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Abstract

The central building block of the rapidly developing field of quantum information
technologies is a single-photon source. The quantum efficiency of the source,
spectrum, and polarization of emitted photons are critical factors for progress
of quantum communication and cryptography fields, as well as sensing and
metrology.

The experimental studies outlined in this dissertation focus on achieving con-
trol over the polarization and directionality of single-photon emission by coupling
quantum emitters to plasmonic metasurfaces. A comprehensive theoretical anal-
ysis is provided to describe the metasurface design and optimization, which
builds up a framework for designing a single-photon source with any desired
functionality.

First, a collimated radially polarized single-photon beam is demonstrated by
coupling a nitrogen-vacancy nanodiamond to a plasmonic bullseye antenna. On-
chip 15 pm size antenna was fabricated around a nanodiamond using electron
beam lithography. The single-photon emission was validated using second-order
correlation function measurements. A subsequent theoretical investigation of
the antenna design provides a set of rules that can be utilized for metasurface
optimization. Second, multichannel single-photon generation is discussed, which
shows independent control over the direction and polarization state of each chan-
nel. The plasmonic metasurface implemented in this study was designed using
a novel scattering holography approach. Furthermore, the channeling of single-
photon emission into two beams of orthogonal polarizations was experimentally
demonstrated by coupling a germanium vacancy center to holographic metasur-
face. The repeatability of the experiment was confirmed by coupling metasurfaces
with multiphoton silicon vacancy nanodiamonds. Experimental verification of a
metasurface designed as a hologram pattern calculated with a surface plasmon
polariton as a reference wave paves the way for designing metasurfaces that can
generate any predefined emission intensity and polarization distribution in the
far-field. Furthermore, the applicability of this method extends to a broad array of
quantum emitters, establishing a new framework for single-photon source design.
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Resume

Det centrale fundament inden for det hastigt udviklende kvanteinformationstek-
nologiske felt, er en enkelt-foton kilde. Kvanteeffektiviteten af kilden, spektret og
polarisationen af de emitterede fotoner er kritiske faktorer for at opnd fremskridt
inden for kvantekommunikation og -kryptografi verdenen sdvel som for sensorer
og metrologi.

De eksperimentelle studier beskrevet i denne athandling fokuserer pa, at opnd
kontrol over emissionen af enkelt-fotonernes polarisation og retningsbestemmelse
ved, at koble kvanteemittere til plasmoniske metaflader. Endvidere er der givet
en omfattende teoretisk analyse, som beskriver designet og optimeringen af de
plasmoniske metaflader. Dette medvirker til at bygge et rammeveerk til at opna
enhver onsket funktionalitet for enkelt-fotonkilderne.

Forst demonstreres en kollimeret og radialt polariseret enkelt-foton strale,
ved at koble en kveelstof-vakance i en nanodiamant til en plasmonisk malskive-
antenne. Pa en chip blev der fabrikeret en antenne pa 15 pym omkring nanodia-
manten, ved brug af elektronstralelitografi. Enkelt-foton emissionen blev valid-
eret med malinger af andenordens korrelationsfunktionen. Den efterfolgende
teoretiske analyse af antennedesignet forte til udviklingen af et seet regler, der
kan bruges til optimeringen af metafladerne. Derefter diskuteres multikanal
enkelt-foton-generering, som viser, hvordan retningsbestemmelsen og polarisa-
tionstilstanden af hver kanal kan kontrolleres uathaengigt. Den plasmoniske
metaflade implementeret i denne undersogelse blev designet ved hjeelp af en ny
spredningsholografisk tilgang. Desuden blev splittelsen af en enkelt-foton emis-
sionsstrdle til to strdler, med ortogonale polarisationstilstande, vist eksperimentelt
ved at koble et germanium-vakancecenter til en metaflade designet med denne
metode. Reproducerbarheden af eksperimenterne blev bekreeftet ved kobling
af multi-foton silicium-vakance nanodiamanter til metaflader. Eksperimentel
verifikation af en metafalde designet som et hologrammenster og beregnet med
en overflade-plasmon-polariton som referencebelge, baner vejen for at designe
metaflader, der kan generere enhver foruddefineret emissionsintensitetsfordeling
og polarisationsfordeling i fijernfeltet. Anvendelsen af denne metode straekker sig
over en bred vifte af kvanteemittere, hvilket skaber en ny ramme for design af
enkelt-fotonkilder.
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Chapter 1

Introduction

The fruits of photonic technology advancements are now deeply incorporated
into everyday life. They hold the world together: optical instruments are saving
lives in hospitals, plasmonic biosensors enable preventative disease detection,
optical sensors are integrated in every device, making life secure, comfortable, and
bright. Billions of kilometers of optical networks envelop our planet, enabling,
for example, real-time intercontinental video communication with lasers driving
the internet, which has become an intrinsic part of the modern world. The world
economy relies on instant and secure data transfer between banks. Perfectly secure
guantum key distribution protocols [1, 2] have opened a new era in protected data
transfer.

The global implementation of quantum key distribution technology has been
hampered by the challenge of the long-distance transfer of entangled photon
pairs. The transmission of weak single-photon emission through optical bers
currently allows data transfer only up to a distance of approximately 5 km [3].
The prospective solution proposed to circumvent this limitation and enable the
transmission of quantum-encoded information over greater distances involves
splitting the transmission line into fragments connected by quantum repeaters. A
quantum repeater produces a new photon pair that preserves the entangled state
[4]. These quantum repeaters require reliable sources of indistinguishable single
photons. And it is a signi cant challenge to design such a single-photon source.

The overarching goal is to create an ideal single photon source with the fol-
lowing features: producing indistinguishable single photons on demand at room
temperature; on-chip, micron scale to be embedded in photonic circuits; as bright
as possible; unity ef ciency of coupling to spatial mode; producing a prede ned
number of emission channels (collimated beams) with independent control of
the direction and polarization state of each channel; and indistinguishability of
photons. The full control on the directionality and polarization properties of gen-
erated single-photon beam has not been achieved yet. This is of great importance
because it potentially provides additional degrees of freedom for parallel quantum
calculations and allows quantum communication to be performed much faster.

The thesis represents a step forward toward an ideal single-photon source and
the development of a universal framework to design a source with prede ned
emission characteristics. The focus is on achieving control of the emission prop-
erties, such as multichannel emission, with individual control of the direction
and polarization of each channel. This is achieved using plasmonic metasurfaces
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coupled to nanodiamonds (NDs) with a single vacancy centers. The indistinguisha-
bility of photons is dictated by the spectral properties of the quantum emitter and
was not the focus of this study.

Along evolutionary process, chain of insights, and technological breakthroughs
crystallized the concept of a plasmonic metasurface coupled with quantum emit-
ters (QEs) as one of the most promising platforms for building single-photon
sources. A metasurface is a planar structure composed of nanoscale elements
that can function as a bulk optical component, lens, beam splitter, or waveplate.
The metasurface interacts with light at the subwavelength scale, and the structure
thickness is negligible, which is a signi cant advantage over bulk optics.

The rst step was the observation of single-photon emission from a trapped
ion in 1987 [5], which supports the basic concept that the spontaneous emission
of a 2-level system is a single-photon by nature. Therefore, isolated systems
with radiative interband transitions, such as molecules [6, 7], ions [8], quantum
dots [9-11], defects in 2D materials [12,13] and defect centers in crystals [14-16],
were tested to serve as quantum emitters [17]. Two main challenges appears here.
Emission is omnidirectional and not polarized, and the emission rate is limited by
the lifetime of the excited state, typically nanoseconds.

The next insight was understanding that control of the QE environment at the
nanoscale solves both issues simultaneously. On the one hand, introducing QE to a
cavity can increase the emission rate by orders of magnitude. Much effort has been
dedicated to realizing idea of Purcell cavity by using a properly nanostructured
plasmonic environments, such as nanocube antennas [18, 19], bowtie antennas,
photonic crystal cavities [20], bullseye Bragg gratings [21], micro ring resonators,
v-groove cavities, [22]. On the other hand, QE radiation can be collected, focused,
or collimated using plasmonic and non-plasmonic [23] antennas or parabolic
micromirrors [24]. However, the control of the emission polarization remains
problematic.

Then it turned out that plasmonics is extremely suitable for that purpose
because QE radiation can be ef ciently coupled to surface plasmon polariton (SPP)
mode and ef ciently outcoupled forming a prede ned intensity pattern with
desired polarization distribution in the far eld. The beauty of the solution lies in
the fact that the distances required to outcouple the SPP are much shorter than
the SPP propagation length, which signi cantly diminishes ohmic losses in metal,
which is the main drawback of plasmonic structures. Here, plasmonics reveals its
full power.

In addition, understanding that radially polarized laser beam ef ciently excites
normal to the surface dipole moment in QE focused with a high-NA objective
signi cantly simpli ed the experiments and accelerated the research.

The eld of single-photon sources based on plasmonic nanostructures has
evolved signi cantly in recent years. Initially, the application of a plasmonic bulls-
eye antenna for photon collection was demonstrated [25]. Subsequently, metasur-
faces were utilized to tailor single photons emission, leading to the generation of
circularly polarized [26] and vortex [27] beams as well as polarization-encoded
multichannel emission [28], cavity-enhanced emission [21], and beam steering [29].
Many of these advancements were facilitated by the use of optical metasurfaces.
Control over the polarization of the outcoupled beam was further re ned, result-
ing in the generation of left and right circularly polarized beams with speci ¢



angular optical momenta [27, 30].

Finally, the design of the metasurfaces was elucidated within the scattering
holography framework [30]. This approach enables the precise design of meta-
surfaces for single-channel photon emission in well-de ned arbitrary directions,
including off-normal directions. This progress exempli es the innovative advance-
ments driving the development of plasmonic single-photon sources.

Finally, the question of the outcoupling metasurface design was solved using
analogy with holography [30]. This procedure enables metasurface design with
full freedom to create a multichannel single-photon source with independent
control of the polarization and arbitrary directions of the channels.

Experimental implementation of metasurfaces could not be possible without
the progress of fabrication methods, such as electron beam lithography, providing
nanometer-scale precision. The further development of control over far- eld
emission totally relies on the precision of the nanoscale structuring of the near- eld
surroundings of QE and therefore on “Summa Technologiae” of nanoengineering.

During the PhD, | made two signi cant steps towards achieving full control
over QE radiation.

The rst milestone was to develop and validate experimentally the plas-
monic metasurface, designed to generate a radially polarized collimated single-
photon beam with an nitrogen vacancy (NV) nanodiamond (ND) as a QE. (Ap-
pendix A, [31]). Presented analytical analysis of the structure optimization pro-
cedure reveals important design rules that considerably streamlines the search
for the optimal geometry of the plasmonic antenna. | used vacancy centers in
nanodiamonds for single-photon experiments due to their, robustness, brightness,
stable zero-phonon lines and ability to operate at room temperatures [32—38].

The second step was development and realization of scattering holography
approach to plasmonic metasurface design. The method allows to calculate the
metasurface pattern from the interference between the SPP as a reference wave
and the desired signal wave. | experimentally demonstrated the channeling of
single-photon emission into two collimated beams of linear orthogonal polar-
izations by coupling a germanium vacancy center to a holographic metasurface
(Appendix B). The single-photon source created using this method was experi-
mentally demonstrated for the rsttime.

Outline

The thesis has the following structure: the theoretical foundation and historical
background of surface plasmon polariton phenomena is given in chapter 2. Chap-
ter 3 introduces the emission properties of a dipole in proximity to the metal
surface and the collimation of dipole radiation by the mediation of SPPs. Chap-
ter 4 is devoted to description of scattering holography approach to plasmonic
metasurface desing. The experimental techniques, as well as properties of color
centers in nanodiamonds are discussed in detail in chapter 5. Chapter 6 provides
an overview of the main results of the conducted experiments. Finally, chapter 7
provides a synopsis of this thesis and the possibilities for future development.
The Appendix contains publications with my rst-author contribution (A ,B)
to the research conducted during the three years of my PhD. In Appendix C |
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present a gallery of microphotographs, gathered during long sample observations,
that were impossible to ignore due to their beauty and astonishing resemblance
to objects of the macro world, extending even to astronomical scale of galaxies
and constellations. The microworld reveals its charm differently to every observer,
much like the sky forming characters from clouds and stars. My interpretations
are re ected in the titles of the photographs, and perhaps, you will discover your
own characters on them. ..



Chapter 2

Principles of plasmonics

The aim of this chapter is to examine the propagation of surface electromagnetic
waves at the metal-dielectric interface. Exploration involves a review of the basic
principles of optics, with Maxwell's equations as a starting point followed by a
discussion on the general idea of electromagnetic waves. The nal part explains
the speci cs of surface waves in metals.

2.1 Maxwell's equations

The discussion begins with electromagnetic waves, which are oscillations of the
electromagnetic eld. The electromagnetic eld can be characterized by four key
vector quantities: electric eld E, magnetic induction B, electric displacement D,
and magnetic eld H. These quantities vary as functions of both time (t) and space
(r), and they adhere to a set of general laws known as macroscopic Maxwell's
equations. The advantage of macroscopic phenomenological approach is that it
doesn't require considering the intricate details of interactions between charged
particles in media and electromagnetic elds. Instead, the quickly changing
microscopic elds are averaged over distances much larger than the material
microstructure. The Maxwell's equations are presented below in their differential
form in S| units:

r D:rext
r B=0
r E= 1B (2.1)
qt
i .
r H:W"'Jext

Here, bold symbols represent vector quantities, and regular symbols represent
scalar quantities, unless other indicated. The rst equation is a mathematical
expression of Gauss's law, where the term r ¢y represents the external electric
charge density (charge per unit volume). The second expression is Gauss's law for
magnetism. The third equation is Faraday's law of induction, and the fourth is
Ampere's law, where the term | o4 represents the external electric current density
(current per unit area) [39].
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The relations between E and D or H and B in media are called material
equations. The simplest material equations apply to weak electromagnetic elds
that change slowly in space and time. In the case of linear media response they
are:

D
B

#HE = #HE (1+ ce)

mrgH = myH (1+ cp) (2.2)

where # mare constants that characterize the electromagnetic properties of the
medium. They are called the dielectric permittivity and magnetic permeability

of the medium. Here, # = 8.854 10 12 F/m is the vacuum permittivity and
my = 4p 10 7 H/m is the vacuum permeability. In turn, #= (1+ ce) and
m= (1+ cpy), where ce and ¢, represent the electrical and magnetic suscepti-
bilities of the material, respectively. Electrical/magnetic susceptibilities, in turn,
indicate how much a material will become polarized/magnetized in an applied
electric/magnetic eld. Since only nonmagnetic media is considered, magnetic
permeability is persumed to be m= 1. Additionally, # and ny are related to each
other and to the speed of light in a vacuum as follows:

1

Generally, the values of #and mcan represent a material's nonlinear optical
response in space and time, as well as anisotropic properties, which involve
variations in parameters based on the direction of the applied eld. Furthermore,
#and mare dependent on the frequency w. In this study, materials are assumed
to be linear, isotropic, nonmagnetic, and homogeneous. As a result, #and mare
scalar quantities independent of the coordinates within a homogeneous medium
and time.

2.2 Electromagnetic waves in medium

Empirically, it is known that electromagnetic waves can traverse extensive dis-
tances at the speed of light within a medium. However, it is essential to describe
this phenomenon mathematically. Let's consider the solutions of Maxwell's equa-
tions in a medium without external sources ( rext = 0,jext = 0). The elimination of
the vector H from (2.1) results in:

1 T%E

Similarly, the vector H also satis es the same equation (2.4). For shortness
only electric eld E is considered hereafter. Now, let's assume that the eld in the
medium varies harmonically e ", then:

r e #w)

E = Eodl WO (2.5)

where Eg = Egédl. Substituting this equation into equation (2.4), gives the
Helmholtz equation:

2 w2 _
r < + #(W)?E =0 (2.6)



2.2. Electromagnetic waves in medium

Let's analyze the propagation of electromagnetic waves in a medium. Given
that the harmonic oscillations of an electromagnetic eld satisfy the wave equation,
the next focus is on an electromagnetic wave propagating along a speci ¢ axis in a
medium. Mathematically, such a plane monochromatic wave propagating along
the z-axis is described by the formula:

E=gdk W) (2.7)

where the wave number k= 2p/ | ,and| isthe wavelength. Looking for solutions
of the Helmholtz equation (2.6)in form of equation (2.7), a relationship between the
wave number k and the frequency of oscillation w emerges. It is called dispersion
relation:

2 2
2w) = #w) " = #w) P20 = sw)ke? 2.8)

where kg is wave number of the wave propagating in the free space. This equation
can be rewritten in terms of complex refractive index n(w) = nqw) + in%Qw) as:

q____
k(w) = #w)ko = n(w)ko (2.9)

The refractive index serves as a measure of the ratio between the wave number
within a medium and the wave number in free space. It also demonstrates the
extent to which a wave is slowed down in the medium relative to its speed in free
space. The wave's phase velocity is linked to the refractive index as follows:

w c _ ¢

Vp(w) = kW) P Aw)  n(w) (2.10)

It should be noted that the propagation of an electromagnetic wave in a nonmag-
netic medium with m= 1is considered. In general, the refractive index is given
by:

q__
n(w) = #w)nm(w) (2.11)

To understand how electromagnetic waves behave when they travel on the bound-
ary of two different materials, the motion equation should be solved, considering
speci ¢ boundary conditions at the interface. The next section will expand on
this and derive a solution for this special kind of electromagnetic wave. This
wave, called a surface plasmon polariton travels in a localized manner along the
boundary between metal and dielectric material.
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2.3 Surface plasmon polaritons (SPPs)

Figure 2.1: SPP propagating on the metal/dielectric interface. (a) The SPP is propa-
gating along x-axis at the boundary between metal (z<0) and dielectric (z>0) with
permiabilities # and # respectively. The charges experience longitudinal oscilla-
tions along the x axis. The SPP wavelength and wavevector are denoted by | sppand
kspp respectively. The blue and red areas correspond to the amplitudes of E, eld.
The arrows indicate the E- eld direction. The magnetic eld H is perpendicular to
the propagation direction of the propagation, signifying the transverse magnetic
(TM) nature of the SPPs. (b) The evanescent eld intensity decays exponentially
into the two half-spaces, experiencing a discontinuous jump at the interface.

The previous sections covered electromagnetic waves propagating freely in a vac-
uum or medium. Another important type of wave is the surface electromagnetic
wave, which is localized and propagates along the interface between the two
media. Such waves are known as surface plasmons. The term "plasmon” comes
from the word "plasma” which is a state of matter characterized by the presence of
a signi cant portion of charged particles in any combination of ions or electrons.
And plasmons are collective oscillations of the free electron gas density. Here the
analogy with plasma arises.

Surface plasmons are classi ed into two types: surface plasmon polaritons
and localized surface plasmons. The waves of the second type are con ned in
nanoparticles with size comparable or smaller than the wavelength of excitation
light. This study focused on SPPs, which are electromagnetic waves traveling
along the interface of two media. The schematic of such a wave is shown in Figure
2.1. Further I will use word "plasmon” to reference SPP, which is widely used
jargon in the plasmonics eld.

Consider a at interface between two media, with the lower half-space ( z< 0)
possessing a complex dielectric permittivity of #(w) and the upper half-space
(z > 0) having a real dielectric permittivity of #(w). The aim is to nd homo-
geneous solutions to Maxwell's equations localized at the interface, speci cally
propagating wave solutions that exhibit evanescent decay in the perpendicular to
the interface z-direction. These solutions can be obtained by solving equation (2.4)
for a monochromatic wave propagating in the x-direction:

E = Edx Widkez = E (7)e Tkepdt (2.12)

Introducing equation (2.12) into the Helmholtz equation results in:



2.3. Surface plasmon polaritons (SPPs)

PE(2)

5 +(ki# KppE(2z) =0 (2.13)

where ko = % = %% | o— vacuum wavelength, and kspp — light propagation

constant along the x-axis. Only TM modes (p-polarized) in both half-spaces are
considered because no surface-bound TE modes (s-polarized) exist. TE solutions
do not satisfy boundary conditions.

Because of continuity of wavevector projection on a media interface: kZ + k2 =
#<?. Taking into account constitutive relations (2.2)for nonmagnetic media (m= 1)
and boundary conditions, namely the conservation of D,,E{,Bn,H leads to
following expression:

thko :q Hhk,
ki = g e A kgpp #lko (2.14)
k2 = kgpp #'Zko

where k; and ky are normal to interface k; wavevector components in both media
and kspp = kg is also known as a beta-factor . From the system of equations
above the most important result can be derived —SPP dispersion relation:

(2.15)

The SPP dispersion relation given in equation (2.15)is displayed in Figure2.2 (a) for
the interface between a lossless metal and air. SPP excitations, owing to their bound
nature, correspond to the portion of the dispersion curves situated to the right of
the light line of air. Radiation into the metal occurs in the transparency regime w >
wp (bulk plasmons). A frequency gap region with a purely imaginary  Kspp exists
between the bound and radiative modes, which inhibits propagation. Here anideal
conductor with Im[#] = 0was considered. However, real metals experience both
free electrons and interband damping. Consequently, # (w) becomes complex,
similar to the SPP propagation constant Kspp.
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Figure 2.2: The plasmon dispersion. The general dependance (a): The frequency
of the SPP on the vacuum-metal interface is limited by wsp for large ky. The bulk
plasmon solutions begins at plasma frequency wy. (b) Calculated dispersion curve
of the SPP on the air-Ag interface. The orange curve corresponds to the lossless case
Im[#] = 0. Ag optical properties were taken from [40]

Figure 2.2 (b) shows the dispersion relation of the SPPs propagating at a
silver/air interface using the dielectric function #,(w) of silver derived from Mc-
Peak's data (green) [40]. Compared with the completely undamped SPP dispersion
relation (orange), it is clear that bound SPPs approach a maximum nite wavevec-
tor value at the surface plasmon frequency wsp. This constraint sets a lower bound
on the surface plasmon wavelength | spp. Furthermore, the quasi-bound, leaky
portion of the dispersion relation between wspand wy is now permissible, unlike
the case of a lossless conductor withIm[kspp] = 0.

Now it is important to explore the requirements for the interface mode to exist.
For simplicity, it is assumed that the imaginary part of the complex dielectric
function #w) is small compared with its real part and can be neglected. For waves
to propagate along the interface, SPP wavevectorkspp, must be real. Examining
equation (2.14)results in requirement for # # and # + # to have the same
sign. To obtain a "bound" solution, the normal component of the wavevector
k; must be purely imaginary in both media, which gives rise to exponentially
decaying solutions. This can only be achieved if the sum in the denominator of
equation (2.15)is negative. Hence, the conditions for an interface mode to exist
can be summarized as follows:

(

#(w) #H(w) < 0 .16

#(w) + #H(w) < 0
This implies that the dielectric permittivity of one medium should be simulta-

neously negative and have smaller absolute value. Metals, especially noble metals
such as gold and silver, satisfy these conditions in the optical spectral region
because they have a complex dielectric permittivity with a small imaginary part
and a large negative real part in absolute value. Hence, con ned electromagnetic
waves can exist at the interface between a noble metal and dielectric material.
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2.4 Properties of SPP

Figure 2.3: The SPP propagation length Lspp.

As discussed above SPP exists on the interface of the metal and dielectric. The
dielectric permittivity #have a positive real part and small imaginary part. The
metal permittivity has a large negative real part and small imaginary part. Fox
example the silver permittivity at wavelength 633~nmis # = 18.64+ 0.44~ [40].

SPPs have a shorter wavelengthl spp than light in vacuum at the same fre-
guency (photons). Hence, SPPs can have a higher momentum and local eld
intensity.

.

(2.17)

Under approximation of lossless dielectric with real #, and metal with jRe(#)]
jIm(#)] the approximate formula can be used:

s
Re(#h) + #
I I — = 2.18
PO Re)# (2:18)
SPP will propagate along the interface until its energy is lost due to absorption
in the metal. The SPP propagation length Lspp, illustrated in a Fiugure 2.3, is
de ned as a distance of etimes wave intensity decay. Typical Lsppfor most used
palsmonic metals is presented in Table 2.1.

1
Lspp 2Im(Kepy) (2.19)
The propagation length is highly dependent on the quality of the metallic

surface and its roughness. Any surface irregularities scatter the eld and increase
ohmic losses as the plasmon propagates, consequently reducing the SPP propa-
gation length. Plasmons can travel larger distances on monocrystalline metal, as
expected. However, well-executed thermal evaporation can achieve propagation
lengths approaching those of monocrystalline metal [41,42].
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Metal Wavelength Regime
Visible (650 nm) | Near-Infrared (1000 nm) | Telecom (1550 nm)
Ag 84 340 1200
Cu 24 190 820
Au 20 190 730

Table 2.1: Propagation length (Lspp) in micrometers for commonly used plasmonic
metals at the air-metal interface within standard spectral regions. Metal Ims were
prepared via thermal evaporation under optimized conditions. Data is adapted
from McPeak [40].

The other important characteristic is the effective mode index Ng¢Which is a
the factor by which the SPP wavelength | sppis reduced relative to light:

s
o Reksp) - Re(#)i
op Ko Re(#) + %

For instance, SPP excited by light with a wavelength | ¢ = 670nm on the Ag/air
interface with Ng¢f = 1.06 corresponds to an SPP wavelengthl spp = 632nm.
Conversely, for the Ag/glass interface with  Ng¢f = 1.44(n(glass)=1.44) the SPP
wavelength is | spp= 465 nm [31].

The SPP eld is con ned on the interface, mostly in the dielectric. The normal
to interface eld component is predominant and larger in dielectric than in metal.
For example, for Air-Silver interface the E(air)/ E;(Ag) 18 This ratio can be
calculated as:

Neff = (2.20)

Bo_t (2.21)

Ez,l #2

The longitudinal electric eld component Ey of the SPP wave relates to the
normal component E; as follows:

> 1 Ex2= Ex1 (2.22)
Or as easy to remember rule it can be rewritten as:
E.(dielectrig > Ex(dielectrig = Ex(metal) > E;(metal) (2.23)

The SPP penetration depth, or skin-depth, which is characteristic length of evanes-
cent eld decay along z-axis:

S

1 1 Rd#w+# (2.24)

kz12 ko  Re# )2

Considering a wavelength of 633 nm and the dielectric functions of silver
(#y = 18.64+ 0.44) [40] and vacuum # = 1, the 1/ epenetration depths z; and z,
can be determined. Neglecting the small imaginary parts resultsin z; = 24nm and
z, = 447nm. Consequently, SPPs con ned to the interface exhibit subwavelength-
scale con nement.

Z12=
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The behavior of SPP waves is characterized by coupling between free electron
density oscillations in the metal and electromagnetic elds. Considering the energy
aspects, a plasmonic wave is formed owing to the oscillatory exchange of energy
between the kinetic energy of the electrons and the electromagnetic eld [43].
On the other hand, for freely propagating light, oscillatory energy exchange
takes place exclusively between the electric and magnetic elds, resulting in the
con nement of such a mode being diffraction-limited to dimensions of | o/ 2n,
where n is dielectric refractive index. Consequently, although plasmonic modes
can achieve con nement below the diffraction limit, this con nement inherently
results in ohmic losses linked to free-electron density oscillations.

2.5 Exitation of SPP

The inability of light to directly excite plasmons is due to the discrepancy between
the wavevectors of SPP and a freely propagating wave in a dielectric (kspp> k).
Therefore, a wavevector matching mechanism is essential to convert the energy of
a free electromagnetic wave into a plasmon.

Several methods have been developed in the eld of nanophotonics to achieve
wavevector matching. Otto and Kretschmann schemes involve exciting SPPs
through an evanescent electromagnetic eld, which occurs during the total internal
re ection of a light beam at a surface in an optically dense medium. However,
the use of bulky prisms in these schemes limits their application in experiments
involving nanoscale on-chip photonic devices.

An alternative approach is to excite plasmons using an electron beam traveling
along a metal surface in close proximity to it. This method allows for more
localized excitation but is too complex for practical applications.

Another widely used and convenient method is to create a phase-matching
grating, which is a diffraction grating on a metal surface. Because of diffraction,
the use of such grating may satisfy the phase-matching condition

kspp= kx nG (2.25)

where n is the diffraction order, G = 2p/ L is the reciprocal vector of the grating,
and L is the grating period. Such grating is reciprocal and can be used both for
SPP excitation and outcoupling.

The condition (2.25)was a basis for design of the bullseye outcoupling grating
single-photon source the presented further in Appendix A.

SPPs can also be excited by illuminating a scatterer such as tip of the atomic
force microscope (AFM) in close proximity to the metal surface. This technique
takes advantage of the scattered light's Ez component, which couples into the
plasmon at the resonant wavelength of the exciting radiation. This principle is
commonly used in n ear- eld scanning optical microscopy measurements of SPPs.

Finally, employing a nanoscale emitter placed on the metal surface, with its
dipole moment oriented normal to the interface, allows for effective coupling of
the emitted light's E, component with the plasmon's E, component. This method
was successfully implemented in our study, demonstrating its utility for plasmon
excitation.
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2.6  On the history of the SPP discovery

The phenomenon of surface plasmon resonance has always been observed in
nature, and it is responsible for the bright coloration of butter y wings and rooster
feathers, for example. Nanostructures have also been found in the transparent
coating on the retina of some insects' eyes. The unusual coloration of gemstones,
such as opals, arises because these stones are natural photonic crystals.

The practical application of plasmonic effects began long before their scienti ¢
discovery. The charming stained glass windows of Notre-Dame Cathedral owe
their beauty to the phenomenon of surface plasmon resonance, as they change
color depending on whether they are viewed in transmitted or re ected light.

Another striking example of the use of surface plasmon resonance in antiquity
Is the famous Lycurgus Cup, believed to be of Alexandrian origin from the 4th
century CE. The cup is made of glass that appears the color of ripe grapes when
observed in daylight. However, when viewed in re ected light, such as from
a camera ash, the cup changes color to green, like grape leaves. This mystery
remained unsolved until the 21st century when scientists determined that the cup's
glass is a composite material containing nanopatrticles of colloidal gold and silver.
The metallic particles absorb part of the visible spectrum due to the excitation of
localized plasmon resonance, causing the glass to change color. It turns out that
ancient craftsmen found a practical application for this rather non-trivial physical
phenomenon, unwittingly puzzling researchers for centuries to come. One can
only admire their skill and intuition.

In science, the rst observation of the surface plasmon resonance phenomenon
dates back to 1902 when Robert Wood [44] reported an "uneven distribution
of light in the spectrum of a diffraction grating”, observing unusual dark and
bright bands in light re ected from the metallic substrate of a diffraction grating.
Although he suggested the possibility of interaction between the incident light
and the grating-metal system, he did not provide a clear and obvious reason for
the observed phenomenon.

The rst theoretical description of these anomalies was provided by Lord
Rayleigh [45] in 1907 when he published a work on the dynamic theory of grat-
ings. He hypothesized that scattered electromagnetic radiation could only be
described by outgoing waves and predicted singularities in the scattered eld at
several wavelengths. He predicted that these wavelengths (named after him as
Rayleigh wavelengths) resembled Wood's anomalies and occurred only when the
electric eld was polarized perpendicular to the grating lines. He named them
s-anomalies. His theory did not predict singularities for p-polarization. However,
Wood reported the existence of p-anomalies in his subsequent observations, which
were later con rmed by Palmer [46, 47], who detected the presence of p-anomalies
in deep-etched gratings.

Around the same time, in 1907, Zenneck theoretically formulated a special
solution to Maxwell's equation for surface waves and demonstrated that surface
electromagnetic waves in the radiofrequency spectrum arise at the interface be-
tween two media when one medium is either a lossy dielectric or metal, and the
other is lossless [48]. In 1909, Sommerfeld postulated that the eld amplitudes
of surface waves, as postulated by Zenneck, vary inversely proportional to the
square of the distance from the dipole source [49]. In 1941, Fano theoretically
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proved that the anomalies registered by Wood [44] in diffraction grating spectra
were observed due to the excitation of surface waves at the interface between
media [50]. Ritchie, in 1957, rst coined the term "surface plasmon," explaining the
characteristic energy losses experienced by fast electrons when passing through
thin metal Ims, and theoretically demonstrated that surface plasmons could be
excited on the surface of a thin metal Im [51]. In 1959, Turbadar's work reported
that under certain conditions, illuminating thin metal Ims on a substrate resulted

in a signi cant reduction in their re ectivity, although this observation was not
related to the excitation of surface plasmons [52]. In 1960, Powell and Swan
observed the excitation of surface plasmons on a metallic surface [53].
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Chapter 3

Dipole emission

The process of photon emission in QEs involves interband transition, which has
dipolar radiation properties. Depending on the nature of the QE, the dipole
orientation can either be xed in space, as in the case of diamond vacancies,
or aligned with the orientation of the polarization of the excitation laser eld
(quantum dots, inhomogeneities in 2D materials).

The primary goal of this chapter is to elucidate how the energy emitted by the
dipole can be converted into a collimated beam of photons in the far eld. The
discussion begins by examining the dipole emission in free space. It is followed
by an exploration of properties of the dipole near a metal surface and coupling of
radiation to the SPP mode. Finally, the chapter concludes with a description of
SPP outcoupling grating for generation of collimated far- eld beam from SPPs .

3.1 Radiation of a dipole in free space

An electric dipole is a fundamental system composed of two separated charges
of opposite sign. It can be mathematically described by a dipole moment, which
incorporates both the charge and direction of the dipole: p = g d, where d is
separation between charges. When a charge is accelerated, it emits an electromag-
netic eld, and one of the simplest systems that radiates is an electric dipole with

a time-varying dipole moment: p = p(t). The eld generated by dipole has two
main components: near- eld decaying as (r 3), and far- eld decaying as (r 1), as
can be seen in equation (3.1) (in Sl utins) [54].

( . L)
1, dkr 1 ik
E = pr k’(n p) n - + 3n(n p) p 3 2 e (3.1)

where n is unit vector in the chosen direction of x, kis a wave number. The
near eld (static) zoneisdenedas d r | andfar eld (radiation) zone as
d | r. The near- eld component mostly represent the static electric eld of a
point dipole, and can be neglected in the far- eld region, where emission can be
considered as a plane wave.
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Figure 3.1: Thorus-shaped radiation of a point dipole in free space hSi(q,r)

Considering a harmonically oscillating dipole moment in a vacuum as p =
posin(wt) in the far- eld region, the mean electromagnetic energy ux takes a
form:

tSi = w4pZ  sin’q
32p 23 12

(3.2)

for the dipole centered at the origin of the polar coordinate system. The radiated
energy is highly dependent on frequency ( w*#) The radiation intensity is zero along
the dipole moment, while it reaches maximum in the perpendicular direction to
the p. Full radiation pro le is illustrated in Figure 3.1.

3.2 Radiation of a dipole in proximity to metal inter-
face

This section brie y presents the main results of the theory of emission of a dipole
placed in proximity to the metal surface developed by Ford and Weber [55] . The
points of interest are the dipole emission rate, angular distribution, and coupling
ef ciency to the SPP mode. A special focus is given to the normal to surface dipole
on a metal, as shown in Figure 3.2(b), as a fundamental system implemented in
both experimental works presented in Appendices A, B.
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Figure 3.2: (a) Typical angular distribution of emission of dipole on metal surface.
The pattern is numerically modelled for a dipole 50 nm separated from the Ag/air
interface emitting at 670 nm. (b) The scheme of considered system.

The typical angular distribution of the emission of normal to surface dipole is
presented in Figure 3.2(a). Itis important to note that approximately 20% of power
dissipated by dipole can be direcly collected with 0.9 NA objective (64 collection
angle). This value serves as a reference number for optimization of antennas for
collimation of the dipole emission. Practical goal is to design an antenna or grating
that enhances the collection effciency (CE) to 50% level (NA=0.9). CE is de ned as
the ratio of the power collected by the objective in the far- eld to the total power
generated by a dipole in the presence of the nanostructure.

Optimization of dipole position and orientation

First of all, the total power P of a dipole in proximity to the metal in the visible
spectral range dissipates into three main radiation channels (equation (3.3)): the
power emitted as photons, SPP waves, and lossy surface waves (LSW), which are
explained further.

P = Pphotont Psppt+ PLsw (3.3)

Secondly, by the separation between dipole and metal their interaction can be
divided into three main regimes. The boundaries between the regimes depend on
the wavelength of the emission. Here | ¢ = 670nm is considered. It is illustrative,
because it corresponds to a wavelength of the NV center emission peak, used in
presented experiments.

The rstregime is "far eld". At distances larger than the emission wavelength
(I & 700 nm), photonic radiation dominates. The metal acts as a mirror. The
distance to the mirror de nes the phase shift between the direct and re ected
waves that interfere with each other. This interference de nes the enhancement or
suppression of the eld at the dipole coordinate, and therefore, the dipole emission
rate. Because of this interference, the emission rate oscillates depending on the
distance from the metal. The far- eld radiation pattern is also de ned by the
interference of direct and re ected waves. This case was theoretically investigated
and experimentally veri ed by Drexange in 1970 [56].

The second regime is "SPP”. When the distance to the metal lies within 10-
400 nm, which is greater than the atomic dimensions but smaller than the wave-
length, the dipole exhibits a strong coupling to the propagating SPPs. This process
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Figure 3.3: Analytical model of dipole emission above an in nite silver Im

at a wavelength of 670 nm with vertical (normal to surface, blue) or horizontal
(parallel to surface, red) dipole orientation. Johnson-Christy data was used for
calulations [57]. (a) Power dissipated by the dipole relative to the vacuum. Normal-
to-surface dipole shows 3-fold emission enhancement if located in close proximity
(around 50 nm) to the silver Im. (b) Comparative decay rates into photons (dash-
dot), surface plasmon polaritons (solid), and LSW (quenching, dashed). Normal ot
surface dipole shows ef cient coupling to SPPs. The model is reconstructed based
on the analytical framework outlined in reference [55]. Figures (a,b) are obtained
from a paper [16].

was observed in experiments employing prism or grating couplers to visualize
SPPs. This regime is the most interesting in the scope of the present work be-
cause SPP waves can be utilized to obtain collimated light beam in far- eld with
prede ned direction and polarization properties, as will be shown later.

The third regime is "LSW". At extremely small distances (10 A), nonradiative
processes are determined by the intrinsic loss mechanisms of the metal, such as
interband absorption, electron scattering losses, and electron-hole excitations. The
predominant mechanism in a speci ¢ experiment depends on the properties of the
metal at the emission frequency.

The choice of the required regime depends on the aim of the experiment.
One aim of my study is to design a metasurface for the conversion of a major
part of the dipole power into far- eld emission. In the experiments presented
in appendicies A,B it is achieved through the mediation of SPPs and control of
the direction and polarization of the far- eld emission using plasmonic antennas,
which scatter SPPs into free-space light waves. The scattered waves interfere,
providing the desired intensity and polarization distribution in the far eld. The
ef ciency of the plasmonic antenna is limited by the ef ciency of the conversion
of the power radiated by dipole P into Pspp. Therefore, to maximize antenna
ef ciency, the dipole orientation and separation from the metal surface should be
optimized to maximize Pspp.

Orientation-wise, the dipole oriented normal to the surface has an order of
magnitude better coupling to the SPP mode, disregarding the separation from
the metal, as can be seen in Figure 3.3(b). This is understandable because the
predominant E; component of the plasmon is parallel to the dipole orientation in
this case. The use of an dipole parallel to the surface is not suitable for coupling to
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SPPs and, therefore, is not considered further.

To avoid quenching of the emission through the LSW, the dipole should be
separated by at least 10 nm from the silver surface. The optimal operating distance
is 50 nm , where the rate of SPP generation is maximal. In experiments, the
separation of the QE from the metal can be increased by covering the metal with a
dielectric layer. When nanodiamonds are used as QES, emitting vacancies can be
found in any point of the nanodiamond volume. Therefore, the implementation
of a 10-20 nm dielectric spacer and using nanodiamonds <100 nm in diameter
provides optimal conditions for SPP generation.

Another important aspect is the in uence of metal proximity on the dipole
decay rate. Decay rate enhancement is introduced as the ratiog/ gg of the decay
rates in the system and in vacuum, which is independent of the dipole moment.
Because the spontaneous decay rate is evaluated ag = P/ hw , with P being the
power emitted by dipole, the decay rate enhancement relative to vacuum can be
found as

P
% = & (3.4)

In simple systems P/ Py can be obtained analytically, but more complex systems
require calculation by nite element modelling.

For the dipole normlal to the surface 10-100 nm from the metal surface 3-fold
decay rate enhancement is observed, while the decay rate of the parallel dipole is
suppressed [Fig. 3.3(a)].

Optimization based on the analytical model presented by Ford and Weber [55]
results in following conclusions: a z-oriented dipole placed 50 nm above the metal
Im should be used for ef cient SPP generation for a 670 nm emission wavelength
and silver as a metal.

3.3 Utilizing SPPs for generation of collimated light
beam in far eld

The previous section demonstrated that a dipole positioned on a metal surface
can function as an effective SPP source. The developed framework allows the
optimization of the ef ciency of dipole coupling to SPP waves for the desired
wavelength.
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Figure 3.4: SPP outcoupling on the dielectric grating. Not to scale.

The next objective is to harness the energy of the SPPs to generate a collimated
beam in the far eld. A straightforward approach is to implement a periodic
outcoupling grating. The grating can be realized as a number of dielectric or
metallic periodic ridges placed on top of metal. The SPPs propagating along
the interface scatter on the grating ridges. The scattered eld interferes, and
depending on the grating parameters, constructive interference along a speci c
direction results in a collimated light beam in the far- eld. The mechanism for
the case of a dielectric grating is considered further and illustrated in Figure 3.4.
Although the dipole generates an axisymmetric SPP wave, a planar SPP wave is
considered here for clarity. The angle of the outcoming emission g with respect to
the surface normal is de ned by the phase-matching condition:

kosin(q) = kspp NG (3.5)

where, Kspp = koNetf - SPP propagation constant,kg = 2p/ | o the wave vector of
free propagating wave. G = 2p/ L, where L denotes the grating period. | ¢ is
the wavelength of the scattered light in a vacuum, | sppis the wavelength of the
propagating SPP, and N is the grating order. The effective refractive index of the

dielectric grating can be calculated as

Neff=(1 c)Ngss(air) + cNess(dielectrig (3.6)

where ¢ = W/ L is the grating duty cycle and W is the ridge width.

The main factor limiting the ef ciency of the grating is the ohmic losses in
the metal during SPP propagation. The use of a high-refractive-index dielectric
grating increases its ef ciency by enhanced scattering in each grating ridge, thus
leading to shorter required SPP propagation length. Therefore ohmic losses have
less impact.

The ef ciency of outcoupling also depends on the amplitude of the local SPP
eld on the ridges. The eld can be intensi ed by matching the resonances of
the multiple scattering of the SPP induced by the periodic nature of the dielectric
ridges. High-order Bragg resonances in multiple scattering are described by the
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following equation:
L = nl spy/2, withn = 2,3,4,... (3.7)

Matching the Bragg resonance condition increases the ef ciency of the outcoupling
antenna. The enhanced local eld on the ridges intensi es scattering and positively
contributes to the CE. SPP needs to travel fewer grating periods to be completely
scattered upward. Therefore, the ohmic losses have a smaller effect. The case of
n = 1, or rst-order Bragg resonance, is not considered because it corresponds
to SPP wave back-re ection from the periodic ridges when far- eld radiation is
suppressed.

Even if the Bragg resonance condition (3.7)is ful lled, the scattering ef ciency
can be mitigated because of the absorption of SPP energy in the metal under the
ridges in the case of resonant back-forth multiple re ections of the SPP wave inside
the ridge. So, utilizing gratings with ridge width resonant to the SPP wavelength
should be avoided.

The nal note is about collimation ef ciency. The divergence of the beam de-
pends on the overall size of the antenna as on effective beam waist. The larger the
beam , the smaller the divergence and the better the collimation. The grating size is
related to by the SPP propagation length, Lspp. Targeting for longer wavelengths
improves beam collimation.

Until now, grating interaction with a planar SPP wave has been considered.
However, the dipole placed on a metal produces a cylindrically divergent SPP;
therefore, the system becomes axisymmetric. In this case, outcoupling grating is
converted to a bullseye shaped structure of concentric circular ridges. Outcoupled
beam will become radially polarized and doughnut shaped.

The extended theoretical and experimental veri cation of a cylindrically sym-
metric bullseye antenna that produces a collimated radially polarized beam is
given in Appendix A.
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Principles of scattering holography

In the previous section, the implementation of SPPs for the generation of far-
eld collimated beams was discussed. This chapter is devoted to a theoretical
investigation of the holographic method of designing metasurfaces for producing
far- eld beams of prede ned directions and polarizations.

Holography is an approach used for recording and reconstructing arbitrary
wavefronts. The hologram is the interference pattern between the reference and
signal waves recorded in physical media. When illuminated with a reference
wave, the hologram precisely reproduces the signal wave phase and amplitude
distribution. The interference pattern can be also calculated. This is known as a
computer-generated hologram.

Here starts the description of analytical model used for calculation of hologram
patterns for metasurfaces designed for generation of multiple light beams in far
eld. The experimental results are presented in brief in section 6.2 and in detail in
Appendix B.

The concept is presented in a step-by-step manner from the simplest case of
interference of scalar elds of reference and signal waves. Then, the consideration
of vectorial elds is presented, taking wave polarization into account. Next, the
light reference wave is replaced by an SPP wave. Finally, a cylindrically divergent
SPP is implemented as a reference wave.

4.1 Scalar elds

Let's start the discussion by exploring the concept of scalar scattering holography,
wherein all elds involved are scalar:

E = Elexp[ ik, r] (4.1)
Es= Elexp[ iks r] (4.2)

The interference of the reference wave (E;) and signal wave (Es) at xy-plane (z=0,
Figure 4.1(a)) results in following intensity distribution:

I(x,y) = E+Es’= Eexp( ike r)+ Eexp[ iks r]°=
= 1P+ 12+ EPE2 exp[ i(kr ks) r]+ EP Edexp[ i(ks ki) r] (4.3)

23
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Figure 4.1: Concept of vectorial scattering holography. Calculation of the inter-

ference pattern intensity generated by a signal wave Egand a reference wave E; in
the hologram xy-plane (a), and reconstruction of the signal wave by scattering the
reference wave on nanoparticle array distributed matching the interference pattern

maxima (b).

where EJ and E? denote the complex electric eld amplitudes, while ks and k;
represent the wavevector projections on the hologram's xy-plane for the signal
and reference waves respectively. All quantities in the equation 4.3 are functions
of coordinates (X,y). The radius vector is indicated as r .

The hologram can be composed of isotropic, non-interacting dipolar nano-
scatterers, for example spherical nanoparticles. The volumes of these nanopar-
ticles, and hence their scalar polarizabilities, are proportional to the intensity of
the interference pattern: Vsd(X,y)  1(X,y). Size of scatters is expected to be much
smaller than wavelength, therefore the [(x,y) pattern can be reproduced with
density of scatterers.

When such a hologram of distributed nanoparticles is illuminated with the
reference wave, the scattered eld in the immediate vicinity of nanoparticles is:

Ese | E =12+ 19)E exp( ik, r)+ EPEQ Elexp[ i(2k, ks) rl+
+jE?j2E2exp[ iks r] (4.4)

The resulting eld is typical for holographic method: the eld scattered by a
hologram is composed of three parts, as illustrated in Figure 4.1(b). First term is
an addition to the incident reference wave. Second term is the phase-conjugated
signal wave. Third term is the reconstructed signal wave. These terms can also
be described as 1,0, 1diffraction orders. For an accurate reconstruction of the
signal wave, two conditions are necessary: the nanoparticles must be isotropic and
noninteracting , and the reference wave should closely resemble a homogenous
plane wave, which is a standard requirement in holography.
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4.2 \ectorial elds

When we extend the discussion to vectorial reference and signal elds, the situa-
tion becomes more complex. The analogue of Equation 4.4 now includes scalar
products:

Ese | Er =(19+1E%exp( ik r)+(E? E2)E exp[ i(2k, ks) r]+
+(EY EJEexp[ iks r] (4.5)

As we are interested mostly in the term of the reconstructed signal wave, we can
simplify equation to :

Esc +(E EQEPexp[ iks r] (4.6)

Here , the propagation direction of the reconstructed signal term is preserved,
but wave polarization in the near eld is changed to the polarization of the
reference wave. Thus, we can expect accurate reconstruction of the signal wave
only under special conditions. When both signal and reference waves are TE-
polarized (perpendicular to the plane of incidence) and propagate within the
paraxial approximation (near to normal incidence). In this case, Equation 4.5 can
be simpli ed to scalar form (Equation 4.4).

However, Es and E; polarizations are different, in general case. If elds are
orthogonal to each other (EY E?) = 0in certain areas of the interference plane,
this could eliminate the corresponding interference term resulting in a loss of
phase information. This is an important problem limiting the implementation
of this method. Another aspect is that the reconstructed signal wave 4.6 may
not necessarily have the same polarization as the reference wave, due to far- eld
interference effects.

4.3 SPP as areference wave

The vectorial scattering holography approach can be extended to the case of a
surface plasmon polariton (SPP), traveling along the surface plane (see Figure 4.2)
as a reference wave. The general formula for reconstruction of the signal wave
(Equation 4.5 can be applied here. The only necessary change is to substitute
the wavevector projection on the xy plane of the reference eld k, with the SPP
wavevectorkspp. However, the localized nature of the SPP wave introduces set of
corrections to the method.

Firstly, because the SPP is an evanescent wave and doesn't propagate away
from the hologram xy plane, the phase-conjugated term of E s¢ will also charac-
terize evanescent waves because the associated wavevector magnitude is higher
than wavenumber kg of a free propagating wave:

As as result the only reconstructed propagating wave is the signal wave, as illus-
trated in Figure 4.2(b).
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Figure 4.2: Concept of vectorial scattering holography with SPP as a reference
wave. Calculation of the interference pattern intensity generated by a signal wave Eg
and SPP reference waveEgppin the hologram xy-plane (a), and reconstruction of the

signal wave by scattering the reference SPP wave on nanopatrticle array distributed
matching the interference pattern maxima (b).

Secondly, an accurate reconstruction of a signal wave requires an assumption
of similar polarization of both signal and reference waves have the same polar-
ization. Also an the SPP's attenuation due to absorption and depletion owing
to its scattering by hologram nanoparticles should be taken into account and
compensated.

To implement these assumptions we need to correct the analytical model. To
account for the SPP attenuation, we consider the SPP propagating along thex axis,
as illustrated in Figure 4.2(a). The SPP eld is:

Espp = Edppexp( ax) exp(  iksppX) (4.8)

where a = %Spp and Lsppis the SPP propagation length. The SPP wavenumber

kspp = 32 Nspp Where Ngppis SPP effective mode index. Considering this eld
as a reference wave, the reconstructed signal wave term (similar to eq. 4.6) will
become:

Esc | Espp= +(Edp EJEpexp( 2ax)exp[ iks r] (4.9)

Here, the exponentially decaying term appears, making the wave reconstruc-
tion impossible. This problem can be avoided if compensate the exponentially
decaying term with arti cially growing SPP eld:

Espp = Edppexp(ax) exp(  iksppx) (4.10)
The signal wave reconstructed with the real exponentially decaying along
propagation axis SPP wave will become:

Esc | Espp= +(EQp, EEpexpl iks r] (4.11)



4.4. Cylindrically diverging SPP as a reference wave

27

In comparison with previous case, Equation 4.9, the reconstructed wave is not
decaying, and near- eld signal wave amplitude is restored. It is important to
note that areas of orthogonal elds polarizations (Egpp EQ) = 0Oare not recon-
structed, as discussed previously. The SPP depletion because of eld scattering
on the nanoparticles can be compensated by insertion of additional term agcatinto
attenuation coefcient a = a+ agcat

The big advantage of the method is reconstruction of only clean signal wave
without parasitic, in this case, conjugated and reference waves contributions. The
images reconstructed with the SPP reference wave excited using grating [58]
or prism [59, 60] were experimentally demonstrated. Even full color (multi-
wavelength) image was obtained [61] using SPP hologram.

4.4 Cylindrically diverging SPP as a reference wave

Figure 4.3: Concept of vectorial scattering holography with cylindically diverging
SPP generated by quantum emitter (QE). Calculation of the interference pattern
intensity generated by a signal wave Esand SPP reference waveEsp,in the hologram
xy-plane (a), and reconstruction of the signal wave by scattering the reference SPP
wave on nanoparticle array distributed matching the interference pattern maxima

(b).
Finally, we discuss the case of cylindrically diverging SPP, generated by coupling

the QE to plasmonic mode, which was implemented in Appendix B In this case
SPP eld equation 4.8 should me modi ed by taking into account the radial SPP

divergence term:
1 0 .
Espp = p—F Esppexp( ar) exp( ikspy') (4.12)

Here the in plane component of the E‘S)pp is radially oriented:

Edop(x.y)  (cogj),sin(j)) (4.13)
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where j is an angle between axisx and the SPP propagation direction kspp.
However, as discussed in previous section, the SPP exponential decay limits the
spatial domain of Espp and Es elds interference to the tiny area around QE,
making reconstrucion impossible. Using analogy with the previous section, we
can make use of arti cially increasing SPP eld to compensate for the decay:

. 1 _
Espp = p—FEgppexp(ar) exp( ikspg) (4.14)

This trick again allows the reconstruction of the signal wave amplitude and phase
in the near— eld domain.

This approach was used to calculate the metasurface pattern in the case of a
radially divergent SPP wave. First, the xy-plane eld components are calculated
for the desired signal beam. Second, the interference pattern is calculated as de-
scribed above. Finally, the obtained interference distribution 1(x,y) is discretized
into an array of scatterers, which constitute the dielectric metasurface.

There are several strategies for advancing the development of metasurface-
enabled single-photon sources. One possible approach is to utilize a crystalline
metal substrate, which could substantially mitigate ohmic losses. Another po-
tential improvement involves employing inverse design methods to ne-tune
the structure, thereby enhancing ef ciency. Lastly, constructing the metasurface
from anisotropic scatterers could yield a superior level of control and clarity over
polarization.
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Chapter 5

Experimental setup and techniques

This chapter provides an overview of the experimental setup and techniques of
plasmonic metasurfaces fabrication and characterization of the emission properties
of quantum emitters. Improvements in the setup can be tracked in individual
publications. Figures 5.1, 5.2 present the setup in its current state.

5.1 Setup description

A schematic of the experimental setup is shown in Fig. 5.1. Alinearly polarized
532 nm continuous wave (CW) or pulsed laser beam is passed through the single-
mode polarization-maintaining ber to purify the beam mode. Being outcoupled,

a pure linearly polarized Gaussian beam is converted to a radially polarized beam
by an ARCoptix RPC Radial Polarization Converter. The Olympus MPLFLN x100
objective with numerical aperture NA=0.9 focused the radially polarized laser
beam on the surface of the sample. Quantum emitters are excited by a strong
normal to the surface- eld component in the focal spot. Fluorescence scans were
performed by synchronous movement of the piezo-stage with a mounted sample
and measuring the counts of the collected uorescence emission on the avalance
photodiode (APD). PicoQuant -SPAD APDs were used in experiment. Laser light
was Itered by a set of Semrock FF535-SDi01/FF552-Di02 dichroic mirrors and a
pair of Thorlabs FELH0550 550 nm long-pass lters in each detection branch. Fluo-
rescence spectra were measured using an Andor Ultra 888 USB3-BV spectrometer
operating at 550—-850nm. Fluorescence decay rate measurements were carried out
using the time-correlated single photon counting technique with a PicoHarp 300
time-correlated single photon counting (TCSPC) module correlating signals from
both the picoQuant LDH-P-FA-530L pulsed excitation laser and the APD. The
autocorrelation function was measured with a Swabian TimeTagger 20 correlator
from two similar APDs with CW excitation of the ND. Back focal plane (BFP)
images were obtained using a Hamamatsu Orca LT+ CCD camera. A Thorlabs
GTH10M Glan-Thompson polarizer was inserted in the optical path to measure
the emission polarization properties. Spectrally Itered images were obtained
with a 605 8 nm bandpass lIter for GeV NDs, 740 16 nm lter for SiV NDs,
and 680 5 nm lters for NV NDs. Scanning electron microscope (SEM) images
were obtained using a 30-kV JEOL-6490 electron microscope. AFM imaging was
performed using a NT-MDT NTEGRA atomic force microscope. All experiments
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Figure 5.1: Schematic of experimental setup, which is uorescence microscope
with imaging and correlation measurement arms. Green and violet beams depict
the excitation and uorescence collection paths. CCD — camera. APD — Avalanche
photodiode. TCSPC — Time-Correlated Single Photon Counting board. LPF —
550 nm long pass lter. (b) Generation of the normal-to-surface eld component E,
in the objective focal spot. jEj? distribution calculated in the x-y objective focal plane
for an objective with NA=1.4 and refractive index n=1.518. (c-e) Field components
jEj?, jErj?, and jEyj? at the focal point. (f) Pro le of the radially polarized excitation
beam. lllustrations (b-e) adapted from an external source [62].

were done under standard conditions.

Thus, the overall setup is a uorescence microscope enhanced with an extra
APD for emission correlation analysis in the Hanbury-Brown Twiss con guration.
Photographs of the operational setup are shown in Figure 5.2. It accommodates
all measurement techniques employed in our research.

During the experiments, the setup underwent a major improvement with the
implementation of excitation laser beam spatial mode ltration. Laser lItration
was achieved by coupling the free-space laser to a single-mode ber, resulting in
a clean Gaussian-mode output. In addition, the laser beam size was adjusted to
match the objective entrance pupil, enabling the diffraction-limited spot in the
focus. These enhancements led to a signi cant increase in the Z-oriented eld
component E; in the focal spot, simplifying the search for nanodiamonds with the
required Z-oriented dipole moment.

The eld pro les generated in the focal plane of the radially polarized beam are
shown in Figure 5.1(b-e). A radially polarized beam was used to generate a strong
E; eld component in the focal spot. The intensity and polarization pro les of this
beam are shown in Figure 5.1(f). Utilization of thr radially polarized beam allows
to achieve predominance of the E; component in the focal spot. For example, for
an NA=1.4 objective, jE;j?/ jE;j2 = 3[62]. This value is calculated analytically. In
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