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Abstract

N onlinear optics represents a discipline renowned for its importance in
telecommunication and notorious for its weak interactions. Therefore,

the demand for materials supporting high nonlinearities is ever increasing. A
new nonlinear material class that recently sparked the intrigue of the academic
world are so called transition metal dichalcogenides, in short TMDCs. However,
their main disadvantage is the low interaction volume, as these materials are only
ef�cient in their few atomic layer form. We aim to increase the interaction of
light with these materials via the use of optical antennas � nano-sized antennas
for light localization. In this work we present two different systems of optical
antennas coupled to TMDCs. Their interactions allow us to enhance nonlinear
emission and to spatially shape the radiation due to the redirecting properties
of the antenna. Our experimental realizations come in the form of phased
array antennas, beam steering devices known primarily in the radio-frequency
regime. We demonstrate the possibility to steer the nonlinear emission of a
TMDC monolayer via a metal antenna array. The second presented system is
an antenna array consisting only of the TMDC material itself. We discuss the
advantages and disadvantages of the two systems and, in the end, comment on
the feasibility of either system in the context of nonlinear ef�ciency and validity
for future usage in a phased array.
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Zusammenfassung

D ie nichtlineare Optik stellt einen Wissenschaftszweig dar, welcher
berühmt für seine Signi�kanz im Rahmen der Telekommunikation und

berüchtigt für Material-Inef�zienzen ist. Dies führt folglich zu einer stetig
steigenden Nachfrage von Materialien, die hohe Nichtlinearitäten besitzen.
Eine neue Materialklasse, welche die Aufmerksamkeit der Wissenschaft erregt
hat, sind die sogenannten Übergangsmetall-Dichalkogenide (TMDCs). Deren
Schwachpunkt ist jedoch die geringe Interaktionslänge, da sie nur in atomarer
Schichtdicke ef�zient funktionieren. Wir verstärken die Wechselwirkung von
Licht mit diesen Materialen mit Hilfe von optischen Antennen � nanometer
grosse Antennen, die Licht konzentrieren. In dieser Arbeit präsentieren wir
zwei verschiedene Systeme, die aus Antennen-gekoppelte TMDCs bestehen.
Dies führt dazu, dass wir nicht nur die nichtlineare Emission verstärken,
sondern auch die räumliche Emissionscharakteristik verändern können. Unsere
experimentellen Umsetzungen bestehen aus Phased-Array Antennen, welche
als phasengesteuerte Gruppenantenne mit starker Richtwirkung hauptsächlich
im Radiowellenregime zum Einsatz kommen. Wir führen die Möglichkeit vor,
die nichtlineare Emission einer atomaren Lage eines TMDCs mithilfe von
metallischen Antennen, welche in Reihen angeordnet sind, zu lenken. Das
zweite System ist eine Antennen Anordnung, die nur aus dem TMDC Material
besteht. Wir präsentieren die Vor- und Nachteile dieser zwei Systeme und
diskutieren schlussendlich deren Realisierbarkeit in Bezug auf Ef�zienz und
Einsatzbereitschaft in einem Phased Array.
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1
Introduction

F or a long time, nonlinear optics found its market exclusively in the
scienti�c community. It represents an exotic branch of optics, marked by

high laser powers and weak signals. As a prime example, the green laser pointer
still reigns supreme in class rooms around the world. Simple and effective,
yet it understates the diversity and importance of these effects in present-day
society. With the emergence of light as a key component in telecommunications,
nonlinear effects are becoming more and more prevalent. This already manifests
itself in the form of optical solitons in �bers, but soon also in photonic circuits
by providing optical logic gates. The quest to �nd materials which can sustain
high nonlinearities and to �nd ways to manipulate those effects represents
an active research branch. This sets the framework for this thesis. In this
introductory chapter we will discuss the origins and manifestations of optical
nonlinearities, as well as nonlinear effects in the material class of transition
metal dichalcogenides (TMDCs). Finally, we will look at recent attempts to
enhance or manipulate nonlinear effects resulting from TMDCs, which is also
where our work �ts in. This chapter concludes with the thesis outline.
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1 Introduction

1.1 Optical Nonlinearities

The experimental �eld of nonlinear optics originated in 1961, shortly after the
invention of the laser. The high power that the laser could provide resulted in the
�rst experimental observation of second harmonic (SH) generation in quartz by
Franken et al. [1] � although its weak signal was at �rst mistaken for a speck of
dust in the submitted manuscript. This oversight already highlights the hallmark
of nonlinear effects: High incident powers are needed to observe even the
tiniest of signals. The reason for the low signal output lies in the weak material
response. This can be illustrated by studying the expression of the polarization
density, or simply polarization, P (t ) in Maxwell’s equations. Whereas the linear
response of a material to an electric �eld is given by P (t ) ˘ †0´(1)E(t ), a more
accurate description is given by the full Taylor series [2�4]

P (t ) ˘ †0´(1)E(t ) ¯†0´(2)E(t )2 ¯†0´(3)E(t )3 ¯ ... (1.1)

Here E(t ) is the applied electric �eld, †0 is the vacuum permittivity and ´(i )

is the i th order susceptibility. These susceptibilities represent the material
response functions. The time-dependent notation is a simpli�cation that implies
that the material is lossless and dispersionless. Later in this section we will
generalize this formula to include dispersion.

One can obtain order-of-magnitude estimates for the susceptibilities by
considering the necessary electric �eld strength to achieve a nonlinear response
comparable to the linear response. The corresponding �eld strength is given
by the atomic �eld strength Eat ˘ e/(4…†0a2

0), where a0 is the Bohr radius.
In general, we can approximate that ´(1) » 1. We then �nd for the nonlinear
susceptibilities

´(2) »
´(1)

Eat
» 10¡12 m

V
, (1.2)

´(3) »
´(1)

E2
at

» 10¡24 m2

V 2 . (1.3)

Compared to actual experimental data (see next section, Table 1.2.1), these
approximations turn out the be fairly accurate [2]. Their magnitude explains why
we can approximate most optical effects by the �rst order in the polarization, as
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1.1 Optical Nonlinearities
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Figure 1.1: For small incident electric �elds (left) the displaced electron sits
in a parabolic potential given by its atom. For higher incident �elds (right) the
electron is displaced to a greater amount, thus experiencing an anharmonic
potential due to nearby atoms.

this term dominates for weak E(t ). However, with increasing E(t ) the higher
order terms start to play a role. The provided approximations also give a rough
estimate for the powers we need to induce nonlinear effects. In practice, high
powered continuous-wave lasers or pulsed lasers with high peak intensities (on
the order of GW/cm2) are used to study these effects.

To give a physical picture for nonlinear effects, the polarization can be
illustrated as the excitation of bound electrons around their respective nuclei.
As these electrons are excited by incoming radiation, they oscillate back and
forth and by doing so, re-emit radiation. This behavior can be seen as a particle
on a spring. For small incident electric �elds the oscillation amplitude is
small enough to approximate the motion within a parabolic potential (harmonic
oscillator). The re-emitted radiation retains the frequency of the incoming
radiation. For larger incident �elds the electrons get pulled further away until
they interact with other nuclei. This gives rise to higher order terms in the
potential (anharmonic oscillator). The particular shape of the potential is
dictated by crystal symmetry. New frequency components can appear as a result
of these higher order terms, as illustrated by Fig. 1.1. This behavior is the origin
of what we describe as nonlinear effects.

1.1.1 Symmetry Considerations and Other Properties

An important aspect of nonlinear effects is the crystallographic symmetry of
the underlying material. Odd nonlinear orders (third order, �fth order, etc.) are
allowed in all materials. Even orders (second order, fourth order, etc.) are only
allowed in materials with a non-centrosymmetric crystal structure.

3



1 Introduction

A mathematical argument for the symmetry-related vanishing of the second
order is given in the following [5, 6]. We can write the second order term of the
polarization as

P (2)(t ) ˘ †0´(2)E(t )2. (1.4)

We now apply the spatial inversion operator, or parity operator, which makes
the transformation (r ! ¡r ). Now let’s assume that our medium has a cen-
trosymmetric crystal structure. Due to the inversion symmetry, we just �ip the
propagation of the �elds E(t ) ! ¡E(t ). The same holds for the polarization, as
the electric �eld and polarization both transform as polar tensors of rank 1. The
susceptibility ´(2) remains constant. Hence, we arrive at

¡P (2)(t ) ˘ †0´(2) [¡E(t )]2 ˘ †0´(2)E(t )2 ˘ P (2)(t ). (1.5)

It has to follow that ´(2) ˘ 0. The same argument can be applied for all other
even orders and also demonstrates why odd orders can be non-zero. We remark
that the previous argument only holds for the electric dipole approximation.
Higher order terms of the light-matter interaction Hamiltonian*, such as
magnetic dipole or electric quadrupole, can lead to a non-zero second order
susceptibility for centrosymmetric crystals.

Previously, we have written all physical quantities as scalars in the time
domain. We now Fourier transform eq. (1.4) by expressing the electric �eld as
a discrete sum of frequency components E(t ) ˘

P
n �E(!n)e¡i!n t . Additionally,

we introduce vector notation. The second order term of the polarization then
reads

�Pi
(2)(!n ¯!m) ˘ †0

X

j k

X

nm
´(2)

i j k (!n ¯!m) �E j (!n) �Ek (!m). (1.6)

We can deduce two important implications from this equation. First, the
second order susceptibility is now a 3-rank tensor and thus has 27 independent
components. Similarly, the third order susceptibility is described by a 4-rank
tensor etc. Fortunately, crystal symmetries impose certain restrictions on the
number of these tensor components [7]. This will become more apparent later

*Hint ˘ ¡pE(t ) ¡mB(t ) ¡ [Qr]E(t ) ¡ ...
with el. dipole moment p, mag. dipole moment m and el. quadrupole moment Q
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1.1 Optical Nonlinearities

in this chapter, when we introduce the materials studied in this thesis, transition
metal dichalcogenides.

The second implication is the frequency dependence of all quantities, which
represents now a material with dispersion. Consequently, if the nonlinear
material presents any electronic resonances such as excitonic transitions in
semiconductors, the nonlinear response exhibits an enhancement. This is re-
�ected in the quantum-mechanically derived expression for the susceptibility [2]

´(2)
i j k (!¾ ˘ !p ¯!q ) ˘

N
†0ß2 P

X

mn

µ „i
gn„ j

nm„k
mg

(!ng ¡!¾)(!mg ¡!p )

¯
„ j

gn„i
nm„k

mg

(!⁄
ng ¯!q )(!mg ¡!p )

¯
„ j

gn„k
nm„i

mg

(!⁄
ng ¯!q )(!⁄

mg ¯!¾)

¶
, (1.7)

where N is the number density of atoms, P is the permutation operator, „mn

are the electric dipole transition moments and !mn ˘ !m ¡!n the energy of the
transition between the jni and jmi real energy states. By choosing an excitation
frequency !p such that (!mg ¡!p ) ! 0 (or emission frequency !¾ accordingly)
one can enhance the nonlinear material response. We note that except for
Eq. (1.7) many properties for nonlinear effects can be derived using classical
electrodynamics. However, a quantum mechanical treatment is necessary when
studying the in�uence of material transitions on the susceptibility. We also note
that Eq. (1.7) is derived using perturbation theory of the atomic wavefunction
and gives accurate predictions for non-resonant excitation. Similar to the
description in [2] this formulation is used for educational purposes - for
resonant excitation a density matrix formulation is necessary, which is more
complex and goes beyond this work.

1.1.2 Harmonic Frequency Conversion

In the following, we want to highlight the nonlinear effects being discussed in
this thesis: Second harmonic (SH) and third harmonic (TH) generation. We
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1 Introduction

will also brie�y explain phase matching in the context of SH generation.

�&

�&

���&

Second Harmonic (SH) 
Generation 

�&

�& ���&

Third Harmonic (TH) 
Generation 

�&

Figure 1.2: Energy diagrams for the studied effects. The dashed lines indicate
virtual energy states, the solid lines real energy states. The arrows indicate
photons, their energy given by the arrow length.

Second Harmonic Generation

As already mentioned in the previous section, SH generation was the �rst
nonlinear effect to be experimentally observed. In this thesis, we will mainly
study this effect. Also called frequency-doubling, SH generation describes the
conversion of two photons of the same frequency ! to one photon with double
the excitation frequency 2!, see Fig. 1.2. This process does not require real
energy levels. The conversion can take place via virtual levels, resulting in very
fast transitions. However, choosing the exciting or emitting frequency to be
resonant with real energy states, for example band gap states in a semiconductor,
can increase the transition probability and thus lead to higher ef�ciencies. Since
this effect is a second order effect, it is generally limited to non-centrosymmetric
materials. However, material interfaces that break the local symmetry can also
lead to a non-negligible SH contribution.

Third Harmonic Generation

TH generation is the third order analogue to SH generation. Instead of two
incoming photons with the same frequency ! providing the energy of the
emitting photon, three incoming photons are part of this process. The resulting

6



1.1 Optical Nonlinearities

photon has a frequency of 3!. As a third order effect it is present in all materials.
In this thesis we will mainly use TH generation as an analytical tool to test the
scattering strength of nano-particles [8�10].

Phase Matching

Apart from symmetry considerations, two other requirements have to be met for
the conversion processes to be most ef�cient. First, as indicated by the energy
states in Fig. 1.2, energy has to be conserved. Second, momentum conservation,
also called phase matching in the �eld of nonlinear optics, has to be ful�lled.
Let’s take the example of SH generation and let’s denote the incoming photons
!1 and the SH photons !2. The corresponding wavelengths are denoted as ‚1

and ‚2. In this context, ‚1 is referred to as the fundamental wavelength. For
an ef�cient process phase matching dictates ¢k ˘ j2k1 ¡k2j ˘ 0, where k1, k2

are the wavevectors of the light at the respective wavelengths. This, however, is
dif�cult to achieve in most crystals due to dispersion. The phase mismatch is
then given by

¢k ˘
4…
‚1

jn1 ¡n2j, (1.8)

where n1, n2 are the refractive indices of the nonlinear material at the respec-
tive wavelengths. Because of a non-zero ¢k the SH signal oscillates during
propagation, alternating between constructive and destructive interference. The
resulting SH intensity follows the behavior [2]

ISH ˘ I0

flflflfl
sin(¢k £L/2)

¢k £L/2

flflflfl
2

, (1.9)

where I0 is the incoming light intensity and L is the propagation length. The
result is an inef�cient conversion from ‚1 to ‚2. There exist schemes to mitigate
this problem, but for the sake of brevity we refer to various text books (e.g. [2],
starting page 79). Despite its importance in the discussion of nonlinear effects,
phase matching will only play a marginal role in the context of this work, as
will be explained in the following section.
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1 Introduction

1.2 Transition Metal Dichalcogenides

M
X

X

Top View Side View

Figure 1.3: Sketch of the atomic structure of a TMDC monolayer, top view
and side view. M: transition metal, X: chalcogenide.

Starting with the �rst exfoliation of single layer graphene in 2007 by Novoselov
and Geim [11�13], the interest in using atomically thin materials for opto-
electronic applications has skyrocketed. The year 2010 saw the emergence of
another two-dimensional material class, so called transition metal dichalco-
genides (TMDCs). Due to weak van der Waals forces inbetween layers, these
materials can also be thinned down to a few atomic layers [14, 15]. They appear
in the general form of MX2, where M stands for a transition metal (e.g. Mo, W)
and X is a chalcogenide (e.g. S, Se). Hence, a monolayer of TMDC measures 3
atoms across � for MoS2 this results in a thickness of 0.65 nm. In contrast to
the semimetal graphene, few-layer TMDCs are semiconductors with (direct)
bandgaps in the visible regime, making them ideal candidates for optical devices
such as LEDs [16�18]. In the IR regime, TMDCs exhibit low absorption similar
to dielectrics [19�21]. Additionally, these materials possess a high refractive
index in the visible and IR regime [22, 23], which opens up the pathway for
high-index resonators.

1.2.1 Nonlinear Effects in TMDCs

Apart from their interesting optical properties within the realm of linear optics,
TMDCs were also found to be highly nonlinear materials. Con�rmed with the
�rst observation of SH generation in monolayer MoS2 in 2013 by Kumar et
al. [24, 25], TMDCs possess a non-centrosymmetric crystal structure in their
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1.2 Transition Metal Dichalcogenides

single layer form. In the natural stacking order of TMDCs (denoted as 2H
phase) an odd layer number maintains the non-centrosymmetry, whereas an
even layer number leads to a centrosymmetric crystal. Hence, �akes consisting
of a single layer, three layers, and so forth emit a strong SH signal. An even
layer number leads to a suppression of the emitted SH signal. In Fig. 1.4 we
illustrate this behavior by showing a SH intensity map of an exfoliated MoS2

crystal on glass.

0

10

20

30

C
ou

nt
s 

[k
H

z]

Figure 1.4: Optical microscope image of a MoS2 �ake, encapsulated in
hexagonal boron nitride, on glass and its corresponding SH intensity map
(measured in re�ection). Scale bar is 5 µm. The laser excitation was set to
1260 nm. The region with the highest intensity is assigned to a single layer.

Several studies have shown that the nonlinearity in these materials is
surprisingly high when accounting for their atomic thickness. By normalizing
to the thickness of one layer one obtains susceptibility values of up to ´(2) »
10¡7 m

V (on resonance) and ´(2) » 5.4 £ 10¡12 m
V (off resonance) for monolayer

MoS2 [24, 26]. For comparison, we list other nonlinear materials in Table 1.2.1.
We remark, that the reported values for TMDCs vary within one order of
magnitude between different studies. The resonance condition is tied to the
spectral overlap of the emission with an excitonic transition. As discussed in
Sec. 1.1.1, such an electronic resonance can be responsible for an increased
nonlinear response. In 2013, Malard et al. [25] demonstrated an enhancement
of one order of magnitude in the SH response of monolayer MoS2 when the
SH emission coincided with the C excitonic transition. Similarly in 2016, Zhao
et al. [27] demonstrated an enhancement of one order of magnitude in the SH
response of monolayer MoS2 when the SH emission coincided with the A or B
excitonic transition.

9



1 Introduction

Material ´(2)[m/V ] ´(3)[m2/V 2] Ref.

MoS2
10¡7 (res.)

3.6 £ 10¡19 [24, 26]
5.4 £ 10¡12 (non-res.)

WS2
9 £ 10¡9 (res.)

2.4 £ 10¡19 [26, 28]
1.6 £ 10¡11 (non-res.)

LiNbO3 6 £ 10¡11 6.6 £ 10¡22 [2, 29]
BBO 4.4 £ 10¡12 5.1 £ 10¡23 [2, 29]

Silicon � 7 £ 10¡19 [30]
Gold � 7.7 £ 10¡19 [31]

Table 1.1: Measured nonlinear susceptibilities for several materials. In case
of several varying tensor components, the largest value is reported. For clarity,
LiNbO3 and BBO are non-resonant materials. Since silicon and gold are
centrosymmetric we forgo reporting their second order susceptibility.

The reported susceptibility values for monolayer TMDCs stand in clear contrast
to the reported values for bulk TMDCs. A study in 1998 by Wagoner et al. [32]
found the upper limit of the second order susceptibility of bulk MoS2 to be
´(2) ˙ 1 £ 10¡13 m

V . The thickness of the measured crystal was 10 µm. A more
recent study on monolayer MoS2 in 2013 by Li et al. [33] concluded that the
bulk SH response is 0.2 % of the monolayer response. The two size regimes
of these materials, few layers or bulk, present an important consequence. Due
to the limited interaction volume, the detrimental effect of phase matching
during light propagation (as discussed in Sec. 1.1.2) does not play a role when
conducting experiments with the few-layered form of TMDCs. Bulk �akes with
thicknesses comparable to the wavelength will however be subjected to phase
matching.

Apart from the high susceptibility values of TMDC monolayers, one also
needs to consider the tensorial nature of the susceptibility. The monolayer
crystal belongs to the point group D3h, which results in the following relations
regarding the second order susceptibility tensor [24, 33]

´(2)
y y y ˘ ¡´(2)

yxx ˘ ¡´(2)
xxy ˘ ¡´(2)

xyx , (1.10)

where x and y are the spatial coordinates in the plane of the material. Note that
these are the only non-zero components of the tensor; the other 23 components

10



1.2 Transition Metal Dichalcogenides

are zero. All z-components (out of plane) are zero, meaning that only an
incoming electric �eld with the polarization in the x, y-plane can couple to the
susceptibility tensor. In addition, the SH response follows a six-fold symmetry
(see Fig. 1.5) stemming from the two symmetry axes of the material, denoted
as zigzag and armchair. This results in a possible rotation of the polarization of
the emitted light, depending on the angle between the incoming polarization
and the crystal axis.

Figure 1.5: Polarization dependence of the emitted SH light from a MoS2
monolayer. The blue squares indicate the parallel component and the black
squares indicate the perpendicular component of the emitted light. Figure
was adapted with permission from [24] ' 2013, APS.

When the incoming polarization is aligned to the zigzag axis of the crystal,
the outgoing polarization is conserved. When aligned to the armchair axis, the
outgoing polarization is turned by 90°. However, the emitted light intensity does
not depend on incoming polarization. The polarization dependence delivers an
alternative explanation to why a monolayer exhibits high and a bilayer exhibits
suppressed SH generation. In the case of a TMDC bilayer, each layer generates
its own SH �eld, depending on the incoming polarization with respect to the
crystallographic axes.

11



1 Introduction

Both �elds interfere with each other, resulting in the total SH intensity [34]

ISH,tot(µ) ˘ ISH,1 ¯ ISH,2 ¯ 2
q

ISH,1ISH,2 cos3µ, (1.11)

where µ is the stacking angle and the factor 3 in the cos3µ term is due to the
six-fold symmetry. We can assume that the �elds generated by each layer are
equal (ISH,1 ˘ ISH,2 ˘ ISH,layer) resulting in

ISH,tot(µ) ˘ 2ISH,layer ¯ 2ISH,layer cos3µ. (1.12)

In a natural crystal, layers are stacked on top of each other with a twist angle of
µ ˘ 60–. This leads to destructive interference and, hence, ISH,tot ˘ 0. From this
calculation one can draw several conclusions. First, the sensitivity in alignment
angle makes SH generation a valuable tool in detecting the crystallographic
axis of the TMDCs. Secondly, one could also detect the misalignment of
individual layers (stacking faults) in bulk TMDCs, similar to studies on other
materials [35, 36]. Thirdly, by arti�cially stacking (or growing) layers with the
appropriate alignment angle, one can induce constructive interference for an
increasing layer number � regardless of odd or even layer number. This is the
case for the 3R phase for TMDCs [27, 37].

1.2.2 Manipulating Nonlinear Effects in TMDCs

The previously reported susceptibility values for TMDC monolayers were
calculated by normalizing to the atomic layer thickness. The consequences of
this normalization are large numbers relative to other materials but, in reality,
low absolute responses. Despite the reportedly high nonlinearities in TMDCs,
the interaction volume with an atomically thin material is limited. This has
resulted in many attempts to couple these materials with photonic structures in
order to enhance the interaction with the incoming light �eld.

First attempts were conducted in the framework of optical (dielectric)
cavities. In 2016, Day et al. [38] incorporated a monolayer of MoS2 into
a vertical microcavity from which they achieved a SH enhancement of »10.
The cavity consisted of distributed Bragg re�ectors (DBR) that resulted in a
resonance at the fundamental wavelength of 818 nm. In the same year, Yi et
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1.2 Transition Metal Dichalcogenides

al. [39] designed a similar vertical structure, but a capacitively actuated silver
mirror was used instead of a top DBR. This allowed them to dynamically tune
the cavity resonance. By bringing both the fundamental and second harmonic
mode to the desired wavelengths, the enhancement was reported to be »3000. In
an effort to create a planar structure, Fryett et al. [40] incorporated a monolayer
of WSe2 on top of a silicon photonic crystal for an enhancement of »100. In
order to continue along the lines of integrated photonic devices, Chen et al. [41]
(2017) coupled a monolayer MoSe2 to a silicon waveguide and were able to
show an enhancement of »5.

The �rst plasmonic and dielectric nanoparticle realizations were achieved
in 2018. Wang et al. [42] placed WSe2 on top of gold trenches (supported
on a �exible substrate) that were resonant at the fundamental wavelength and
showed an enhancement of »7000. The enhancement was determined by
normalizing the detected signal difference (compared to a bare WSe2 �ake) to
the small enhancement area of the near �eld. This work was followed in the
same year by Shi et al. [43], who placed WS2 on top of silver trenches that were
resonant at the SH wavelength, resulting in a measurable enhancement of »400
compared to WS2 on top of an unpatterned silver �lm. In addition to enhancing
the nonlinear output, �rst experiments to in�uence the phase of the nonlinear
emission were demonstrated. Along the lines of plasmonic devices, Chen et
al. [44] made use of a gold nanohole metasurface to focus the SH radiation
emitted by a monolayer WS2 at micrometer distances. However, compared to
bare WS2, the ef�ciency of the SH conversion in the metasurface decreased by
an order of magnitude.

The idea of coupling TMDCs to a dielectric nanowire was pursued in 2019,
when Li et al. [45] placed mono- and bilayer MoS2 on top of TiO2 nanowires
to show an enhancement of up to two orders of magnitude for the emitted SH
signal. As in the paper by Wang et al. [42], they also normalized the signal to
the small overlap region. In addition, the emission demonstrated a polarization
anisotropy that was attributed to strain induced by the nanowire. In an effort
to further utilize plasmonic metasurfaces to manipulate the phase of the SH
emission, Hu et al. [46] designed a chiral structure incorporating a monolayer
WS2 to re-route the emitted SH photons depending on the polarization state
(left- or right-hand circular) of the incoming photons. They additionally showed
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an enhancement of the SH signal compared to bare WS2 by one order of
magnitude. The next year Guo et al. [47] further investigated chiral emission
properties by coupling a WS2 monolayer to a plasmonic vortex lens. They
could observe enhancements of 2.5 (right-hand circular polarization) and 1.5
(left-hand circular polarization) compared to the bare WS2 on aluminum.

1.3 Thesis Outline

In this thesis we continue the work of coupling TMDCs to optical antennas. In
addition to enhancing the nonlinear response of TMDCs, we will study the far-
�eld radiation behavior of coupled TMDC-antenna systems � particularly in the
context of a phased array antenna. We will brie�y introduce the most important
concepts regarding optical antennas in Chapter 2. The basic principles of
antennas are discussed and a comparison between metal and dielectric antennas
will be drawn. Furthermore, the properties of an assembly of antennas in an
array (known as phased arrays) will be explained. In Chapter 3 we will present
our �rst realization of an antenna-coupled TMDC system in terms of a nonlinear
phased array antenna. We will look to enhance the nonlinear signal via metal
antennas and steer the emission into predetermined directions. The next system
presented in Chapter 4 only consists of dielectric antennas formed by bulk
TMDC. We will again study their performance in a phased array and comment
on the in�uence of the bulk material on the nonlinear signal. In Chapter 5 we
will compare the two presented systems, draw a conclusion about the validity
of the approaches and give an outlook concerning which pathway, metal or
dielectric, to pursue in future endeavours.
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2
Antenna Concepts

I n the following sections we will discuss the fundamental concepts of optical
antennas. As with their radio-frequency (RF) counterpart, optical antennas

are able to convert the energy of free propagating radiation to localized energy
at scales smaller than the wavelength. Utilizing this local con�nement, one
can boost and manipulate light-matter interactions on the nano-scale. First, we
will discuss the properties of antennas in terms of classical antenna theory. In
this context, antenna assemblies called phased array antennas will be explained.
We will then introduce optical antennas and their differences to macroscopic
antennas. In general, antennas are mostly associated with metals. For optical
antennas in particular, there are certain distinctions to their RF counterpart that
we have to highlight. In addition, we will include dielectric structures in this
discussion and highlight their similarities as well as their differences to metallic
structures. This will provide the framework for the results presented in the
following chapters.

15



2 Antenna Concepts

2.1 Antenna Properties

The history of antennas now spans more than 100 years, starting with the
invention of the Hertz dipole antenna in 1889 [48]. Since then, the under-
standing of antennas has evolved continuously. Nowadays we �nd antennas of
all different shapes and sizes, tailored towards each speci�c task, everywhere
around us. However, the concept of an antenna is not tied to a particular part
of the electromagnetic spectrum. Due to the scale invariance of Maxwell’s
equations, many principles are applicable to optical antennas. In the following,
we will discuss the general principles of antennas and in Sec. 2.3 we will look
at the differences for optical antennas.
When observing an emitter or a scatterer, the electromagnetic �eld around this
object is divided into different regions. Let’s assume a spherical coordinate
system (r,µ,`) and our object is placed at the origin (0,0,0). For an electric
dipole oriented along ` ˘ 0 the distance dependence of the �elds reads [49, 50]

Er /
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1
r 3 ¯

ik
r 2

¶
, (2.1)

Eµ /
µ

1
r 3 ¯

ik
r 2 ¡
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¶
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r 2 ¡
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r

¶
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where k ˘ 2…
‚ is the wavevector. The 1

r 3 dependence is the region called near
�eld, the 1

r dependence is the far �eld and the 1
r 2 is the transitional region

(Fresnel region in optics). Taking the limits for r explains the labels attached
to the regions. For small distances (r ! 0) the 1

r 3 term dominates, for large
distances (r ! 1) the 1

r term. The electric energy is given by

WE / jE j2, (2.4)

resulting in a / 1
r 6 dependence for the near �eld and a / 1

r 2 dependence in the
far �eld. For small r this leads to a large electric energy in the near �eld. The
respective energy is not radiated away, but manifests itself in photons being
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2.1 Antenna Properties

emitted and instantaneously reabsorbed. Due to the large �eld values and energy
storage in the near �eld, we associate it with the localization of �elds. The far
�eld is what we generally associate with propagating electromagnetic radiation.
At its core, an antenna is a transducer between electromagnetic radiation in the
far �eld and the near �eld.

~ cm
~

Ptot

Figure 2.1: Sketch of an RF wire antenna with a feed transmission line.
The scale bar indicates the approximate sizes of such an antenna for GHz
operation.

One can view this process from two different perspectives: the transfer of energy
to the far �eld in a directional manner, or the localization of energy from the
far �eld to the near �eld. Due to the reciprocity theorem, the localization and
emission properties are linked. If an antenna is ef�cient in converting radiation
from the near to the far �eld, it is also ef�cient in converting energy from the
far to the near �eld. A good receiver is an equally good transmitter.

We �rst analyze the emission properties of an antenna. Let’s assume that we
have an antenna that is fed via a transmission line providing a certain amount of
power Ptot, as illustrated in Figure 2.1. For an ef�cient antenna one is interested
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2 Antenna Concepts

in the power converted into radiation � however, there are non-radiative loss
channels such as heat that in�uence the total dissipated power. Writing the total
power Ptot as a sum of radiative (Pr) and non-radiative (Pnr) contributions, we
can de�ne the antenna radiation ef�ciency as

†antenna ˘
Pr

Ptot
˘

Pr

Pr ¯Pnr
. (2.5)

In addition to the overall ef�ciency, a hallmark of an antenna is the spatial
redistribution of the emitted radiation, described by the directivity

D(µ,`) ˘
4…
Pr

p(µ,`). (2.6)

The quantity p(µ,`) is called the angular power density, or radiation pattern,
and is de�ned by

R …
0

R 2…
0 p(µ,`) ˘ Pr. Thus, the directivity D is the ratio of the

angular power density relative to an isotropic radiator. Concluding, one de�nes
the total gain of an antenna as

G ˘
4…
Ptot

p(µ,`) ˘ †antennaD, (2.7)

which combines the antenna ef�ciency and its directivity. Designing an effective
antenna means optimizing both aforementioned quantities. For increasing the
antenna ef�ciency one needs to reduce the antenna losses. The directivity can
be improved by choosing smart antenna designs that focus the emitted radiation
into a small solid angle. By reciprocity, the discussed design aspects also result
in an ef�cient receiving antenna for radiation received from that same small
solid angle. One �gure of merit is the localization of electric �elds. Assuming
we excite an antenna with an incoming electric �eld E0(r), the magnitude of
the localization is given by the �eld enhancement factor

f (r) ˘
jEloc(r)j
jE0(r)j

, (2.8)

where Eloc(r) is the local �eld surrounding the antenna.
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2.2 Antenna Phased Arrays

A way to illustrate the �eld enhancement factor, i.e. the �eld localization, is
imagining an optical element that effectively focuses the propagating light from
the far �eld down to the near �eld.

2.2 Antenna Phased Arrays

As discussed previously, the antenna gain is given by the antenna radiation
ef�ciency and the directivity. One possibility to increase directivity is the use
of antenna phased arrays. An antenna phased array is an assembly of individual
antennas that radiate such that they produce a directed radiation pattern in the
far �eld. This effect is based on interference, which predicates that the antennas
radiate coherently. Analogously, one can think of a diffraction grating, for
which the active antenna sources have been replaced by diffracting elements.
An additional property of a phased array is the possibility to steer the radiation
pattern by manipulating the phase of the individual antennas [51]. The concept
of phased array antennas �nds various applications, and until recently these were
set primarily in the RF regime. In broadcast engineering, phased arrays allow
for higher signal strengths and less interference, radar systems utilize phased
arrays for example to track aircraft (both at the airport and on warships) [52, 53].
Recently optical phased arrays started being implemented. One major reason is
the newly developing market of self-driving cars. The needed precision to scan
the surrounding area for obstacles can be provided by phased arrays that operate
at visible or infrared light, in so called LIDAR (light detection and ranging)
systems [54]. Todays self-driving cars are not fully autonomous yet. However,
a car introduced in 2019 is supposed to reach a level of autonomy where it can
operate by itself with the possibility of human intervention (automation level 3)
� with the assistance of built in LIDAR [55, 56].

Recent developments in the �eld of automation have resulted in a redis-
covered interest in phased array antennas. The discussion in the following
chapters will revolve around such arrays, thus calling for a basic theoretical
understanding of the working principle. In the following, we will look at the
resulting radiation pattern for a simple two-dimensional array of antennas,
assuming that near-�eld interactions between antennas can be neglected. Let’s
assume we assemble an array consisting of identical antennas, each exhibiting
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2 Antenna Concepts

�Ix�Iy

Figure 2.2: Coordinate system for the theoretical description of a phased
array. The black dots represent antenna elements.

a radiation pattern p(`x ,`y ). The coordinate system is chosen (see Fig. 2.2),
such that the conversion to the measured results in the following chapters is
more intuitive. The far-�eld radiation pattern of a two-dimensional array of
N £ M antennas is described by the superposition of their individual emitted
electric �elds [57]

Efar¡�eld ˘
MX

m˘1

NX

n˘1
p(`x ,`y ) £e i (n¡1)(kd sin`x¯–x ) £e i (m¡1)(kd sin`y ¯–y ), (2.9)

where d is the spacing between the antennas and –x , –y are the phase differences
between elements along their respective spatial direction. Since we assume
that the antennas exhibit the same radiation pattern, we factorize the radiation
pattern function from the sums. One can rewrite each sum (for details see [57],
p. 293) to obtain the expression

Efar¡�eld ˘ p(`x ,`y )£
sin(0.5N [kd sin`x ¯–x ])
sin(0.5[kd sin`x ¯–x ])

£
sin(0.5M [kd sin`y ¯–y ])

sin(0.5[kd sin`y ¯–y ])
.

(2.10)
We can summarize the far-�eld pattern as

Efar¡�eld ˘ p(`x ,`y ) £ AF(`x,`y), (2.11)
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2.2 Antenna Phased Arrays

where AF is the array factor given by

AF(`x ,`y ) ˘
sin(0.5N [kd sin`x ¯–x ])
sin(0.5[kd sin`x ¯–x ])

£
sin(0.5M [kd sin`y ¯–y ])

sin(0.5[kd sin`y ¯–y ])
. (2.12)

To obtain an expression that has a maximum value of unity, one de�nes the
normalized array factor as

AF(`x ,`y ) ˘
1
N

sin(0.5N [kd sin`x ¯–x ])
sin(0.5[kd sin`x ¯–x ])

£
1
M

sin(0.5M [kd sin`y ¯–y ])
sin(0.5[kd sin`y ¯–y ])

.

(2.13)
Equation (2.11) describes pattern multiplication [51, 57]. The array factor
describes the radiation pattern given by the diffraction of the individual antennas.
Since we separate the radiation pattern of the individual antennas from the
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Figure 2.3: Calculated radiation patterns according to the array factor. (a,b)
Normalized far-�eld intensity pattern for ‚ ˘ 655nm, M ˘ N ˘ 5, (a) d ˘
400nm and (b) d ˘ 1100nm. (c,d) Normalized far-�eld intensity pattern for
‚ ˘ 655nm, M ˘ N ˘ 10, d ˘ 400nm, (c) –x ˘ 0– and (d) –x ˘ ¡60–.
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2 Antenna Concepts

array factor, one can conclude that the array factor describes the diffraction
pattern of isotropic scatterers. In Fig. 2.3 we present calculations of the array
factor intensity (given by jAFj2). Since this work focuses on optical antennas
(discussed later in more detail) we use parameters typical for the optical regime.
In addition, instead of representing the calculations in the angular representation
(`x , `y ) we choose a k-space representation (kx , ky ). This is in line with the
back focal plane measurements described in the following chapters, for more
details see Sec. A.1.4.

The �rst effect that one observes when studying antenna arrays is the
appearance of a sharp emission feature (Fig. 2.3a). This emission feature is
called an emission lobe, more concretely the zeroth order emission lobe or
main emission lobe. Compared to individual antennas, the sharp emission
lobe already presents an enhanced directivity. The appearance of additional
emission lobes is tied to the ratio of the emission wavelength to the spacing d .
In Fig. 2.3a and b we show the in�uence on the far-�eld intensity pattern when
we adjust the spacing. For a larger spacing (Fig. 2.3b) more emission lobes start
to appear in the detection window as the whole emission pattern is squeezed
into a smaller space. Note, that we would observe the same behavior if we
were to keep the spacing constant but decrease the emission wavelength, as AF
depends on kd . In order to increase the sharpness of the emission peaks without
tuning the spacing or wavelength, one can increase the number of scatterers. In
Fig. 2.3c we show the radiation pattern for an array with 4 times the amount of
scatterers compared to Fig. 2.3a. The observed behavior demonstrates that, in
order to have high directivity independent of operating wavelength, one needs
to employ a large number of antennas.

The most important property of a phased array, apart from its directivity,
is the ability to steer the emission. To this end one needs to adjust the phase
between the individual scatterers, denoted as –x , –y in Eq. (2.13). In Fig. 2.3d
we apply a non-zero value to –x which results in a movement of the emission
peak in the x-direction. The phase shift is assumed to be linear across the whole
array. The steering angle, i.e. the absolute movement of the emission lobe, is
proportional to the wavelength. Movement in two directions is achieved by
applying phase shifts along both array directions.
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Figure 2.4: In�uence of the individual antenna pattern onto the overall
radiation pattern. (a) Far-�eld intensity of isotropic scattering array for
‚ ˘ 655nm, d ˘ 1100nm and M ˘ N ˘ 5. (b) Far-�eld intensity of array
with same parameters as in (a), now with a dipolar pre-factor (parallel to kx ).

For any realistic system the individual scatterers radiate with a particular
emission pattern. A rod antenna, for example, emits radiation that follows
a dipolar emission pattern. For an in-plane short dipole oriented parallel to the
x-direction, the functional dependence of the emission pattern in one dimension
can be described as p(`x ,`y ) ˘ cos2(`x). Inserting this into Eq. (2.11) one
can construct the realistic overall emission pattern of a two-dimensional dipole
array. Figure 2.4 shows the resulting difference in emission pattern, compared
to the isotropic case. Introducing a phase shift between individual antennas will
result in the movement of the emission lobes � however, the antenna radiation
pattern p(`x ,`y ) is independent of phase shift and thus remains constant. If
p(`x ,`y ) does not allow emission into a certain angular direction, then moving
an emission lobe into this region by applying a phase shift will lead to the
disappearance of the emission lobe.

In order to design a phased array antenna for any application one needs to
carefully select the array parameters such as pitch and number of individual
antennas, as well as pick a suitable individual antenna that provides the needed
radiation pattern. We want to note here that there are many more design aspects
of phased arrays, such as antenna density and randomization, that are beyond
the scope of this thesis. The fact, that this extensive knowledge exists for the
framework of RF antennas [51�53, 57] already lays the groundwork for future
studies with optical antenna arrays.
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2 Antenna Concepts

2.3 Antennas for Light

~ 10 - 100 nm
Figure 2.5: Sketch of an optical gap antenna with an emitter placed in the
feed gap. The scale bar indicates the approximate sizes for such an antenna.

Previously we have studied the properties of antennas in a general framework
that applies for every part of the electromagnetic spectrum. Now we want to
focus our attention on the optical regime. The main differences to antennas in,
for example, the RF regime are related to material response and size scaling.
We will discuss the material dependencies in the next section.

First however, we will look into the scaling of antennas. To this end it
is instructive to consider a half-wave dipole antenna in the RF regime. The
resonant length for such an antenna, as sketched in Fig. 2.1, is [57]

Lres …
‚0

2
, (2.14)

where ‚0 is the wavelength in vacuum. This condition needs certain mod-
i�cations in the optical regime, which will be discussed in Sec. 2.4.1, but
it already illustrates an important point. When we want to build an optical
antenna that is resonant at ‚0 ˘ 600nm, then the respective size needs to be
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2.3 Antennas for Light

on the order of hundreds of nanometers. These dimensions have important
consequences. First, fabricating such small structures is more complex than
the fabrication of centimeter or meter sized antennas. Fortunately, by now,
advanced nanofabrication techniques such as electron beam lithography and
focused ion beam milling are quite established. Secondly, in contrast to
their macroscopic counterpart, optical antennas are generally not supplied
with energy via transmission lines. Instead, optical emitters or scatterers are
directly positioned at the feed point (near �eld) of the antennas, as illustrated
in Figure 2.5. Such active emitters include quantum dots, molecules and
semiconductors such as TMDCs.

One has to consider the emitter and the antenna as a coupled system: The
antenna modi�es the properties of the emitter and, vice versa, the emitter
modi�es the properties of the antenna. For optical antennas, the most prevalent
quantity to describe such a coupled system comes in the form of the local
density of optical states (LDOS). It describes the energy dissipation of a dipole
emitter in an inhomogeneous environment. The inhomogeneous environment
is given by the antenna. Following [58], we can include the LDOS in our
presented antenna formalism. Assuming we have an emitter at a position r0

that we can describe by a classical dipole moment p, the total dissipated power
can be written as

Ptot ˘
…!2

12†0
jpj2‰p(r0,!), (2.15)

where ! is the frequency of the oscillating dipole and ‰p(r0,!) is the partial
LDOS. By averaging the partial LDOS over different dipole orientations one
would obtain the total LDOS of the system. The total dissipated power Ptot

ties back to the general de�nition of the antenna ef�ciency †antenna given by
Eq. (2.5). By accounting for the fact that the emitter also possesses intrinsic
losses unrelated to the antenna, we can rewrite the radiation ef�ciency of the
coupled emitter-antenna system as

†antenna ˘
Pr/Po

r

Pr/Po
r ¯Pantenna loss/Po

r ¯ (1 ¡·i )/·i
, (2.16)

where Po
r denotes the radiated power in the absence of the antenna, Pantenna loss

the non-radiative antenna losses and ·i is the intrinsic quantum ef�ciency of
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the emitter. When the emitter has no intrinsic loss (·i ˘ 1) the antenna can
only reduce the radiation ef�ciency. However, for emitters with low ef�ciency
the antenna can increase the overall ef�ciency. Nonlinear optical effects are
inherently weak, as explained in chapter 1.1. Their ef�ciency is not depressed
due to parasitic processes (e.g. non-radiative loss channels as explained above),
but rather by the ability to phase match. In this case optical antennas mainly
accelerate the processes due to local �eld enhancement, as explained more in
detail in the next paragraph. Even with antenna loss, this enhancement can be
quite high. Hence, even relatively strong nonlinear emitters (such as TMDCs)
can pro�t from the radiation enhancement of an optical antenna.

Similarly to the described antenna properties for macroscopic systems,
the reciprocity theorem also holds for optical antennas [59]. By designing
an antenna that ef�ciently radiates, we consequently design an antenna that
ef�ciently receives, i.e., localizes the �eld. Field localization plays a signi�cant
role for optical antennas. As already described by Eq. (2.8), localization results
in �eld enhancement. This enhancement can lead to an increase of various
optical effects of the emitter, such as photoluminescence or Raman scattering.
During this work we will speci�cally study nonlinear optical effects. For the
case of second harmonic (SH) generation, let’s assume that we have an antenna
that enhances the incoming �eld E0 at the fundamental wavelength. The emitted
SH intensity is given by

ISH /
flflE2

loc

flfl2 /
flflfl
£
f £E0

⁄2
flflfl
2

, (2.17)

where f is the �eld enhancement factor de�ned in Eq. (2.8). The local �eld
enhancement by the antenna results in a higher overall enhancement due to
nonlinear scaling of the effect. The �eld localization also has a signi�cant
disadvantage. In order to pro�t from the properties of an optical antenna,
one needs to position any emitter where the �elds are localized, thus the near
�eld. For visible light the near �eld extends typically up to 100 nm. Due to
this limited spatial extent, one needs to be able to position the emitter with
nanometer precision.
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2.4 Metal vs. Dielectric Antennas

2.4 Metal vs. Dielectric Antennas

The concept of optical antennas is not tied to certain materials. Metals, semi-
conductors and dielectric materials can all display the properties that we
associate with antennas for light. Historically, antenna properties have been
predominantly described in the framework of metals. Consequently, optical
antennas have also �rst been studied with metal structures. In the following,
we will �rst look at general metal-light interactions in a phenomenological
picture and build a connection to optical antennas. Then we will analyze the
case of dielectric-light interaction and highlight differences to their metallic
counterparts.

2.4.1 Metal-Light Interaction

In order to gain an understanding of the underlying physics of metal nano-
antennas, it is instructive to �rst look at the interaction of light with a metal in
its bulk form. In metals, the electrons can be described as a free electron gas.
For incoming electromagnetic radiation with frequency !, the electrons will
de�ect and follow the applied external electric �eld. The frequency-dependent
material response is described by the permittivity †(!). According to the Drude-
Sommerfeld theory the response of the free electron gas is given by [60]

†(!) ˘ 1 ¡
!p

!2 ¯ i¡!
, (2.18)

where !p ˘
p

nee2/(m†0) is the plasma frequency of the electrons, ne being
the electron density and m the electron mass, and ¡ is the damping constant.
For low frequencies (! ˙ !p ) the real part of †(!) is negative and the imaginary
part positive. The imaginary part generally describes energy dissipation due
to electron motion. The relation between the permittivity and the refractive
index for a non-magnetic medium is given by n ˘

p
†(!). At low frequencies

the negative †(!) leads to a large imaginary part of the refractive index, thus
resulting in a fast decay of the electric �eld in the material. Physically, the
de�ected electrons are able to screen the incoming radiation and the light gets
re�ected. For metals this occurs up until the visible and infrared regime, as
!p is set in the ultraviolet regime. Towards the plasma frequency, both the
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imaginary part and the real part of †(!) go to zero, indicating that the material is
not able to shield the incoming radiation anymore. For ! ‚ !p the radiation can
penetrate the material, resulting in the metal becoming transparent. In this case,
the electrons form a longitudinally propagating charge density wave. These
collective electron (plasma) oscillations are called plasmons.
At metal-dielectric interfaces the oscillations of the electrons exhibit similar
behavior. The discontinuity of the permittivity at the interface allows for
propagating surface waves, called surface plasmons [61, 62]. These waves can
propagate with frequencies spanning from ! ˘ 0 to

!sp ˘
!p
p

2
, (2.19)

for the dielectric being air. Equation (2.19) is aptly called the surface plasmon
resonance (SPR) frequency. Due to the varying boundary conditions, the
charge density oscillations are not only longitudinal in nature, but also have
a transversal part. This transversal part, which protrudes perpendicularly to
the interface, leads to an electric �eld intensity enhancement right above and
below said interface. The enhancement ties back to one of the fundamental
properties of an optical antenna, the local �eld con�nement. This is to say that
this property of a SPR is maintained when con�ning the plasmons to nano-
particles. However, the �eld decays exponentially away from the interface
giving it an evanescent character. Towards the metal side the decay length is
given by the material penetration depth, towards the dielectric side comparably
slower, but still on the order of hundreds of nanometers. Consequently, the
�eld enhancement can only be exploited when an emitter is placed close to the
interface.

We now turn to even more con�ned plasmon resonances in zero dimensional
structures. Metal nano-particles exhibit a special form of surface plasmon
resonance, called localized surface plasmon resonance (LSPR). The term is
coined by the fact that due to the three-dimensional con�nement the surface
plasmon is locally bound and does not represent a propagating wave anymore.
This con�nement results in an adjustment to the resonance frequency. We
turn to the most intuitive example of a nano-particle, a nanosphere. The
polarizability of a metal nanosphere surrounded by air can be described via
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Rayleigh scattering and is given by [63]

fi(!) ˘ 4…†0r 3 †(!) ¡ 1
†(!) ¯ 2

. (2.20)

Here, †(!) is the permittivity of the metal as discussed above and r is the radius
of the sphere. This formula holds in the quasi-static limit, meaning that r is
much smaller than the wavelength (r ¿ ‚). The resonance condition is given
by †(!) ˘ ¡2.
Using Eq. (2.18) one obtains for the resonance frequency

!lsp ˘
!p
p

3
, (2.21)

which is referred to as dipolar LSPR. Concluding, due to the frequency-
dependent permittivity we �nd material resonances in structures ranging from

210 nm240 nm

75 nm
80 nm

Figure 2.6: Measured scattering spectra of various metal nano-antennas:
silver nanocube, gold nanosphere, gold nano-dimer and gold bowtie. The
material and geometric differences enable resonances across the visible
spectrum. All curves were taken with home-built dark �eld spectroscopy
setups, details in Sec. A.1.2.

29



2 Antenna Concepts

three dimensions (bulk) to zero dimensions (particle). This is in clear contrast to
lower frequency regimes, such as radio-frequency. Whereas in radio-frequency
regime metals behave like perfect conductors, in the optical regime metals do
not due to the interaction with the electron plasma.

Another important consequence of the material properties in the optical
regime is the different length scaling for optical antennas. Similar to RF
antennas, optical antennas exhibit geometric resonances. These resonance
wavelengths scale with the size of the antenna, as described previously by Eq.
(2.14). In addition, for metallic optical antennas we need to take care of the now
introduced material response. Close to the plasma frequency !p the electrons
cannot respond instantaneously to screen the radiation. This results in a larger
skin depth, which approaches the dimensions of the antenna elements. Optical
antennas thus operate at an effective wavelength that differs from the vacuum
wavelength. For the optical analogue of a half-wave antenna the main resonance
is given not by Eq. (2.14) anymore, but by [64]

‚eff ˘ n1 ¯n2
‚0

‚p
, (2.22)

where n1, n2 are constants that depend on the geometry and dielectric parame-
ters of the antenna, and ‚p is the plasma wavelength. Optical antennas based
on LSPRs come in very different forms, but many are inspired by RF antennas.
The simple half-wave antenna comes in the form of nano-rods, which will be
explored in this thesis in more detail. Other designs include Bowtie antennas,
patch antennas etc. [50]. By changing the metal of the antenna or by tuning
the shape and the size, one can probe the whole optical spectrum in terms of
resonance behavior, as illustrated in Fig. 2.6.

2.4.2 Dielectric-Light Interaction

We will now discuss the use of dielectric materials in the context of optical
antennas. From an optics point of view, the main difference between metallic
and dielectric media lies in the value of the permittivity †(!). Dielectrics are
characterized by a positive real part of †(!) and a small imaginary part. In order
to contextualize the varying behavior of the different media with respect to
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2.4 Metal vs. Dielectric Antennas

optical antennas we can turn to the example of a nanosphere.
As evident from Eq. (2.20) a resonant behavior cannot be achieved with a

positive permittivity. However, as one turns to structures with realistic sizes (»
100 nm) the dipole approximation used for calculating the polarizability breaks
down. In order to accurately describe resonant behavior of such structures a
multipolar description is needed. For spherical particles, Mie theory is often
utilized [63]. According to Mie theory, both metallic and dielectric nanospheres
can exhibit scattering resonances. However, the resonances in metallic particles
are LSPRs, i.e. of electric type, and do not allow for magnetic responses. Due
to the negative permittivity there is no �eld allowed inside the sphere. This
is not the case for a dielectric nano-sphere. Due to the different permittivity
both electric and magnetic-type resonances can be observed [65, 66]. The
magnetic response can be described as the coupling of incoming light to the
circular displacement current of the electric �eld. Such effects occur when the
wavelength inside the particle is on the order of the diamater D [67]:

D …
‚0

n
. (2.23)

Here, ‚0 is the vacuum wavelength and n the refractive index of the material.
For high-index materials, the magnetic dipole mode offers a signi�cant con-
tribution to the scattering ef�ciency [68, 69]. Furthermore, an increase of n
results in a higher scattering ef�ciency of other higher order components such
as electric quadrupole, magnetic quadrupole etc. [66, 70]. Hence the resonance
landscape of high-index dielectric spheres appears richer than their metallic
counterpart. In Chapter 4 we will discuss a mode that is mostly studied in
dielectric particles in the optical regime, the anapole mode.

In addition to the previously described behavior related to the real part of the
permittivity, the imaginary part plays also an important role in the distinction
between metals and dielectrics. For instance, the imaginary permittivity of
silicon is two orders of magnitude smaller than that of noble metals such as
gold [71]. Consequently, dielectrics absorb less. For dielectric nano-particles
exhibiting resonant behavior, the minimized absorption results in less energy
dissipation into heat, leading to higher radiation ef�ciencies [67, 72].
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2.5 Conclusion

In this chapter we have discussed general antenna theory and its extension
to the optical regime. Many of the same principles hold when we do optical
experiments with nano-sized antennas. Effects such as intensity enhancement
and the spatial redirection of the emission are analogous and of interest to this
work. In particular, phased arrays are a helpful tool to amplify the latter effect.
Nevertheless, some differences arise that are primarily explained by the material
responses at optical wavelengths. Metals exhibit plasma like behavior and
support plasmon resonances, collective electron oscillations. These resonances
are of electric nature and allow for high �eld con�nement at the surface of
the antenna. Dielectrics allow for �elds inside the antennas that result in a
rich landscape of resonant modes. In addition to electric modes, magnetic and
other higher order modes allow for strong light-matter interaction that match
their metallic counterpart. We will study both metallic and dielectric antenna
structures, in particular phased arrays, coupled to TMDCs in the following
chapters.
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Metal-TMDC Phased Array

This chapter is based on a publication in Nano Letters. Reprinted (adapted)
with permission from S. Busschaert, N. Flöry, S. Papadopoulos, M. Parzefall, S.
Heeg, and L. Novotny, Beam Steering with a Nonlinear Optical Phased Array
Antenna, Nano Letters 2019, 19, 9, 6097-6103. Copyright (2019) American
Chemical Society.

T he need for dynamical beam steering has increased tremendously in
recent years due to the effort to build self-driving cars. One approach

that is being pursued is the utilization of phased array antennas. Current nano-
fabrication techniques enable us to build on-chip solutions, thus minimizing the
potential footprint of devices. Using coherent light sources for spectral �ltering
allows for high signal-to-noise measurements. In addition, frequency-mixing
processes such as second harmonic (SH) generation eliminate background
radiation mediated by the excitation light and therefore limit unwanted noise
sources. This brings us to our realization of a phased array antenna, a gold
nanorod array that steers the SH emission generated by a monolayer MoS2. In
the following, we �rst demonstrate the design and characterization of such a
system. Afterwards we discuss the radiation behavior of the coupled system
by steering the emission. Finally, we discuss the in�uence of the individual
components to the overall radiation pattern.
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3 Metal-TMDC Phased Array

3.1 Sample Design & Characterization

The working principle of our system is illustrated in Fig. 3.1. A TMDC
monolayer, in this case MoS2, is interfaced with a gold nanorod array. The
coupling is determined by the overlap of the MoS2 with the near �elds of the
individual nanorods. This system is illuminated with radiation of frequency !
and we steer the emitted signal of 2! by changing the phase relation between
the nanorods.

z

y
x

���&

�& �&

Au

MoS2

.

Figure 3.1: Illustration of a MoS2-gold phased array antenna.

For our MoS2-array design we aim towards maximizing the nonlinear response
and obtaining the desired radiation pattern. In order to achieve a strong
nonlinear response we make use of the plasmonic resonance of the gold
nanorods constituting the phased array and the electronic resonance of MoS2.
The particular dimensions of the rods are chosen such that the plasmonic
resonance coincides with the target excitation wavelength at 1310 nm. This
results in a SH wavelength of 655 nm, which, according to previous studies
of MoS2, leads to a strong signal enhancement due to an electronic resonance
associated with the A exciton [27].
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3.1 Sample Design & Characterization
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Figure 3.2: (a) Simulated intensity enhancement of a single gold nanorod
(220 £ 30 £ 20 nm3) for 1310 nm excitation, height of cut is 10 nm, scale
bar: 100 nm. (b) Simulated length dependence of the localized surface
plasmon polariton (LSPP) resonance of 200 nm (orange), 220 nm (red),
240 nm (black) long nanorods. The lines indicate Lorentzian �ts and the
green dashed line indicates the target wavelength. The width is �xed to
30 nm and the height to 20 nm. (c) SEM image of a fabricated gold nanorod
array on glass (scale bar: 2 µm) including zoomed-in image of the same array
(scale bar: 250 nm). The designed length is 240 nm.

We employ three-dimensional �nite element method simulations to calculate
the scattering ef�ciency of the rods, as shown in Figures 3.2a, b. In Fig. 3.2a
we depict a plane-cut of the intensity enhancement of a simulated rod for a
1310 nm excitation wavelength. The strongest near-�eld regions are at the
ends of the nanorod, marking the desired interaction points with the MoS2. By
simulating the scattering ef�ciency for rods with different lengths, shown in
Fig. 3.2b, we demonstrate the length dependence of the plasmon resonance in
the vicinity of our target wavelength (indicated by the green dashed line).
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3 Metal-TMDC Phased Array

Based on these results we fabricate samples with arrays of varying antenna
lengths. The arrays are fabricated on commercial glass coverslips. First, markers
are patterned by means of electron beam lithography (EBL), evaporation of
5 nm titanium (Ti, 0.05 nm/s) and 50 nm gold (Au, 0.2 nm/s) at a pressure of
˙ 10¡7 mbar and subsequent lift-off (acetone, ispropyl alcohol and deionized
water). The antenna arrays consisting of Au nanorods are then de�ned again
by EBL as single pixel lines (SPL, line-dose 1400 pAs/cm), followed by
development and soft plasma cleaning (O2 plasma, 70 W, 30 s). 20 nm Au is
deposited by electron beam evaporation (0.1 nm/s) at a pressure of ˙ 10¡7 mbar,
followed by lift-off.

In Fig. 3.2c we show a scanning electron microscope (SEM) image of a
fabricated gold nanorod array and a magni�ed view. To con�rm their resonance
behavior, we perform nonlinear scattering experiments on arrays with varying
antenna lengths (for experimental details see Sec. A.1.3). In excellent agreement
with the simulation we obtain the strongest nonlinear response from nanorod
arrays consisting of 220 nm long rods (see Fig. 3.3).

a b

Figure 3.3: Nonlinear measurements on bare gold arrays (20x20 elements,
spacing 400 nm) to determine scattering strength. (a) SH and (b) third
harmonic (TH) responses of arrays for various rod lengths. The excitation
wavelength is chosen to be 1310 nm. The 220 nm rods scatter the strongest.

In the following, we discuss the in�uence of other array parameters on the
overall emission pattern. The local �eld of each antenna element (rod) excites
a SH response in the overlaid MoS2 and in the rod itself. The SH radiation
pattern of the antenna array follows from the coherent superposition of all SH
signals.
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3.1 Sample Design & Characterization

For a phased array of �nite size, the array-characteristic emission pattern is
described by the array factor intensity [51, 57]:

AF(`x ,`y ) ˘
flflflfl

1
M2

sin(0.5M [kd sin`x ¯–x ])
sin(0.5[kd sin`x ¯–x ])

£
sin(0.5M [kd sin`y ¯–y ])

sin(0.5[kd sin`y ¯–y ])

flflflfl
2

, (3.1)

where M is the number of antennas in a column/row, d is the distance between
antennas, k ˘ 2…nglass/‚SH (nglass ˘ 1.52) is the wave-vector at the SH wave-
length in glass, `x , `y are the emission angles and –x ,–y the phase gradients
between antennas along x and y , respectively. Generally, a larger number of
antenna elements (large M) generates a sharper radiation pattern. We choose
M such that we can excite the highest possible number of elements with our
spatially limited excitation spot. The existence (and number) of radiative
grating orders is determined by the spacing d . We design the antenna distance
(d ˘ 400nm) such that no grating orders exist for zero phase delay (–x ˘ –y ˘ 0)
but they can emerge for larger phase delays. This property is a distinct feature
of the phased array and will be discussed later on. We select an array with the
discussed design parameters (20x20 elements, d ˘ 400nm, rod length 220 nm)
and transfer a monolayer MoS2 on top.
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Figure 3.4: (a) Bright �eld image of �nal device. The monolayer MoS2 is
indicated with a red dashed line, the gold rod array with a green dashed line.
The scale-bar is 25 µm. (b) AFM scan of the coupled system. The scale bar
is 200 nm.
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3 Metal-TMDC Phased Array

The monolayer is deposited on top of the array by using a dry transfer tech-
nique [73, 74]. For that bulk MoS2 crystal is exfoliated onto UV-ozone cleaned
polydimethylsiloxane (PDMS). After observing a monolayer via optical contrast
difference, the respective �ake is stamped on top of the array with µm precision
using a SUSS MicroTec mask aligner. In Fig. 3.4 we demonstrate a fabricated
coupled device. Fig. 3.4a shows a microscope image of the gold rod array in
green and the monolayer MoS2 in red. The large size of the monolayer allows
for comparison measurements to quantify the interaction strength, which will
be discussed in Sec. 3.2.2. In Fig. 3.4b an AFM scan of the same device is
presented, demonstrating the folding of the MoS2 over the rods. The overall
topology of the scan indicates a good contact with the underlying array.

3.2 Radiation Behavior of Coupled System

Nonlinear measurements are performed on the MoS2-array system in a re�ection
geometry setup. The array is illuminated with 200 fs pulsed laser light at
1310 nm through a 1.3 NA oil immersion objective. By focusing the laser onto
the center of the back focal plane (BFP) of the objective we obtain a large area
illumination (1/e2 intensity diameter of 10 µm), resulting in an excitation with
zero phase delay (–x ˘ –y ˘ 0). The average power on the sample is 0.83 mW.
Optical �lters are used to separate the SH emission from the back-re�ected
excitation. For detection we image the spectrally �ltered real space of the
sample, as well as the BFP. For more details see Sec. A.1.3.

The measured SH radiation pattern of the MoS2-array system is depicted
in Fig. 3.5a. We observe a distinct peak at (kx ,ky ) ˘ (0,0), corresponding to
emission normal to the sample surface, on top of a weaker, non-directional
emission background. The distinct emission spot originates from the con-
structive interference of the coherent SH emission from individual antenna
elements. In Fig. 3.5b we use Eq. (3.1) to calculate the SH emission pattern as
a function of kÒ, the in-plane wave-vector component, for the case of all array
elements radiating in phase (–x ˘ –y ˘ 0). The measured pattern in Fig. 3.5a
is in agreement with the calculation. By taking cross sections along kx for
ky ˘ 0 and transforming the spatial coordinate into an angular representation
(for more details see Sec. A.1.4) we plot in Fig. 3.5c both the calculated and
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Figure 3.5: Nonlinear measurements of the MoS2-array system under normal
incidence. (a) Measured SH emission pattern of the coupled MoS2-array
system. (b) Calculated SH emission pattern for 2D dipole array with M ˘ 20.
The dipoles are oriented along the y direction. The black circles represent
kÒ ˘

q
k2

x ¯k2
y ˘ k0 and kÒ ˘ NA £ k0, with NA ˘ 1.3 being the numerical

aperture of the objective. (c) Polar plot of the calculated (line) and measured
(points) SH pattern along the intensity maximum. The intensity is given in
units of cts s¡1 mW¡2 µsr¡1. (d) Spectrum of SH emission (excitation at
1310 nm).

measured emission patterns as a polar plot. The comparison shows good
agreement between theory and experiment. We also record the spectrum of the
emission from the MoS2-array system in a spectrometer (see Fig. 3.5d), which
shows the SH signal at 655 nm on top of a spectrally broad background. The
background is partially due to the multiphoton luminescence from gold [75, 76]
and MoS2 [77, 78]. Due to its incoherent nature, the background is spectrally
broad and non-directional, responsible for the weak background surrounding
the sharp SH emission peak.
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3 Metal-TMDC Phased Array

3.2.1 Steering the Nonlinear Emission
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Figure 3.6: Beam steering of SH emission by the phase delays along the x
direction (`x ) and the y direction (`y ). The intensity of the measurements is
given in units of cts s¡1 mW¡2 µsr¡1. (a) Calculated emission patterns for
zero phase delay (blue) and non-zero phase delay (orange) between antenna
elements. (b) Measured SH emission of a bare gold array (blue) and a MoS2-
array (orange) for zero phase delay. (c,d) Same as (b) but for a phase delay
along x yielding `x ˘ 34– (c) and for a phase delay along y yielding `y ˘ 34–

(d).

An important feature of a phased array antenna is the ability to steer the emission
and control the change of emission characteristics, such as grating orders.
Steering is achieved with the phase gradients –x , –y in Eq. (3.1), which de�ne
a phase delay between antenna elements. In Fig. 3.6a we illustrate the SH
emission of a two dimensional array for two different phase gradients, which
results in emission into angles ` ˘ 0 and ` ˘ 34–, respectively. Experimentally,
we achieve a non-zero phase delay by laterally displacing the focus of the
excitation beam in the BFP of the 1.3 NA oil immersion objective. This leads
to a tilted wavefront and hence to a linear phase gradient.
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3.3 Individual Contributions to Second Harmonic Signal

In our experiments we use MoS2 for nonlinear conversion and the gold phased
array to emit the SH radiation. It turns out, however, that there is a �nite SH
contribution from the gold phased array itself [79�81]. In order to distinguish
between the two SH contributions we investigate the phased array antenna
before and after transfer of MoS2. Our experimental results show that for zero
phase delay (–x ˘ –y ˘ 0) the SH contribution from the gold array is negligible
(Figure 3.6b). The MoS2-array system exhibits the expected emission at 0–

whereas no signal is observed for the bare gold array. The same observation
holds for phase delays along the x-axis (Figure 3.6c), which corresponds to
a tilt around the axis of a nanorod. However, as shown in Fig. 3.6d, the SH
contribution from gold becomes more prominent for large phase delays along
the y-axis, that is, tilts perpendicular to the nanorod axis. We thus �nd that the
SH signal emitted in the (y ,z) plane is dominated by the gold nanorods whereas
the SH signal in the (x,z) plane originates from MoS2.

3.2.2 Quantifying the Interaction Strength

Looking at the emission pattern shown in Fig. 3.6c, we note that there are
two emission peaks, one at 34– (main emission peak) and the other at ¡34–

(�rst grating order). Both of them are predicted by Eq. (3.1) and indicate the
interaction between the gold nanorod array and the MoS2. In order to quantify
the interaction strength we compare SH generation from the coupled MoS2-
array system with SH generation from a bare MoS2 monolayer (see Fig. 3.7).
We carry out this comparison for –x ˘ –y ˘ 0, as the SH contribution from the
gold array can be neglected in this case, cf. Fig. 3.6b. Comparing the absolute
intensities of the MoS2-array system and the bare MoS2 only, we determine
an enhancement of E ˘ IMoS2-array/IMoS2 … 1.6. This value denotes the area
enhancement, that is, the enhancement averaged over many antenna elements.
Note that the local signal enhancement at the poles of the nanorods is much
larger (see Fig. 3.2b).
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3 Metal-TMDC Phased Array

a b c

Figure 3.7: SHG enhancement of MoS2-array system. Measured SHG real
space and back focal plane (BFP) images of (a) MoS2-array system, (b) bare
MoS2 and (c) glass. The emission feature in the center of the BFP images
is integrated, the red box indicates the area (20x20 pixels) of the integrated
signal S and the green box the integrated area for background subtraction
Sbg . The white number indicates the total nonlinear signal I ˘ S ¡ Sbg .
This measurement is repeated three times with slightly varying beam spot
placement, resulting in a calculated SHG enhancement of Isystem

IMoS2
… 1.6.

3.3 Individual Contributions to Second Harmonic
Signal

Let us analyze why the gold array generates signi�cant SH radiation only along
one tilt axis. Although gold exhibits no bulk SH generation due to its crystal
structure, symmetry breaking at surfaces and edges can lead to a non-zero SH
contribution [82�85]. The SH emission pattern of a single nanorod is generated
by the electric near �elds at the ends of the rod (cf. Fig. 3.2c). The resulting
dipoles formed at opposite ends of the rod possess a phase difference of …, such
that their radiation destructively interferes in the far �eld at an emission angle
of 0–. The two out-of-phase dipoles give rise to a double-lobed SH emission
pattern (Figure 3.6a) which, however, cancels out by destructive interference
when multiple nanorods are lined up in an array and radiate in phase (Figure
3.6b). If the incoming beam is tilted such that the main emission lobe is no
longer normal to the surface, the destructive interference is lifted (Figure 3.8c).
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Figure 3.8: Symmetry considerations for SH generation from a bare gold
nanorod array. (a) Long axis view of single nanorod SH emission (only upper
half space shown), indicated as red lobes. The emission is symmetric with
respect to the z axis. The black arrows denote electric dipoles. (b) Long axis
view of a nanorod array under normal incidence. Destructive interference
cancels the SH emission. (c) Long axis view of a nanorod array under tilted
incidence (tilt angle `y ).

For this case SH generation is no longer dipole forbidden for observation angles
in the (y,z) plane.

In order to con�rm the explanation described in Fig. 3.8 we change the
phase delay along the two symmetry axes in small increments and track the
SH intensity of the main emission lobe. In Fig. 3.9a we show the behavior
of the bare gold array, �rst for the y-direction (`y ) and then the x-direction
(`x). For zero phase delay (–x ˘ –y ˘ 0) we do not observe any signi�cant SH
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Figure 3.9: SH generation of bare gold array for different phase delays. (a)
Measured SH emission patterns for three different phase delays along the
y-direction (left) and the x-direction (right). The intensity is given in units of
cts s¡1 mW¡2 µsr¡1. (b) Integrated SH intensities as a function of emission
angle. The values are normalized with the value measured at `y ˘ 34–. The
dashed orange line corresponds to a theoretical model, as explained in more
detail in the main text.

contribution, however as we increase the phase delay along y the SH emission
appears and increases with increasing phase delay. For the x-direction, on the
other hand, there seems to be only a small, negligible SH contribution (note the
different scales in the plots). The integrated values for several emission angles
are compiled in Fig. 3.9b and normalized to the highest measured SH value.
The values along x are two orders of magnitude smaller than along y and remain
constant until the maximum applied phase delay. In order to understand the
increase of SH generation along y we consider two dipoles at opposite ends (as
illustrated in Fig. 3.8a) and calculate the radiation pattern of a single nanorod as
a function of solid angle Iquad,em(`) ˘ 4

flflflcos`sin …d sin`
‚

flflfl
2
. Comparing the data

to this model we also have to account for angle dependencies in the excitation.
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The �rst excitation term describes the angle-dependent plasmon resonance
according to Iexc(`) ˘ (cos2 `)2. The exponent of 2 is due to the nonlinear
order. The second term for the excitation is due to a change of the intensity
when changing the incoming wavefront. The focus in the BFP of the objective
remains constant in size, but with larger displacement from the center (and
larger angular spread) the light is sent onto a smaller area in the sample plane.
The incoming power remains constant throughout - hence, for larger angles the
intensity increases according to Itrans(`) ˘ 1

cos2 ` . Combining these factors we
obtain the angle-dependent SH intensity of a single nanorod as

Iantenna(`) ˘ Iquad,em(`)Iexc(`)Itrans(`). (3.2)

The result of this calculation is shown as a dashed line in Fig. 3.9b and agrees
well with the data points. In order to obtain the complete SH emission pattern
of the full array, the expression has to be multiplied with the array factor in
Eq. (3.1)

Iphased array(`) ˘ AF(`)Iantenna(`). (3.3)

For the MoS2-array system we are not only dealing with the nonlinearity of the
bare gold array (which we denote by Iquad,em(`)) but also by the nonlinearity
of the MoS2. The same analysis as for the bare gold array is conducted for the
MoS2-array system and the results are shown in Fig. 3.10a and b. Compared to
the bare gold array, the overall signal strength is weakened for a phase delay
along the y-direction (`y ) but the qualitative behavior is similar. For phase
delays along the x-direction we observe that the SH signal is constant for a
wide range of angles `x and only shows a small increase for a large `x . This
observation agrees with the explanation given in Fig. 3.8, which predicts that
the emission along the x direction is solely due to SH generation by MoS2.

In Fig. 3.10b we show the integrated SH signal as a function of emission
angle. We observe that the signal strengths along the two symmetry axes differ
only by one order of magnitude (for the bare gold array the difference is nearly
three orders of magnitude, c.f. Fig. 3.9b). This favorable behavior arises from
the fact that both MoS2 and the gold array contribute to the nonlinear signal
generation.
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Figure 3.10: SH generation of MoS2-array system for different phase delays.
(a) Measured SH emission patterns for three different phase delays along
the y-direction (left) and the x-direction (right). The intensity is given in
units of cts s¡1 mW¡2 µsr¡1. (b) Integrated SH intensities as a function
of emission angle. The values are normalized with the value measured at
`y ˘ 34–. The dashed orange line corresponds to a theoretical model, as
explained in more detail in the main text. The dashed blue line corresponds
to Itrans(`), described in the text.

In order to describe our measured data we use Eq. (3.2) with the addition of a
dipolar emission pattern that describes the response of the MoS2:

Iantenna(`) ˘ jEquad,em(`) ¯Edipole,em(`)j2 £ Iexc(`)Itrans(`), (3.4)

where jEquad,em ¯Edipole,emj2 ˘
flflflcos`

‡
1 ¡ 2i sin …d sin`

‚

·flflfl
2
. The resulting theo-

retical curve agrees well with the data points and explains the two different SH
contributions (MoS2 and gold array) in the measured emission patterns.
We �nally use the MoS2-array system for dynamic beam steering and compare
it with the bare gold array. We use a motorized lens-system that tilts the
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Figure 3.11: Dynamic beam steering of SH emission. The phase delays along
`x and `y are varied in time to write a "ETH" far-�eld pattern. (a) Resulting
pattern for the bare gold array. (b) Resulting pattern for the MoS2-array
system.

incoming wavefront in the sample plane, thereby dynamically changing the
applied phase delay. Using this approach we project the pattern "ETH" into
the far �eld. This pattern, shown in Fig. 3.11, is imaged with a CCD camera
with an integration time of 50 seconds. As demonstrated in Fig. 3.11a, writing
with the bare gold array results in all horizontal writing lines missing due to
the symmetry forbidden region. However, when we write the same sequence
with the MoS2-array system, shown in Fig. 3.11b, we pro�t from SH generation
from MoS2. The resulting far-�eld pattern now shows the full "ETH" logo,
including all vertical and horizontal lines. Thus, the combined MoS2-array
system allows us to steer SH radiation into arbitrary directions.

3.4 Conclusion

In conclusion, we showed the nonlinear coupling of a MoS2 monolayer to
an array of gold nanorods. We were able to demonstrate an enhancement
of the TMDC mediated SH generation by comparing the recorded signal of
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3 Metal-TMDC Phased Array

the coupled system to the signal obtained by an uncoupled TMDC layer. The
combined system functions as a phased array antenna that can emit SH radiation
into arbitrary directions. Beam steering is accomplished by controlling the
phase delay between antenna elements along the two main axes. The emission
ef�ciency is not only dictated by the array factor, but also by the emission
pattern of a single antenna element. The presented results offer a new platform
to study and understand the coupling of second order nonlinear effects mediated
by TMDCs and structured surfaces.
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This chapter is based on a publication in ACS Photonics: Reprinted (adapted)
with permission from ACS Photonics 2020, 7, 9, 2482-2488.
Copyright (c) 2020 American Chemical Society.

T MDCs, in addition to their high optical nonlinearities, possess a high
refractive index in the visible and infrared regime similar to silicon.

Utilizing a high refractive index for engineering dielectric antennas has been the
focus of several studies in the past [67, 86�89]. Due to the high index contrast
with respect to the surrounding material, patterned materials can support highly
con�ned electromagnetic modes. Thus, patterning a bulk TMDC into high-
index nano-antennas offers the possibility to boost the inherent nonlinearity
without having to rely on another material system. In the following, we will
�rst design individual TMDC resonators and study their nonlinear scattering
behavior. Then we will analyze their collective behavior in an array, similar
to the gold phased array. Finally, we will study the second order nonlinear
contributions of the bulk material that give rise to the signal in the resonators.
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4.1 Designing TMDC Resonators

High refractive index resonators can support a variety of electromagnetic modes
[67]. It is possible to engineer electric dipole and magnetic dipole modes,
if the geometry of the resonator is chosen correctly. In order to boost the
intrinsic nonlinear response of the patterned material, the anapole mode, which
is neither a pure electric or magnetic dipole mode, has attracted the focus of the
scienti�c community [90�92]. This mode exhibits low energy losses compared
to other modes (e.g. dipole mode) and the high �eld concentration inside the
resonator presents an ideal playground for boosting material nonlinearities. In
the following section we will �rst look into the design of TMDC nanoresonators
and then we will discuss the fabrication process. Afterwards, we will conduct
third harmonic (TH) scattering experiments to probe the resonance condition.
Finally, we will discuss the in�uence of the fabrication process on the nonlinear
signal.

4.1.1 The Anapole Mode

The anapole mode is the overlap of an electric dipole and a toroidal dipole
mode and is characterized by an enhanced electric �eld within the resonator
and destructive interference of the radiation in the far �eld [90]. The destructive
interference results from the two dipoles exhibiting the same radiation pattern,
but radiating with a phase difference of …. This far-�eld behavior, by reciprocity,
infers that this mode is generally referred to as a dark state � a mode that cannot
be excited by incoming radiation. However, realistic resonators do not exhibit a
perfect anapole mode and, thus, can be coupled to free space radiation. Most
recent efforts to fabricate anapole resonators have focused on the use of III-V
materials [93], silicon [94, 95] and germanium [96, 97]. Nevertheless, the same
design criteria can be used for TMDC resonators [98].

The most prominent geometry is a disk with a low height-to-diameter
ratio. Aiming for an anapole mode, this ratio has a maximum, shown for other
materials to be between 0.25 and 0.4, as larger ratios tend to favor the magnetic
dipole mode. However, for TMDCs the ratio limit remains unexplored. As for
other nano-antennas the absolute values of height and diameter determine the
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Figure 4.1: Electromagnetic resonance of a WS2 disk on a glass substrate.
(a) Geometry and dimensions of the nanoresonator. (b) Electrodynamic
simulation via �nite element method. The blue curve shows the scattering
cross-section and the orange curve the internal electric energy as a function
of the excitation wavelength. (c,d) Normalized intensity cross-sections of the
disk for excitation at 1250nm. The incoming linear polarization is chosen
along the y axis. The exciting plane wave electric �eld has a value of 1V/m.

resonance wavelength. In Fig. 4.1 we demonstrate a �nite-element simulation
of a TMDC disk, that shows anapole-like behavior at an excitation wavelength
of 1250 nm. The hallmarks of the mode, apart from its distinct near-�eld
pattern, are a dip in the far-�eld scattering cross-section and an increase in
the internal electric energy. The latter is of particular interest for enhancing
nonlinear effects. If we choose the excitation wavelength to be at the anapole
resonance, the resulting enhancement should be directly observable in the third
order nonlinearity, as third harmonic (TH) generation has been shown to be
more ef�cient in bulk than in few-layer TMDCs [99�101]. Until now, for
second order effects the conversion ef�ciency is reported to be signi�cantly
weaker for bulk than for a few material layers [27, 33].
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4.1.2 Fabrication of TMDC Resonators

For our high index resonators we pattern bulk TMDCs into disks. For the bulk
material to be patterned we choose WS2 due to its comparably low absorption at
the target SH wavelength of 655 nm [20, 23]. Glass coverslides with markers are
prepared by ultrasonication in acetone with subsequent rinsing in isopropanol
and DI water. The slides are then plasma-cleaned in 100 W oxygen plasma
for 5 minutes, to remove all organic residues and to roughen the surface for
better adhesion. Then a sticky tape with exfoliated WS2 (bulk crystal provided
by 2Dsemiconductors.com) is stamped on top of the glass slide and carefully
removed. In the next step, suitable �akes are identi�ed via bright and dark
�eld microscopy and the thickness is determined via atomic force microscopy
(AFM). A typical �ake is presented in Fig. 4.2a. The high optical contrast
between �ake and substrate is indicative of the large thickness of the material,
which we con�rm via an AFM scan (thickness here »120 nm).

a b

c d

Figure 4.2: Fabrication of single WS2 disks on glass. (a) Transmission
microscope image of an exfoliated WS2 on glass. The scale bar is 5 µm. The
inset shows a line pro�le of an AFM scan, indicated by the dashed arrow. (b)
Transmission microscope image of the same �ake after nano-patterning. (c,d)
SEM images of the rough (c) and �ne (d) FIB processing steps. The scale bar
is 1 µm.
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The samples are then spin-coated with a conductive polymer (Espacer 300Z,
3000 rpm for 30s with 6s ramp) and baked at 115°C for 5 minutes. For nano-
patterning we utilize a Gallium focused ion beam (FIB) system. The glass
substrate is dielectric and charges up during direct irradiation with an ion beam,
but the conductive polymer allows for charging-free patterning [102].

The disks are milled in a two step process: First, disks with a radius larger
than the target radius are milled with a beam current of 7 pA (Fig. 4.2c).
A higher beam current (large FIB radius) is used for a higher milling-rate.
Secondly, a smaller beam current (small FIB radius) of 2 pA is employed for the
�nal structure (Fig. 4.2d). The acceleration voltage is maintained at 30 kV for
every milling step. Additionally, all disks are milled sequentially. To exclude
any nonlinear signal from surrounding material, a WS2 area (& 1/e2 intensity
diameter of the excitation beam) enclosing the disk is removed. For all samples,
we choose milling times such, that we are sure to have removed all WS2 material
between the disks and the remaining bulk �ake. This results in over-milling (i.e.
milling into the glass substrate) of »100 nm for the individual disks. According
to simulations, this does not signi�cantly in�uence the spectral position of
the disk resonances. The same conclusion is reached in [98], which studies
the in�uence of a 300 nm glass crown (on top of a WS2 resonator) on the
resonator’s scattering ef�ciency. After patterning, the Espacer is washed off by
rinsing the sample with deionized water for 2 minutes. A fully processed �ake
is shown in Fig. 4.2b.

For the fabrication of resonator arrays the sample preparation before pattern-
ing is maintained as for the individual disks. However, the patterning process is
slightly altered. Due to the slow processing speed of the FIB only arrays with
5x5 disks are fabricated. All disks are to be excited simultaneously with a large
area beam spot (on the order of 10 µm). To exclude any signal from surrounding
material, a larger area enclosing the array has to be milled. This is achieved by
milling (with a 18 pA current) a square of 10 µm x 10 µm with an exclusion
area that is reserved for the array. We show a representative SEM image of a
smaller milled square in Fig. 4.3b. Afterwards four point stars are milled into
the left over area, such that pillars remain with the shape of octagons (Fig. 4.3c).
This is again done with a current of 7 pA. The reason for this particular shape
is that for milling the �nal structure, it is recommended to initially mill a shape
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Figure 4.3: Fabrication of WS2 disk arrays on glass. (a) Re�ection
microscope image of an exfoliated WS2 on glass. The scale bar is 25 µm.
(b-d) SEM images of �rst (18 pA), second (7 pA) and �nal FIB step (2 pA),
respectively. A small array of 2x2 resonators (300 nm radius) is shown for
representation. The scale bars are 1 µm. (e) SEM image of fully processed
5x5 resonator array. The scale bar is 1 µm. (f) Re�ection microscope image
of patterned WS2 �ake. The scale bar is 25 µm.

that comes as close as possible to the �nal shape (to maintain a constant milling
rate). In the last step the pillars with the �nal design radius are milled with a
current of 2 pA (Fig. 4.3d). In Fig. 4.3e and f we show fabrication examples of
5x5 arrays. A crucial detail for the laid out steps is the use of parallel writing,
which is in contrast to the sequential writing used for the individual resonators.
Parallel writing is used to minimize the in�uence of already present edges to the
milling rate. Without parallel writing, edges are formed in a sequential manner
and in�uence subsequently milled pillars, thus leading to an asymmetric array.

In Fig. 4.4 we present post-characterization of fabricated resonator arrays to
demonstrate the reproducibility of the fabrication process. We image two
different arrays, that have the exact same design parameters (Fig. 4.4a,b).
The disk shape is circular (asymmetry of disk less than 5 %) and comparing
the respective images reveals a close match between the two arrays. Within
the resolution of the imaging we estimate the difference in radius (jrarray,1 ¡
rarray,2j/rarray,2) to be less than 5 %. Apart from the radius, the other important
geometrical quantity is the height of the resonator. In order to study the height
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Figure 4.4: Reproducibility of WS2 disks. (a,b) SEM images of two
patterned arrays with the same designed radius (300 nm) and pitch (780 nm)
on different �akes. The scale bars are 1 µm. (c,d) AFM images of two
patterned arrays with the same design radius (300 nm) and pitch (780 nm)
on different �akes with the same thickness (123 nm). The scale bars are
1 µm. (e) Cross sections of the AFM scans in (c) and (d), along the respective
colored dashed lines. The grey dashed line indicates the bottom interface of
the WS2.

pro�le we conduct AFM scans on arrays of resonators. For this study we
investigate equally processed arrays on two �akes with identical height of
123 nm, see Fig. 4.4c and d. The slight asymmetry in the disks is due to a
scanning artifact arising from an asymmetric AFM tip. Taking cross sections
(Fig. 4.4e) and comparing the total height differences between the top of the
pillars and the substrates we �nd that the milling depth is reproducible. Also
studying the radius at the height of the bottom interface of the �ake (dashed
grey line) we see a good overlap.

4.1.3 Third Harmonic Enhancement in TMDC Resonators

The anapole mode, as previously described, should exhibit �eld enhancement
primarily inside the resonator. Third hamonic (TH) generation is mainly a bulk
effect and is known to be signi�cant in TMDCs [100, 103]. We therefore use
TH generation as a tool to test �eld enhancement inside the resonators. First,
we analyze the resonators resonance behavior. To this end, we perform TH
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Figure 4.5: Third-harmonic (TH) generation by single WS2 disks. (a) SEM
image of fabricated resonators. The values are the design radii R in nm.
The scale bar is 1 µm. (b) Simulated scattering cross-sections for disks with
varying radii. (c,d) TH intensity maps of disks according to (a) for excitation
wavelengths of (c) 1310 nm and (d) 1200 nm. The scale bars are 1 µm, the
disk positions are marked with dotted circles. The linear polarization of the
excitation laser is aligned with the diagonal of the shown maps (from lower
left to upper right). (e,f) Corresponding spectra for strongest scattering disk
from c and d, respectively. The orange curves show spectra taken from the
bulk TMDC next to the disks.

scattering experiments on resonators with varying radii using a �xed excitation
wavelength. The radii span from 200 to 400 nm with increments of 25 nm,
see Fig. 4.5a. We scan over the resonators with 1310 nm excitation light and
spectrally �lter the emitted light via a dichroic beamsplitter and optical �lters.
The excitation beam has a 1/e2 intensity radius of (600 § 30) nm, which is
larger than the maximal disk radius of 400 nm. The average power on the
sample is measured to be 570 § 24 µW. For more details see Sec. A.1.3.

According to simulated scattering curves (see Fig. 4.5b), the disk with a
radius of around 300 nm should exhibit the highest intensity enhancement by
the anapole mode, as the resonance of this disk overlaps with the chosen laser
excitation wavelength. The experimental TH map is displayed in Fig. 4.5c.
Indeed the disk with a radius of 300 nm demonstrates the highest TH signal,
whereas the disks with smaller and larger radii show a decreased TH signal.
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We thus indirectly map out the spectral resonance pro�le of the enhancing
mode. The parts lighting up inbetween the resonators can be attributed to the
remaining material that forms sharp features (see Fig. 4.2d). The asymmetry in
these features relates to the incoming linear polarization of 45° with respect to
the vertical image axis. To con�rm the wavelength behavior of the resonators,
we tune the excitation wavelength to 1200 nm. The average power for this
excitation wavelength is (593 § 25) µW. In the resulting TH map (Fig. 4.5d) we
observe that disks with smaller radii scatter more strongly. In particular the disk
with a 275 nm radius shows the highest signal, agreeing with the simulations.
To demonstrate that the light collected consists solely of TH radiation we also
measure spectra of the resonant (strongest signal) disks, see Figures 4.5e and
f. The decrease in TH intensity for the lower excitation wavelength could be
attributed to the higher absorption of WS2 at 400 nm and the lower detection
ef�ciency of the spectrometer. The observed TH scattering intensity dependence
on the disk radius and the excitation wavelength, combined with the discussed
simulations, suggest that we have successfully built resonators that exhibit
anapole-like behavior.

4.1.4 In�uence of Fabrication Process on Nonlinear Signal

The usage of a focused ion beam raises several questions with respect to
nonlinear signal contributions. We will address the most prevalent questions
with regards to our resonators in the following.

First, the heavy ions which bombard the sample during the writing process,
are the most striking difference compared to other nano-patterning techniques.
A crystal exposed to such an ion beam suffers from several effects such as
amorphization and lodging of ions into the crystal structure. To test how these
effects affect nonlinear TMDC signals, we prepare WS2 �akes on a glass
substrate. We choose a �ake with naturally cleaved edges that gives rise to SH
due to symmetry breaking. We mill a square of size 3 µm x 3 µm into this �ake,
with its edges parallel to the natural edge. The corresponding microscope image
is shown in Fig. 4.6a. We now perform nonlinear scattering measurements
(excitation wavelength at 1200 nm) and study the NL signals of the patterned (=
milled) and the unpatterned part. Aditionally we compare the NL signal of the
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milled edge to the NL signal of the natural �ake edge. We use the same setup
as described for the measurements in Fig. 4.5. The TH map (Fig. 4.6b) shows
the patterned region (glass with implanted ions) lighting up, however there is
no clear indication of whether the edge is affected. This leads us to conclude
that it is possible for the TH signal measured in the resonators to originate from
the ions.
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Figure 4.6: Milling in�uence on NL signal. (a) Re�ection microscope image
of WS2 �ake that is patterned with beam current of 7 pA. The edges are
aligned to be parallel to the natural edge on the right side of �ake. The scale
bar is 10 µm (b,c) TH and SH maps of black rectangle in (a) with an excitation
wavelength of 1200 nm. The scale bars are 2 µm.

We additionally analyze the SH scattering behavior. In contrast to the TH case,
for which we observe a signal increase, for SH we observe a signal decrease.
This agrees with the fact that ion beam irradiation destroys the underlying
crystal structure, leading to amorphization [104�107]. The penetration depth
of this structural change is unknown for TMDCs. For silicon the penetration
depth is on the order of » 22 nm for a 30 kV Ga ion beam [108], which gives
us an idea how large the penetration depths typically are. Comparing these
penetration depths to the large radius of our disks, we can assume that only the
outer most part of the disks are affected by the ion beam. The structural change
leads to a decrease in SH signal. Therefore our SH disk signal is expected to be
reduced compared to a SH signal from an ideal disk, which could for instance
be fabricated by electron beam lithography (EBL) and dry etching.

Since the experiments explained in the following sections focus on SH
generation, we analyze additional fabrication in�uences in the context of SH.
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Figure 4.7: Espacer in�uence on SH signal. (a) SH map of a bulk WS2 �ake
before spin-coating with Espacer. The excitation wavelength is 1310 nm. The
scale bar is 5 µm. (b) Measured SH cross sections along the dashed white
line in (a). The numbers indicate averaged values.

Another possible source of a SH signal is the Espacer which is spin-coated
on top of the sample before patterning. Despite the fact that this polymer is
removable by submersing the sample in water, we do not want to discount
the possibility that the patterning step could leave unremovable residues. In
Fig. 4.7 we investigate the SH contribution of the polymer. To this end we show
a SH map of a bulk WS2 �ake before spin-coating Espacer (Fig. 4.7a). This
experiment is conducted with an excitation wavelength of 1310 nm. The steps
in the signal are due to differences in thickness, con�rmed via AFM. Figure 4.7b
shows the intensity cross section along the white dashed line, in addition with
the same cross sections with Espacer and after its removal. The signals before
and after using Espacer overlap (within the uncertainty of the measurement),
indicating a reversible process which preserves the �ake quality. The additional
SH signal arising from a continuous �lm of Espacer amounts to maximum
1.7 kHz, i.e. a signal increase of 75 %. This relatively small Espacer induced
increase of SH intensity cannot explain the below discussed and comparably
strong resonator induced SH intensity increase.

Lastly, we study the effect of redistributed milled material on the SH signal.
Figure 4.8 shows SH maps of patterned �akes. In Fig. 4.8a we scan next to a
milled region, indicated by a black rectangle on the left side of the image. The
milling procedure we utilize for these samples results in a halo around the milled
structures, visible in the top and bottom left of the map. We are interested in
the signal contribution on the rest of the �ake as sequentially written resonators
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Figure 4.8: Redistributed material in�uence on SH signal. (a) SH map of
a bulk WS2 �ake after patterning. A halo of material is visible at the top
and bottom left of the map. The scale bar is 5 µm. (b) Cross section of SH
signal taken along the dashed white line in (a). (c,d) Analog to (a,b) but for a
different device on a different �ake. The scale bar is 5 µm. The numbers in
the cross section indicate average values along the dashed lines.

might be affected similarly. A cross cut of the SH signal along the length of
the �ake (crossing the extension of the halo) reveals no additional signal. On
the same sample, we show the SH map of another processed �ake (Fig. 4.8c).
Here we observed a gradual increase of up to 27 %. However, more scans of
samples (single disk devices) produced a null result, similar to Fig. 4.8a. The
reason for this negligible SH contribution compared to the SH signal halo on
glass might be due to �atness of the TMDC crystal. Any redistributed material
during milling lands on top of the Espacer which can be washed away with
water. Compared to the top surface of the TMDC, the glass is rough due to
the plasma cleaning conducted for sample preparation. This could increase the
chances of Espacer with material sticking to the surface.
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4.2 Second Harmonic Enhancement in TMDC
Resonators

In the previous section we studied the TH signal of the designed resonators
to con�rm their anapole-like behavior. Additionally we investigated possible
processing related artefacts in the SH signals and found them to be negligible.
Now we are ready to turn our full attention to enhanced SH generation in
resonant TMDC structures. First we study again the individual resonators and
map out their resonance behavior. Then we assemble the resonators in an array
which will give us insight into the radiation pattern of the single resonators.
As described in Chapter 3 the radiation pattern allows us to judge whether the
signal is bulk induced or originates from the surface of the resonators.

4.2.1 Individual TMDC disks

First, we aim to develop a basic understanding of the nonlinear conversion
process in our resonators. To theoretically describe the resonant SH emission we
have to account for the overlap of the relevant electric �elds inside the resonator.
Those relevant �elds are ESH(r) at the SH and Eex(r) at the fundamental
wavelength. Following references [109, 110] we express the emitted power at
the SH wavelength as

PSH ˘
64‚ex

…c
(·incPinc)2

£

flflflflflflfl

R
†0´(2)(r)ESH(r)Eex(r)2dV

R
†exjEex(r)j2dV

qR
†SHjESH(r)j2dV

flflflflflflfl

2

,
(4.1)

where V is the volume, †0 is the vacuum permittivity, c is the vacuum speed
of light, ‚ex is the fundamental wavelength in bulk, †ex, †SH are the absolute
permittivities of WS2 at the respective wavelengths, Pinc is the incoming power
of the excitation laser, ·inc is the coupling ef�ciency of Pinc to the fundamental
resonator �eld Eex(r), and ´(2)(r) is the second order susceptibility of WS2.
According to [111, 112] we can expand both the fundamental and SH �elds in
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the WS2 disks in terms of quasinormal modes as

Eex(r) ˘
NX

i˘1
fii (‚ex) eE(‚ex)

i (r), (4.2)

ESH(r) ˘
MX

i˘1
fi0

i (‚SH) eE(‚SH)
i (r), (4.3)

where ‚SH is the SH wavelength in bulk, fii and fi0
i are the modal excitation

coef�cients, which include the respective quality factors and coupling ef�cien-
cies, and eE(‚)

i (r) are the quasinormal modes of the resonator at wavelength
‚. For instance, the resulting �eld intensity at the fundamental wavelength
Eex(r), displayed in Fig. 4.1, can be written as the sum of an electric dipole
mode and a toroidal dipole mode [90�92]. Please note, that fii re�ects the
modal overlap between the incoming �eld of the excitation laser and eE(‚ex)

i (r),
whereas fi0

i re�ects the modal overlap between the excitation �eld Eex(r) and
eE(‚SH)

i (r) [111, 112]. An instructional overview describing the physics of the
modal excitation coef�cients can be found in Fig. 4.9 (i) and (ii). The �nal step
in Fig. 4.9 (iii) demonstrates the emitted SH light as described in Eq. (4.1).

i)

ii)

iii)

Figure 4.9: Overview of theoretical SH generation process in nanoresonators.
The process can be split into three consecutive steps. Overlap integrals are
symbolized by ›. For details, see main text. Produced by RenØ Reimann.
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Figure 4.10: SH intensity measurement of single WS2 disks and of
unstructured WS2 bulk material next to disks. (a) Sequence of resonators
scanned in the measurement. The values are the designed radius in nm. The
disk layout is identical to Fig. 4.5 but it’s a different device. (b) Measured SH
intensity map. The scale bar is 1 µm. The linear polarization of the excitation
laser is aligned with the diagonal of the shown maps (from lower left to upper
right). (c) Spectra of the disks (blue curves) within the white rectangle in (b),
from left to right. The width of the spectral peaks is de�ned by the excitation
laser pulse duration. The orange curve shows a spectrum taken from the
bulk WS2 next to the disks. The numbers next to the SH peaks indicate the
respective SH signal strengths S (light blue and light orange shaded areas).

Having discussed the theoretical basis of SH generation in nanoresonators, we
now study the measured SH response of our WS2 nanoresonators. We repeat
the experiment as described in Sec. 4.1.3, with the difference that now we focus
on SH generation. We maintain the laser excitation wavelength of 1310 nm.
Figure 4.10b shows the SH map of scanned single disks. Here we use a new
device, but the disk layout is identical to Fig. 4.5a, and the device shows the
same TH behaviour as displayed in Fig. 4.5a. Here it appears that the disk
with a radius of 275 nm exhibits the highest signal. However, when studying
the spectra of the respective disks within the white box (see Fig. 4.10c) one
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can see that the SH signal again follows the same trend as for the TH map.
This is clear proof that the observed resonance behavior is indeed given by the
resonance at the fundamental wavelength. The discrepancy between the SH
map and the spectra results from the fact, that the map is recorded with an APD
that integrates all the light that passes the optical �lters. Therefore unwanted
incoherent background is integrated in addition to the coherent SH signal. The
smaller background level for larger disks in Fig. 4.10b could stem from higher
absorption due to the higher disk volume of large disks. We next compare the
SH signal from the 300 nm radius disk Sdisk with the SH signal originating
from the unstructured bulk next to the disks Sbulk. We �nd a SH enhancement
factor

fSH ˘
Sdisk
Sbulk

Abulk
Adisk

˘
Sdisk
Sbulk

r 2
laser

r 2
disk

˘ 50 § 5, (4.4)

where we account for the differences in excited area A of the bulk measurement
[given by the excitation beam’s 1/e2 intensity radius rlaser ˘ (600§30)nm] and
the disk measurement (given by the disk radius rdisk ˘ 300nm). Thus, by ex-
ploiting a resonance at the excitation wavelength, we successfully demonstrate
a signi�cant SH signal enhancement. The enhancements of all disks presented
in Fig. 4.10 are displayed in Table 4.1.

Disk Radius [nm] Enhancement
275 49 § 4
300 50 § 5
325 37 § 3

Table 4.1: Enhancement values for the three disks displayed in Fig. 4.10

4.2.2 Radiation Behavior in Resonator Arrays

We now study the collective radiation behavior of a closely spaced disk array.
The thickness of the �akes is chosen to be the same as for the single disk
measurements. We choose the radius to be 300 nm, as this lead to the highest
SH signal for our laser excitation wavelength of 1310 nm. The spacing between
resonators is chosen to be 780 nm, see Fig. 4.11a. Due to the large size of the
disks, and the fact that small particle-to-particle distances can lead to inner-

64



4.2 Second Harmonic Enhancement in TMDC Resonators

particle coupling, we are limited in choosing a minimum spacing. Larger
spacings would lead to the appearance of more secondary emission lobes (c.f.
Sec. 2.2) which we also want to avoid. The resulting radiation pattern is
demonstrated in Fig. 4.11b. The number of resonators is chosen to be 5x5 due
to the slow fabrication speed of the FIB. For larger arrays it would be conducive
to investigate the fabrication via EBL and dry etching.

We summarize our experimental �ndings of the SH response in TMDC disk
arrays in Fig. 4.12. For large area illumination the laser is focused onto the
BFP of the objective. The resulting 1/e2 intensity diameter in the sample plane
is roughly 10 µm. The average power on the sample is 1.1 mW. For detection
we image the spectrally �ltered real space of the sample, as well as the back
focal plane (BFP). For more details see Sec. A.1.3. Figure 4.12a and d show
microscope images of devices (devices 1 and 2) that are fabricated with the
same parameters. The �akes for both devices are determined to be 123 nm thick,
with an estimated error of 3 nm due to the AFM measurement. Astonishingly,
they drastically differ in their measured SH response. In Fig. 4.12b (device 1)
we observe the inner part of the disks lighting up whereas in Fig. 4.12e (device
2) we observe the outer part of the disks lighting up, i.e. donuts. This difference
is also observable in the recorded BFP images. We not only see a higher overall
signal count in device 1 compared to device 2, we also observe a zeroth order
emission lobe in Fig. 4.12c (device 1). This emission lobe is absent in Fig. 4.12f
(device 2). As discussed in Chapter 3.3 the appearance or absence of the zeroth
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Figure 4.11: Calculated radiation pattern of WS2 resonator arrays. (a)
Illustration of real space image of 5x5 isotropic scatterer array. (b) The
resulting black focal plane image for an emission wavelength of 655 nm

˘ 2…/k0. The black circles represent kÒ ˘
q

k2
x ¯k2

y ˘ k0 and kÒ ˘ NA £k0,
with NA ˘ 1.3 being the numerical aperture of the objective.
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4 All-TMDC Phased Array

order emission lobe is an indicator of the radiation pattern of the individual
antenna. The BFP image of device 1 suggests a dipolar emitter that originates
from the bulk of the material, since the dipole emission pattern allows for a
zeroth order emission lobe. The BFP image of device 2, however, reminds of
the gold rod array in Chapter 3. The real space image shows that the emitted
radiation originates from the surface of the resonator. This surface emission
suggests opposite dipoles with a phase difference of … leading to destructive
interference at an emission angle of 0°. In addition to the already presented
results in Chapter 3, similar behavior was also reported in [113]. We note that
the behavior observed in device 2 is representative of other measured devices,
also for devices with slightly varying bulk material thickness (95 to 123 nm)
or disk radius (270 to 300 nm). The behavior of device 1 was only observed in
one device.

a b c

d e f

Device 1

Device 2

y

x

y

x

kx

ky

kx

ky

Figure 4.12: SH measurement of WS2 resonator arrays. Both arrays consist
of 5x5 identical disks with a WS2 height of 123 nm and a design radius of
300 nm. (a) Re�ection microscope image of WS2 resonator array (device 1).
The scale bar is 10 µm. (b,c) Real and back focal plane images of the emitted
SH radiation of device 1. (d) Re�ection microscope image of WS2 resonator
arrays, including array (device 2) with same parameters as in (a). The scale
bar is 10 µm. (e,f) Real and back focal plane images of the emitted SH
radiation of device 2. The background gradient is due to residual stray light.
The excitation wavelength is 1310 nm for all displayed measurements.
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Wavelength Dependence of Array Behavior

a b cReal Real Real

BFP BFP BFP

�O��= 1310 nm �O��= 1260 nm �O��= 1200 nm

�O��= 1310 nm �O��= 1260 nm �O��= 1200 nm

Figure 4.13: Wavelength dependence of SH signal for device 2. Real and
BFP images for an excitation wavelength of (a) 1310 nm, (b) 1260 nm and
(c) 1200 nm. The respective images are all scaled to the same value for
comparison. The respective average powers are kept constant with less than
5 % variation.

In order to further study the behavior of the different arrays we analyze
their wavelength dependence. We start with device 2, as this device is more
representative of other measured arrays. To see whether we can observe a zeroth
order emission lobe similar to device 1, we vary the excitation wavelength.
The results are shown in Fig. 4.13. As we tune the wavelength to 1260 nm
(Fig. 4.13b), we observe a signal increase compared to 1310 nm, but still no
appearance of a zeroth order emission lobe. As we tune the wavelength even
further to 1200 nm (Fig. 4.13c) the signal decreases again. The recorded data
is not normalized to the transmission function of the measurement setup, but
we note that our optical components improve in transmission by tuning the
wavelength towards the visible. The incident power and integration times are
kept constant for all wavelength changes with less than 5 % variation. The
intensity changes from a to c in Fig. 4.13, therefore indicating that we have
mapped out the arrays resonance at the excitation wavelength. However, the
lack of a zeroth order emission lobe suggests that the observed resonance
is not primarily anapole-like. As the peak of the resonance is blue-detuned
with respect to the initially observed anapole behavior, we speculate that the
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4 All-TMDC Phased Array

resonance has an electric dipole character [90, 96, 114]. In this sense, it is
also likely that a higher order mode, e.g. quadrupole, at the SH wavelength is
radiating [113] and thus giving the observed pattern.

Real Real Real

BFP

�O��= 1310 nm �O��= 1295 nm �O��= 1240 nm

�O��= 1310 nm �O��= 1295 nm �O��= 1240 nm

a b c

BFP BFP

Figure 4.14: Wavelength dependence of SH signal for device 1. Real and
BFP images for an excitation wavelength of (a) 1310 nm, (b) 1295 nm and
(c) 1240 nm. The powers for 1310 nm and 1240 nm are kept constant with
less than 5 % variation. The power for 1295 nm is 9 % higher.

We also analyze the wavelength behavior of device 1. As we tune the wavelength
towards the blue (see Fig. 4.14) we observe an overall decrease in counts, both
in real space as in the BFP. In addition the real space images suggest that the
sharp features which are visible at 1310 nm get blurred. In the BFP we observe
a disappearance of the zeroth order emission lobe with decreasing wavelength.
This �nding agrees with the fact that, by tuning the wavelength, we are not
resonant any more with the anapole mode which exists within the resonator.
The remaining signal at 1240 nm is similar to the BFP observed in Fig. 4.14
for device 2. The discrepency in the real space could be explained by not being
perfectly off-resonance from the anapole mode.

4.3 Origin of Second Harmonic Signal

As evident from the previous section the fabricated WS2 resonator arrays
behave very differently, despite the same fabrication parameters. As discussed
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4.3 Origin of Second Harmonic Signal

in Sec. 4.1.2, the FIB process produces similar structures on all samples within
an uncertainty that cannot explain the difference in nonlinear behavior. The
AFM scans shown in Fig. 4.4, which are the respective scans of device 1 and 2,
show no discernible difference in radius or height. Due to the apparent similarity
in fabrication we turn our attention to the bulk material itself. Until now, we
assumed that bulk WS2 at the processed thicknesses (around » 100 nm) has a
�xed ´(2), meaning that the second order nonlinear response is always the same
for the same thickness. In order to test this, we measure the SH response of the
bulk �akes that make up the presented devices.

SH Device 1: SH Device 2:a

b

c

Figure 4.15: SH response of the device bulk �akes. (a,b) Re�ection
microscope images of the �akes of device 1 (a) and device 2 (b). The
scale bars are 10 µm. (c) Recorded SH spectra of the bulk at an excitation
wavelength of 1310 nm. The respective measurement positions are marked
with blue and orange circles in Fig. 4.12a,b. The SH responses are con�rmed
to be homogeneous over the whole bulk material. The numbers indicate the
area under the gaussian �t below the SH curves. The differences for one
material are due to rotated incoming linear polarizations between 0 and 90–.

In Fig. 4.15c we present the SH responses of the bulk �akes that are the basis
of the measured device 1 (Fig. 4.15a) and 2 (Fig. 4.15b). The excitation is set
to 1310 nm. We see a large difference in signal strength between the two �akes.
The �ake of device 1 has a SH signal 7 times stronger than the �ake of device 2.
To check the polarization dependence we change the incoming polarization and
measure the respective SH response (see the different numbers for each color).
The standard deviation over mean is 14 % for device 1 and 17 % for device
2. Since the emitted SH signal remains constant [24, 25] but the polarization
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4 All-TMDC Phased Array

state changes (due to the ´(2) tensor of WS2), we measure a difference in signal
because our detection path exhibits a polarization dependence. This leads us to
conclude that varying the angle of the linear polarization leads to a negligible
change in signal.

4.3.1 Layer Dependence of SH Response

As the �akes for devices 1 and 2 are both determined to be 123 nm we analyze
the odd/even layer dependence of the SH signal. As described in Chapter 1.2.1
for thin TMDCs an odd layer number leads to a non-centrosymmetric crystal
(SH allowed) and an even layer number to a centrosymmetric crystal (SH
forbidden). Previous studies in literature have not looked at the same distinction
for very thick �akes which are considered to be bulk with common optical
properties. In Fig. 4.16 we demonstrate a representative bulk measurement with
a single layer step in the material. Measurements of other �akes with single
layer steps showed comparable behavior. Fig. 4.16a shows an AFM scan of a
�ake with a thickness of 125 nm. A cross section (white dashed arrow, inset)
indicates a single layer step. In the SH map in Fig. 4.16b we already see a
distinct step in signal that can be assigned to the difference of a single layer.
To exclude any background contribution in the maps we take spectra at the
indicated points and plot them in Fig. 4.16c. The areas under the �tted curves
reveal a signal difference of 77 %.

4.3.2 Thickness Dependence of SH Response

The layer dependence for thick �akes, together with the �ndings of Sec. 4.1.4,
do not explain the SH signal discrepancy shown in Fig. 4.15. We conducted
a statistical study of several WS2 �akes and their SH responses to analyze
the previously stated assumption that the ´(2) of our crystals is constant for
the same thickness. The excitation wavelength is 1310 nm for all displayed
measurements. The �ndings are summarized in Fig. 4.17.

In Fig. 4.17a and b we demonstrate two example �akes that exhibit varying
SH responses (see bright patches) within the same �ake. We record high
exposure time dark �eld images, DIC images and AFM scans to con�rm that
these �akes are constant in thickness. The �akes are left pristine after exfoliation
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Figure 4.16: Single layer dependence of SH signal in bulk TMDCs. (a) AFM
scan of a pristine WS2 �ake with a comparable thickness to the �akes of the
array devices. The scale bar is 5 µm. The inset shows a cross section indicated
by the white dashed arrow. The green box indicates the (b) Corresponding
SH map with an excitation of 1310 nm. Blue: n layers. Orange: n ¯ 1 layers.
The scale bar is 2 µm. (c) Spectra taken at the points indicated in (b). The
numbers are the areas under the Gaussian �ts.
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Figure 4.17: SH response study for WS2 bulk samples of different
thicknesses. The excitation wavelength is 1310 nm for all displayed
measurements. (a,b) Example bulk �akes (left: re�ection microscope images)
with constant thicknesses (116 nm and 154 nm, respectively) that reveal
bright patches in SH intensity maps (right). The scale bars are 10 µm. (c)
Measured SH intensities for different bulk thicknesses. The red line marks the
thickness of the above discussed device �akes 1 and 2. The green data point
marks the monolayer response. The grey dashed line indicates a theoretical
curve arising from the phase matching condition for bulk WS2 crystals.
Error bars are due to AFM measurement errors (horizontal) and polarization
dependence/power �uctuations (vertical).

and did not experience any processing. Comparing bright and dark patches
within one �ake of constant thickness, leads to a difference in SH intensity
of up to one order of magnitude. However, we also �nd that the SH yield
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4 All-TMDC Phased Array

depends on the bulk material thickness. In Fig. 4.17c we show the measured
SH responses of �akes with different thicknesses. In addition we mark the �ake
responses of the measured arrays (see red line). A lot of data points accumulate
at the respective thickness of » 123 nm, con�rming the result that most devices
showed the same behavior as device 2. Theoretically, one would expect the SH
response of bulk WS2 to follow a sinc-function behavior which is tied to the
phase matching condition [2]

ISH ˘ IML

flflflfl
sin(¢k £ t/2)

¢k £ t/2

flflflfl
2

, (4.5)

where IML corresponds to the integrated SH intensity of a monolayer (see
green data point in Fig. 4.17c), ¢k ˘ 2kex ¡kSH is the wave vector mismatch
between the bulk SH wave vector kSH ˘ 2…/‚SH and the bulk excitation wave
vector kex ˘ 2…/‚ex. Based on the dispersion of WS2 [98] we calculate ¢k ˘
¡0.011nm¡1. The thickness t is weighted with a factor of 1.25 accounting for
the high NA objective which increases the effective thickness seen by the light
(for more details see Sec. A.1.5). Indeed, after » 123 nm the SH responses
increase and after » 200 nm decrease again. However, especially for thicker
�akes, we �nd a fair amount of outliers. We propose three possible reasons for
the measured difference in SH responses: 3R polytypsim, stacking faults and
an unknown metallic phase change.

Polytypism is the existence of multiple phases within the crystal [115]. The
most widely studied phase in TMDCs is the 2H phase, which exhibits alternating
high and low SH responses for odd and even layer number, respectively [27, 33].
However, there exists a different phase, called 3R, that exhibits an increase
in SH response with increasing layer number [27]. This increase is due to
the different alignment of individual layers with respect to each other, which
can result in net constructive interference. The purchased crystal of WS2

(2Dsemiconductors.com) is characterized as 2H. On the other hand, studies
of polytypism in MoS2, namely the existence of the 2H and 3R phase in
the same crystal [116], link polytypism with an increase of SH generation
in bulk samples [117]. The TMDC in these studies is not WS2, but the
similarities among TMDCs make it likely for WS2 to also exhibit this behavior.
Distinguishing these phases is non-trivial and is even more dif�cult for mixed
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phases. Low wave-number Raman spectroscopy could resolve shear modes
that appear in mixed phases [116], but this technique was not accessible to us
during the writing of this thesis.

Stacking faults are considered to be a crystallographic defect in which the
crystal planes are disordered (planar defect) [118]. In 2H TMDCs the stacking
sequence is ABAB, in which the chalcogenide atoms interlock. However, a
displacement/rotation of a layer could lead to a discontinuity (ABCAB) and
thus generate a SH response due to a symmetry breaking or the interference of
differently rotated layers. The possibility of stacking faults was con�rmed to us
by the manufacturer of the provided WS2.

Another explanation for the observed strong variations in the SH bulk
response is the appearance of a metallic phase, which has been shown to exhibit
high SH signals [119]. However, these phases have to be engineered in speci�c
ways, so an appearance in our purchased crystals seems unlikely.

4.4 Conclusion

In this chapter we demonstrated the fabrication and characterization of TMDC
high index nanoresonators. These resonators, due to their high internal �eld
concentration, are able to increase the nonlinear conversion ef�ciency of the
bulk material. The resonance behavior of the bulk induced TH suggests the
mode to be anapole-like. The SH response is also enhanced accordingly.
Additionally, we demonstrated the possibility to utilize bulk TMDCs for second
order nonlinear effects, despite their presumed low bulk nonlinearity. The
assembly of these resonators into an array reveals the nonlinearity to originate
either from the bulk or from the surface, depending on the �ake. Statistics
indicate that most �akes have a small SH contribution which arises mainly from
a surface effect. However, outliers with a strong SH signal can be explained by
a strong bulk contribution. We assume this to be due to either stacking faults or
polytypism. Utilizing this knowledge and engineering these �akes to exhibit
such high nonlinearities for patterning presents a profound opportunity to create
nonlinear TMDC meta-surfaces.
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T wo systems to enhance and steer nonlinear emission of TMDCs were
presented in this thesis. The hybrid system of gold nano-antennas and a

MoS2 monolayer showed a uniform signal intensity over a broad angular range,
stemming � under certain conditions � from the high nonlinearities of both
TMDC and gold. This system, which can be described in a straightforward
way using dipole emitters, lays the foundation of future studies employing
more complex metal nano-antennas. The pure TMDC system consisting of
WS2 disks was designed to exhibit a high-index Mie resonance, the anapole
mode. Similar to other material systems utilizing this mode, we could show
a signi�cant nonlinear conversion enhancement compared to the unpatterned
bulk material. Variations in the bulk TMDC response lead to strong variations
in the radiation behavior. Our �ndings open up the use of TMDCs for nonlinear
meta-surfaces and the possibility to engineer the bulk response for even higher
nonlinearities. In this chapter we will highlight the differences of the presented
systems and evaluate their feasibility. To this end we will also comment on
the validity of the systems for application as phased arrays. Secondly, we will
discuss future endeavors for TMDCs in the context of nonlinear optics in a
broader sense.
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5.1 Comparing the Two Model Systems

In order to compare the two systems we limit the discussion to three properties
that are of interest. As we set out to enhance the nonlinearities of TMDCs, the
most important aspect is the ef�ciency of the conversion process. Then we will
discuss differences and fundamental limitations in the context of phased array
design. Lastly, there are fabrication differences that we also want to highlight.

5.1.1 Nonlinear Ef�ciency

In a plane wave approximation, one generally de�nes the nonlinear conversion
ef�ciency · as the conversion ratio of the SH power PSH to the incoming power
Pexc. The relation is either de�nded by [120, 121]

· ˘
PSH
Pexc

(5.1)

or, in order to remove the nonlinear power dependency, via [122]

· ˘
PSH

P2
exc

. (5.2)

We will utilize an effective ef�ciency ·array which will result in a measure of
relative ef�ciency between the two systems. As we will look to compare signal
counts without converting to emission power, the presented numbers will be
much larger than 1. These numbers should not be confused with an actual
ef�ciency, for which one would need to determine the actual emission power.
For a fair comparison of our two systems, we need to establish the differences
in the conducted experiments. The utilized excitation wavelength and optical
elements were identical, such that we can exclude any wavelength dependent
differences of the measurement setup. As the different TMDCs (MoS2 and
WS2) were chosen speci�cally for each design, we will postpone the discussion
of their in�uence to later in this section. We de�ne an effective ef�ciency

·array ˘ C £SSH ˘
Y

i
Ci £SSH, (5.3)
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where SSH is the detected SH signal (overall integrated intensity) in the experi-
ment. The factor C accounts for differences in excitation power, array footprint
and pitch, as explained in the following. Conclusively, the effective ef�ciency
is an integrated and adjusted signal count which will result in a measure of
relative ef�ciency between the two systems. These numbers will be much larger
than 1 and should not be confused with an actual ef�ciency

1. For the experiments we used slightly varying powers. For the metal-
TMDC system we used an average power on sample 0.83 mW, for the
all-TMDC system 1.1 mW We can account for this by scaling the signal
of the metal-TMDC system, for which we conducted power dependent
studies (see Sec. A.1.6). The resulting scaling factor for the metal-TMDC
system is C1 ˘ 1/(0.6 § 0.03) (error due to power �uctuations). We also
include the power �uctuations in the all-TMDC measurement by scaling
their signals with C1 ˘ 1/(1 § 0.05).

2. Next, we consider the in�uence of inhomogeneous illumination. Our
excitation beam spot has a Gaussian beam shape (1/e2 intensity diameter
of 10 µm) and is larger than the arrays in both systems. We account for the
spatially varying intensity pro�le of the exciting beam, by normalizing
both systems to an effective plane wave excitation. To this end, we use
the fact that under plane wave illumination the second harmonic power
scales with P (pl)

SH / N , where N is the number of emitters within one
array. Under Gaussian illumination we expect a SH power of P (Gauss)

SH /
PN

i˘1
£
I (Gauss)(ri )

⁄2, where ri is the distance of the i th emitter from the
center of the excitation Gaussian beam which possesses an intensity
distribution I (Gauss)(r ). For a meaningful normalization, we additionally
set the intensity of the excitation plane wave equal to the peak intensity
of the exciting Gaussian beam. The resulting scaling factor for the metal-
TMDC array is C2 ˘ 5.1. For the all-TMDC systems we �nd C2 ˘ 1.4.

3. We also account for differences in array footprint. Therefore, we calculate
the area difference of the two systems. The area of the metal-TMDC
system is Ametal-TMDC ˘ 7820 £ 7820 nm2, the area of the all-TMDC
systems is Ametal-TMDC ˘ 3720 £ 3720 nm2. Assuming no inner-particle
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interactions, we �nd for the scaling factor of the all-TMDC system
C3 ˘ Ametal-TMDC/Aall-TMDC ˘ 4.4. Consequently, for the metal-TMDC
system we �nd C3 ˘ 1.

4. For the all-TMDC system, the difference in antenna pitch leads to the
appearance of secondary emission lobes. In total there are nine lobes,
calculations showed that no other lobes appear outside of our detection
window. To obtain the total SH signal we integrate over all lobes. Four
of those lobes (upper right, upper left, etc.) fall into the ring between NA
= 1 and NA = 1.3, resulting in an enhanced signal due to total internal
re�ection (TIR). This is not an array effect, but rather a measurement
artefact. We account for this by multiplying the recorded signal of the
respective lobes by a factor of 0.2. This factor was determined by steering
the emission of the metal-TMDC system such that secondary emission
lobes appeared in said ring (see Sec. A.1.6).

a

kx

ky

b c

kx

ky

kx

ky

Figure 5.1: BFP images of recorded SH signal in (a) metal-TMDC system,
(b) all-TMDC system (bulk SH) and (c) all-TMDC system (surface SH). The
excitation power was not identical for all measurements, for details see main
text.

Finally, we can calculate the respective ef�ciencies by integrating the SH
emission lobes in the presented results, see Fig. 5.1. By subtracting the signal
of the background from the signal of the emission lobes we are able to extract
the coherent SH emission SSH (for more details see Sec. 3.2.2). For the metal-
TMDC system we obtain an effective ef�ciency of

·metal-TMDC ˘ C £SSH ˘
µ

1
(0.6 § 0.03)

£ 5.1 £ 1
¶

£ 16097 ˘ 136825 § 6516.

(5.4)
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For the all-TMDC system (bulk SH) we obtain

·all-TMDC,bulk ˘ C £SSH ˘
µ

1
(1 § 0.05)

£ 1.4 £ 4.4
¶

£ 1156 ˘ 7121 § 339, (5.5)

and for the all-TMDC system (surface SH) we obtain

·all-TMDC,surface ˘ C £SSH ˘
µ

1
(1 § 0.05)

£ 1.4 £ 4.4
¶

£ 165 ˘ 1016 § 48. (5.6)

Within our assumptions, the metal-TMDC system has a 19 times higher ef�-
ciency than the bulk all-TMDC system and a 135 times higher ef�ciency than
the surface all-TMDC system. Between the all-TMDC systems, it is clear
that the low surface nonlinearity compared to the strong bulk contributions is
the main reason for the large difference (more than two orders of magnitude).
The discrepancy between the metal-TMDC and the bulk all-TMDC system is
not as large, but still more than an order of magnitude. However, by further
engineering of the SH contribution in bulk TMDCs, it is feasible to obtain
resonator arrays that are equally or more ef�cient than the metal-TMDC
system. Factoring this in and considering the higher damage threshold of
TMDCs compared to metal nanostructures (» 80 GW/cm2 for WS2 compared
to » 1 GW/cm2 for gold nanorods [123, 124]), the all-TMDC system shows
great potential. To note, for the confocal measurements, the average intensity
was » 50 kW/cm2, the array experiments were conducted with an average
intensity of » 1.4 kW/cm2. The peak intensity for the confocal measurement,
using our laser parameters, were » 7 GW/cm2, well below the reported damage
threshold of thin-�lm WS2.

In the following, we will discuss possible reasons for the remaining dis-
cprepancy between the metal-TMDC and bulk all-TMDC system. We utilized
different TMDCs, MoS2 for the metal-TMDC system and WS2 for the all-
TMDC system. According to the study of Autere et al. from 2018 [26],
the theoretical predicted values of ´(2) of monolayer MoS2 and WS2 are the
same, but experimental values show a value 3 times higher for WS2. At the
same time, we did not use monolayer but bulk WS2 for the all-TMDC system.
Counterbalancing these two arguments, one would arrive at a scaling factor of
Ci ˘ 1/(32 £0.1) ˘ 1.1, assuming the bulk nonlinearity is 10 % of the monolayer
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value (see Sec. 3.2.2). However, the aforementioned susceptibilities were
determined via non-resonant excitation. In our measurements of the metal-
TMDC system, we chose the SH wavelength to be resonant to the A exciton
of MoS2 according to the work of Zhao et al. [27]. Since we did not conduct
wavelength dependent measurements, we are unable to make a conclusive
argument on how large the electronic in�uence is.

An additional discrepancy could appear due to absorption. The out-coupling
ef�ciency of the SH emission from the antenna-TMDC systems is in�uenced by
the re-absorption of the constituting materials. However, the absorbing TMDC
layer thickness drastically varies, favoring the system with less interaction
volume (metal-TMDC). For the all-TMDC system the exact location of the
emission inside the resonator is not uniform, thus the experienced absorbing
distance varies. Regarding the metal-TMDC system, it is also dif�cult to predict
the re-absorption in�uence of gold.

5.1.2 Optical Phased Array Design

Apart from the differences in ef�ciency, we want to analyze which system is
more suitable for the application in a phased array. We approach this discussion
in terms of design, complexity and potential integratability.

The design is mainly in�uenced by the shape of the individual antennas.
Whereas the metal-TMDC system utilized nanorods with a maximum extension
of 220 nm, the disks of the all-TMDC system extend to 600 nm for the same
operating wavelength. The different maximum extension has two important
consequences. Firstly, the large size of the disks of the all-TMDC array results
in a minimum antenna pitch higher than the SH wavelength. By choosing such
a large pitch, secondary emission lobes emerge. This, in addition to a signal loss
in the primary lobe, limits the scanning range due to signal interference between
different lobes [51, 57]. Secondly, the footprint of the array varies for the same
number of scatterers. A higher number of nanorods can be assembled in the
same area that the disks would occupy, enhancing the directivity of the emission
(see Chapter 2.2). One way to mitigate these challenges for the all-TMDC
system would be to increase the height of the disks. Increasing the height shifts
the resonance to higher wavelengths, so in order to maintain the same operating
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wavelength the disk radius can be decreased. However, the height-to-diameter
ratio limit for the anapole mode could be reached which would necessitate the
optimization of other high-index modes.

We now turn to the different levels complexity of the systems. The un-
derlying modes of the individual antennas comprising the systems are vastly
different. The metal-TMDC system mainly shows a electric dipole character.
The excitation resonance of the rods follows a dipolar emission pattern, as well
as the emitted light by the TMDC. The emission pattern of the rods follows
the opposite dipole model which could be calculated and veri�ed via steering
measurements. The dipolar scatterer is well known in RF engineering, thus
readily available phased array designs can be applied in the optical regime for
the metal-TMDC system.

On the other hand, the mode of the all-TMDC system (anapole-like) is more
complex. Not only is the mode pro�le more exotic compared to simple electric
dipole modes, it’s also bound to more restrictions in fabrication (see Sec. 4.1.1).
The bulk all-TMDC system exhibited a main emission lobe in its far-�eld
pattern, which we attributed to a possible dipolar character. On the other hand,
this lobe was not present in the surface all-TMDC system, indicating more the
opposite dipole model. More studies of the near- and far-�eld emission patterns
have to be conducted for this system, such as steering into various emission
angles, to con�rm the emission pattern of the individual antennas. Until then it
is unclear whether the anapole mode itself presents a viable option to be used
in a phased array.

For technological importance we also want to highlight the integratibility
of the two systems. In the case of optical phased arrays, this involves the
possibility of on-chip beam steering without the use of external optics. Current
technology does not allow for true electrical control of the emission angle as
it is used for RF or microwave systems. Instead, there are two other possible
ways to steer the emission.

One possibility is to utilize thermooptical effects for changing the phase
delay between feed lines, i.e. waveguides, towards the out-coupling ele-
ments. [125�127]. In our two systems, these would be either the nanorods
or the disk nanoresonators. The general disadvantage of this approach is the
need to employ several close-packed waveguides in order to achieve a global
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phase change across the whole array. One consequence is the potential cross-talk
between waveguides, such that the element spacing cannot be sub-wavelength.
Both our systems have sub-wavelength element spacing with respect to the
excitation wavelength. However, as the antenna spacing of the metal-TMDC
system is nearly half the spacing of the all-TMDC system, the cross-talk would
be more detrimental for the metal-TMDC system. Another important point is
scalability. A larger number of antennas would result in a larger number of
waveguides, thus complicating the fabrication process. This will be discussed
in more detail in the next section.

The other possibility for on-chip steering is tuning the operating wavelength
and thus changing the angular diffraction condition of the out-coupling ele-
ments [128, 129]. This can be achieved with one feeding waveguide. Since
our elements have distinct resonances, the steering via wavelength tuning
would have a restricted bandwidth limited by the corresponding resonance
linewidth. The scattering cross-section simulations of the two systems revealed
the resonances of both systems to be similar, thus resulting in a similar operating
bandwidth.

5.1.3 Fabrication Challenges

In this section we want to review the overall fabrication process and the TMDC
crystal preparation for the two systems.

The patterning in the two systems was performed with vastly different
processes. We already highlighted the main issues of FIB, used for the all-
TMDC system, in Sec. 4.1.2. The violent process of ion bombardment results
in the destruction of the underlying crystal structure, thus suppressing the SH
response. Additionally, the FIB process is comparably slow to other patterning
techniques. Therefore, utilizing a different fabrication technique for the all-
TMDC system (such as EBL) could lead to more ef�cient devices. In case of
the metal-TMDC system, the patterning of the gold nanorods was conducted
via EBL, making batch fabrication of the bare arrays possible.

Another fabrication difference between the two systems is the number of
components. Whereas the all-TMDC system only consists of the bulk material,
the metal-TMDC system consists of part metal antenna, part TMDC. This leads
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to a more complex fabrication process of the metal-TMDC system. Apart
from fabricating high �delity metal antennas, �nding and transferring large
TMDC �akes is a time consuming process and presents the bottleneck of the
whole sample fabrication. Stamping a single �ake on top of a sample is risky
as it has to be brought in contact with a polymer matrix (e.g. PDMS) and
heated up, potentially leading to shattering of the �ake. Polymer residues due
to the transferring process could in�uence the SH signal. This would also be a
problem for CVD grown �akes, as these also have to be transferred on top of
the array. Another complication due to this process is the near-�eld coupling
between antenna and TMDC. Due to the morphology of the �akes stamped on
top of antennas, it is not trivial to achieve a good overlap with the antenna near
�eld. This could be a reason for the moderate SH intensity enhancement of 1.6,
as reported in Sec. 3.2.2.

In contrast, the all-TMDC samples do not suffer from these issues. The
�akes are directly exfoliated onto the substrate and then inspected for suitable
size and homogeneity before being patterned. Thus, no transfer step is needed.
Searching for bulk �akes with a variable thickness in the range of 100-125 nm
is also less time consuming compared to �nding a large area monolayer due to
probability. Additionally, mode overlap between antenna and material is not
necessary, as the antenna is comprised of the material.

5.1.4 Conclusion

The results of the previous discussion are summerized in Table 5.1.

Property Metal-TMDC All-TMDC
Eff. NL ef�ciency » 137000 » 7000 (bulk) / » 1000 (surface)
Design Complexity Low High

Footprint Small Large
Fabrication Complex Not Complex

TMDC-coupling Limited by near �eld -
Damage threshold Low, limited by metal High, limited by TMDC

Table 5.1: Comparison between metal-TMDC and all-TMDC systems.

In terms of overall ef�ciency and array design complexity the metal-TMDC
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system appears to be the winner of this debate. Many principles from RF
technology can be applied to this simple dipole array and the antenna scaling
allows for a smaller footprint. However, the disadvantages of fabrication, the
presumably inef�cient coupling and the low damage threshold still remain.
Regarding the all-TMDC system, the ef�ciency could be further enhanced by
speci�cally engineering the bulk �akes to exhibit higher nonlinearities. From the
author’s perspective, the metal-TMDC system is superior right now, but speci�c
engineering of bulk TMDC � which currently is already possible [27, 37, 130] �
could lead to a more complete system.

5.2 Future Endeavors for TMDCs

In this section we want to look beyond the horizon of phased arrays and discuss
future pathways for TMDCs in nonlinear optics. We will approach this topic
in a similar fashion to the structure of this thesis, by �rst discussing few-layer
applications and then moving to the bulk material. Despite the fact that few-
layer TMDCs are hailed as highly nonlinear materials, one has to always keep in
mind that the presented susceptibility numbers are normalized to the thickness.
In order to build up signal, interaction length is needed. The strengths of
few-layer TMDCs lie in their integratability and their footprint.

a b

Lcoh

hBN
TMDC

hBN

Figure 5.2: Possible realizations for interaction enhancement of monolayer
TMDCs. (a) Integration into a disk resonator. (b) Large-scale heterostructure.
The spacing between monolayers is given by the coherence length Lcoh.

One photonic structure that exploits these properties to enhance interaction
length is a disk resonator comprised of hBN as guiding material, which was
already presented in 2018 [131]. Reasons for hBN are the integratibilty with
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TMDCs and it’s minimized absorption [132, 133]. An illustration is presented
in Fig. 5.2a. Theoretical studies to include a TMDC monolayer to boost SH
generation have also been published [134], but no experimental realization has
been presented yet. Another approach to boost interaction length is to arti�cially
construct a crystal that consists of TMDC monolayers spaced at a distance (see
Fig. 5.2b) that allows for quasi-phase-matching [2]. The obvious choice of
material inbetween the monolayers would again be hBN. The dif�culty lies in
stacking these many layers.

Apart from few-layer opportunities, the fact that TMDCs possess a high
refractive index already makes for interesting applications in the world of meta-
surfaces. Many realizations with silicon can be applied to TMDCs with the
added caveat that TMDCs can have high second order nonlinearities even in
bulk form. Ultrafast optical switching [135, 136] or wavefront control [137,
138] were implemented using materials with high third order nonlinearities.
Using second order nonlinearities for similar structures could lead to higher
ef�ciencies. The possibility of bulk 3R (or hybrid 3R-2H) resonators presents
a great opportunity for a new nonlinear material class. Hybrid resonators, as
illustrated in Fig. 5.3b, might by easier to realize in the near future.
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The growth of 3R TMDCs is not yet established commercially, but individual
groups were able to arti�cially grow few-layer to bulk 3R phase [27, 37, 139].

3R
2H

2H

a

3R

b

Figure 5.3: TMDC metasurface realizations with (a) 3R resonator or (b)
hybrid 3R-2H resonator.

5.3 Concluding Remarks

In this thesis we have studied in detail the manipulation of nonlinear effects
in TMDCs, both few-layer and bulk, via optical antennas. Few-layer TMDCs
possess a small interaction volume, thus having a small footprint is the major
selling point right now in terms of applications. Combining these materials with
waveguides or disk resonators to build optical modulators presents an interesting
avenue towards technological relevance. Considering the bulk TMDC material,
the natural stacking phase of 2H is interesting from an academic perspective,
but impractical in terms of real-life application. Research into 3R stacked
TMDCs appears promising in this regard, as photonic structures consisting
of this material could compete with other nonlinear material systems such as
silicon or LiNbO3.
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A.1 Experimental Methods

A.1.1 Characterization Techniques

In order to characterize the samples before and after nonlinear measurements
we made use of standard techniques, such as optical microscopy, electron
microscopy and atomic force microscopy (AFM). The following commercial
devices were used:

� Optical Microscope: Nikon Eclipse LV100

� Electron Microscopes: FEI Magellan 400, FEI Helios DualBeam 600i

� AFM: Bruker Innova

For electron microscopy the samples were either sputter-coated with 1.5 nm
Pt/Pd (CCU-010 Metal Sputter Coater Safematic) or spin-coated with Espacer
(Espacer 300Z, 3000 rpm for 30s with 6s ramp, bake at 115°C for 5 minutes) to
avoid charging.

A.1.2 Dark Field Spectroscopy

In order to measure the linear scattering characteristics of nano-particles
(Sec. 2.4) we used the setups depicted in Fig. A.1. The nanosphere and the
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Figure A.1: Illustration of the optical setups for measuring dark �eld
scattering. See text for description.

nanocube were measured with the setup illustrated in Fig. A.1a. The sample is
mounted in an inverted microscope TE200 by Nikon. As broadband source we
used a halogen lamp which is focused via microscope condenser lens onto the
sample. The transmitted and scattered light is collected by an air objective (0.8
NA Plan Fluor Nikon) and then sent to a �ber coupled detector (QE65 by Ocean
Optics). The dimer and the bowtie were measured with the setup illustrated in
Fig. A.1b. This setup is a re�ection dark �eld setup in a 4F con�guration. A
beamstop (BS) removes the low k-values of the incoming light, provided by a
white light laser (NKT SuperK Compact supercontinuum). The light is send
through a 0.9 NA air objective (Leica) onto the sample. The re�ected light
passes an adjustable iris to �lter the ballistic light and enters a spectrometer for
detection (Andor Shamrock). For orientation the sample can be imaged with a
CCD.

A.1.3 Nonlinear Measurements

Nonlinear measurements were conducted in two different con�gurations. Mea-
suring single particles/�akes was done confocally, as depicted in Fig. A.2. We
used the IR output of an optical parametric oscillator (Coherent Mira-OPO)
that provided 200 fs pulses at a repetition rate of 76 MHz. The polarization of
the light was linear. To exclude any pump contributions we spectrally �ltered
the laser (Semrock BL 1110LP, Chroma HHQ940LP). The beam was sent
through an oil immersion objective (1.3 NA Plan Fluor Nikon) onto the sample
which is placed on a two dimensional scanning stage (MadCityLabs). Due to
under�lling, the resulting beam had a 1/e2 intensity radius of (600 § 30) nm in
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Figure A.2: Illustration of the optical setup for measuring the nonlinear
scattering of single particles. See text for a detailed description.

the sample plane for an excitation wavelength of 1310 nm. The excitation and
emission wavelengths were seperated by a dichroic beamsplitter (DMSP950R
by Thorlabs), further spectral selection was performed via optical �lters in front
of the detectors (see table A.1.3). The emission was sent either to a spectrometer
(Acton SP2300 with Pixis100 CCD) or an avalanche photo diode (MPD PDM
50um).
For the array measurements the setup was altered to accommodate large area

Excitation Wavelength SH �lters TH �lters
1310 nm 770SP, 650/60BP 770SP, 561SP
1295 nm 770SP, 650/60BP -
1260 nm 770SP, 632/22BP -
1240 nm 770SP, 615/20BP -
1200 nm 770SP, 605/15BP 770SP, 390/40BP

Table A.1: Utilized optical �lters for detection. All �lters manufactured by
Semrock.
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Figure A.3: Illustration of the optical setup for measuring the nonlinear
scattering of an array.

illumination and Fourier imaging, see Fig. A.3. The excitation beam was
sent into a 90°-periscope consisting of two motorized stages (PT1/M-Z8 by
Thorlabs) and an attached lens (AC254-400-C-ML by Thorlabs), that enabled
us to focus the laser onto the back focal plane (BFP) of the oil immersion
objective and to laterally displace the beam. Focusing the laser onto the BFP
leads to a large area illumination of the sample and lateral displacement of the
beam gives rise to a wavefront tilt and hence a phase delay between antenna
elements. With an initial beam waist of 2 mm, the 1/e2 intensity diameter in
the sample plane was roughly 10 µm. The average powers on the sample were
0.83 mW for the metal-TMDC system and 1.1 mW for the all-TMDC system.
The incoming linear polarization for all real and BFP measurements was parallel
to the y axis. The emission was sent either to a spectrometer (Acton SP2300
with Pixis100 CCD) or to an EMCCD (Acton PhotonMax 512) by using a �ip
mirror. Different lens arrangements were used for real space and Fourier space
imaging. For calibration of the emission angles we used the �rst concentric ring
in the BFP (NA=1 or ` ˘ 41.14–) for normalization. The error in determining
the angle is §1–.
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A.1.4 Conversion of BFP to Polar Plot

CCD

{�'k

�'�T

Figure A.4: Angular projection of the emission on the CCD plane.
Depending on the radiation angle with respect to the rod, the same angular
spread ¢` can lead to a different ¢k.

Imaging the back focal plane of the 1.3 NA oil immersion objective onto a CCD
leads to a projection of the k-space, which can be transformed into an emission
angle `-dependent polar plot representation (see Chapter 3). The recorded
image is linear in pixels, i.e. kx,y , and gives us an emission intensity with the
unit counts per ¢k - the transformation into an emission with unit counts per
¢` requires the casting of 1

¢k into 1
¢` . This is not a linear transformation as

illustrated in Fig. A.4. Since we project onto a circle (i.e. collection lens), ¢k is
bigger for small emission angles and decreases for larger emission angles. This
leads to higher recorded intensity per pixel since the emission is captured by
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less pixels. In order to account for that, we used the inner ring in the recorded
images (dashed line) as a normalization, since

`NA˘1 ˘ arcsin
nair

nglass
˘ 41.14– (A.1)

With that we could assign an angle `NA˘1 to certain pixel values, construct an
array of kx,y values in between (kx,y » px) and then calculate the corresponding
angle values using

` ˘ arcsin
kx,y

k
(A.2)

The wavevector k is given by k ˘ 2…
‚SHG

. By then calculating ¢` ˘ `i¯1 ¡`i we
arrive at the desired transformation with unit deg¡1. Additionally, the pixels
of the detector also have a �nite size orthogonal to the evaluated emission
direction. By multiplying with the angle-transformed pixel width at the center
of the CCD an expression with the unit deg¡2 is generated. To comply with SI
unit standards we transform deg¡2 into µsr¡1.

A.1.5 Scaling Factor for Phase Matching
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Figure A.5: Illustration of a WS2 bulk �ake for calculating the effective path
length of an incident light ray.

The calculation to determine the thickness-dependent SH response of a bulk
WS2 �ake in Chapter 4 utilizes an effective thickness. The scaling of the
thickness is due to using a high NA objective (1.3 NA oil immersion), which
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leads to a higher mean path length that the incoming light sees. The illustration
in Fig. A.5 demonstrates how we calculate the scaling factor. The outer most
incoming light ray is de�ned by the NA of the objective, resulting in a critical
angle of fic … 58–. To get a mean path length, we integrate all possible light
rays from zero incidence angle (fi1 ˘ 90–) to the outer most incidence angle
(fi2 ˘ 90– ¡fic ). This leads us to the scaled thickness, that the light experiences,
as

t 0 ˘ t £
Z fi2

fi1

1
sinfi0 dfi0 … t £ 1.25 (A.3)

Note, that we neglected the Gaussian distribution of the light in this calculation.

A.1.6 Measurements for Array Scaling Factor

a b c

kx

ky

kx

ky

Figure A.6: Measurements of metal-TMDC system for calculating the
scaling factors in Chapter 5. The red squares mark the integration areas.
(a) Integrated SH intensities for varying incoming power. The inset shows
the BFP of the SH signal of the system. (b) BFP of SH emission of bare
metal array. The steered zeroth order lobe is marked as white circle. The
�rst grating order fall into the ring between NA=1 and NA=1.3. (c) BFP of
SH emission of bare metal array. The steered zeroth order lobe is marked as
white circle. The �rst grating order falls into the detection window below
NA=1.

The comparison between the two array systems in Chapter 5 calls for scaling
factors due to measurement differences. The measurements were conducted
with different excitation powers. We can account for this by scaling the recorded
SH intensity of the metal-TMDC system for the same power used for the all-
TMDC array. Figure A.6a demonstrates power dependent measurements of
the metal-TMDC system and a corresponding �t. We can extrapolate this
�t to the power used for the all-TMDC system (1.1 mW) and �nd a scaling
factor of Ci ˘ 1/(0.6 § 0.03). The uncertainty is due to power �uctuations and
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the resulting �t error. Another scaling factor for the all-TMDC system is the
appearance of lobes in the region between NA = 1 and NA = 1.3. We account
for this by turning to steering measurements of the baregold rod array, see
Fig. A.6b and c. The white circle marks the steered zeroth order emission lobe.
In Fig. A.6b the �rst grating order falls into the aforementioned region and is
thus enhanced. We compare the integrated intensity of this lobe to the same
lobe for the case of an un-enhanced emission (Figure A.6c), in order to calculate
the scaled intensity enhancement. The resulting factor is Ci ˘ 0.2. Here we
assumed that the intensity for these two steering angles remains constant, as
the radiation pattern of the individual antennas do not exhibit a high variance in
this regime (see Fig. 3.9).

A.1.7 Spectra of TH measurements for all-TMDC system
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Figure A.7: TH spectra corresponding to the intensity maps in Fig. 2c and
d in the main text. (a,b) TH intensity maps (identical to Fig. 2c and d) for
excitation wavelength of (a) 1310 nm and (b) 1200 nm, with TH spectra
collected from the disks in the respective white boxes.

In Figure SA.7 we display spectra of the TH emission which belong to the TH
intensity maps that are displayed in the main text in Fig. 2. The TH intensity
maps are measured with an avalanche photo diode (APD) which integrates the
signal. Thus, here we show that the resonance behavior is given by the coherent
TH emission and not due to possibly present incoherent background. Indeed
we �nd that the respective resonance behaviour of the disks within the white
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boxes is con�rmed in the recorded spectra.

A.2 Numerical Simulations

Numerical simulations were carried out with the RF module of COMSOL
Multiphysics versions 5.2 through 5.3a. In the frequency domain, the full
electromagnetic �eld under plane wave illumination was calculated. The
simulations were carried out in two steps: First, the �elds of the geometry
were simulated without the scattering particle such that the background �eld
in the presence of a substrate could be determined. The two half spaces were
surrounded by perfectly matched layers (PMLs) to exclude back-re�ection. In
a a second step, the geometry was simulated with the scattering particle. The
scattering ef�ciency is calculated by integrating the time-averaged Poynting
vector over a closed surface of the scatterer

¾sc ˘
1
I0

ˇ
(nnn ¢SSS)dS, (A.4)

where I0 is the incident intensity, nnn the normal vector pointing outward from the
scatterer and SSS the time-averaged Poynting vector. The incident intensity was
chosen, such that the electric �eld was E0 ˘ 1 V

m . The scattering cross sections
in Chapters 3 and 4 were calculated by simulating ¾sc for the corresponding
wavelength range.

In addition, for the TMDC nanoresonators in Chapter 4 we calculated the
internal electric energy by integrating the total internal electric �eld over the
entire resonator volume

Wint ˘
†0

2

Ñ
†TMDC jEEE j2 dV. (A.5)

Material properties of the structures were de�ned by their dielectric functions.
For the dielectric function of gold we used measured values according to [140].
For the anisotropic dielectric function of WS2 we used values until 1200 nm
from [98] (measured and calculated) and extended the wavelength range via a
linear �t. For the calculation of the internal electric energy we approximated the
imaginary parts of the permittivity of WS2 to be negligible in the wavelength
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region of interest. For the surrounding media we chose frequency-independent
refractive indices, n ˘ 1 for air and n ˘ 1.52 for glass.

A.3 Corrections

In this section corrections, that were realized while writing this thesis but do
not in�uence the interpretation of the presented data, are given.

A.3.1 Background correction Phased Array Antenna

a b

Figure A.8: Integrated SH intensities as a function of emission angle. (a) For
the bare metal array now with intended background subtraction. (b) For the
metal-TMDC array now with intended background subtraction.

During writing of the Metal-TMDC Phased Array chapter, an error in the
code of the background subtraction was uncovered. The intended background
subtraction was set to an area equal to size of the signal area, but bordering
to its left side, see Figure 3.7. In reality the actual background subtraction
was done with an area bordering to the lower side. We show the in�uence
using the intended area on the angle dependent measurements, see Figure SA.8.
Compared to the previously presented values in Figure 3.10, the in�uence is
negligible for the interpretation of the data. For the calculated enhancement
factor of the metal-TMDC system we estimate an error of §0.1 due to different
background subtractions.
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a b

Figure A.9: Electrodynamic simulations via �nite element method. The blue
curve shows the scattering cross-section and the orange curve the internal
electric energy as a function of the excitation wavelength. (a) Without
dispersion (previous result). (b) With dispersion.

A.3.2 Internal electric energy All-TMDC system

The used formula for the internal electric energy of the disks (see section A.2) is
generally used for non-dispersive media. In our case we still used this formula
with a changing refractive index, as per the dielectric function. For dispersive
media the formula is [97, 141]

Wint ˘
†0

2

Ñ
@(†TMDC!)

@!
jEEE j2 dV. (A.6)

The previously used equation still holds for the case of small changes in the
permittivity, i.e. @†

@! … 0. In order to investigate the in�uence of the dispersion
on the internal electric energy we simulated the disk with radius of 300 nm
again by calculating the slope of the permittivity in each point of the wavelength
range. We then compared the resulting simulated values to the previous results
without dispersion, see Figure SA.9. As can be seen, the respective absolute
values increased and the curve marginally shifted towards the red. The resulting
peak value however still aligns with the previous result. We conclude that by
including dispersion the overall behavior of the internal electric energy does
not change. Hence, this result does not affect the interpretation of the �ndings
presented in this thesis.
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