution of a time-
dependent light source. In this section, the FDTD method will be explained as well
as the necessary settings in Lumerical FDTD.

3.1 FDTD Method

The FDTD method propagates electromagnetic fields in space and time by making
use of a set of finite difference equations (FDEs) derived from Maxwell’s equations.
For an electromagnetic field, with electric field E = {Ex, Ey, Ez} and auxiliary field
H = {Hx, Hy, Hz}, Maxwell’s curl equations in an isotropic medium with relative
permittivity ϵr(ω) are

∂B

∂t
= −∇× E and

∂D

∂t
= J+∇×H, (3.1)

where

D = ϵr(ω)ϵ0E and H = µB [36].

Here, D and B are the displacement and magnetic field vectors, respectively. µ is
the magnetic permeability, ϵ0 is the permittivity in vacuum and J is the current
density. The expressions in Eqs. 3.1 can be expanded to their constituent scalar
equation for each spatial component of the fields. For example, the scalar equations
for the Bx and the Dx components are

∂Bx

∂t
=
∂Ey

∂z
− ∂Ez

∂y
and

∂Dx

∂t
=
∂Hz

∂y
− ∂Hy

∂z
− Jx, (3.2)

respectively [36]. To create a set of FDEs of Eqs. 3.1, a spatio-temporal grid is first
defined as

(i, j, k, n) = (i∆x, j∆y, k∆z, n∆t),

where ∆x,∆y and ∆z are spatial steps between grid-points and ∆t is the temporal
step size[36]. For numerical stability, the fields can not change significantly over one
step. Therefore, a stability criterion must be satisfied, following
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√
(∆x)2 + (∆y)2 + (∆z)2 > c∆t, (3.3)

where c is the speed of light in vacuum [36].
Before constructing the FDEs of Eqs. 3.1, consider a cell in which all the field

components of E and H are situated at one point in time. To satisfy Eqs. 3.1
locally within the cell, a Yee cell is used, as depicted in Fig. 3.1. Here, the field
components are spatially staggered with the magnetic components located at the
centre of the cell’s faces, and the electric components located at the middle of the
cell’s edges. This ensures that Eqs. 3.1 are satisfied locally, without the need of
averaging the fields over multiple cells. The drawback of this cell type is that to
accurately determine the fields at one point in space, the fields from the Yee cell
have to be interpolated to that point.

y
x

z

Hz

Hz

Hx
Hx
Hy

Hy

Ex

Ex

Ex

Ex

Ey Ey

EyEy

Ez Ez

EzEz

Δx

Δy

Δz

Δx/2 Δx/2

Δy/2

Δz/2

Δz/2 Δy/2

Figure 3.1: Yee cell. The electric and magnetic field components at one point in time
are staggered in space. In the Yee cell, the black cube, the magnetic field components
are located at the centre of the cube faces, while the electric field components are
located at the middle of the cube edges. Black arrows at each field component
indicate the direction of that component.

With the Yee cell as the building block of the spatial grid, the FDEs correspond-
ing to Eqs. 3.1 can now be constructed. A space and time dependent function F in
this grid is hereafter denoted

F (i∆x, j∆y, k∆z, n∆t) = F n(i, j, k) [36].

Not all FDEs of Eqs. 3.1 will be presented here. Instead, examples of Eqs. 3.2 will
be shown. Starting with Bx, this field component is updated in time (and space) as

B
n+1/2
x (i, j + 1

2
, k + 1

2
)−B

n−1/2
x (i, j + 1

2
, k + 1

2
)

∆t
=

En
y (i, j +

1
2
, k + 1

2
)− En

y (i, j +
1
2
, k)

∆z

−
En

z (i, j +
1
2
, k + 1

2
)− En

z (i, j, k +
1
2
)

∆y
[36].
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Note that field components are updated by half a step. This is because the FDTD
method is based on leapfrog integration, meaning it evaluates the updated field at
the midpoint at each spatial and temporal step [37]. Leapfrog integration has second
order accuracy, meaning that the error scales with ∆t2 [37]. D is updated in a similar
manner. For Dx, the FDE is

Dn
x(i+

1
2
, j, k)−Dn−1

x (i+ 1
2
, j, k)

∆t
=

H
n−1/2
z (i+ 1

2
, j + 1

2
, k)−H

n−1/2
z (i+ 1

2
, j − 1

2
, k)

∆y

−
H

n−1/2
y (i+ 1

2
, j, k + 1

2
)−H

n−1/2
y (i+ 1

2
, j, k − 1

2
)

∆z

+Jn−1/2
x (i+

1

2
, j, k) [36].

More concisely, the time-stepping sequence is

Bn+1/2 → Dn+1 → Bn+3/2 → Dn+2 → ...

With this method, the software Lumerical FDTD propagates light through some vol-
ume described by a refractive index distribution [38]. The properties of the software
will be explained in the following section.

3.2 Lumerical FDTD

Here, the necessary functionalities of the simulation software Lumerical FDTD are
presented. It includes an explanation of the 3D simulation region in which the
system is propagated in time, which includes the spatial and temporal grid as well
as simulation boundary conditions. Furthermore, the objects used to construct the
metasurface, the necessary source type and monitors will be explained.

3.2.1 Solver Region

The simulation region consists of a spatial 3-dimensional grid. It is defined in a rect-
angular coordinate system, with mesh step-size dx, dy and dz along the coordinate
axes, as well as a temporal step-size dt [38]. The spatial and temporal step-sizes can
be set manually, which is set over the volume of the solver region. The stability cri-
terion in Eq. 3.3 is automatically satisfied by the software by updating the time-step
after the spatial mesh is defined [38].

The solver region may be large compared to a geometrical object within the
region in which accurate scattered fields are desired. In order to keep the compu-
tational time reasonable, an ”override mesh” may be introduced. An override mesh
can be specified within the solver region which has a higher resolution compared
to the full solver region. In the mesh override settings, a finer spatial grid can be
specified to be defined to only cover an object of interest within the solver region.
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Perfectly matched layer (PML) boundary

PML is a specified type of boundary of the simulation region. It is designed to absorb
incident light outgoing from the simulation region with minimal reflections [38]. In
the simulation, it is implemented as an absorbing material at boundaries of the solver
region selected by the user. PML boundaries are to be used when single structures
span the PML region, otherwise numerical error can appear at the boundary between
different structures situated at the PML [38].

Periodic boundary

Periodic boundaries are convenient to implement on the solver region when periodic
systems are simulated. This boundary type allows the simulation to calculate the
response of an entire periodic system, by simulating a single unit cell of the sys-
tem [38]. In Lumerical, the periodicity of the system is set by the spatial extent of
the solver region. For example, if the system is periodic in the x- and y-directions,
periodic boundary conditions should be set in the planes normal to these directions.
Fields propagating out of these boundaries are copied and set to propagate into the
solver region in the opposite direction. Note that everything in the system has to
be periodic in order to use these boundary conditions. This includes structures and
the source, and in the case of a plane-wave source, it should span the entire solver
region in the plane of periodicity with a propagation normal to this plane [38].

Symmetric/antisymmetric boundary

To decrease the computational time of a simulation of a periodic system with peri-
odic boundaries, symmetric/antisymmetric boundaries may be used. If the structure
in the simulation region is invariant under a 180°and 90°rotation, the simulation time
is decreased by a factor of 2 and 4, respectively, by using symmetric/antisymmetric
boundary conditions [38].

3.2.2 Materials and geometrical objects

Lumerical has a database of pre-defined geometrical shapes which can be inserted in
the solver region. In addition, Lumerical’s scripting environment allows for arbitrary
structures to be constructed. In both of these cases, the geometrical parameters are
set by the user. Furthermore, the spatial resolution of specific structures are not
pre-defined, but set by the solver region or override mesh.

Geometrical shapes can be set to any dielectric or metallic material in Lumeri-
cal’s database. A material is here defined by its permeability and complex relative
permittivity of a given material in some spectral range. Although most materials are
defined for a wide range of wavelengths, the material data is restricted to the spec-
tral boundaries of the source used in the simulation. The material data may have
insufficient spectral resolution for a desired simulation. Therefore, Lumerical does
not use the raw material data but calculates a fit with user-adjustable coefficients
and tolerance [38].
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3.2.3 Source

Lumerical FDTD offers beam and plane-wave sources. For the purpose of this thesis,
a plane-wave source is used. A plane-wave source is used to inject light of uniform
electromagnetic energy over a defined line or plane [38]. The light propagates nor-
mally to the source line/plane. The propagation direction and polarization angle
can be set in the source settings.

The source can be set to an arbitrary (Gaussian) pulse in the source settings.
Here, one can either specify the pulse in the frequency- or time-domain. For accu-
rate pulses, it is convenient to specify the pulse in the time-domain since, by default,
the centre of the pulse is located at the start of the simulation. Therefore, to avoid
truncating the temporal pulse, a pulse offset is set to increase the separation between
the pulse centre and the start of the simulation [38].

For time-domain defined sources, the source type can be set to either ”broad-
band” or ”standard” [38]. Defining the pulse as ”broadband” results in a pulse with
an optical carrier that varies over the pulse envelope. Setting the pulse to ”stan-
dard” results in a pulse with a fixed optical carrier and a Gaussian envelope, which
may be used to simulate transform-limited pulses [38]. Furthermore, the temporal
pulse length or bandwidth can be set, which correspond to the FWHM of the source
pulse.

3.2.4 Monitors

Here, the specification of employed monitors in Lumerical FDTD will be described.
The quantities recorded by monitors can be specified in monitor settings, but mon-
itors recording different aspects of the spectral response are governed by a normal-
ization global setting. Initially, the simulation is solved in time, with some output
electric field amplitude E(t). If no normalization is selected, called ”nonorm”, the
software will calculate the spectral response via a Fourier transform:

E(ω)sim =

∫
dteiωtE(t),

where E(ω)sim is the frequency dependent electric field amplitude[38]. In this case,
the time-signal of the source defines the spectral response. This setting should be
used for characterizing time-dependent outputs. However, if the normalization is
set to ”cwnorm”, E(t) will be normalized with respect to the source input as

E(ω)imp =
E(ω)sim
s(ω)

, (3.4)

where s(ω) is the spectral signal of the source [38].

Frequency Domain Monitor

A frequency domain monitor is used to record the field profile in the frequency
domain of the output electromagnetic fields. The monitor is set up as a 1D (2D
simulation) or 2D (3D simulation) monitor which records fields in the simulation
region [38]. As the simulation is in the time-domain, the monitor performs a Fourier
transform on the recorded fields to display the spectral fields.
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Since the simulation is based on Yee cells, the electric and magnetic fields of one
frequency at one point are staggered in space. To account for this, the fields in the
Yee cell are spatially interpolated and recorded at the correct spatial point in the
simulation region [38]. The default setting is interpolation to the nearest mesh cell
and is not changed in this thesis [38].

The range of wavelengths to record are set to the limits of the source in the
simulation. However, this can be changed to a specific range within the source
range [38]. Furthermore, the number of points to record within this range can be set
manually. Increasing this value will increase the spectral resolution. However, for a
simulation of time T , the frequency resolution can not exceed 1/T , since this is the
Nyquist limit [38].

The monitor records the electric and magnetic fields as a function of position,
over the extent of the monitor, and frequency/wavelength. The monitor only records
the fraction of field components parallel to the monitor surface/line [38]. From
the recorded fields, the total power is calculated by the software. To display the
transmission of each frequency, the calculated power is normalized by the incident
power from the source [38].

Field Time Monitor

Field time monitors record electromagnetic fields in the time-domain within the
simulation region. As for the frequency domain monitor, recorded fields are inter-
polated to the same location in the Yee cell. A 1D, 2D or 3D time monitor can be
constructed, but for the purpose of this thesis, a 1D monitor is sufficient. Within
the range of the simulation time, the time monitor can be set to record data in a
window within this time. Here, the number of temporal points to record, determined
by the sampling rate is related to dt by default, but can be tuned [38]. The sampling
rate should not exceed 1/dt as dt is the minimal time-step in the simulation [38].
From the recorded temporal response, the time monitor can return the spectral con-
tent of the data by using a time-windowed Fourier transform. The spectrum has
a resolution corresponding to the size of the time window divided by the sampling
rate [38].
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Chapter 4

Results and Discussion

In this section, the temporal and spectral response of a dielectric metasurface will
be presented, attained by using a FDTD method in the software Lumerical FDTD.
First, a suitable sub-wavelength dielectric metasurface design is realized by choos-
ing dielectric materials for the meta-atom and substrate as well as investigating the
metasurface response by performing a parametric sweep of the characteristic size of
the meta-atom. Secondly, the interaction with ultrashort pulses is investigated in
order to understand the potential for dedicated manipulation. This is done by spec-
trally centring the carrier wavelength of an incident laser pulses on chosen reflection
resonances of the metasurface.

The goal of this part is to create and adopt a platform for pulse manipulation ca-
pabilities of dielectric metasurfaces. With the focus of this thesis being the temporal
and spectral response of metasurfaces, this investigation could be the preparatory
work to further develop dielectric metasurfaces as compact and efficient optical ele-
ments for ultrafast pulse shaping.

The simulations are performed in the software package Lumerical FDTD. The
metasurface is chosen to be a square lattice of sub-wavelength TiO2 cylinders with
uniform height of 800 nm, situated on an amorphous SiO2 substrate (see Appendix
A). The reason for this choice of metasurface is the following. First, sub-wavelength
dielectric cylinders are known to support Mie resonances and therefore exhibit the
unique light-manipulation capabilities of metasurfaces when arranged in a 2D lat-
tice. Second, the geometry of the chosen meta-atoms and lattice reduce the degrees
of freedoms of the surface, meaning it is insensitive to polarization of incident light.
Lastly, with the chosen materials, such a metasurface is possible to manufacture
with existing nano fabrication methods in Lund Nano Lab.

The digital representation of the metasurface is constructed in Lumerical FDTD

as shown in Fig. 4.1. Here, only one unit cell is constructed, but an infinite meta-
surface is simulated due to periodic boundary conditions in the x- and y-directions.
Furthermore, since the metasurface is symmetric under a 90°rotation in the xy-plane,
only a quadrant of the unit cell is simulated by applying symmetric/antisymmetric
boundaries, to reduce computational time. A plane wave light source is set to prop-
agate normal to the surface, polarized in the x-direction, and the scattered fields
are recorded with a DFT monitor and a time-domain monitor. Since no non-linear
effects will be investigated, the electric field amplitude of the source is set to 1 V/m.
Since light pulses situated in the near-IR region will be investigated, the lattice pe-
riodicity of the metasurface is set to 500 nm in the x- and y-direction to ensure that
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the metasurface is sub-wavelength. This setup is the baseline simulation for investi-
gating the response of the metasurface, and the following simulations are restricted
to fixed lattice periodicity and height. The response of the metasurface, especially
possible resonances, will therefore be investigated as a function of cylinder radius.

Figure 4.1: Constructed metasurface as presented in Lumerical FDTD. The cylindri-
cal meta-atom (teal) rest on a substrate (white). A light source is set in the substrate
with propagation in the z-direction (purple arrow). The blue (green) arrow is the
direction of the electric (magnetic) field of the light source, and corresponds to the
x-direction (y-direction) in the simulation. The orange border confines the simula-
tion region, with periodic boundaries in the z-planes and PML boundaries in the
xy-planes. The yellow square represents a DFT monitor, parallel to the metasurface,
used to record the scattered electric and magnetic fields in the frequency-domain. At
the centre of the DFT monitor is a time-domain monitor that record the temporal
response of the metasurface.

4.1 Metasurface continuous response

An exploratory simulation as a sweep of the pillar radius is performed to investigate
the response of the metasurface in a broad range of wavelengths. Here, the spatial
mesh step-size is set to 5 nm in the x- and y-direction, and 50 nm in the z-direction.
The source is set as a plane wave with a spectrum in the range 600-1100 nm. For this
simulation, the recorded scattered fields are normalized with respect to the incident
light, as shown in Eq. 3.4, meaning that the CW response of the system is evaluated.
The radius is swept in steps of 0.483 nm in the range 100-245 nm. At each step, the
transmission and electric field components of the light are recorded as a function of
wavelength.

The metasurface spectral response is characterized by the transmitted electric
fields recorded with the DFTmonitor, which is set to a spectral resolution of 1.67 nm.
In Fig. 4.2, the transmission of the metasurface is shown as a function of wavelength
and pillar radius. Here, the transmission is seen to exceed 1, which is unphysical.
This is due to numerical errors, from to the limited time domain, which is a result of
resonance features in the structure that will later be discussed. Note that this error
does not signify that the features seen in Fig. 4.2 are incorrect, rather, the features
result in numerical errors.
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A sharp feature can be seen in Fig. 4.2 for all radii, at λRA = 726 nm. At
this spectral point, the wavelength in the substrate match the lattice periodicity,
meaning that the RA of the lattice can be seen here. For all wavelengths smaller
that λRA, higher diffraction orders propagate and can not couple to Bloch modes
in the surface. Furthermore, the higher diffraction orders propagate at an angle
with respect to the normal of the surface, which means that the fields recorded by
the DFT monitor drop in amplitude, since it only records the fraction of the fields
parallel to the monitor. As a result, the transmission drops below the RA.

Above the RA, a high transmission can be seen throughout the region except
at the reflective features. Here, the metasurface is in the sub-wavelength regime,
meaning only the 0th diffraction order is propagating, corresponding to propagation
normal to the surface. All higher orders are evanescent with the possibility to excite
Bloch modes in the lattice.

Sharp features are seen above the RA characterized by a drop in transmission
in Fig. 4.2. Their dependence on the radius of the pillars indicate that these are the
result of excited resonances in the surface. These are the features whose ultrafast
response will be investigated in the following sections.

Figure 4.2: The transmission of a metasurface, consisting of TiO2 pillars, as a func-
tion of meta-atom radius. A broadband source is propagated through the metasur-
face at each given radii of the meta-atoms, which is iteratively updated in steps of
0.483 nm. The transmission, which is calculated as a fraction of the output power P
to the input power P0, is recorded with a DFT monitor of spectral resolution of 1.67
nm. At the wavelength 726 nm, the RA is seen, indicated by the dotted black line.
A, B and C show regions of interest: a broad resonance, spectrally close resonances
and a narrow resonance, respectively.
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To determine to what extent the metasurface can control phase, phase response of
the metasurface is recorded as shown in Fig. 4.3. Below the RA, the phase response
is observed to span the full phase range, as a function of radius. Although full phase
control is desired, it can only be obtained below the RA, which is a region that will
not be investigated further due to the drop in transmission and presence of higher
diffraction orders. Above the RA, the overall structure of the phase response is
observed to span almost the full phase range. The full phase range may be covered
if the radius is further reduced, but this was not investigated. Furthermore, the
phase of the sharp features above the RA are observed to deviate from the overall
phase response of the metasurface. This indicates that the response of the surface
in the vicinity of the features differ from the overall response. These features are
therefore promising candidates for investigating the temporal, ultrafast response of
the metasurface, as presented in the following sections.

Figure 4.3: Metasurface phase response as a function of meta-atom radius. The
phase is recorded with the same monitor in the same simulation as the transmission
shown in Fig. 4.2. At the wavelength 726 nm, the RA is seen, indicated by the
dotted black line.

4.2 Ultrafast response

Three spectral features above the RA in Fig. 4.2 are marked: a spectrally broad
resonance (A), a spectrally narrow resonance (C) and resonances which are spectrally
close to one another (B). The ultrafast response is investigated in each of these
cases when the plane wave source is set to be a femtosecond pulse. In contrast to
the simulation in the previous section, the spatial mesh step-size is decreased in
the z-direction to 5 nm by introducing a mesh override region in the volume of the
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meta-atom. Furthermore, the simulation is set to ”nonorm” to be able to record the
temporal response of the metasurface.

the simulation is not set to normalize the output with respect to the source,
meaning that time-dependent effects are considered.

4.2.1 Temporal pulse splitting

Here, the ultrafast response of a relatively broad resonance is investigated. Fig. 4.4
shows the recorded transmission from a simulation with pillar radius 226 nm and
spectral resolution 0.23 nm. Here, a feature can be seen as a transmission dip in the
spectrum where the minimum occurs at 830.8 nm. The feature has an asymmetric
line profile, implying that it is a SLR. Using Eq. 2.5, the transmission spectrum is
fitted to a Fano profile (red line in Fig. 4.4) with a linewidth of 3.835 nm (1.667
THz). The Q-factor of the resonance is estimated to 215. Since the metasurface is
a lattice of uniform meta-atoms, this resonance can not stem from a hybridized Mie
resonance at a singular meta-atom, but a collective response over the surface.

Figure 4.4: Transmission of metasurface attained from DFT monitor (black), with
a corresponding Fano profile (red), fitted using Eq. 2.5. From the fit, the linewidth
is determined to be 3.835 nm with a corresponding Q-factor of 215.

The metasurface is excited with a transform limited Gaussian pulse. The pulse
length is 100 fs with a carrier wavelength of 830.8 nm, centred on the resonance
transmission minimum. The incident temporal pulse is presented in Fig. 4.5a with
the corresponding spectrum in Fig. 4.5b. This pulse is sufficiently narrow as not
to spectrally overlap with neighbouring resonances in Fig. 4.2. Note that the peak
amplitude in Fig. 4.5a is offset by 250 fs. This ensures that the complete temporal
pulse is propagated in the simulation.
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(a) Transform limited Gaussian pulse of
length 100 fs.
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(b) Spectra of Gaussian pulse, normal-
ized by its maximum amplitude.

Figure 4.5: Plane wave source pulse illuminating the metasurface at normal inci-
dence.

After propagation, the pulse spectrum is recorded as depicted in Fig. 4.6. Here,
a pronounced minimum is observed, centred at the carrier wavelength. This feature
has a slight asymmetric shape around the minimum, which is the expected response
according to Fig. 4.4. From the transmission in Fig. 4.4, the metasurface should have
0 transmission at 830.8 nm. However, this is not the case for the pulse spectrum in
Fig. 4.6. Fig. 4.6 is attained by the time monitor which Fourier transforms the tem-
poral response using a discrete Fourier transform. When the resonance is excited,
there is a non-zero response recorded with the time monitor well after the main
pulse has propagated through the system. Increasing the simulation time, most of
the temporal response can be recorded, but due to the relatively high Q-factor of
the resonance and limitation of the software, the simulation stop when the temporal
electric field reaches an amplitude of 0.005 V/m. As a result, the feature in Fig. 4.6
can not be resolved to a higher resolution. This is a recurring problem in later
simulations.
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Figure 4.6: Spectrum of the pulse after propagation through the metasurface. The
spectrum is attained from a time monitor which Fourier transforms the temporal
response, shown in Fig. 4.7. The spectrum is normalized by the maximum amplitude
of the incident pulse.
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Fig. 4.7 shows the ultrafast temporal response of the metasurface. Here, 2 pulses
of different envelopes and amplitudes are seen, where the right pulse has a decay-
ing ”tail”. Compared to the incident pulse in Fig. 4.5a, the interaction with this
metasurface results in temporal pulse splitting.
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Figure 4.7: Temporal response of the metasurface when a 100 fs transform limited
Gaussian pulse is incident on the surface. The simulation time is set to 6000 fs,
but the Lumerical software stops the simulation when the electric field amplitude
reaches 0.005 V/m.

To investigate the pulse splitting in Fig. 4.7, the spectral phase response of the
metasurface is calculated as shown in Fig. 4.8. Here, a strong phase shift is present
in the vicinity of the resonance (centred on 830.8 nm). This is a π phase shift
which inverts the electric field of the pulse over the resonance. Together with a
temporal delay of the pulse imposed by the resonance, pulse-splitting occurs due to
interference of the electromagnetic fields when the pulse is confined in the metasur-
face. Furthermore, it can be seen that the spectral phase is a non-linear function
of wavelength, indicating that the pulse becomes chirped with possible higher order
dispersion effects, which is investigated by further analysing the group delay and
GDD of the metasurface.
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Figure 4.8: Phase response of the metasurface with meta-atom radii of 226 nm.
The phase response is calculated with arg {Etot/Esub}, where Etot and Esub are the
recorded complex electric fields after the metasurface and substrate, respectively.
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The group delay from the phase response, presented in Fig. 4.8, is calculated by
numerically solving Eq. 2.11, and the result is presented in Fig. 4.9a. Here, around
the vicinity of the resonant frequency, the group delay is seen to be on the order of
100 femtoseconds, increasing closer to the resonance. This is a result of the resonant
confinement: close to the resonance, the spectral components of the pulse will be
temporarily confined in the metasurface, leading to a high group delay in the vicinity
of the resonance. Furthermore, away from the resonant wavelength, the group delay
is seen to oscillate. This can be an artifact from other spectrally close resonances of
the metasurface. Although not present as a feature in Fig. 4.4 or Fig. 4.6, the given
resonance can interfere with spectrally close resonances. This is further indicated in
Fig. 4.2 in the vicinity of the given resonance (830.8 nm at radius 226 nm), since the
area around the given resonance has a non-uniform transmission. Since group delay
does not signify to what extent the pulse is reshaped, the GDD that the metasurface
introduces is evaluated.
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(a) Group delay of the metasurface. The
group delay is evaluated numerically, us-
ing Eq. 2.11. Here, the group delay in-
creases closer to the resonant frequency
at 830.8 nm.

815 820 825 830 835 840 845
Wavelength [nm]

0.100

0.075

0.050

0.025

0.000

0.025

0.050

0.075

0.100

Gr
ou

p 
de

la
y 

di
sp

er
sio

n 
[p

s2 ]

(b) GDD of metasurface. The GDD is
evaluated numerically, using Eq. 2.13.
The GDD is seen to be antisymmet-
ric around the resonant frequency at
830.8 nm.

Figure 4.9: Group delay and group delay dispersion of the metasurface with meta-
atom radii of 226 nm, for plane-wave incident light normal to the surface.

With the help of Eq. 2.13, the GDD of the metasurface is numerically calcu-
lated and presented in Fig. 4.9b. Here, oscillations can be seen away from the
resonance wavelength, which is present for the same reason as for the oscillation
in the group delay. Around the resonant frequency, the GDD is seen to be anti-
symmetric, where wavelengths larger than 830.8 nm experience a positive GDD and
wavelengths smaller than 830.8 nm experience a negative GDD, corresponding to
normal and anomalous dispersion, respectively. As a result, a distance ∆λ away
from the resonant wavelength λ0, D2(λ0 +∆λ) = −D2(λ0 −∆λ). This means that
wavelengths smaller than λ0 are down-chirped by the same amount that wavelengths
larger than λ0 are up-chirped.
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The interference between the up-chirped and down-chirped parts of the pulse in
the time-domain result in pulse-manipulating capabilities of the metasurface, in this
case temporal pulse splitting as shown in Fig. 4.7. Since the GDD in Fig. 4.9b, is a
non-linear function of wavelength, higher order dispersion effects are present in the
metasurface, which is not examined in this thesis. However, this indicates that the
metasurface introduces a non-linear chirp on the pulse.

4.2.2 High-Q resonance

In this section, the response of the metasurface is investigated when a femtosecond
pulse is centred on a sharp transmission resonance. The radius of the meta-atoms
is set to 220 nm and the recorded transmission spectra of the metasurface is shown
in Fig. 4.10. The transmission feature has a minimum at 987.5 nm and a weakly
asymmetric line profile. Therefore, the feature is fitted to a Fano profile, presented
in red in Fig. 4.10. From the fit, the peak linewidth is calculated to 0.4969 nm
(0.1529 THz) with a corresponding Q-factor of 2164. This is a magnitude more
than the resonance in the previous section. Hence, this resonance must be a lattice
resonance due to the geometry of the metasurface, but, compared to the previous
resonance, it stems from another resonance channel. If the previous resonance is
a hybridized Mie resonance over the lattice, the increase in Q-factor indicates that
this resonance is either an SLR or a quasi-BIC.

Figure 4.10: Transmission of metasurface with meta-atom radii of 220 nm, attained
from DFT monitor (black), with a corresponding Fano profile fit (red), calculated
using Eq. 2.5. From the fit, the linewidth is determined to be 0.4969 nm with a
corresponding Q-factor of 2164.

The metasurface is excited with a transform limited Gaussian pulse, with tem-
poral and spectral profiles as shown in Fig. 4.11a and Fig. 4.11b, respectively. The
temporal pulse width is 25 fs, carrier wavelength of 987.5 nm and an offset of 70 fs,
to include the complete pulse in the simulation. Furthermore, the pulse is chosen
such that the spectral width of the resonance shown in Fig. 4.10 is much smaller
than the spectral width of the incident pulse. With a resonance linewidth of 0.4969
nm, this effectively isolates a single frequency to have suppressed transmission.
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(a) Transform limited Gaussian pulse of
length 25 fs.
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(b) Spectra of Gaussian pulse, normal-
ized by its maximum amplitude.

Figure 4.11: Plane wave source pulse illuminating the metasurface at normal inci-
dence.

The pulse is propagated through the metasurface and the temporal and spectral
response is recorded. In Fig. 4.12, a sharp feature can be seen in the pulse spec-
trum, centred at the carrier wavelength, corresponding to the resonance in Fig. 4.10.
Although the pulse is centred on the resonance transmission minima in this case,
it is possible to shift the resonance spectrally by tuning the meta-atom radius, in
accordance to Fig. 4.2.
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Figure 4.12: Spectrum of the pulse after propagation through the metasurface.
The spectrum is attained from a time monitor in which Fourier transforms the
temporal response, shown in Fig. 4.13. The spectrum is normalized by the maximum
amplitude of the incident pulse.

From the temporal response in Fig. 4.13, a main pulse is seen to the left which
corresponds to the incident pulse, while a ringing ”tail” is seen to the right. In
contrast to broader resonance in the previous section, this resonance effectively
affects a single wavelength, meaning that the structure of the main pulse is preserved.
The ringing stems from the high Q-factor of the resonance, which resonantly confines
a narrow range of wavelengths in the metasurface, determined by the linewidth of
the resonance transmission feature in Fig. 4.10.
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Figure 4.13: Temporal response of the metasurface when a 25 fs transform limited
Gaussian pulse is incident on the surface. The simulation time is set to 6000 fs,
but the Lumerical software stops the simulation when the electric field amplitude
reaches 0.005 V/m.

From the metasurface phase response presented in Fig. 4.14, the spectral phase
is seen to be a non-linear function of wavelength in the vicinity of the resonance.
However, the non-linearity is only seen close to the resonance frequency, and does
not affect a significant portion of the pulse spectral content. Nevertheless, the non-
linearity close to the resonance indicates higher order dispersion effects. Therefore,
the group delay of this resonance is evaluated.
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Figure 4.14: Phase response of the metasurface with meta-atom radii of 220 nm.
The phase response is calculated with arg {Etot/Esub}, where Etot and Esub is the
recorded complex electric field after the metasurface and substrate, respectively.

Evaluating Eq. 2.11 numerically with the given phase response in Fig. 4.14, the
group delay of the resonance is calculated and presented in Fig. 4.15a. Here, the
group delay is on the order of picoseconds around the resonance, indicating that
the wavelengths close to the resonance is well-confined in the metasurface, further
supported by the high Q-factor of the resonance. This result in the ringing seen in
Fig. 4.13.
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(a) Group delay of the metasurface. The
group delay is evaluated numerically, us-
ing Eq. 2.11. Here, the group delay in-
creases closer to the resonant frequency
at 987.5 nm.
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(b) GDD of metasurface. The GDD is
evaluated numerically, using Eq. 2.13.
The GDD is seen to be antisymmetric
around the resonant frequency at 987.5
nm.

Figure 4.15: Group delay and group delay dispersion of the metasurface with meta-
atom radii of 220 nm, for plane-wave incident light normal to the surface.

From the data in Fig. 4.15a, Eq. 2.13 is solved numerically to calculate the GDD
response of the metasurface. In Fig. 4.15, the GDD is seen to be antisymmetric
around the resonant wavelength, with a similar shape and sign as for the broader
resonance GDD presented in Fig. 4.9b. However, no temporal pulse splitting is seen
in Fig. 4.13: the non-linear dispersion effects are confined in close vicinity to the
resonant wavelength and do not affect the major structure of the temporal pulse.
Since there is no significant group delay or GDD over the majority of the pulse,
this type of resonance can be used as a tunable spectral filter without introducing
a chirp to the incident pulse.

4.2.3 Interfering resonances

A point of interest in these features is the appearance of an avoided resonance cross-
ing at radius 210 nm in Fig. 4.2. Since these features are not sufficiently resolved
in Fig. 4.2, a radius sweep of higher spectral resolution was performed in the region
around this region. In Fig. 4.16, the transmission of a radius sweep is shown with
radius in the range 200-230 nm and a step size of 0.2 nm. The source is broadband
and the fields are recorded with a DFT monitor with a resolution of 0.47 nm.
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Figure 4.16: Metasurface transmission as a function of meta-atom radius. A broad-
band source is propagated through the metasurface at each given radius of the
meta-atoms, which is swept in steps of 0.2 nm. The transmission is recorded with a
DFT monitor with spectral resolution of 0.47 nm. The black line indicates the min-
imal separation between the resonances, occurring at radius 207.9 nm. The black
dotted box confines the region in which the separation of the resonances and the
frequency of temporal envelope beats are investigated, in the radius range 205-217
nm.

In Fig. 4.16, the spectral separation between the two narrow features changes as a
function of radius, with a minimum separation at 207.9 nm. Decreasing or increasing
the radius around this point increases the separation. This behaviour indicates that
an avoided resonance crossing occurs at 207.9 nm, meaning the resonances interact.

At 207.9 nm, the corresponding transmission of the metasurface is shown in
Fig. 4.17. A Fano fit is performed on the individual peaks, and their corresponding
Q-factors were calculated to 1400 (blue) and 483 (red). Their difference in Q-factor
indicates that these are different types of resonances, presumably a SLR (lower
Q-factor) and a quasi-BIC (higher Q-factor).
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Figure 4.17: Transmission of metasurface with a meta-atom radius of 207.9 nm,
attained from DFT monitor (black), with a corresponding Fano profile fit performed,
individually, on the broad feature (red) and the narrow feature (blue), calculated
using Eq. 2.5. The left and right features reach minimum transmission at wavelength
826 nm and 834 nm and linewidths of 1.71 nm and 0.596 nm, respectively. The
separation between the resonances is 8 nm (dashed gray).

The temporal and spectral response of the double resonance is now investigated
when a femtosecond pulse is incident on the metasurface. A 50 fs pulse at a 150 fs
offset is set as the source in the simulation, and the temporal and spectral pulse is
presented in Fig. 4.18a and Fig. 4.18b, respectively. The carrier wavelength is 830
nm such that it is spectrally centred between the two resonances.
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(a) Transform limited Gaussian pulse of
length 50 fs.
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(b) Spectra of Gaussian pulse, normal-
ized by its maximum amplitude.

Figure 4.18: Plane wave source pulse for illuminating the metasurface at normal
incidence.

From the spectral response presented in Fig. 4.19, two features can be seen in the
spectrum, corresponding to the resonances presented in Fig. 4.17. Although the two
features are the same spectral distance from the carrier wavelength, their impact on
the pulse differs slightly. From the previous sections, a resonance with a Q-factor of
215 resulted in a splitting of the pulse in the temporal domain, while a resonance
with Q-factor 2164 resulted in a ringing. Here, a resonance of each type is present in
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the spectrum, meaning their Q-factors are on the same magnitude as in the previous
examples, resulting in a different net temporal response.

780 800 820 840 860 880
Wavelength [nm]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

No
rm

al
ize

d 
Am

pl
itu

de

Figure 4.19: Spectrum of the pulse after propagation through the metasurface. The
spectrum is attained from a time monitor which Fourier transforms the temporal
response, shown in Fig. 4.20. The spectrum is normalized by the maximum ampli-
tude of the incident pulse.

The temporal response is shown in Fig. 4.20. Here, a main pulse can be seen
to the left. However, in contrast to single resonance temporal response, envelope
oscillations can be observed after the main pulse, decaying over time. These oscil-
lations stem from the interaction between the resonances in Fig. 4.17, with a strong
correlation to the spectral separation between the resonances which will later be
shown. These beats correspond to the confined modes in the metasurface, reso-
nantly trapped, interacting with each other over time.
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Figure 4.20: Temporal response of the metasurface when a 100 fs transform limited
Gaussian pulse is incident on the surface. The simulation time is set to 6000 fs,
but the Lumerical software stops the simulation when the electric field amplitude
reaches 0.005 V/m.

To investigate the temporal beats dependence on the separation of the reso-
nances, a sweep is performed in the radius range 205-217 nm (see black dotted box
in Fig. 4.16) with a step size of 0.923 nm. At each step, a 25 fs pulse is used as a
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source, where the carrier wavelength of the pulse is centred between the transmission
peak minima. The transmission is recorded, and the spectral separation between
the minimas is shown in Fig. 4.21 as a function of meta-atom radius. Furthermore,
at each radius step, the temporal response is recorded, and the frequency of the
beats, similar to the beats shown in Fig. 4.20, is presented in Fig. 4.21.
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Figure 4.21: Frequency as a function of meta-atom radius. The radius of the meta-
atoms are tuned in steps of 0.932 nm in the range 205-217 nm. At each step,
the transmission of the metasurface is recorded in which 2 features are seen in
each step. The spectral separation ∆f between the features is presented in red.
Furthermore, at each radius step, the temporal response of a 25 fs pulse is recorded.
At each radius step, the carrier wavelength is spectrally centred between the features.
Each temporal response shows beats similar to those presented in Fig. 4.20, and the
frequency of these beats are here plotted as a function of meta-atom radius (black).

In Fig. 4.21, the resonance separation frequency and the frequency of the beats
coincide as a function of meta-atom radius. This relationship implies that the beats,
as shown in Fig. 4.20, are a result of temporal coherent interference between the
resonant wavelengths of the transmission features, analogous to quantum beats.
Although the spectrum of the pulse was changed in each radius step, it is possible
to use the same pulse spectra and change the radius of the meta-atoms to change the
spectral separation between the resonances. As long as both resonances are within
the pulse spectra, this could be used to produce tunable temporal beats for a set
pulse.
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Chapter 5

Conclusion and Outlook

In this work the temporal and spectral response of metasurfaces have been inves-
tigated when femtosecond pulses are incident on the surface. This has been done
by using a FDTD method to propagate pulses in time through a metasurface in
the software Lumerical FDTD. The metasurfaces exhibited temporal and spectral
manipulation capabilities of the incident pulse when the pulse spectrally overlapped
with resonances supported by the metasurface. These resonances were not quantita-
tively characterized for this metasurface, but are comparable to resonances described
by theory, namely SLR:s and quasi-BIC:s.

When an incident femtosecond pulse was spectrally centred on a metasurface
resonance, and the FWHM of the pulse was comparable to the linewidth of the
resonance, the temporal response exhibited pulse-splitting capabilities. The output
temporal pulse envelope was observed to have a decaying tail, which is undesired
in applications of pulse splitting, since it means that the pulse can overlap tempo-
rally with neighbouring pulses when a real source is used with some repetition rate.
However, if this problem can be resolved, single metasurfaces could work as devices
for pulse-splitting applications.

For a metasurface with a spectrally narrow, high-Q resonance centred on an inci-
dent pulse, the temporal response showed a short, well-defined pulse, although with
a ringing tail of small amplitude. Since light was confined in a narrow resonance,
the time-domain response must be long according to the time-bandwidth product,
resulting in a ringing tail. From the spectral response, the pulse spectra was com-
parable to that of the incident pulse, except a sharp feature due to the resonance.
Therefore, such a metasurface is a promising candidate for spectral filtering.

When an incident pulse spectrally overlapped with two resonances of the meta-
surface, temporal pulse oscillations could be observed in the response. The metasur-
face has the ability to tune the frequency of these oscillations by changing the radius
of the meta-atoms. Therefore, this could be a potential application in pump-probe
spectroscopy in order to, for example, excite multiple transitions of a molecule co-
herently.

The metasurface response was highly sensitive to the material and size of the
meta-atoms. As an example, silicon meta-atoms were used in a radius sweep, with
identical simulation parameters to those in Section 4.1. The transmission is shown
in Fig. 5.1.
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Figure 5.1: The transmission of a metasurface, consisting of silicon pillars, as a
function of meta-atom radius. A broadband source is propagated through the meta-
surface at each given radii of the meta-atoms, which is iteratively updated in steps of
0.483 nm. The transmission is recorded with a DFT monitor of spectral resolution
of 1.67 nm. At the wavelength 726 nm, the RA is seen, indicated by the dotted
black line.

Here, the transmission spectrum is completely different from the one shown in
Fig. 4.2. Sharp resonances as those presented in Section 4 are hard to isolate. This
is not to show that silicon is a cumbersome choice for the investigated examples.
Rather, the design of the metasurface must be engineered carefully to contain de-
sired features.

In the simulations, non-linear effects were not considered. This could mean that
additional features, not observed here, could influence the response and performance
of the metasurfaces. Although it could also mean that non-linear effects could con-
tribute to the pulse-manipulating capabilities of metasurfaces. An extension of this
investigation is therefore to consider non-linear effects to further characterize the
response of the metasurface.
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Appendix A
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Figure 5.2: Refractive index of amorphous silicon dioxide. (Data collected from [39].)
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Figure 5.3: Refractive index of amorphous titanium oxide. (Data collected
from [40].)
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