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Summary

This PhD thesis presents an experimental investigation of plasmonic nano antennas for improving the
spontaneous emission properties of quantum emitters coupled to an antenna. The experimental results
are significant for the generation of non-classical light, as appropriately designed antennas may signifi-
cantly improve the generation of single photons from individual quantum emitters, in terms of among
others photon rate, polarization and directionality. Experimental studies consider the viability of both
gold and silver for nano antenna fabrication, while utilizing the nitrogen vacancy center (NV-center) for
the generation of non-classical light. Nano antennas are fabricated either by electron beam lithography
or nano-manipulation of monocrystalline metal particles, using an atomic force microscope (AFM).
Nano diamonds containing NV-centers are introduced into the antenna during antenna assembly, or
subsequently picked up with the AFM and placed in the antenna. The antenna response is character-
ized by dark-field and fluorescence spectroscopy. Single photon generation from an isolated NV-center
is confirmed by measuring the 2. order correlation function, while improvements in photon rate are in-
vestigated in terms of lifetime and saturation curve measurements of the bare nano diamond, or when
inserted into the antenna. The polarization dependent system response is characterized by rotation of
respectively the pump polarization or an analyzer in the detection plane, while the antenna emission pat-
tern is obtained by Fourier microscopy. The experimental results are supplemented by finite element

modelling for consistent physical explanations of the results.
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Resume

Denne PhD-athandling omhandler et eksperimentelt studie af metalliske nanoantenner, med det for-
mal at forbedre de spontane emissionsegenskaber af kvanteemittere koblet til antennen. De eksperi-
mentelle resultater er signifikante for malsatningen om at realisere ikke klassiske lyskilder, da nanoan-
tenner markant kan forbedre emissionen af fotoner fra en enkelt kvanteemitter, i form af emission-
sraten, polarisationen og emissionsmensteret. Det eksperimentielle studie underseger bade guld og
solv som mulige antennematerialer og anvender "nitrogen vacancy centeret” (NV-center) til at generere
ikke-klassisk lys. Nanoantennerne er fremstillet ved brug af elektronstralelitografi eller manipulation af
monokrystalline metalpartikler ved hjelp af et atomkraft mikroskop (AFM). Nanodiamanter som inde-
holder NV-centre indszttes i antennen under dennes konstruktion, eller samles op efterfolgende med
AFM’en og placeres i antennen. Responset fra antennen er karakteriseret med dark-field og fluorescens-
spektroskopi. Emissionen af enkelte fotoner fra et enkelt NV-center bekreftes ved at male 2. ordens
korrelationsfunktionen, mens forbedringer i fotonraten underseges i form af livstidsmélinger og maet-
ningskurver af enten den isolerede nanodiamant, eller nar denne er indsat i antennen. Polarisation-
sathengighed undersoges ved maling af fotonraten under rotation af excitations-laserpolarisationen
eller ved rotation af en analysator i detektionsplanet. Antennens emissionsmenster karakteriseres ved
Fourier mikroskopi. De eksperimentelle resultater understottes af numeriske modeller for at opna kon-

sistente konklusioner for de eksperimentelle mélinger.
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Preface

This PhD thesis presents the results obtained during my PhD study at the Center for Nano Optics, Uni-
versity of Southern Denmark, from September 2014 to February 2018, under the supervision of Dr.
Scient. Sergey I. Bozhevolnyi. The project included a s-month stay at Birck Nanotechnology Center,
University of Purdue in Indiana, USA, at which I was collaborated with researchers from the groups
of Professor Alexandra Boltasseva and Professor Vladimir Shalaev. The accumulated work consistutes
six peer-reviewed publications: Two co-authorships and four articles written by myself. This thesis is
based on five of these publications, appearing in appendix A-E, as they pertain to the subject of this the-
sis, namely improving the spontaneous emission properties of quantum emitters by coupling to plas-
monic nano antennas. A complete list of my publications can be found in the section "Publications and

presentations”
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Introduction

With the turn of the twentieth century, scientist and engineers have started to look beyond classical
physics and into the expanded rule book of quantum mechanics, in the pursuit of pushing the bound-
aries of technology within computing [1-3], sensing [4, 5] and communication[6, 7]. A fundamental
building block in this endeavour is the controlled generation of a single quantum of light, namely the
photon. Single photons can in principle be generated by the attenuation of laser pulses[8] or paramet-
ric down conversion[9]. However, photon generation by these approaches is inherently probabilistic.
In contrast, the generation of single photons by spontaneous emission from a 2-level system or quan-
tum emitter can in principle allow for deterministic single photon generation. Spontaneous photon
emission from a single quantum emitter was first observed from a trapped ion in 1987 [10], while the
subsequent and ongoing pursuit of the ideal quantum emitter has lead to a zoo of potential candidates,
such as molecules, quantum dots, defects in diamond and the more recent entries of defects in car-
bon nanotubes or 2-D materials [11-13]. The rate of photon emission from these emitters is limited
by the time delay of the excited state lifetime, typically on the order of nanoseconds. Further, the in-
herent omnidirectional emission pattern of typical electronic dipole transitions makes efficient photon
collection a challenge. However, as noted by Purcell in 1946[14], the spontaneous emission proper-
ties are a function of both the emitter and the surrounding photonic enviroment. The emission rate,
quantum yield, emission pattern and spectrum all being aspects affected by the enviroment. Comple-
mentary to the study of quantum emitters, the design and realization of suitable photonics enviroments
is thus being studied inorder to achieve the best photon source properties. The conventional design re-
lies on efficiently coupling quantum emitter emission to the photonic mode of an engineered resonator
or waveguide, which subsequently relays the photons in a desirable fashion. The coupling to the par-
ticular photonic mode may be improved either by increasing interaction time or increasing interaction

strength by confining the mode to a small volume. Maximizing light-matter interaction by either of
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these parameters branches the resonator design into two categories[ 15 ]. High-quality factor dielectric
cavities allow for a long interaction time between the cavity mode and the quantum emitter, while the
mode volume in this case is diffraction limited. In contrast, plasmonic modes supported by resonant
metallic nano antennas may be confined to nanometer-sized volumes, while ohmic loss limits the life-
time of the plasmon to the femto-second regime. Either design branch carries distinct advantageous
and disadvantages. Exceptional performance has been achieved by the all-dielectric approach at liquid
helium temperatures[16]. However, the narrow linewidth of high quality factor dielectric cavites re-
quires precise continous tuning of the cavity to the emission for stable performance over time, while
the high quality factor implies a slowness potentially limiting emission rate[ 17] or ultrafast switching.
On the other hand, the broadband nature of plasmonic resonances makes for a robust system applica-
ble for room temperature operation, while emission may be quite fast[ 18]. The ohmic loss inherent to
plasmonic systems, does however compromise the efficiency at which photons can be generated. Never
the less, both approaches are, at this point, worth exploring for their various strengths and potentially
different impacts on future technologies.

In order to clearify the goal of this thesis, it is instructive to define the performance parameters of the
ideal photon source, listed in left-hand box of figure 1.1. The ideal photon source generates a pure stream
of indistinguishable single polarized photons at high rate with unity efficiency. The subset of perfor-
mance parameters required for a specific technological application varies with the application [ 19]. Real
quantum emitters may have many issues leaving them less than ideal photon sources, some of which are
listed in the right-hand box in figure 1.1. These issues may to some degree be alleviated by appropriate
choice of quantum emitter. The main work of this thesis is focused on the center box, namely the study
of nano antennas for pushing the spontaneous emission properties of real quantum emitters towards
that of the ideal photon source. The current study makes progress on improving the photon rate, single

photon purity, polarization and the efficiency of photon generation.

Ideal photon source Environment Real quantum emitter

e Blinking/ Bleaching

o High photon rate  Materials e Lifetime limited photon rate

® Polarized emission

« Antenna design e Background emission

e Emission into phonon sideband

¢ Single photon purity g%(0)=0 . T
o Emitter positioning
o Unity efficiency into

spatial mode
e Indistinguisable photons

e Omni directional emission pattern

e Fabrication techniques .
e Selving in metastable state

e Non-unity quantum yield

e Spectral diffusion

Figure 1.1: Schematic of the thesis problem. By positioning a quantum emitters near metallic nano
antennas it is goal to move performance parameters of real quantum emitters closer to the ideal
photon source.

In this work we study emission from the Nitrogen vacancy color center (NV-center) contained in
nanodiamond crystals. The NV-center is well suited as a quantum emitter, as the emission is photostable
at room temperature, while photons may be generated indefinitely without blinking or photobleaching

of the emitter. The nanodiamond is introduced into the plasmonic antennas using an atomic force mi-



croscope (AFM), either by pushing metal particles with the AFM tip or by picking up the nanodiamond
and placing it in the antenna. Subsequently, the emission properties are experimentally characterized
inorder to evaluate performance of the antenna. Chapter 2-7 provides the relevant background for the
thesis. Theory is provided by an introduction to the concept of plasmonic modes (chapter 2) and a brief
description of spontaneous emission in respectively a homogeneous (chapter 3) and inhomogeneous
enviroment(chapter 4). The photo-physical properties of the NV-center are then reviewed in chapter .
The introductory chapters closes with an analytical model of the experimental measurements relevant
for characterizing NV-center emission(chapter 6), along with a description of the experimental setup
used to carry out the measurements (chapter 7).

In chapter 8 we review the results of this thesis, while the detailed presentation of the results appear in
appendix A-E. The realization of a good single photon source ultimately requires background emission
from the environment to be managed as it may corrupt the single photon character of the source. In
this context, a better understanding of how background emission arises in plasmonic antennas is desir-
able. In section 8.1 we review the experimental study of such background emission in the form of gold
photoluminescence from gap plasmon resonator arrays. The experimental findings inform our choice of
antenna, as we in section 8.2 study the spontaneous emission of multiple NV-centers when coupled to a
monocrystalline silver nanocube. In section 8.3, we expand the experiment to the single photon regime,
as we consider the case of a single NV-center, situated in the gap of a silver cube dimer antenna. Section
8.4 considers the alternative antenna configuration consisting of a hybrid bullseye antenna containing
an ensemble of NV-centers in a nanodiamond. Finally in section 8.5 we review our efforts of fabricating

Bragg mirrors on plasmonic waveguide systems and end with a conclusion and outlook in chapter 9.
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Optical modes at metallic interfaces

Spontaneous emission is the process at which matter spontaneously excites electromagnetic modes by
the decay from a higher lying energy state. The processis strongly dependent on the modes supported by
the particular enviroment, which are available for emission. It is therefore instructive to initially review
the electromagnetic modes supported by respectively ahomogeneous and inhomogeneous enviroment.

Particularly we focus on plasmonic modes supported by dielectric-metal interfaces.

2.1 THE WAVE EQUATION

The relation of electromagnetic field components is described by the macroscopic Maxwell’s equations,

here given in differential form for SI units,

V-D(r,t)=p(r,t), (2.1)
V-B(r,t)=0, (2.2)
V x E(rf) = —%, (23)
VXH(T,t):%—l—j(T,ﬂ, (2-4)

E being the electric field, D the electric displacement field, H the magnetic field and B magnetic
induction, each being a function of the position 7 and time t. The charge density p and current density
J constitute source terms for generating the electromagnetic fields. In order to describe field relations

in a particular optical material, Maxwell’s equations are supplemented by the constitutive relations.
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D (r,t) = g¢¢ (w) E (7,1), (25)
B (Ta t) = Ut (w) H (’l“, t) ) (2-6)
Je(r,t) = o (w) E(7,t), (2.7)

€o and y, being the vacuum permittivity and permeability respectively, while the current density has
been separated into the terms 7 = j, + J,. J; being the source current, responsible for field generation,
while j. is the induced current density, arising from electric fields in conductive media. The optical re-
sponse of the material is described by the materials permittivity €, permability y and the conductivity o.
For the present work, materials are assumed to be linear, isotropic, non-magnetic and homogeneous ¢,
p and o thus represent scalar values independent of the position 7 in the medium, for which y=1. Fora
linear medium the temporal field dependence may be spectrally decomposed into a sum of monochro-

matic terms

E (rt) = /OO E(r,w)e “do, (2.8)

H (r,t) = /OO H (r,0)e “dw. (2.9)

Without loss of generality, we consider a single monochromatic term, in the spectral summation, with
the harmonic time dependence ¢ ~*“*. Time derivatives in equation2.3 and 2.4 thereby undergo the con-
version 8% — —iw. Inserting the constitutive relations (equation 2.5-2.7) into Maxwells curls equations

2.3, 2.4 and performing an additional curl operation, we arrive at the wave equation for E (7, w) and

H (r,w0),

2 .
VxVxE(re) -2 (5 + 1) E (r,0) = iwp,j, (), (2.10)
[% wWE(
w? io .
VxVxH(rw - et — H (r,w) =V x g (r). (2.11)
C weo

The frequency dependence of material parameters being suppressed for simplicity, while ¢ = 1/, /Eogt,
is the speed of light in vacuum. The expression is simplified by incorporating € and o into a complex
permitivity £ = (& + io/wey), accounting for material polarization and induced conduction currents,
along with associated ohmic loss. The general mode solutions, supported by a particular environment
exist without external excitation, the wave equation is therefore solved in the absence of source terms
js = 0,p = 0. Applying the vector identity V X V x F = V (V- F) — V*F and noting for a
homogeneous material in the absence of external charge V - E = 0,V - H = 0, equation 2.10 and

2.11 can be written in the form of the homogeneous Helmholtz equations
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[vz n kgg} E(r,w) =0, (2.12)
[Vz —I—kéé}H(’r,w) =0, (2.13)
ko = * being the vacuum wavenumber. Solutions of equation 2.12 and 2.13 define the electromag-

netic waves supported by a linear, isotropic, non-magnetic, homogeneous and source-free enviroment.
In a piece-wise continuous environment, these solutions may be defined for the individual media and
boundaries conditions applied to obtain mode solutions for the particular enviroment. In the present
work, we consider a stratified media with a layer-dependent permittivity varying along the z-axis of a
cartesian coordinate system. Wave propagation is assumed to occur in the x-z plane, while the field is
invarient along y. In this case wave solutions exist in the form of TE- and TM-polarized solutions, hav-
ing respectively the F or H -field component normal to the x-z plane of propagation. As plasmonic
mode solutions only exsist in the TM-polarized form, we proceed by considering a TM-polarized wave.
Determining H from the now scalar form of equation 2.13 and extracting the electric field components

from 2.4, the TM-wave solution for a particular layer may be written in the form[20]

E,

E (x,z,0) = I il (2.14)
E,
0

H;(x,z,0) = | H, |¢ Az, (2.15)
0

Solutions exsisting for both +«j, while the field components is related by

Lik;
xj = i H}’j? (2.16)
(()5()8}'
—k
EZj == i H}’] (2.17)
wfogj

The subscribt j indexing the particular layer, while k, is the in-plane propagation constant, conserved

across the interfaces, and «; is the out-of-plane propagation constant given by

K'j = \/ ki - k%g, (2.18)

2.2 FREE PROPAGATING LIGHT

Consider initially the wave solution, given by equation 2.14-2.18, for a purely dielectric enviroment,

described by the permittivity ¢4 (figure 2.1a). Achieving a non-divergent solution imposes the condition
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k. < koy/Z4 such that x; = ik, is complex. The wave thereby exhibits oscillatory behavior along z,
propagating in the direction of the wave vector k = (k,, 0, k. ), as phase is accumulated along both the
x and z-axis. The field distribution of such a plane electromagnetic wave, propagating in free space, is

sketched in figure 2.1a, for which the dispersion relation is given by

g\/&:—d: k| = k2 + k2. (2.19)

Surface Plasmon Polariton
kx> k0\/Ed

Figure 2.1: Sketch of optical modes (a) Light progating in a dielectric enviroment. (b) Surface
plasmon polariton propagating along a dielectric-metal interface.

2.3 SURFACE PLASMON POLARITON

Now consider the wave solution confined to a metal-dielectric interface situated at z=o (figure 2.1b).
Subscript j = d, m now indexing the dielectric- and metallic half space respectively. For exponential
confinement to the interface i, «,, must be real, thereby imposing the condition k, > ko,/€4 on equa-
tion 2.18. The condition of a non-divergent solution sets the sign of equation 2.14-2.16, such that —«,4
is retained for the dielectric half-space and +x,, for the metallic. Finally, the mode solution must satify
boundary conditions across the interface, that is continuity of the in-plane electric- and magnetic fields,
E.q = E,n, Hyy = H,,,. Applying these boundary conditions to equation 2.16, lead to the interface con-
dition for supporting an exponentially confined electromagnetic mode, known as the surface plasmon

polariton (SPP)

Ka Km
—— = (2.20)

€4 Em
SPP modes are thus supported by interfaces at which the sign of permittivity changes across the inter-
face, which is the case for a dieletric-metal interface. Noble metals, such and gold and silver, having a
negative permittivity in the visible and infrared region. Substituting equation 2.18 into 2.20, we write

the single interface SPP dispersion relation in the typical form
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w Ed€m
cVeit+e,

(2.21)

kSPP =

kspp = k, being the propagation constant of the SPP. Figure 2.1b illustrates the field distribution of
the SPP propagating along a dielectric-metal interface. The SPP wave behavior consists of free electron
density oscillations in the metal coupled to the electromagnetic field. From an energy point-of-view, the
plasmonic wave results from the oscillatory exhange of energy between the kinetic energy of the elec-
trons and the electromagnetic field, allowing for confinement of the plasmonic mode[21]. In contrast,
for free propagating light, oscillatory energy exchange purely occur between the electric and magnetic
field, leaving the confinement of such a mode diffraction limited to dimensions of ~ 2/ (2\/5_d) . Thus,
while plasmonic modes may be confined below the diffraction limit, inherent to the confinement is the
ohmicloss associated with free electron density oscillations. The SPP dispersion relation given in equa-
tion 2.21 is plotted in figure 2.2 for a SiO2-Au or SiO2-Ag interface, together with the dispersion for
light given in equation 2.19. The surface confinement of the SPP mode condition the wave vector to
always be larger than that of light Re(kspp) > koy/€4. In the case of a lossless metal ki, would go to
infinity at the surface plasmon frequency wy, indicated with a dashed line, for which the denominator
in equation 2.21 is zero, ¢, (wsp) + ¢4=0. However for real metals ohmic damping restrict ki, to a finite

value. For the respective metals SPP modes are only supported in the frequency region w < wy,.

Frequency w [10°Hz]

2 T T T | ! | ! | ' | !
1 2 3 4 5 6 7
Wave vector Re(kspp) [10’m™]

Figure 2.2: Dispersion relation for light propagating in SiO2 (green) and SPP plotted for a SiO2-Au
interface(red) and SiO2-Ag interface(blue) using Johnson-Christy data[22]. Grey curves give the
corresponding lossless case for which the imaginary part of the permitivity have been set to zero,
Im (&) = 0. The surface plasmon frequency is indicated with a black dashed line.

In the interest of quantifying confinement and loss of plasmonic modes it is convinient to introduce
the effective index and propagation length of the particular mode, in terms of the real and imaginary

part of the propagation constant
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_ RC (kspp) _ lo
Tk A
L — 1
P 2Im (kspp) ’

(2.22)
(2.23)

Effective index (Neﬁ) being the factor by which the SPP wavelength (Aspp) is reduced relative to light
in vacuum, analogue to the refractive index for free propagating light. L, being the propagation length

over which the energy of the plasmonic mode is decreased to a factor 1/e, by ohmic loss.

2.4 TWO INTERFACE PLASMONIC MODES

Several plasmonic modes relevant for this thesis is supported by a dual interface configuration, consist-
ing of 3 layers. The plasmonic dispersion relation for such a configuration may be derived by applying
boundary conditions to wave solutions of the individual layers, given by equation 2.14-2.17[20]. For

brevity, we merely provide the final result in terms of the dispersion relation for the 3-layer system

K K K K K K K K
&1 [Sp) &1 E3 &1 [Sp) &1 &3

w being the thickness of the intermediate spacer layer, for j=1,2,3 indexing the particular layer as in-
dicated in figure 2.3a. For large spacer layer thickness w — 00, equation 2.24 reduces to the sin-
gle interface SPP dispersion relation for the top and bottom interface, given by equation 2.20. In the
case of two metal-dielectric interfaces, the supported SPP modes couple for small w, forming new plas-
monic modes. However, the 3 layer dispersion relation(equation 2.24), places no constraint on the
material composition and so confined modes may be found for any 3-layer material composition[23].
We here consider two confined plasmonic modes, relevant for this thesis (figure 2.3). The gap surface
plasmon (GSP) mode supported by a metal-dielectric-metal layer composition, is illustrated in figure
2.3¢. The configuration allow inprinciple for infinite mode confinement with decreasing w[24], while
the electric field is preferentially confined to the dielectric layer oriented almost entirely out-of-plane in
a capacitor-like fashion. Figure 2.3eillustrate the increasing mode confinement interms of the increasing
effective index, with decreasing w. Increased confinement of plasmonic modes is commonly comple-
mented by increasing ohmic losses as illustrated in figure 2.3f, by a decreasing propagation length. The
confinement-to-loss trade-oft is skewed towards lower losses for the 2nd mode supported by a metal-low
index-high index dielectric layer composition, as illustrated in figure 2.3d. The mode coined conductor-
gap-dielectric (CGD) mode [ 23], exhibits increasing confinement with decreasing w(figure 2.3¢) , with
a cut-off at larger w for Noy < 145 as the mode starts leaking into the high index dielectric of refractive
index n40,. In section 8.1 we study the photoluminescence of gold from resonant GSP antenna struc-
tures. In section 8.4 we exploit the low losses of CGD mode to realize an efficient antenna for directive

spontaneous emission from NV-centers.

10



2.5s. LOCALIZED SURFACE PLASMON MODES
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Figure 2.3: Plasmonic modes supported by a 3-layer structure. (a) subscript convention of 3-layer
structure, w being the spacer thickness of the intermediate layer. Electric field z-component of
plasmonic modes: (b) SPP(red) at SiO2-Ag interface, (c) GSP mode (blue) supported by Ag-SiO2-
Ag configuration and (d) CGD mode(green) supported by a TiO,-SiO,-Ag film configuration. Modes
are calculated for a 15 nm gap and 700 nm vacuum wavelength, using linear interpolation of Johnson-
Christy data [22], SiO2 refractive index of ng0, = 1.45 and nrjpp = 2.19 for TiO,. Color-coded (e)
effective index and (f) propagation length of respective modes, given in b-d, as function of gap size.

2.5 LOCALIZED SURFACE PLASMON MODES

The illumination of a metal nanoparticle may lead to free electron density oscillations, known as a local-
ized surface plasmon (LSP). The spectral position (wy,) of the LSP mode depend on particle shape[25]
and dielectric response of the metal and dielectric environment. For subwavelength spherical particles
wsp is given by the Frélich condition Re (€,,) = —2&,. The excitation of the LSP mode, by particle il-
lumination, lead to resonant polarization of the particle and correspondingly enhancement of the local
electric field around the particle. Figure 2.4 illustrate the local field enhancement for a gold sphere illu-
minated on resonance by a plane wave. For metal particles much smaller than the wavelength of light,
the driving light field may be approximated to be quasi-static. The charge distribution of the excited LSP
mode in this case takes a dipolar form (figure 2.4b). The damped harmonic oscillations of LSP mode, is
intuitively understood by the analogy to a mass-spring-damper system, an analogy also extending to the
coupled response of two particles, examined in section 8.3 [26, 27]. The mass of the free electron cloud
oscillate as it experiences a restoring force, from the coulomb attraction to the bared ion cores. Oscilla-
tions of the electron "mass” is damped by ohmic loss and scattering of light to free space. Such a linearly
damped harmonically oscillating system is well known to have a Lorentzian frequency response, as il-
lustrated in figure 2.4c for the scattering cross section of the gold sphere, at various driving frequencies

of the incident light.
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Figure 2.4: Modelling example of LSP mode supported by a 100 nm gold sphere in air. (a) Field
enhancement for gold sphere excited by plane wave at the LSP resonance of 530nm. (b) Corre-
sponding dipolar surface charge distribution of the LSP mode. (c) Scattering cross section of sphere,
normalized to the geometrical cross section, illustrating the resonant LSP response. (d) Loss quality
factor term Quumic, calculated from a linear interpolation Johnson-Christy data [22] for gold(red) and
silver(blue). The data was smoothed by a 100 nm moving average filter, to avoid discontinuities
related to linear data interpolation.

The width of the spectral response is set by the LSP damping rate " or may be characterized by
the quality factor (Q) defined as 27 times the energy stored in the system wrt. energy dissipated pr.

oscillation cycle [28]

wrsp
Awgway = 7LSP = —. (2.25)

Q

Here Awpypy is the full width half maximum. To quantify the influence of non-radiative and radia-
tive LSP damping, quality factor and damping rate is split into ohmic loss and scattering contributions

indexed ohmic or sc respectively

1 1
LSP LSP LSP
- mic + =w +—1. (2.26)
7/ YOh YSC LSP (Qphmic QSC)

The radiation efficiency (1], ;) by which LSP energy is radiated to free space is than given by

rr Qonmi
Msp = 1sp = — (2.27)

Y Qﬂhmic + Qsc '

The quality factor and radiation efliency of the LSP mode is ultimately limited by ohmic losses. In the
quasistatic limit the ohmic damping is determined purely by dielectric response of the metal, with the
quality factor contribution Qe = wa%Re (em) / (2Im (g,)) [29]. Figure 2.4d illustrate the quality
factor limit Q. for gold and silver over the typical quantum emitter emission range. The limit corre-
spond to zero radiation effiency. High radiation efficiency is possible for low quality factor dominated

by radiation loss, Quumic > Q.
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Spontaneous emission in a homogeneous

environment

This chapter describes the process of spontaneous emission in a homogeneous environment. Consid-
ering spontaneous emission under such conditions is instructive as it is commonly used as a reference
when evaluating emission in an inhomogeneous environment. Spontaneous emission is described in
terms of a semiclassical treatment. Light is in this case described classically in terms of a continu-
ous electromagnetic vector field, while the quantum emitter is treated quantum mechanically in terms
of a 2-level system, characterized by the level energies E; and associated stationary states \z (r,t) =
\z (7) e~ B*/" j = g, e indexing the ground and excited state respectively. For a homogeneous environ-
ment, wave solutions exist in terms of plane waves, as introduced in section 2.2. Initially, we consider
the interaction of the 2-level system, with a single plane wave propagating along the x axis of a Carte-
sian coordinate system. The electric field of the plane wave is given by E (r, t) = Ej ¢ cos (kx — wt),

{ = 1,2 indexing one of the two polarization states, illustrated in figure 3.1.

The time evolution of the 2-level system is described by the time dependent Schrodinger equation[30]

oY (r,t)

HY (r,t) =ik
(’r? ) l at )

(3.1)

H being the Hamiltonian operator, giving the energy of the system, while the wavefunction ¥ describes
the physical state of the 2-level system. In the presence of a dependent electromagnetic field, H is time

dependent, and so equation 3.1 no longer has stationary state solutions. Rather, the probability of find-
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CHAPTER 3. SPONTANEOUS EMISSION IN A HOMOGENEOUS ENVIRONMENT

Figure 3.1: Sketch of the interaction of a 2-level system with a plane electromagnetic wave. Optical
transitions in the system result from the interaction of the transition dipole moment p,, with the
electric field Ey (red arrows). H} being the magnetic field of the plane wave.

ing the quantum emitter in a particular state varies in time. We here assumme that the system is initially
in state g or e and the frequency of the incident light is nearly resonant with the transition frequency
wy = (Ee — Eg) /R, such that w ~ w,. The time evolution of ¥ is in this case given by a linear super-

position of the stationary states v, and ¥,

Y (1) = C(t) v, (r) e ™M+ C (1) y, (r) ™0, (3-2)

The probability of finding the system in the ground or excited state is given by p; = |C;|?, also known
as the state population. As the wavelength of the incident light is typically much longer than the di-
mensions of emitter (d i), the electric field can be approximated to be constant across the emitter.
Neglecting the spatial dependence of the electric field is known as the dipole approximation, relying on
the assumption 1 > kd, .. In the presence of a constant electric field with harmonic time depen-
dence, the Hamiltonian aquires an additional term corresponding to the potential energy of an electric
dipole in a static electric field. The electric dipole momentp = —e ), 7, resulting from the dis-

tribution of electrons, located at positions 7, in the quantum emitter system. H is in this case given

by

I:I = HEmitter + D Ek,Z Ccos (wt) ) (33)

Hppitter describing the kinetic and potential energy of the system constituents, in the absence of light.
In the interest of examining the transition rate between state g and e, we look for solutions of C; (t), by
inserting equation 3.2 and 3.3 in 3.1 and projecting onto the stationary states by applying <1ng or (1//2 l,

given in the Dirac notation,
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aCg (t) — <pgeTEJ‘k,§) et cos (wt) C. (t) ) (3'4)

8Ce (t) — (pge . Ek,(
h

) ¢“"* cos (wt) Cy (1) (3-5)

For which p,, = <1//g| P |¥,) is the transition dipole moment, characterising the optical transition
strength in terms of internal system parameters. Equation 3.4 and 3.5 are difficult to solve in general,
however, for a linear optical process it is sufficient to estimate the response around t = 0 by substituting
initial conditions to the right-hand side. We here consider an emission process by initializing the sys-
tem in the excited state at t = 0, by applying the initial conditions C, (0) = 1; C,(0) = 0. Using the
assumption of near resonance incident light @ ~ wy, the probability of finding the system in the ground

state after a time ¢, is determined by a time integration of equation 3.4,

(Sm(% (o = wo) t>> | (36)

w — Wy

_ 2 ng'Ek,Z
po(6) = Iy (0 = [P

Typically, the light-matter interaction occurs over many optical cycles, that is wot > 1. Further, as-
suming a long enough interaction time such that (w — wy)t > 1, it is appropriate to apply the identity
2 [im,_, o sin’ (% (w0 — wp) t) / ( (0 — wp)* t) = § (w — wyp) to simplify equation 3.6. The transition
rate may in this case be written as the probability of finding the system in the ground state pr. unit time

p, (t) T 2
Vg = gT T am |Pge - Br| 8 (@ — wo). (37)

Equation 3.7 gives the transition rate for a stimulated emission process. In this process, the 2-level
system decays by coherent transfer of energy into the incident plane wave mode k, the transition rate
scaling with the square of the electric field. Consider now the transition rate in the absence of inci-
dent light. Based on a quantum mechanical treatment of the electromagnetic field, it can be shown
in vacuum that each plane wave mode carries a zero-point energy of hw/2 [31]. That is iw/2 =
3 [ eoed It 1>+ u, ]H}’C“g *dV,, V, being the quantization volume, while the superscript index the vac-
uum field. As magnetic and electric field energy are equal for a plane wave, the vacuum field strength is

given by

hw
B = (3.8)

2e0€4Vy
In the absence of an incident light beam, a decay rate into mode k thereby still exists, resulting from
the non-zero field strength of the vacuum mode. This transition from the excited- to the ground state
upon by excitation of mode k, is known as spontaneous emission and may be thought of as stimulated

emission by the vacuum field, as given by equation 3.7. The total spontaneous decay rate is obtained by
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CHAPTER 3. SPONTANEOUS EMISSION IN A HOMOGENEOUS ENVIRONMENT

summing the transition rate into all plane wave modes,

vac

T 2
Y= ﬁ Z ‘pge e § (w - wO) . (3-9)
k’?Z

Equation 3.9 is Fermi’s golden rule for the special case of spontaneous emission, stating that the sponta-
neous emission rate of a 2-level is the summed transition rate into all available optical modes, satisfying
energy conservation. The transition rate into the individual optical modes scaling with the square of
the electric field projection on the dipole axis. The resulting emission pattern follows the transition rate
into the various plane wave modes, scaling with [p,, - Ey ¢|* o< sin® (8), 6 being the angle of the k-vector
wrt. the dipole axis. Figure 3.2 shows the well known dipole emission pattern following the sin® (6)

dependence.

Figure 3.2: Emission pattern of a dipole in a homogeneous environment(green) for p,, defining
the dipole axis. The emission pattern may be understood as emission into the various plane wave
k-modes, with the transition rate scaling as |pg. - Ex|* o sin ().

The total spontaneous decay rateina homogeneous environment with a permittivity £, is given by
the summed decay rate into all plane wave k-modes and is given by[32]
2
|Pee|* w5

‘)/Ol’ld = 377,'5—077,(:3?1(1. (3.10)

7, being the spontaneous decay rate in vacuum, defined by the transition dipole moment and energy
of the particular transition, while the spontaneous decay rate scales linearly with the refractive index of
the environment ny = /€. Equation 3.10 sets the photon rate limit, experimentally detectable from
a single quantum emitter typically on the order of ~100 MHz. However, for realistic experiments the
photon rate is compromised by a non-unity quantum yield and shelving in a meta-stable state. Further,
the non-directional emission pattern inherent to dipole emission in a homogeneous environment is
highly problematic for photon collection with an objective. In the preceding chapter, we consider how

these emission parameters may be improved in an inhomogeneous environment.
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Spontaneous emission in an inhomogeneous

environment

In this chapter we consider the process of spontaneous emission in an inhomogeneous environment. It

is in this case convenient to consider spontaneous emission in a classical picture. The quantum emitter

is in this case described in terms of a harmonically oscillating electric point dipole or current source.
In a linear medium on the assumption of harmonic time dependence, the power dissipated in a

volume V is given by[33]

p:7€<s> . nda = —%/Re(j*.E) av. (41)

For which (S) is the time average Poyntings vector, while 72 is the unit vector normal to the surface
enclosing the volume V. The volume may contain both loss and driving terms and so j represents both
source and conduction currents. Considering a volume containing only the quantum emitter described
by dipole source j (1) = —iwp§ (r — 7)), located at ry, the power radiated by the electric dipole is
given by

P=im(p*- B (ro)). (42)

E () being the electric field generated by the dipole at the dipole position '. In the classical picture

'For analytical purposes the electric field, setup by the dipole, is typically expressed in terms of the dyadic Green func-

xd <> Axd
tion, G in terms of E (1) = w*y uGp. However for the present purpose of finite element modelling G is not neccesary.
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CHAPTER 4. SPONTANEOUS EMISSION IN AN INHOMOGENEOUS ENVIRONMENT

the electric field acts as a driving force on the oscillating dipole. The out-of-phase driving field dampens
dipole oscillation by radiation of dipole power. Scattering in an inhomogeneous environment, gives
rise to an additional driving term (E,,) for radiation returning to the emitter, upon interaction with the
environment. The altered driving field, & = FE, + E, thereby changes the rate at which power is
radiated by the dipole. F being the driving field, giving rise to a power P, radiated in vacuum. Equa-
tion 4.1 and 4.2 may easily be implemented into finite element solvers, to evaluate the power radiated
by an electric dipole in an inhomogeneous environment or the power dissipated in nearby metal nano
particles, by defining appropriate integrating surfaces. The changed dipole power is most conveniently
evaluated with respect to the power radiated in vacuum, yielding a parameter independent of the dipole
moment. Noting that the spontaneous decay rate is obtained by dividing with the energy of a photon >

y = P/hw the spontaneous decay rate enhancement, relative to vacaum, may be evaluated by

—=—. (4.3)

Equation 4.1-4.3 sets the foundation for evaluating the spontaneous decay rate enhancement in an in-

homogeneous environment, by finite element modelling.

4.1 DIPOLE EMISSION NEAR A METALLIC INTERFACE

For a more intuitive understanding of spontaneous emission near metal, we consider the simple case
of dipole emission in close proximity to a metal-dielectic interface. The situation was experimentally
examined by Drexhage in 1970[34], while the experimental results were later analytically reproduced
by the work of among others Chance et. al. [35] and Ford & Weber[36]. We here consider the model
derived by Ford & Weber®. With a strong analogy to the k-mode sum, as it appears in Fermi’s golden rule
in equation 3.9, the model is based on a Fourier decomposition E (r) = [ Eye®"dk of the dipole
field in equation 4.2. The dipole power with respect to vacuum is given in equation 4.4 as a sum over

the in-plane wave-vector component k, of the respective k-modes,

p w & e , I3 — 2 . kox '

JRR— R 2 (1 i 2 x d 1 ip) _ Kx d 1 — i¢

Py 2e4Py /() ‘ {pL (in ( + "¢ >) +PH ( 2iK4 ( +ree ) 2i ( rpe ) dkm
(4.4)

¢ = 2ikyz,, (4-5)
KdEm — KmEq

r, — ———— .6

F Ki€m + ngd, (4 )
Kig — Ky

r. = —. .

T kg + K (4.7)

Here r, and 7 are the Fresnel reflection coeflicients for p- and s-polarized light respectivly, z, being

*Note the classical dipole moment p is not equal to the quantum mechanical transition dipole moment pg,. The classical
expression for Py equates to y,, upon the conversion 2 \ pge| — |p|
3*Note that the model appears in Gauss units, while the remainder of the thesis is in ST units
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4.1. DIPOLE EMISSION NEAR A METALLIC INTERFACE

the dipole separation from the air-silver interface and ¢ the round trip phase accumulated by radiation
reflected at the interface and returning to the emitter. p|, p, being the in-plane and out-of-plane dipole

component respectively.
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Figure 4.1: Dipole emission above an air-ag interface, analytically modelled at a vacuum wave-
length of 700 nm using Johnson-Christy data [22].(a) Sketch of system, z, gives the dipole-interface
separation. (b) Power radiated by vertical dipole decomposed into contributions of the respective
k-vector modes for z,=50 nm(black), z,=20 nm(red), z,=2 nm(blue). (c) Normalized power radiated
by vertical (blue) or horizontal (red) dipole, decomposed into free space radiation (dash-dot), SPP
(solid) or quenching (dashed). (d) Power radiated by vertical(blue) or horizontal (red) dipole with
respect to vacuum.

Initially we consider the power radiated into the respective k-modes by plotting the integrand of
equation 4.4 as function of k, (figure 4.1b). As the dipole approaches the metal interface, dipole ra-
diation accesses modes of increasingly larger k. It is instructive to split the dipole radiation into three
regions. The region k, < ko./€4 may be assigned to free space radiation as introduced in section 2.2.
The pole in r, (equation 4.6) gives rise to a peaked region corresponding to radiation into SPP that is
k. = kspp (see equation 2.20), while the region of large k, is assigned to non-radiative quenching. The
power radiated by a dipole near a metallic interface thus contains contributions from three decay paths,
radiation to free space (Pphoton), SPP (Pspp) and quenching (Pquench ), each term dependent on the dipole
position and orientation. The total power dissipated by the dipole is thereby given by

P(Zp7 P) = PPhoton(Zp7 p) + PSPP(Zp7 p) + PQuench(Zpa p) . (48)
Figure 4.1cillustrates the position dependent decay path contributions for a vertical or horizontal dipole
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respectfully. At small metal-dipole separations (z,<10 nm) quenching is the dominating decay path, as
emission into large k-modes dominates. At intermediate separation (10 nm < z, < 200 nm) SPP is
the dominating decay path for a vertical dipole having purely p-polarized radiation, while a horizontal
dipole radiates poorly into SPP as the SPP electric field is preferentially out-of-plane, orthogonal to the
dipole orientation. Dipole radiation to free space exhibits oscillatory behavior with z, due to interfer-
ence , tending to the power P, radiated in a homogeneous environment for large z,. The suppression
of free space radiation for a horizontal dipole at small z, is intuitively understood as a mirrored dipole
charge distribution induced in the metal. The anti-phase oscillations of the dipole and mirror charges
effectively cancel radiation to free space by destructive interference. Figure 4.1d gives the total power
radiated by the dipole, relative to vacuum. As the dipole accessses the additional decay paths of SPP
and quenching, related to the metallic interface, the radiation of dipole power is accelerated relative to
vacuum P>P,. However, in an inhomogeneous environment, dipole radiation may also be suppressed
P<Py, as illustrated here for a horizontal dipole close to the metal interface. The distance dependent
trend of decay into photons at large separation, SPP at intermediate and quenching at small, has also
been demonstrated for a metal particle attached to an AFM tip [37, 38]. While Ford and Weber at-
tribute quenching to electron scattering and electron-hole excitation, quenching near nano metal parti-

cles further arises from emission into higher order ("dark’) localized surface plasmon modes [39].

4.2 SPONTANEOUS EMISSION NEAR METALLIC NANO ANTENNAS

Having established the distance dependent decay rate channels available to a quantum emitter in close
proximity to a metal interface, we move on to consider spontaneous emission from a quantum emitter
in close proximity to a metallic nano antenna. The nano antenna may be considered as a metallic nano
particle supporting a LSP mode, introduced in section 2.5. As previously described in section 2.5, the
antenna may concentrate power in the near-field, when the LSP mode is excited by an external light
source such as a pump laser. Further the antenna will radiate energy stored in the LSP mode to the far-
field with an antenna efficiency given by equation 2.27. The particular antenna radiation pattern depend
on the particular antenna geometry [40, 41]. In the following we consider how the antenna influence
the process of excitation and subsequent spontaneous emission of a quantum emitter positioned in close
proximity to the antenna. In the limit of weak pumping, the rate(y, ) at which the quantum emitter is
excited scales with the square of the pump field (E,,) projected onto the absorption dipole axis, that is
Yo X |Pabs - Eea |*- Daps being the absorption dipole moment of the quantum emitter[33 ]. Figure 4.2a
illustrate the case of a quantum emitter positioned at 7 close to the nano antenna, while being excited
by a focused laser at a frequency w,,. The polarization of the antenna by the pump field, result in a local

field enhancement, which enhances the excitation rate of the quantum emitter by a factor

Yer _ |Pabs * Eex (10, wer)|* (4.9)
78x,0 ‘pabs : Eex70 (7'0, wex) |2

The excitation rate y, , and pump field F,,  refering to case in which the antenna is absent. The ex-

cited quantum emitter subsequently decays spontaneously. While previous sections have considered
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4.2. SPONTANEOUS EMISSION NEAR METALLIC NANO ANTENNAS

an emitter with unity quantum yield, we here expand to the more realistic case of quantum emitter with
a non-unity quantum yield. The decay may in this case occur radiatively at a rate y, or non-radiatively
at a rate 7, . The total spontaneous rate given y = 7, + 7, with the quantum yield g, = 7,/7. The
non-radiative decay being an instrinsic parameter of the quantum emitter, independent of the photonic
environment, while the radiative decay rate is determined by the available optical decay paths. Figure
4.2b illustrate the radiative decay paths of a quantum emitter in close proximity of the antenna. The ra-
diative decay rate being the summed contribution of the rate into photons ( Y photon .), quenching ( Y Quen )

and the LSP mode of the antenna (7, ;). The total decay rate of the quantum emitter is thereby given
by

Y (To, p) =Y + ‘}/photon (To, p) + ‘}/Lsp (f’o,p) + YQuench (V(),p) : (4'10)

The radiative decay rate terms depending on the quantum emitter position and dipole orientation, as ex-
amplified in section 4.1. The quantum yield and photon rate of the emission process may be improved
by maximizing the decay rate 7, ,, to the antenna, thereby increasing the radiative decay rate relative
to intrinsic non-radiative decay. As illustrated in figure 4.2b the LSP excitations are subsequently con-
verted to photons with an antenna efficiency given by equation 2.27. Photons radiated by the antenna
conform to the antenna radiation pattern, which may be optimized for efficient collection with an ob-
jective by appropriate antenna design [42]. Achieving a directional high photon rate, facilitated by the
antenna thereby relies on optimizing the decay rate to the anntenna, y, . In the interest of sketching out
general design principles for optimizing 7, .., we consider the expression given by Colas de Frances et.
al. [32] for the decay rate into a single resonant mode, normalized to the decay rate in a homogeneous

environment, while assumming unity intrinsic quantum efhiciency,

T b By ()P

Yohd pl + 4Q2 (WOWLSP)Z’

WLSP

_ 3 (&)32, (12)

b 472 ng Vq

(4.11)

Where p = p/|p| is the dipole moment unity vector associated with emission at the vacuum wave-
length Ay = 27c/wo. EZ‘;; (r) being the LSP mode distribution of the antenna, normalized to |EA}:‘S‘; (r)| =
1 at the antinode. Q and V, represent the quality factor and mode volume associated with the LSP an-
tenna mode *. Equation 4.11 consist of two terms. I, is typically known as the Purcell factor associated
with the LSP antenna mode and represent the maximal decay rate that may be achieved into the par-
ticular antenna mode, normalized to a homogeneous environment. Evidently the Purcell factor may
be improved by increased confinement of the particular antenna mode, spectrally (higher Q) and spa-
tially (smaller V). While the Q-factor is loss limited in a plasmonic system as illustrated in figure 2.4,

the modes may be confined to very small volumes. The second term account for spatial and spectral

*The evaluation of V, for an open, dissipative system such as a metallic nano antenna, require the theory of quasi-normal
modes which is beyond the scope of this thesis, while currently being studied by theorists[43, 44]
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“mismatch”. The term is maximized by matching the emission wavelength to the anntena resonance
wo = wsp. Further the quantum emitter should be positioned at the maximum field amplitude, with
the dipole moment aligned to the electric field of the LSP mode. The optimization of Q/V, is a matter
of antenna design. However to experimentally reach the potential of the particular design, techniques
for accurate emitter positioning is required. For this purpose a wide range emitter positioning tech-
niques are being explored [45—48]. In the present work, we apply an AFM for emitter positioning,
this technique also give us some freedom to align the antenna field with the emitter dipole moment, as
demonstrated in section 8.3. It should be noted that beyond optimizing 7, ,;, high antenna efficiency
and a directive antenna emission pattern is desirable, for achieving a large photon rate at high efficiency.
In plasmonic nano antennas maximizing Q may therefore not be desirable as it leads to zero antenna

efficiency, see equation 2.27.

Excitation Spontaneous Emission

(a) )y

1

Figure 4.2: Sketch of quantum emitter-antenna interaction in emission process (a) Excitation
of quantum emitter, polarization of the metal particle results in local electric field enhancement
increasing the excitation rate (b) Spontaneous emission, the radiative decay rate (y,) results from
the rate contributions into photons (7,,,.,,), the LSP mode (y,,) supported by the metal particle or
quenching(mech). The excited LSP mode partially decays by scattering of radiation to free space.
Photons directly emitted or scattered into the solid collection angle of the objective (dashed line) is
experimentally detected.
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The nitrogen vacancy color center in diamond

Since its discovery in 1965 the nitrogen-vacancy center (NV-center) has attracted significant attention
for its remarkable properties. The exceptionally long electron spin coherence time of the ground spin
triplet, at room temperature (up to 1.8 ms Bulk/ 210 s nanodiamond) [49, 50], along with spin de-
pendent inter-system crossing rates for the excited electronic state, has allowed for initialization[51],
coherent manipulation[52] and optical read-out [ 53] of the spin of a single electron in the system with
application in quantum information processing. Further the pertubation of ground spin levels in the
presence of external electric, magnetic or strain fields has found applications within sensing [ 5, 54, 55].
Though for the present work, it is the ability of the NV-center to generate single photons at room tem-
perature, in photostable fashion without blinking or bleaching, that is of interest. The following section
reviews the process in which single photons are generated from the NV-center at room temperature,
with the purpose of providing a footing for an analytic description and interpretation of the experimen-
tal results, presented in the preceding chapters. The process becomes increasingly complex once an
NV-center is positioned close to a diamond interface, as is the case for an NV-center situated in a nan-
odiamond. The chapter therefore initially considers, the more wellbehaved situation of a NV-center in
bulk diamond, for which most fundamental studies have been performed. The chapter then moves on

to consider changes of the emission properties, once the NV-center is positioned in a nanodiamond.

5.1 THE NITROGEN VACANCY CENTER IN BULK DIAMOND

The range of impurities in diamond is as multifaceted as the color palette they give rise to. The most
abundent impurity in natural diamond is nitrogen, causing a yellow hue for ~97% of all natural dia-
monds classified as type I diamond, with nitrogen contents of 0.3-0.05%. Much more rare in nature is

type I diamond with a very low nitrogen content (<0.05%), deriving its color from more exotic impu-
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Figure 5.1: (a) Unit cell of the diamond lattice, with substitutional nitrogen-vacancy pair forming
the NV-center located along the [111] crystal axis. (b) The NV-center, red arrows indicate the
orientation of the transition dipole moments, facilitating absorption and spontaneous emission of
light by electron transition between molecular orbitals p, : a] < e;p, : 4] < ¢. (c) Energy
hierarchy of molecular orbitals of the NV-center wrt. the diamond band gap. Arrows indicate a
possible electron spin configuration of the negatively charged NV-center in the ground state. (d)
Isosurface sketch of the NV-center molecular orbitals in diamond bandgap constructed from sp3
dangling bond orbitals.
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rities such as boron. Stable impurities in the diamond matrix may form discrete electronic energy levels
in the diamond band gap. Optical transitions between these energy levels in the form of spontaneous
emission and the absorption oflight, give color to the otherwise transparent diamond material, earning
such defects the name of color centers. The exceptionally large diamond band gap of 5.5 €V hosts more
than 500 color centers, while ~ 10 is bright enough to be detected on a single defect level and stably op-
erated as single photon emitters [ 56-58]. Among these, the NV-center is the most common and most

intensely studied [59].

The nitrogen-vacancy center consists of a substitutional nitrogen atom(N) and vacancy(V) pair sit-
uated along the [111] crystal direction in diamond with C3, symmetry (figure s.1). Four possible orien-
tations of the N-V axis are hence possible within the diamond lattice. The strongly localized electronic
states of system[60], warrant a molecular model description of the electron system[61], described in
terms of molecular orbitals (MO), given by a linear combination of the four sp*> dangling bonds of the
nitrogen- and three nearest carbon atoms (figure 5.1d). The NV-center exsists in a neutral- (NV°) or
negative charge state (NV~)[62] for which the molecular orbitals are occupied by respectively five or six
electrons[63]: Three electrons supplied by the nearby carbon atoms, two from the nitrogen atom and
one potentially trapped electron (figure 5.1c). The optical transitions from the ground to the excited
states occur by promoting an electron between the a; MO and the energetically degenerate e, e, MO’,
situated deep in the diamond band gap. Figure 5.2 illustrates the energy levels of the total electron sys-
tem for the NV® and NV~ charge states, along with optical transitions and experimentally determined
lifetimes and transition rates based on references [64-68]. The ground state (symmetry A, ) of the NV~
charge state is a spin triplet state existing in configurations of integer spin projections m;=-1, o, 1. A spin
conserving optical transition (Am; = 0) connects the ground state to the degenerate excited triplet

states E,, E,. Transitions into respectively E, and E, is facilitated by two othogonal transition dipole
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5.1. THE NITROGEN VACANCY CENTER IN BULK DIAMOND

moments p,, P, lying in the plane normal to the N-V axis (figure 5.1 b)[69, 70]. The orthogonal config-
uration of p,, p, typically makes excitation of the NV~ center weakly dependent on laser polarization.
Once excited, phonon-promoted population averaging of the E,, E, states occur on the ps time scale
[71, 72]. The subsequent spontaneous emission (E, — A,; E, — A,) is hence polarized along ei-
ther dipole axis, irregardless of the state initially excited. [73]. The E,, E, — A, transition is bright
enough to detect the NV-center on a single emitter level[74], and easily recognizable by the 637 nm
zero phonon line (ZPL) for the NV~ charge state (figure 5.3¢). The NV-center exhibits exceptional
photostability, as an indefinately stable photon rate is achievable by optically cycling the E,, E, <> A,
transition under continuous laser illumination [75] (figure s.3b). Bright optical cycles are only tem-
porarily interrupted during inter-system crossing to the singlet state (A, ), which quickly relaxes to the
meta-stable state (E) with a shelving time of ~ 150 ns. The probability of intersystem crossing is strongly
dependent on the spin projection of the excited state. Using numbers from figure 5.2, the probability
of intersystem crossing is respectively 6.3 ns-90 MHz=57% for m; = £1 and 13 ns-10 MHz=13% for
m; = 0, while relaxation from the singlet state preferentially occurs into the m; = 0 spin projection
of the ground state. The accumulated effect is after a few excitation cycles, the system is “spin polar-
ized” into the m,=o state, with a high probability of finding the NV~ in the m,=o state. The subsequent
optical cycles thus mainly occur between the bright m,=o levels, for which transitions into dark peri-
ods in the singlet state, occur least frequently. Further illumination of the NV-center in the six electron
NV~ charge state may convert the system into the five electron NV° charge state by optically pumping
an electron into the conduction band, a process known as photoionization. In a similar fashion, the
NV? charge state may be optically converted to NV~ by capturing an electron from the valence band.
The NV-center in this way continuously flip-flop between charge states, making the ZPL for both NV°
(575 nm) and NV~ (637 nm) visible in the fluorescence spectrum from a single NV-center (figure 5.3¢).
The relative strength of the NV® and NV~ state in the fluorescence spectrum is determined by the ratio
of the ionization and recombination rates at which the NV-center converts between charge states, as in-
dicated in figure 5.2. These conversion rates are strongly dependent on the laser wavelength, as for blue
light (440 nm) the NV state is preferentially populated in a one-photon ionization process. For green
light (510 nm - 540 nm) the NV~ state is optimally populated up to ~ 75% of the time, while red light
(>575 nm) pumps the NV-center into NV?, leaving the system dark as laser photons have insufficient
energy for excitation of the NV? state. [76].

Having reviewed the dynamical transitions between electronic energy levels in the NV-center, we con-
clude the section by sketching out the full optical cycle of excitation and spontaneous emission involving
the vibrational band of the ground and excited electronic state. (figure 5.32). In this simplified picture
the quasi-continuum of vibrational modes of the diamond lattice is condensed into a single effective
vibrational mode for which the summed displacement of nucleai, during the vibrational motion, is de-
scribed by the normal coordinate. The displacement of nucleai from equilibrium is restricted by the
electrons, whose energy acts as a spring potential for the vibrational motion, in the Born-Oppenheimer
approximation. In this case, the vibrational states become simple harmonic oscillator states associated
with the potential surfaces of the ground and excited electronic energy levels, as indicated (figure 5.32).

According to the Franck-Condon principle the electronic transition moment between various vibra-
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Figure 5.2: Electronic energy levels of the NV-center, situated in the band gap of diamond (hor-
izontal lines). The electronic energy levels are labeled according to symmetry and spin multiplicity
(number of spin levels). The experimentially measured lifetime of each level is indicated in blue. Non-
radiative decay out of each level is indicated by a dashed line and the rate is given in blue. Optically
observable transitions are indicated by vertical red lines and labeled by the transition wavelength,
emission or absorption.

tional levels in the ground and excited state is proportional to the overlap of the vibrational wave func-
tions. The shift of the excited state potential surface may be understood as a new nucleai equilibrium,
giving the redistribution of electronic charge. The shift removes the othogonality between the ground
and excited state vibrational levels. Excitation may thus occur into the stair-case of vibrational levels,
setting up the absorption band. A subsequent relaxation in the excited state-vibrational band, occuring
on the ps timescale, puts the system in the zero-vibrational level of the excited electronic state. Sponta-
neous photon emission occurs by the different decay paths into the ground state vibrational levels, set-
ting up the fluorescence spectrum by a linear progression of Lorentzian contributions for the respective
vibrational levels. Remembering that the transition probability into the respective levels is proportional
to the overlap of the vibrational wavefunctions, one may qualitatively understand the shape of the NV-
center fluorescence spectrum in figure §.3b. The zero phonon line for the NV~ charge state is observed
at the largest energy as no lattice vibrations in this case is excited, while the shifting of the excited state

potential surface results in the largest spectral intensity being observed in the vibrational side band.
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Figure 5.3: (a) Sketch of excitation and emission cycle, involving vibrational levels of the electronic
ground and excited state. (b) Time trace of detected photon rate from a single NV-center in a nan-
odiamond, demonstrating photostable emission, 25 yus time binning. (c) Corresponding fluorescence
spectrum of the NV-center obtained with 532 nm laser excitation. The presence of photonionization
is visible as the ZPL of both NV° and NV~ is observable. Inset confirm signal originate from a single
NV-center as g(®)(0) < 0.5

5.2 THE NITROGEN VACANCY CENTER IN NANODIAMOND

This section, reviews the changed emission properties of the NV-center when contained in a nanodi-
amond, relative to the properties in bulk diamond. NV-centers in nanodiamonds typically exhibit an
increased lifetime, relative to that of bulk. Considering equation 3.10, the increased lifetime is expected
as the lifetime is inversely proportional to the refractive index of the embedding media, typical lifetimes
of the NV~ charge state in a 25 nm nanodiamond being ~ 30 ns. However, while experimental reports
of the NV~ lifetime are consistent in bulk diamond, the lifetime varies significantly between individ-
ual NV-centers in nanodiamonds [77, 78]. The lifetime spread may partly be attributed to the irregular
shape of the nanodiamond and random NV-center position[78], however, experimental observations
cannot purely be explained by variations of the photonic enviroment [ 77, 79]. Studies indicate the onset
of a non-radiative decay rate for nanodiamonds <150 nm, resulting in decreasing quantum yield with
the decreasing size of the nanodiamond [79]. Indeed, a decreasing quantum yield has been confirmed
as the NV-center approaches a diamond interface[80]. A quantum yield of 10-90% have been measured
for ~ 100 nm nanodiamonds and 0-20% for ~ 25 nm nanodiamonds [77]. Photostable emission has
been confirmed from NV-centers down to a nanodiamond size of s nm[81].

Further, the NV-center charge state populations are strongly dependent on the surface terminations of
the nanodiamond. A hydrogen terminated diamond surface forms a conductive surface layer, effectively
decharging NV-centers in close proximity to the surface, to preferentially be found in the neutral NV°

charge state[82]. Alternatively, oxygen surface terminations stabilize the NV-center in negative NV~
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Figure 5.4: Fluorescence spectrum of a single NV-center situated in two different nanodiamonds,
measured in the lab, both excited by a continuous wave 532 nm wavelength pump laser. NV-center
spectrums are strongly dominated by respectively (a) the neutral- (NV°) and (b) negative charge
state. The g measurements in inset indicate detected signal preferentially originates from a single

NV-center.

charge state [83]. Figure 5.4a,b illustrates the effect for two NV-centers in different nanodiamonds,
exhibiting the fluorescence spectrum of the NV° and NV~ charge state respectfully. Given the large
variation in the emission properties of the NV-center in nanodiamonds, it is preferable to precharacter-
ize the particular nanodiamond before incorporating the NV-center into an antenna configuration, for

areliable emitter reference.
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Rate model of a 3-level system

This chapter provides an analytical model for the experimental conditions under which a NV-center
spontaneously emits photons. The overarching purpose is to quantify parameters in the emission pro-
cess by later fitting the analytical model to experimental measurements. The NV-center is modelled as
a 3-level system (figure 6.1), representing the ground-, excited- and meta-stable state of the negative
charge state. The probability of finding the system in the respective states is given by the corresponding
populations Py P, and p, . System excitation, by illumination from a pump laser, is represented by an
excitation rate 7y, , while the decay out of the excited state is given by respectively a radiative- (y,), a
non-radiative decay rate (y, ) and an inter-system crossing rate (7). Transition from the meta-stable
to the ground state occurs at arate 7. The rate model assumes no coherent exchange of energy between
the system and excitation or emission fields [30], valid in the present work as the pump laser is not res-
onant with emission but excites the system through the absorption band, while emission occurs in the
weak-coupling regime. The rate model may be represented by a set of 1. order differential equations for
the state populations (eq. 6.1) and a condition for conservation of the total population(eg. 6.2), stating

that the system must be found in one of the three states[33].

g [P Vex e Y, Pe
E’ P. = Vex =Y = Y — Visc 0 P. (6'1)

Prm 0 Y1sc 7, Pm
Pt Pt p, =1 (6.2)

In the following equation 6.1 and 6.2 are solved for a series of initial conditions corresponding to mea-

surement situations realized in the laboratory.
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Figure 6.1: Schematic of rate model for a 3-level system, consisting of a ground-, an excited- and a
meta-stable state, with corresponding populations, Po Pe and p, respectively. The ground and excited

state are connected by an excitation rate (y,,) and radiative- (y,) and nonradiative (y,,) decay rate.
The inter-system crossing rate (y,5c) connects the excited state to the meta-stable state, while the
meta-stable state subsequently decays to the ground state at a rate Y

6.1 LIFETIME DECAY CURVE

Consider the situation for which the emitter is initialized in the excited state by a sharp laser pulse at
t=o. The situation corresponds to the initial condition p, = 1, while y, = 0 for t>o. The probability of
detecting a photon at a later time interval ¢; ¢ + dt is in this case proportional to dp (t)/dt = —yp (t),
for which the total decay rate of the excited state is given by

1
7/: ; - 7/V+7/nr+7/ISC7 (6'3)

7 being the lifetime of the excited state. Solving equation 6.1 under these initial conditions, the time

dependence of the excited is given by

p, () =€ (6.4)

The excited state population is proportional to the probability of detecting a photon at a particular time
interval t; t+dt. Therefore the total decay rate of the excited state may be obtained by fitting equation 6.4
to the experimentally measured lifetime decay curve, consisting of a time-binned histogram of photon

detection events, relative to the excitation pulse as illustrated in figure 6.2

6.2 SATURATION CURVE

Consider the emitter, excited from a continuous wave laser at constant power, corresponding to a time-

independent excitation rate. The system is in this case operating in steady-state and so the populations

d dp,  d
are independent of time, imposing the steady-state condition e _ Te _ P _ o The detected

dt dt dt

photon R may in this case be written as

R = rn/rpe’ (65)
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Figure 6.2: Experimental lifetime decay curve (grey) obtained by histogramming the time of photon
detection events from a single NV-center, relative to the excitation pulse (inset) for a pulse period of
400 ns, 30 W laser power and histogram time binning of 64 ps. Single exponential fit(red) of lifetime
data finding an excited state lifetime of 37.7 ns.

1 being the collection efficiency of the objective, that is the probability of collecting an emitted photon
with the objective." Solving equation 6.1 for p, under steady-state conditions, the detected photon rate

from a 3-level system is given by

= 17 Yo . (6.6)
1+ 7’13c/7’g Yo t7/(1+ 7’15c/7g)

For an examination of the power dependent response, we simplify the system and consider the response

of a 2-level system, obtained by setting y,.. = 0,

7
R f— 177/7. ( o > . (6.7)
Y TV

Consider initially the non-saturated regime for which the emitter is excited at low laser power, such that

¥y > 7, Risin case limited by the excitation rate, increasing linearly with laser power. Defining the

emitter quantum efficiency by q, = 7, /7, the photon rate in the non-saturated regime is given by

R = N9eY or- (6.8)

Operating the emitter at saturation such that y < 7, , Ris limited by the radiative decay rate, for which
R approaches the assymptotic photon rate limit of

R = ny, (6.9)

For experimental purposes, 7, is commonly not known directly and so it is convenient to rewrite equa-

tion 6.7 in terms of laser power (P), using the relation P o< 7,

'Further, to calculate the experimentally detected photon rate, the transmission of the experimental setup and quantum
efficiency of detector need to be accounted for.
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R=R.— T+ (6.10)

= .10
= p + p sat 7

P, being the saturation laser power. Figure 6.3 illustrates an exemplary model fit of equation 6.10 to

the experimentally measured saturation curve from a single NV-center. Comparing equation 6.6 and

6.10, it is apparent that the saturation curve model also captures the behavior of a 3-level system, while

the meaning of the fitted coefficients is slightly different.
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Figure 6.3: Experimental saturation curve measured from single NV-center (black). Data points
are obtained as the average photon rate from a 2s time trace, with background subtracted from a
nearby sample surface, while laser polarization is set for maximal counts. Error bars representing 1
standard deviation in photon rate. Model fit (red) given by equation 6.10 finding R = 335 kcps,
Py = 402 uW.

6.3 2. ORDER CORRELATION FUNCTION

The 2. order correlation function g (7) is instrumental for the classification of light sources. Classical
light, as described by continuous fields, following g (0) > 1, while for non-classical light g (0) > 0.

¢® () is obtained by measuring the autocorrelation of the light intensity I, according to

(IOt + 7))
{I())*

In the single photon language, g (7) gives the probability of detecting a photon at time t+7 on the

V() = (6.11)

condition of having detected a photon at time t. A single quantum emitter may only emit one photon
at a time and so light from a single photon source is characterized by g (0) = 0, as the probability of
detecting two photons at the same time is zero. A quantum mechanical treatment gives the g?) (0)-value

for nge quantum emitters[31],
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6.3. 2. ORDER CORRELATION FUNCTION

g(z)(O) =1— i (6.12)

Mge
The detection of a photon at t = 0 corresponds to the initial condition pg(O) = 1, as the system in this
case must have transitioned to the ground state, while the probability for the next photon to be detected

at time 7 is 7,p, (7). The 2. order correlation function can in this case be written

@ (g = MPLD) _ pD)
n7,p.(00)  p,(00)’

n7,p,(00) being the normalization factor given by the steady-state photon rate reached at a time longer

(6.13)

than the transient response. p (7) is solved for by taking the Laplace transform of eq 6.1 and solving
the coupled differential equations using the initial condition p, =1 Subsequently transforming to the

time domain using the Heavy-side theorem yield[33 ]

A=Y=V b=1,17,"7 =75 d=—7—7,~Tsc f=7, (614)

S_ — S4 S — S84+ S_S4
(6.15)

p(1) = AT 4 Ayt 4 A;. (6.16)

The coefficient A; gives the steady-state population of the excited state p (00) = Aj. Inserting equation
6.16 in equation 6.13, the 2. order correlation function is given by
ﬁ S—T

A
@) =1+ +2

S+ 6.
™ A (6.17)

Figure 6.4 gives an experimental g*) (7) measurement from a single NV-center, using the Hanbury Brown-
Twiss configuration [84], consisting of a 50:50 beam splitter and two avalanche photodiodes connected
to an electronic timing box in a start-stop configuration. The measurement is obtained by histogram-
ming the inter photon time (7) between photon detection events in a start-stop configuration. For nor-
malization, equation 6.16 is fitted to the histogram and the coefhicient A; is used for data normalization,
to obtain the g(z) (0)-value. The non-zero g(z) (0)-value results from sample background and detector
dark counts, which for the model fit is included in A;.

A physical insight into equation 6.17 may be gained using the relation —A, /A; = 1+ A,/A;, while

assuming that the emitter is operated in the non-saturated regime and transition into the meta-stable
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Figure 6.4: g measurement of single NV-center, excited by a 532 nm continuous wave laser at
300 uW, using 256 ps time binning(grey). Model fitted(red) finding a g (0)-value of 0.11.

state is slow. That is assuming y, + 7,, = 7,, > 7j5c = 7 €quation 6.17 may be written

A A, —(— Telisc
_Z)e*(hﬁr?’ﬂr?’m)f + —26 (rg(nx+n+7m) +7/g)r'

6.18
A A (6.18)

) =1-(01+

The first exponential term in equation 6.18 is responsible for the initial slope of the g») (), including
both excitation- and decay rate terms, as the emitter must be excited and spontaneously decay before a
second photon can be detected. The second exponential term is related to shelving in the meta-stable
state, causing g®) bouncing or increased probability of detecting a photon, at a delayed time. The pres-
ence of y,_in both terms causes curve narrowing at short times and increased bouncing at longer times,

with increased laser power.

6.4 ROTATION OF LASER POLARIZATION

Consider now the detected photon rate upon rotation of the pump laser polarization, linearly polarized
along the sample plane. The excitation rate in this case varies with the projection of the pump field on

the N'V-centers dipole axis, according to

Ve (@) < > |E.(p) - pif. (6.19)

J=%5y

Summing over the orthogonally oriented dipole axis p, and p, of the NV~ charge state(figure 5.1b), the
geometrical orientation of p,, p, may be defined in terms of the normal vector to the dipole plane Vyy,
described by the azimuthal angle Oy and polar angle ¢, and the angular position (@) in the dipole
plane, asindicated in figure 6.5a. Assuming that the emitter is operated in the non-saturated regime, such
that photon rate scales linearly with excitation rate (see equation 6.8), the photon rate can be shown to

follow[ 85 ]
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6.4. ROTATION OF LASER POLARIZATION

R |E,|*|p|? (1 — cos (¢ — <pNV)2 sin (GNV)Z) , (6.20)

¢ being the polar angle, defining the orientation of the pump field (E,,) polarized along the sample
plane, while equal dipole moment is assumed |p| = [p.| = |p,|. As equation 6.20 is independent
of © the measurement contains no information about the dipole orientation in the dipole plane. The
orientation of the dipole plane may however be determined by fitting equation 6.20 to experimental

data, with some ambiguity, as ¢, + m and £60yy yield equally good model fits. Figure 6.5a, b

PNy
illustrate such a least-square-fit to experimental data from an NV-center. The measurement provides

the dipolar response of the NV-center and allows for the maximum in-plane dipole projection to be

determined.
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Figure 6.5: (a) Sketch of the dipole axis py, p, contained in the dipole plane with normal vector Vyy
defining the N-V axis, described by the azimuthal angle 8xv and polar angle ¢,,,. The sample plane
is indicated in grey, containing the pump field E,, oriented along the polar angle ¢. (b) Photon rate
from a single NV-center, measured as a function of the pump field orientation (black dot), errorbar
1std and model fit (red) (c) identical data in polar plot, magenta and black dashed lines give possible
model contributions from p, and p,.
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Experimental setup and techniques

This chapter reviews the experimental setup and describes the techniques for AFM manipulation and

characterization of the emission properties of quantum emitters. The analytical model for experimen-

tal measurements was described in section 6. The experimental setup has been continuously evolving

throughout the work of this thesis, part of the PhD work being contributions to the design, construc-

tion and continuous improvement of the setup. We here present the current version of the experimental

setup, while prior setup versions appear in the individual publications. A sketch of the current setup is

given in figure 7.1.

Quantum emitters are excited at a wavelength of 532 nm by an ultra stable continuous wave laser (CLs32-
100-O CrystaLaser) or a pulsed laser (LDH-P-FA-530L - Picoquant) with a pulse width of ~ 50 ps

operating at a pulse period from 12.5-400 ns. The laser of choice is introduced into the excitation light

path (green path figure 7.1) by a flip mirror. A short pass filter (cut-off 750 nm) filters residual light of
the fundamental laser harmonic. The laser is subsequently passed through a configuration consisting of
a polarizing beam splitter sandwiched between two half-wave plates, for the control of laser power and

orientation of pump polarization. The laser power is controlled by manually rotating the first half-wave

plate, thereby changing the power passed directly through the polarizing beam splitter. The polariz-

ing beam splitter subsequently defines the polarization axis for both pump lasers. Rotating the second

half-wave plate results in a rotation of the linearly polarized pump light. In the interest of achieving a

diffraction limited laser spot, the pump light is passed through an asymmetric spatial filter, consisting

of a short(6 cm) and long (20 cm) focal length lens and a 100 ym pinhole. The configuration filters

and expands the beam to a gaussian beam, wide enough to overfill the backaperture of the objective.

Figure 7.2a shows a photograph of the excitation light path in the experimental setup. After spatial fil-

tering, the pump light is passed to the backport of an inverted microscope (IX73 - Olympus), shown in

figure 7.2b. The inverted microscope holds two filter cube turrets for introducing various filters in the
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light path. Conventionally, pump light is reflected off a dichroic mirror in the top turret, with a cut-off
535 nm (FFs535-SDio1 - SEMROCK). The pump light is focused onto the sample with a x100, 0.9 NA
air objective (MPlanFLN - Olympus), used in appendix b, or ax100 1.4 NA oil objective (UPlanSAPO
- Olympus), used in appendix c.
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Figure 7.1: Schematic of experimental setup for characterization of emission properties of quantum
emitters. Green indicates the excitation path of the pump laser light, red the detection path of
quantum emitter fluorescence and yellow the path of lamp light for bright field microscopy. FM: Flip
mirror, SPF: Short pass filter (750 nm cut-off), 1/2: Half-wave plate, PBS: Polarizing beamsplitter,
PH: Pin hole, DM: Dichroic mirror (cut-off 550 nm), BS: Non-polarizing beamsplitter, LPF: Long
pass filter (550 nm cut-off), APD: Avalanche photodiode.

The position of the sample is indicated in figure 7.2b. When using the oil objective, an AFM (Solver
Pro - NT-MDT) is mounted on top of the microscope for manipulation of nanodiamonds or silver cubes
spincoated on a quartz coverslip. The AFM and sample are mounted on a micrometer stage, which al-
lows for rough alignment of the AFM cantilever to the laser beam. The procedure for alignment of
cantilever to laser beam is described in appendix c. Fine positioning and scanning of the sample wrt.
the laser beam is facilitated by a piezo stage mounted on the micrometer stage (figure 7.2). For focusing
and sample inspection by bright field microscopy, a halogen lamp, configured for Kohler illumination,

illuminates the sample through a bottom port in the microscope (yellow light path, figure 7.1). Sam-
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ple inspection is done through the occular or imaging onto a CCD camera, back through the bottom

microscope port.

C——
-ﬂll"’
Piezo Stage Micrometer
Stage

Sample

Figure 7.2: Photographs of experimental setup for characterization of NV-center emission properties
and AFM assembly of nano particle antennas. (a) Excitation light path, green line indicate the light
path of pump light from the contineous wave(CW) and pulsed laser. The pump light is input to
the backport of an inverted microscope. (b) Inverted microscope, the sample position along with
piezostage and alignment micrometer stage is indicated. For particle manipulation, the AFM may
be placed ontop of the inverted microscope.

The emission from the quantum emitter, which is collected by the objective, is reflected oft a dichroic
mirror (FFs52-Dio2 - SEMROCK) in the bottom microscope turret, split by a 50:50 non-polarizing
beam splitter and imaged onto two avalanche photo diodes(APD) (7-SPAD - Picoquant), in the Hanbury-
Brown Twiss configuration. In order to limit background counts, arising from ambient light in the lab-
oratory, each APD is placed in a darkbox, resulting in a detector dark count of 200-500 cps with the
light off in the room. The fluorescence detected by APD1 (see figure 7.1) is imaged through a 100 ym
pinhole, which allows for confocal scanning of fluorescence by mapping out the photon rate detected
by APD1 as function of piezo-stage position. For histogramming of a lifetime decay curve, described
analytically in section 6.1, the pulsed laser is operated at 400 ns pulse period, much longer than the typ-
ical NV-center lifetime. The onset of each laser pulse is indicated by an electronic sync pulse sent to
an electronic timing box (Picoharp 300 - Picoquant) which starts a clock, the detection of a photon
on APD1 stops the clock, thereby time-tagging the photon event'. Timing uncertainty in time-tagging

of photon detection events is given by the instrument response function(IRF) measured to ~ 800 ps

'In pratice, lifetime decay curves is recorded in reverse start-stop mode. Photon detection starting clock and the sync
laser pulse stopping clock. The reason being to only run the timing circuit at the rate of photon detection events rather than
the laser pulse rate.

39



CHAPTER 7. EXPERIMENTAL SETUP AND TECHNIQUES

FWHM, uncertainty arising from finite pulse laser width(~ 50 ps), uncertainty in the electronic tim-
ing circuit(4 ps), analog-to-digital conversion(64 ps time binning typically used), and uncertainty in the
timing of photon-to-electronic pulse conversion related to the detector. The IRF was not corrected for
in this work, as experimentally measured lifetimes were much longer than the IRF FWHM.

For measuring the 2. order correlation function, analytically described in section 6.3, the start sync sig-
nal is obtained upon a detection event on APD2 and stop signal from APD1. The g®) measurement
thus consists of histogramming the interphoton time between photon detection events on APD2 and
APD1. Time-tagging between two APD’s results in an increased timing uncertainty, which may limit
g®(0)-value for a sharp slope around 7 = 0.

For saturation curve measurements, analytically described in section 6.2, a 2 s time trace of photon de-
tection events from APD1 and APD2 is obtained for a series of the laser powers. The saturation curve
is obtained by plotting the time average photon rate from each time trace, against the laser power. For
each saturation curve the focus was initial optimized and laser spot aligned to the NV-center by max-
imizing the detected photon rate, while stepping in 100 nm intervals with the piezo stage. The pump
polarization was then optimized for maximum counts. Each saturation curve was corrected for sample
background measured from a nearby plane sample surface.

Mapping photon rate as a function of pump polarization, analytically described in section 6.4 is done by
recording the 2 s time traces from APD1 and APD2, while rotating pump polarization over 360° in 15°
steps. Plotting the time average photon rate of each trace against the pump polarization angle, reveals
the pump polarization dependence.

The fluorescence spectrum is obtained by introducing a flip mirror in front of APD 1, deflecting the pho-
tons onto a grating spectrometer (Shamrock so00i - Andor) which disperses the light onto an electron-
multiplying CDD (EMCCD)(iXon Ultra 888 - Andor). At a laser power of 1004W, a good spectrum
from a single NV-center could be achieved within an integration time of § min.

For probing the polarization of emitted light, an analyzer (LPVIS100-MP2 - Thorlabs, 550-1500 nm),
mounted on a rotational motorstage, is introduced in the detection light path and photons reflected off
a flip mirror onto a CCD (Orcad4LT - Hamamatsu), set to image the emission spot. Integrating camera
counts of the emission spot for various analyzer angles maps out the polarization dependence of the

emitted light.

Having described the experimental setup and measurement procedures for characterizing the sponta-
neous emission properties, we proced by reviewing the procedure for AFM assembly of nanodiamond-
silver cube systems, applied in appendix b and c. The AFM assembly procedure is described by re-
viewing the assembly of a cube dimer antenna around a nanodiamond containing a single NV-center,
appearing as experiment d in appendix c. In this experiment a low fluorescence quartz coverslip (SPI
supplies) was cleaned by a RCA1 cleaning step which removed biological residue and made the sur-
face hydrophilic for successful spincoating of nanodiamonds(MSY 0-0.05 GAF - Microdiamant) di-
luted 1:50 in mili-Q, followed by 100 nm silver cubes (nanoComposix) diluted 1:2 in Mili-Q water and

finally silver nano wires synteasized in-house. The nano wires act as reference markers for locating the
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Figure 7.3: Procedure for identifying a nanodiamond containg an NV-center and the AFM assembly
of a cube dimer antenna. (a) Fluorescent scan of sample, an identified NV-center is circled in green.
(b) AFM scan of the same sample area, the estimated NV-center position in circled and 3 silver cubes
identified with labeling C1-C3. (c) Clearing of sample by AFM contact mode scanning. (d) Separation
of nanodiamonds potentially containing the NV-center, by AFM manipulation, and identification of
correct nanodiamond. AFM assembly of cube dimer antenna around nanodiamond pushing (e) cube
C3 and (f) cube C2 to the NV-center.

particular nano diamond containing an NV-center in both the fluorescent scan map and AFM scan®.
Figure 7.3a show a fluorescence scan of the sample performed at a 100uW laser power using the oil
objective for excitation and photon collection. The end of a silver wire is visible as a reference point.
Within the scan a fluorescent spot has been identified to arise from a single NV-center, confirmed by
lifetime curve, spectrum and g») measurement. Figure 7.3b show the corresponding AFM scan of the
same area. Transfering the NV-center coordinate position with respect to the wire end, from the fluo-
rescent scan to the AFM scan, an area can be identified, within which the nanodiamond containing the
NV-center is located. In the AFM scan (figure7.3b) the estimated N'V-center position has been circled
and labeled NV. The 100 nm silver cubes may easily be identified in the AFM scan by the difference
in height to the 25-40 nm nanodiamonds. Three cubes labeled C1-C3 are immediately available in the
vicinity of the NV-center setting the ground for AFM assembly of the cube dimer antenna. To allow for
isolating the nanodiamond containing the NV-center and pushing cubes to the NV-center, sample area
is cleared by scanning in contact mode. Figure 7.3¢ show the sample after an area has been cleared by
contact mode scans. Contact mode scanning blunts the AFM tip (NSG10 - NT-MDT, 10 nm tip radius)
and increase the chance of picking up cubes or nanodiamonds during subsequent AFM manipulation.
The AFM tip was therefore changed after such scanning in contact mode. The cleared area in figure 7.3¢

give cube C1-C3 a clear path to the NV-center, while the potential nanodiamonds containing the N'V-

*for single cube experiments in appendix b, gold reference marks defined electron beam lithography was used instead
of silver nano wires.
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center, indicated with a circle, can be separated such that the correct nanodiamond may be identified. In
figure 7.3d the nanodiamonds have been dispersed into the cleared area, by pushing the individual nan-
odiamonds with the AFM tip. For particle manipulation with the AFM, an area is initially scanned in
non-contact mode, AFM manipulation is then performed by transitioning to contact-mode and moving
the AFM tip over the nanodiamond, along the path of intended particle movement. A subsequent scan
in non-contact mode reveals the new position of the particle and a new cycle of AFM manipulation can
be performed. For successful particle movement, the tip radius of curvature should be smaller or same
size, as the particle radius for maximizing the translational force applied to the particle [86, 87]. After
separating the nano diamonds, the nanodiamond containing the NV-center is identified by aligning the
laser beam to the NV-center. Moving the AFM tip over the individual nanodiamonds in non-contact
mode, while monitoring the laser spot on the CCD camera, increased scattering of laser light was ob-
served when the cantilever was placed over the correct nanodiamond. The nanodiamond identified in
this way, is circled in figure 7.3d. With the correct nanodiamond identified, the cube dimer antenna was
assembled around the NV-center by AFM manipulation. The optimal approach for AFM manipulation
of cubes was to minimize the force applied by the tip to the sample. That is operating at the minimal
set point, in which the AFM goes into contact mode. In this setting the successrate of cubes pushes was
~ 75 %, while the blunting of the tip was slow, thereby decreasing the chance of picking up the cube
during AFM manipulation. Deterministic cube movement was best achieved by pushing normal to a
cube facet, with the AFM tip centered on the facet. With this approach cubes would offen move in a
straight line. For deterministic alignment of the cube facet, normal to the NV-center dipole axis as is
done in appendix c, the cube facet would be aligned slightly away from the nanodiamond and pushed
in a straight line to cube. Figure 7.3e, fillustrate the assembly of the cube dimer antenna around the

selected nanodiamond.
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Nano antennas for enhancement of nonclassical light

emission

This chapter summarises the results achieved throughout this PhD. For an in-depth discussion of the
results, the reader is referred to the individual publications appearing in appendix A-E. The aim of this
chapter is to put each publication into the context of the thesis, namely developing nano antennas for
enhancing the generation of non-classical light. The publications are discussed in the chronological

order in which the work was conducted, in the hope of clarifying the logical progression of the work.

8.1 METAL PHOTOLUMINESCENCE FROM GOLD NANO ANTENNAS

Gold and silver are the metals of choice for achieving a strong plasmonic response in the visible and
near infrared region, coinciding with the emission wavelength of typical quantum emitters. Silver ex-
hibits the lowest ohmic loss (see figure 2.4d) and largest band-gap energy(~ 3.4¢V) [88], in principle
preventing metal luminescence for excitation wavelengths > 400 nm. However, under ambient con-
ditions silver steadily corrodes, forming compounds such as silver sulfide (Ag,S)[89, 90], which ruins
the plasmonic properties. Silver corrosion inevitably makes samples difficult to work with in the lab-
oratory, as they are not stable over long time periods. In contrast, gold is chemically inert, making it
viable for long-term ambient operation. However, the lower band gap energy (~ 2.2¢V) results in
metal photoluminescence[91] for a typical excitation wavelength of 532 nm, potentially degrading the
single photon purity of a quantum emitter incorporated into a gold nano antenna. While filtering is an
option to limit background emission from gold[92], it is generally desirable to expand the understand-
ing of how metal photoluminescence arises in gold nano antennas, so as to better evaluate the viability

of gold for a particular antenna design in combination with a particular quantum emitter.
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Appendix A presents a study of metal photoluminescence from arrays of gold nano patch antennas con-
sisting of a top nano particle separated from a plane gold film by a thin dielectric spacer layer (figure
8.1a). The resonant response of the antenna may be understood as a standing wave resonance arising
from the propagating GSP mode, introduced in section 2.4 , reflecting at the top particle terminations
[24]. The antenna design is thus known as a gap plasmon resonator, with the gap surface plasmon res-

onance (GSPR) defined by the dimension d of the top particle according to

2T oop
KN(} d+ ¢ =, (8.1)

Ay being the resonance vacuum wavelength, NeGﬁSP the effective index of the GSP mode and ¢, the
reflection phase. In the presented work, gold nano patch antennas are demonstrated to spectrally en-
hance the photoluminescence from gold at the GSPR, relative to a plane gold film (figure 8.1b, c). The
enhancement is believed to arise from radiative electron hole recombination by excitation of the reso-
nant GSP mode. The subsequent scattering of the GSP mode to free space increases the apparent quan-
tum yield of electron hole recombination process, estimated to be ~ 107! for a plane gold film[91].
The spectral dependence and polarization of gold photoluminescence from nano antennas is studied as
afunction of the GSPR spectral position and pump polarization for energically degenerate GSPR’s sup-
ported by a cylindrical top particle (d1=d2), or non-degenerate GSPR’s supported by a rod top particle
(d17£d2). The polarization of photoluminescence is tuned from near unpolarized for degenerate GSPR
to strongly polarized for non-degenerate GSPR. Photoluminescence from rod arrays being polarized
spectrally at the GSPR, with photoluminescence being polarized along the rod-axis associated with the
GSPR. Interestingly, photolumniescence from disk antennas is observed to be weakly polarized along
the axis of pump polarization. In the case of rods, photoluminescence is enhanced at the GSPR, when
the pump polarization is aligned with the associated rod axis. For a physical explanation of experimen-
tal observations, we introduce an intuitive analytical model. The model states that the enhancement of
photoluminescence, associated with a particular GSP mode, scales with the overlap between the GSP
mode and the intensity distribution of the pump field in the metal. The idea that plasmonically en-
hanced gold photoluminescence scales with the spatial overlap between pump field and radiating GSP
mode in the metal was qualitatively suggested by Hailong Hu et. al. [93 ], based on a study of gold disks.
The presented study solidifies this proposition, with the development of an analytical description and an
experimental demonstration of a photoluminescence spectrum, modulated by the pump polarization

for non-degenerate plasmonic resonances.

For single photon generation the resonant enhancement of background metal luminescence is prob-
lematic, as it is desirable to tune antenna resonance to the emission wavelength of the quantum emitter.
The intuitive picture of photoluminescence scaling with pump and antenna mode overlap in the metal
suggests that the effect is most significant for strongly confined plasmonic modes, as the modal energy
in the metal increases with confinement. However, the gold photoluminescence is less signicant at long

wavelengths, partially due to an increasing negative permittivity of the gold, pushing the field to the
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Figure 8.1: (a) Schematic of nano patch antenna, the GSP standing wave resonance is set by the
dimension d of the top particle. Top particles defined either as disks (d1=d2) or rods (d1#£d2).
(b) Dark-field image of disk arrays with disk diameter increasing in a convential reading directing.
The array color represents the spectral position of the resonance. Color-coded arrays were used for
the experimental study. (c) Corresponding color-coded photoluminescence spectrum from arrays and
electron microscopy images(top panel). Yellow color represents the plane gold film.

dielectric side and decreasing electron hole population. Gold may in this sense still be interesting to
explore for quantum emitters emitting at long wavelengths such as the silicon vacancy center with a
zero phonon line at 737 nm [94]. The utilizing of longer wavelength pump, cross-polarized to antenna

emission, may be interesting to explore to reduce the background of gold photoluminescence.

8.2 SPONTANEOUS EMISSION FROM MULTIPLE NV-CENTERS COUPLED TO A SILVER CUBE

In section 8.1, plasmonically enhanced photoluminescence from gold was noted to compromise the sin-
gle photon purity of a quantum emitter-antenna photon source. In this sense, silver is the natural choice
of plasmonic material, having a large enough bandgap energy to avoid metal photoluminescence for a
typical pump wavelength of 532 nm. However, in this aspect it is worth noting two additional sources
of background emission. For a pump wavelength below the bandgap of silver, background emission
has been observed from polycrystalline silver processed by electron beam lithography [95 ], or a Raman
process occuring in small metallic gaps [96]. With the goal of avoiding the reported background from
polycrystalline silver, we explore the option of utilizing chemically synthesized monocrystalline silver
cubes as nano antennas. Monocrystalline silver further has the benefit of reduced ohmic loss as loss
from electron scattering on grain boundaries or lattice defects is absent[97]. The smooth well-defined
geometry of chemically synthesized nano particles improves the reproducibility of single particle exper-
iments, while lossy adhesion layers [ 98, 99] may be avoided by this approach. Lossy adhesion layers are

typically neccessary for nano antennas fabricated by electron beam lithography.

Appendix B constitutes the initial study into utilizing a monocrystalline nano cube for enhancing the
spontaneous emission properties of NV-centers coupled to the cube antenna. The cube supports a dipo-
lar LSP mode, driven either by the pump light or spontaneous emission from the NV-center (figure
8.2a). In order to directly observe the changed emission properties of the multiple NV-centers con-

tained in the nanodiamond, the nanodiamond is precharacterized before assembly of the cube-emitter
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Figure 8.2: (a) Charge distribution of LSP mode supported by 100 nm silver cube, excited by a
planewave at normal incidence. (b) AFM assembly of nano diamond-cube system, top and center
panel illustrate AFM scans during manipulation of cube toward the nano diamond, lower panel shows
the isolated nanodiamond and the final assembled system. (c) fluorescence spectrum of isolated
nanodiamond (blue) and nanodiamond-cube system(red) excited for pump polarization along the
nanodiamond-cube axis.

system, using an AFM (figure 8.2b). The assembled cube-emitter system exhibited a photon rate en-
hancement of 4.1 in the non-saturated regime, for pump polarization aligned with the nanodiamond-
cube axis (figure 8.2c). For orthogonally aligned pump polarization, the detected photon rate is sup-
pressed by a factor 2 relative to the bare nano diamond. The enhancement and suppression of photon
rate is in qualitative agreement with numerically modelled near-field enhancement and suppression of
pump light for the respective polarizations. A decay rate enhancement up 4.1 is observed for the assem-
bled system, accompanied by polarization of the spontaneous emission, as ~90% of the power is de-
tected when the analyzer is aligned with the nanodiamond-cube axis irregardless of pump polarization,
while emission from the bare nanodiamond was preferentially polarized along the axis of pump polar-
ization. These features constitute two improvements towards the desirable features of an ideal photon
source. Further no background was observed from the monocrystalline silver cubes as cubes were not
detected in fluorescence mapping, nor did the g (0)-value degrade when a cube was pushed close to
a nanodiamond containing 1-2 N'V-centers. This is a promising observation for achieving a high pu-
rity photon source. The results provide a foundation for incorporating NV-centers into more complex

cube-based photon sources.

8.3 NON-CLASSICAL LIGHT EMISSION FROM AN NV-CENTER IN A SILVER CUBE DIMER

ANTENNA

In appendix C, we increase the complexity of the cube antenna by demonstrating non-classical light
emission from a single NV-center in a cube dimer antenna. At this point it is worth noting that the nano
diamond supplier was changed from the one-cube to the two-cube experiment. Over measurements of
20 nanodiamonds with a mean size of 40 nm, reported to contain 1-4 NV-centers, a g»(0) < 0.5 was
never observed. These nano diamonds, supplied by Adamas nanotechnology, was fabricated by Helium-

ion bombardment of the nano diamonds followed by annealing [ 100] and used in the few emitter ex-
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periment, appearing in the final part of appendix B. For the two-cube experiment presented in appendix
C, MSY 0-0.05 GAF nano diamonds from Microdiamant was used, having a mean size of ~ 25 nm, each
nanodiamond having less than a 0.001% chance of containing an NV-center. These nanodiamonds con-

sistently exhibited g (0) < 0.5.

The cube dimer antenna may be understood by expanding the picture from section 2.5 of single particle
LSP charge oscillations, described as a harmonic oscillator, to the picture of two coupled harmonic os-
cillators. The interaction of surface charges for cubes in close proximity is analogue to coupling of two
spring-mass systems via a spring (figure 8.3a). The spring interaction forms new resonant modes of in-
phase and anti-phase motion of the two masses. Correspondingly, cube interaction results in modes of
in-phase(bonding mode) and anti-phase(anti-bonding mode) charge oscillations, for which the modal
energy is shifted to respectively smaller and larger energy wrt. the isolated cube mode. The bonding
cube mode illustrated in figure 8.3b is a promising antenna mode as the electric field is strongly con-
fined to the gap, allowing for efficient coupling of an NV-center to the antenna mode, when placed in
the gap. Further, the in-phase cube oscillations result in strong radiative damping, which considering

equation 2.27 should result in high antenna efficiency.

nm .

(@) §M”v\ - g0 |(€) — “1800
, w0 | {600 é
(b) . 0 |7 Errier {400 &
[ nm bl ']
- >
(d) 80 || 12008

« 40 : : : 0

5 ' 0 1000 2000 3000
0 Laser Power (W)

Figure 8.3: (a) analog model for LSP mode of coupled cubes, described by two coupled mass-
spring-damper systems. (b) Charge distribution of bonding LSP mode supported by a coupled cube
antenna, modelled for two 100 nm cubes illuminated on resonance by a planewave. AFM scan of cube
dimer antenna (c) before and (d) after operation at a saturation laser power of 3.4 mW, scalebar
200nm. (e) Measured saturation curve (point) and model fits (solid) for isolated NV-center(blue),
single cube (red) and two-cube configuration (green).

In appendix C, we demonstrate non-classical light emission from a single NV-center positioned in
the gap of a dimer antenna, consisting of two 100 nm monocrystalline silver cubes. For optimal coupling
of NV-center emission to the antenna mode, the orientation of the in-plane NV-center dipole moment
is precharacterized by rotating the pump polarization while monitoring the photon rate. For optimal
alignment of antenna mode field to dipole axis, the dimer antenna is subsequently assembled by AFM
manipulation with cube facets aligned normal to the dipole axis(figure 8.3¢). During antenna assembly,
the decay rate, spectrum, polarization, g?), saturation curve and dependence of pump polarization are
tracked from the bare nano diamond to the one-cube and two-cube configuration. Emission parameters
are observed to continuously improve throughout antenna assembly. The assembled antenna exhibits
good single photon purity, measured to g (0) = 0.08. Stable antenna operation at saturation laser

powers without antenna damage is demonstrated (figure 8.3d). The experimentally detected photon
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rate reaches 850 keps (figure 8.3¢), an improvement of the saturation limited photon rate by a factor
6.6, relative to the isolated nanodiamond. Weakly polarized emission from the isolated nanodiamond
was demonstrated to increase from a polarization ratio of 2.1, detected along the minor and major axis,
to 9 for the dimer antenna. The experimental results thereby demonstrate improvements of 3 desirable
features of the ideal photon source given in figure 1.1: Photon rate, purity and polarization. A compari-
son of experimental data with finite element modelling indicates that the minor decay rate enhancement
of 3.3 results from non-unity quantum yield, the intrinsic quantum yield of the isolated NV-center esti-
mated to 0.35 in the particular experiment. The experimentally observed increase of photon rate is con-
sistent with increased quantum yield of the NV-center when positioned in the antenna, and increased
antenna efficiency of the dimer antenna over the single cube configuration. The improved photon rate

is thereby attributed to increased quantum yield of the NV-center and high antenna efficiency.

8.4 EFFICIENT EMISSION FROM MULTIPLE NV-CENTERS IN A HYBRID BULLSEYE AN-

TENNA

In appendix D, we focus on improving the efficiency at which radiation from an NV-center may be col-
lected by an objective or optical fiber. Efficient delivery of photons to a particular optical mode being
desirable for technological applications (figure 1.1). For efficient photon collection, highly directional
antennas with low antenna losses are required. Further, the efficiency at which photons are emitted
from the NV-center may be compromised by non-unity quantum yield of the emitter. It is in this aspect
desirable to improve quantum yield by accelerating the radiative decay rate of the emitter, relative to

intrinsic non-radiative decay, while also achieving directional emission and low antenna losses.

(@) (b) Log(cts) (€) kcts

11 62
31

6

1 0

Figure 8.4: (a) Electron micrograph of fabricated bullseye antenna, the nano diamond containing
NV-centers appears in the center of the bullseye. (b) log-scale fluorescence image of SPP-coupled
emission from the NV-centers, scattering on bullseye grating, obtained for on-resonance filtering
(650-740 nm) using 532nm pump CW pump laser. Dashed line indicates the bullseye antenna
boundary. (c) Corresponding back-focal plane image, filtered for on-resonance emission. White
boundary indicates the 0.9 NA of the objective.

In appendix D, we propose a hybrid plasmonic bullseye antenna, designed for achieving highly direc-
tional emission with low antenna loss, while featuring a moderate decay rate enhancement, desirable for
improving quantum yield. As the structuring of silver by electron beam lithography [95] or focused ion

beam milling [ 101] has been observed to give rise to background emission, the antenna design is based
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on a plane silver film with the aim of minimizing background. In order to minimize ohmic antenna loss,
the bullseye grating is designed to support two low-loss plasmonic modes: The SPP and CGD modes
introduced in section 2.3 and 2.4, supported by the high-index titania bullseye grating, separated from
the plane silver film by a 15 nm low-index SiO2 spacer layer. Numerical optimization of grating parame-
ters for a wavelength of 670 nm and a titania height of 100 nm theoretically allowed for 85% of the power
emitted by a vertical dipole to be collected with a 0.9 NA objective. Simultaneously, the decay rate is
enhanced by a factor of 18 relative to vacuum. For an experimental examination of the antenna, the nu-
merically optimized antenna is fabricated by electron beam lithography. Importantly, durable antennas
could be fabricated without lossy adhesion layers at the Ag-SiO2-TiOz2 interfaces, which would have
increased antenna loss. A nano diamond containing ~ 400 NV-centers is subsequently picked up from
a coverslip with an AFM and placed in the center of the bullseye antenna (figure 8.4a), using the pick
and place technique [46]. As analytically described in section 4.1, NV-centers close to a silver interface
efficiently decay by excitation of SPP propagating along the interface, illustrated experimentally in figure
8.4b. The SPP subsequently scatter on the periodic TiO2 bullseye grating, resulting in directional an-
tenna emission(figure 8.4¢). The presence of decay rate enhancement was experimentally observed as
a narrowband(quality factor ~18) resonant peak in the fluorescence spectrum at 675 nm, following the
spectral shape of the modelled decay rate enhancement. The on-resonance emission is demonstrated
to be highly directional by Fourier microscopy, revealing peak emission at an angle of 5° wrt. the plane
normal, based on a center cut of the Fourier image. The emission pattern being in excellent agreement
with numerical modelling of the designed antenna. The polarization of the emission is demonstrated
to be radially polarized, imposed by symmetry considerations. Finally, the antenna was confirmed to
be stable under operation at saturation laser powers, confirmed by retracing the same saturation curve

upon increasing and decreasing the laser power.

The above work was conducted during a 5 month visit to Purdue University, in collaboration with mem-

bers from the research groups of Prof. Vladimir Shalaev and Prof. Alexandra Boltasseva.
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8.5 FABRICATION OF BRAGG MIRRORS FOR PLASMONIC CAVITIES

Beyond the main focus of this PhD on studying nano antennas for enhancement of nonclassical light
emission, further work has been dedicated to supporting the complementary work of coworkers on re-
alizing an on-chip photon source. Efficient coupling of emitter radiation to an on-chip waveguide mode
may be achieved by placing the emitter in a cavity, which leaks into the waveguide. Such a Fabry-perot
or standing wave cavity is commonly achieved by truncating a waveguide system with two semitranspar-
ent mirrors. A large quality factor is achievable for such systems, as scattering losses are typically small
[102]. An efficient mirror for such cavities is the Bragg mirror, consisting of a refractive index perodically
varying along the waveguide [103, 104]. The section widths of large and small refractive index are care-
fully defined, such that constructive interference is achieved in reflection and destructive interference
in transmission. This section reviews the efforts in this PhD to fabricate Bragg mirrors by electron beam
lithgraphy, on two waveguide systems, a V-groove [105] or a film coupled silver nanowire. The mirror

fabrication on V-grooves partially constitutes the authors contribution to the publication in appendix E.

8.5.1 V-GROOVE

We initially describe the fabrication of a PMMA Bragg mirror on a V-groove. The Bragg mirror functions
by achieving constructive interference in reflection from a set of periodic dielectric ridges. Constructive
interference in reflection is maximized by setting the dielectric ridge width to a quarter wavelength of the
waveguide mode in the dielectric material. However, due to limitations in fabrication resolution, 3/4-
wavelength ridges of PMMA are fabricated in this work, that is, air(w,;) and PMMA widths(wpya)

are set to':

31
Wiy =——2 = 525 nm, (8.2)
4nair
31
WPMMA = - 350 nm. (8.3)
4nppmia

Where Ay = 700 nm is the target wavelength of the Bragg mirror, with n,;, = 1, npypa = 1.5 being
the refractive index for airand PMMA. Figure 8.5a illustrates a trial fabrication of a PMMA Bragg mirror
on a V-Groove. The optimized fabrication appears in Figure 8.5b, having dimensions within +10 nm
of the design. Angled view of the groove indicates that the PMMA reach the bottom of the groove
(figure 8.5¢). For a confirmation of a functional Bragg mirror, the V-groove transmission was measured
by illuminating the input mirror with a super continuum laser, polarized perpendicular to the groove
(figure 8.5d, e). The transmission spectrum is obtained by selecting transmitted light, apparent in figure
8.5e, with a pinhole, and spectrally resolving the light using a fiber-coupled spectrometer. Normalizing
the transmission spectrum with that of a V-groove without Bragg mirror should reveal a stop-band in

transmission (not shown). Unfortunately, no stop-band was observed in the present work and so the

""The effective index of the channel plasmon polariton mode propagating along the V-groove is ~1 at air interface, and
so plasmon mode wavelength is reasonably approximated by 24 /n
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8.5s. FABRICATION OF BRAGG MIRRORS FOR PLASMONIC CAVITIES

work does not appear in the final publication. The non-functional Bragg mirror is speculated to arise
from the electron beam depth of focus being much smaller than the V-groove depth, causing varying
ridge width down through the groove. The V-groove fabrication is in this sense difficult to characterize,
as vertical variations down through the groove is not easily accessible with standard characterization

techniques.
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Figure 8.5: (a) Example of PMMA Bragg grating fabricated on V-groove. (b) Optimized fabrication
of Bragg mirror for reflection at 2g=700nm (c) 35° angled view of fabrication in b, indicating that
the PMMA reach the bottom of the groove. Transmission measurement of the V-groove appearing
in b,c using a super continuum laser, polarized perpendicular to the groove for analyzer (d) along or
(e) perpendicular to the groove.

8.5.2 FILM COUPLED NANO WIRE

Another promising plasmonic cavity has been proposed [ 106] in the form of a silver nano wire separated
from a silver film by a structured dielectric spacer layer. For dielectric spacer, we use the electron beam
resist hydrogen silsesquioxane (HSQ) (XR-1541-002, Dow Corning), diluted 1:3 with MIBK in-house,
for a target spacer thickness of 20 nm. The corresponding effective index ( fo’ = 1.57; NS;(SQ =2.03)
of the mode propagating along the wire-film gap is obtained at the target vacuum wavelength of 700 nm
from finite element modelling, and Bragg mirror dimensions were fabricated for 1/4 or 3/4 the wave-
length. As the silver wires spincoated on the sample are randomly oriented, a procedure was developed
for alignment of the exposure pattern to a randomly oriented and positioned nano wire. Initially, gold
alignment marks is introduced on the silver film by electron beam lithography, followed by spincoating
of HSQ ~ 20 nm and then silver nano wires. A MATLAB script was programmed to obtain the silver
wire coordinates wrt. to alignment marks, taking a dark-field image as input (figure 8.6a). A coordinate
system is defined by selecting the lower left alignment mark as origin, with a mouse click. Selecting
the point P2 defines the x-axis and scales the coordinate system to the real physical dimension by the
known separation of origin and P2, here being 9o ym. The script then plots the estimated positions of
the top alignment marks P3 and P4, for confirmation of good alignment. Finally, by user selection of
the nano wire end points, P5 and P6, the coordinates of the Bragg mirror exposure pattern in calculated
wrt. the alignment marks and written to a txt file for import to the electron beam lithography software.
Figure 8.6b gives the dark-field image of the final fabrication, after alignment of electron beam write-
field to the alignment marks, exposure and development in Tetramethylammonium hydroxide 25% for
4 min followed by 2 min in Mili-Q water. Corresponding electron microscopy images are given in figure

8.6¢, d. Measuring the system transmission wrt. a direct reflection on the silver film, as described in sec-
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Figure 8.6: Fabrication of Bragg mirror for film coupled silver nano wire. (a) Procedure for alignment
of fabrication pattern to randomly oriented nano wire. (b) Dark field image after fabrication. (c)
Comparative electron micrograph and a (d) zoom in on Bragg mirror. Transmission spectrum of
another nanowire indicating the presence of a stopband.

tion 8.5.1, indicates the presence of a stop-band, observed for one 1/4-wavelength Bragg mirror(figure

8.6e). The red shifted position of the stop-band wrt. the design wavelength of 700 nm may be a result
of the gap being 15 nm (measured with AFM), rather than design of 20 nm.
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Conclusion and outlook

The primary aim of this PhD study has been the investigation of plasmonic nano antennas for improv-
ing the spontaneous emission properties of quantum emitters, for the generation of nonclassical light.
In this context, we studied the mechanism by which photoluminescence from gold is enhanced when
structured to the shape of a nano patch antenna. The study demonstrated resonantly enhanced pho-
toluminescence at the GSPR, polarized along the particle axis of resonant charge oscillation. Demon-
strations of a tunable photoluminescence spectrum with the orientation of pump polarization solidified
our analytical model, stating the enhancement of gold photoluminescence, relative to a plane gold film,
scales with the spatial overlap between the radiating GSP mode and the pump field intensity in the
metal. The model provides intuitive insight into the origin of plasmonically enhanced photolumines-
cence from gold. While resonant enhancement of background emission from gold is problematic for the
purity of nonclassical light generation, further studies of the enhancement as a function of the GSPR
spectral position and excitation wavelength are desirable. Such studies might better define a parame-
ter space in which gold nano antennas are viable, when coupled to a quantum emitter of an appropri-
ate emission wavelength. From a fundamental point of view, plasmonically enhanced photolumines-
cence from metal is an interesting study, as the largest contribution arises right at the metal side of a the
dielectric-metal interface. In this sense, the study of plasmonically enhanced metal photoluminescence
may contribute to the science of interfaces or expand our understanding of optics occuring in very small
metal-dielectric-metal gaps.

With the ambition of minimizing background emission and unnecessary ohmic loss, antennas for en-
hancement of nonclassicallight emission were realized using monocrystalline silver nanoparticles, plane
silver films and structured high-index dielectrics, separated from metallic interfaces by low-index di-
electrics as the building blocks. The experimentally demonstrated antennas yielded improvements to

the desirable photon source parameters of photon purity, photon rate, efficiency and photon polariza-
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tion. Further, it is encouraging to observe that the demonstrated antennas indeed can be operated at
saturation laser power without apparent antenna damage, which is a prerequisite for achieving a high
photon rate by taking advantage of decay rate enhancement. Monocrystalline silver cube antennas as-
sembled with an AFM were demonstrated to be a viable approach for high-purity photon sources, as a
g®(0) = 0.08 was demonstrated from a cube dimer antenna. While silver corrosion may degrade the
photon purity over time, a potential solution may be to operate the antenna in a vacuum- or nitrogen-
purged environment. The experimentally detected photon rate of 850 kcps is encouraging as further
improvements are feasable. Employing smaller nanodiamonds may allow for reduction of the dimer gap
size, thereby significantly increasing the decay rate of the quantum emitter, while also red shifting the
GSPR closer to the emission wavelength. Further, the efficiency of photon collection may potentially
be improved by modifying the far-field emission pattern using a parabolic mirror or radiation leakage
into a high-index substrate. In this sense, the large antenna efficiency of the dimer antenna is a good
starting point for achieving an overall high-efficiency photon source.

Alternatively, we proposed a hybrid plasmonic bullseye antenna based on a plane silver film and a litho-
graphically structured TiO2 bullseye grating. The proposed design aimed at improving the efficiency
by which NV-center radiation may be collected by an objective or optical fiber, while implementing a
scalable fabrication design, potentially limiting background emission. The proposed design featured a
narrow band decay rate enhancement, a feature experimentally observed as a resonant peak in the NV-
center emission spectrum. A highly directive radially polarized emission pattern, expected from the
numerical design was replicated in experiment based on backfocal imaging. The experimental obser-
vations of directive emission and a resonantly modulated emission spectrum are promising as it so far
validates the main features of the proposed design. Further studies are however required on a single
emitter level, to quantify the efficiency by which photons can be collected. In order to take further ad-
vantage of the narrow band decay rate enhancement, a quantum emitter featuring narrow band emission
should be implemented into the antenna. The silicon vacancy center with a zero phonon line at 738 nm
may in this case be a good candidate, as beyond being a narrow band emitter, the antenna loss can be
expected to decrease toward longer wavelengths. For fully scalable photon source fabrication, a scal-
able approach is required to position single emitters in the bullseye. In this regard, electro-static emitter
positioning using thin dielectric pads is a quite interesting prospect [47]. Further improvements to the
antenna performance may be achieved by using a monocrystalline silver film, in a future fabrication.
Implementation of the above described antenna improvements, in combination with the continuous
discovery and improvement of quantum emitters, can be expected to lead to brigther and more efficient

photon sources in the future.
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ABSTRACT: We demonstrate engineering of the spectral
content and polarization of photoluminescence (PL) from arrayed
gold nanoparticles atop a subwavelength-thin dielectric spacer and
optically thick gold film, a configuration that supports gap-surface
plasmon resonances (GSPRs). Choice of shapes and dimensions
of gold nanoparticles influences the GSPR wavelength and
polarization characteristics, thereby allowing us to enhance and
spectrally mold the plasmon-assisted PL while simultaneously
controlling its polarization. In order to understand the underlying
physics behind the plasmon-enhanced PL, we develop a simple
model that faithfully reproduces all features observed in our
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experiments showing also good quantitative agreement for the PL enhancement.

KEYWORDS: metal photoluminescence, plasmonics, gold nanostructures, polarization, gap surface plasmons

hotoluminescence (PL) from gold was first brought to

attention in 1969 by Mooradian,' who observed broad-
band unpolarized emission from a plane gold film, which was
also independent of the pump light polarization. PL from gold
has conventionally been attributed to a three-step process
consisting of photoexcitation of electron—hole pairs by
excitation of d-band valence electrons to the s—p conduction
band, relaxation of electron—hole pairs, and finally, photon
emission by electron—hole recombination.” The radiative
recombination of electrons and holes from a plane gold film
was reported to be an extremely inefficient process with an
estimated quantum yield of 7, ~ 107'°. Experimental
observations of PL enhancement from rough gold surfaces
was later theoretically treated by Boyd et al.* By approximating
surface roughness as a random collection of noninteracting
hermispheriods, PL enhancement was assigned to the excitation
of localized surface plasmons (LSPs), which resulted in
improvement of both excitation and emission efficiency by
enhancing the local electric field at the respective wavelengths.
The electric field enhancement picture, presented by Boyd et
al, has been widely adopted for the description of PL from
nanoparticles for both linear” and nonlinear excitation.%”
Experimental evidence of the plasmon-enhanced PL has been
demonstrated with single gold nanoparticles, for which the PL
spectra were strongly modulated by a pronounced peak at the
wavelength of the LSP.*® Very large enhancements in PL
quantum yield (up to 10°) have been reported when
conductin§ ensemble measurements of gold nanorods in
solutions'® and tuning the transverse and longitudinal LSPs
to the excitation and emission wavelength, respectively.

More recently, increased attention has been given to the
mechanism of radiative recombination of electrons and holes.
The radiative decay of electron—hole pairs has been
suggested11 to consist of a direct contribution from

i 1 © 2015 American Chemical Society 432
7 ACS Publications

recombination into photons and an indirect contribution
from excitation of an LSP that subsequently decays via both
absorption (ohmic loss) and radiation in the form of PL
(Figure 1). The mechanism of plasmon-enhanced PL as being
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Figure 1. Sketch of the processes involved in photoluminescence from
gold nanostructures.

+

associated with the LSP excitation is largely confirmed, since
many of the LSP properties were found to be imprinted into
the corresponding PL characteristics. For example, LSP
wavelengths seen in scattering were found to practically
coincide with the peaks in PL spectra."*™*® Also, the temporal
delay of plasmon-enhanced PL emission with respect to its
excitation is <50 fs'® and, thus, of the same order as the LSP
lifetime.'” Finally, it has recently been demonstrated that
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plasmon-enhanced PL is polarized along the resonant axis of
gold nanorods'®'® or transverse to a silver nanowire on a
dielectric spacer/gold surface.’ In this regard, it is worth
noting that polarization resolved PL studies of nanorods have
been limited to the long-axis LSP excitation, although
utilization of the transverse LSP may improve the overall
control of PL polarization.

In this work, we demonstrate the PL wavelength and
polarization engineering by exploiting arrayed gold nano-
particles atop a subwavelength-thin dielectric spacer and
optically thick gold film, a configuration that supports gap-
surface plasmon (GSP) resonances.”! Spectral positions of GSP
resonances (GSPRs) can be straightforwardly controlled by
choosing shapes and dimensions of the nanoparticles.”>*’
Moreover, GSP-based structures in this geometry are
characterized not only by large electric field enhancements at
resonance, but also by ease of nanofabrication with one step of
electron-beam lithography being involved.*"** These properties
make GSP-resonator arrays attractive for plasmon-enhanced PL
wavelength and polarization engineering. Especially, the usage
of arrayed rectangular shaped nanoparticles (i.e,, nanobricks)
allows us to illustrate the excitation dependent interplay of two
nondegenerate LSPs (associated with the resonant excitation of
two orthogonally propagating GSPs) and its use for the gold PL
engineering. In order to understand the underlying physics
responsible for spectral and polarization properties of the
plasmon-enhanced PL, we develop an intuitive model
incorporating the local field enhancement effects at the
excitation wavelength and explicitly relating the PL occurrence
to the excitation of an LSP (Figure 1), whose radiative decay
generates the enhanced PL with the corresponding spectral and
polarization properties. This model faithfully reproduces all PL
features observed in our experiments, including the PL
dependence on the excitation polarization that has recently
been reported.’®>* Moreover, it is also found in good
quantitative agreement when evaluating the PL enhancement,
thus providing design guidelines for the PL wavelength and
polarization engineering.

B RESULTS AND DISCUSSION

Experimental Results. Let us start by considering
plasmon-enhanced gold PL arising from a GSP-resonator
array of circular shaped nanoparticles (i.e, nanodisks)
illuminated at a wavelength of 532 nm. The GSP-resonator
configuration consists of a 100 nm-thick gold film on a silicon
substrate with a 20 nm thin SiO, dielectric spacer layer and a 50
nm top gold layer of nanodisks, defined by electron beam
lithography, in a 50 X 50 um? array with a 300 nm period
(Figure 2a). The structure features Fabry—Perot like
resonances,” originating from propagating GSP modes that
for certain wavelengths (or disk sizes) form standing wave LSPs
due to efficient reflection at disk boundaries. Here, we only
consider the fundamental GSPR, which is (within the
metamaterial community) also known as the magnetic
resonance,”® whose LSP wavelength can be simply controlled
by varying the diameter of the disks. In fact, we vary the LSP
wavelength from ~600—780 nm by varying the average
nanodisk diameter from ~70—150 nm, as evident from
correlating scanning electron microscopy (SEM) images and
dark-field scattering spectra (Figure 2d). Note also a distinct
dark-red color of a nanodisk array, observed with a dark field
microscopy, originating from the strong scattering of light at
the corresponding LSP wavelength (Figure 2b). The LSP
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Figure 2. (a) Schematic of unit cell dimensions for nanodisk GSP-
resonator array. (b) Dark-field image of 50 X 50 ym?* nanodisk array
with d = 100 nm. (c) Plasmon-enhanced PL arising from the overlap
of the excitation laser spot with the nanodisk array imaged in (b;
indicated by the dashed boundary), and the surrounding plane SiO,/
gold surface. (d) PL spectra of five nanodisk arrays and plane SiO,/
gold surface (thick yellow line); the corresponding scattering spectra
relative to silver mirror reflection is given in inset, with SEM
micrographs of the nanodisks given in top panel.

modes have apparent influence on the strength and spectral
distribution of the PL signal, as illustrated by imaging the PL
with the excitation laserspot only partially overlapping the
nanodisk array (Figure 2c). In order to quantify the influence of
GSP-resonator arrays on the PL signal, we have recorded the
PL spectrum for each array (Figure 2d) using a linear polarized
pulsed laser at wavelength of 532 nm, weakly focused on the
sample to ensure a broad excitation covering the center portion
of the array. The PL count was found linearly dependent on the
excitation power, confirming that the observed PL is related to
single photon absorption. The PL from the plane gold film is
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seen to gradually decrease in intensity toward long wavelengths,
since the population of excited charge carriers decreases for
energies being further away from the excitation. Contrary, the
PL spectra from the nanodisk arrays are strongly modulated,
featuring higher photon counts and reaching maxima that are
progressively red-shifted when increasing the disk diameter.
The plasmonic origin of the observed PL enhancement is
confirmed by a direct comparison of the PL and scattering
spectra (Figure 2d) that reveal a close resemblance between
spectral peak positions.

The decreasing PL intensity for LSP wavelengths below 650
nm, we attribute to increased nonradiative damping of the LSP
from interband transitions in the gold, which is well-known to
set in for wavelengths <650 nm.”” Interestingly, the PL
intensity also falls off at a significant rate for the LSP
wavelengths red-shifted beyond 650 nm, despite the fact that
the radiative damping of the LSP is increasingly dominating
over the nonradiative decay channel with increasing particle
size. The same effect has previously been attributed to the
decreasing population of nonequilibrium charge carriers for
plasmon excitation at long wavelengths.** In order to account
for charge carrier population effects, we obtain the PL
enhancement of the respective nanodisk arrays (Figure 3a)
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Figure 3. PL enhancement of nanodisk GSP-resonator arrays relative
to plane SiO,/gold film, with array color identifier established in
Figure 2d, without analyzer (a) experiment and (b) simulation, and
with analyzer for excitation polarized parallel (solid) and perpendicular
(dashed) to analyzer given for (c) experiment and (d) simulation. In
simulations, disk diameters are 80 (blue), 100 (red), 120 (green), and
140 nm (orange).

by normalizing the PL spectra with an identically measured PL
spectrum of the plane gold film, for which the PL intensity
should be directly proportional to the excited charge carrier
population. It is important to note that the PL spectra arise
from a large excitation spot area on the array containing both
areas of weak PL (gold film) and strong PL (nanodisks). The
PL enhancement therefore represents the surface average
enhancement, which is very different from single nanoparticle
PL enhancement for which only the nanoparticle area is
considered. The PL enhancement is decreasing for LSP
wavelengths >650 nm, hereby indicating a secondary effect
(beyond a decreasing charge carrier population) is contributing
to the decline in PL intensity. As will be clear from the
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proposed theoretical model, plasmon-enhanced PL results from
the spatial overlap between the absorption profile within the
metal, at the excitation wavelength, and LSP mode profile. The
decline in PL enhancement at long LSP wavelengths is a
consequence of decreasing overlap, resulting from the gold
becoming more metallic at long wavelengths, thus, lowering the
fraction of LSP mode energy in the metal. Furthermore, the
enhanced absorption via off-resonant LSP excitation at the
pump wavelength is progressively diminished with increased
LSP red-shift from excitation wavelength. Finally, we note that
the PL peaks, in accordance with the LSP resonances observed
in scattering, spectrally broaden with increasing particle size.
The broadening of the line width results from increasing the
radiative LSP damping, that rapidly increases with the particle
size. In principle, one may narrow the spectral width of PL
peaks by suppressing the influence of the electric dipole
moment of the LSP mode.”® The cost, however, is a reduced
PL enhancement because of the decreased LSP quantum yield.

We now consider the polarization-dependent properties of
the nanodisk arrays. By inserting an analyzer in the PL
collection path, the PL polarization was checked as a function
of excitation polarization (Figure 3c). Despite the fact that
nanodisks possess two orthogonal degenerate LSP modes, the
PL is slightly polarized along the direction of excitation, as PL
intensity is consistently strongest in the parallel analyzer-
excitation configuration. We would like to emphasize that the
same conclusion can be reached by utilizing an orthogonally
oriented analyzer [see Figure SI in Supporting Information
(SI)]. The observation can be explained by the absorption
profile in the metal spatially overlapping more strongly with the
copolarized LSP mode profile compared to the orthogonally
polarized, thus resulting in an uneven excitation of the LSP
modes. As a measure of the polarization contrast of PL, we
define the quantity a = II; — I,1/1I} + I, at the LSP wavelength,
where I and I, are, respectively, the PL intensity polarized
parallel and perpendicular to excitation. For the nanodisk
arrays, we find a value of o ~ 0.1 for the peak PL intensity
(Figure 3c, red curve), with the quantity decreasing for longer
wavelengths.

It is clear from the above discussion that nanodisk arrays
allow for an enhanced and spectrally engineered PL emission,
with the polarization contrast being weak due to the degeneracy
of orthogonal LSP modes. As a way to control the polarization
properties of plasmon-enhanced PL, we now study nanobrick
GSP-resonator arrays, featuring two orthogonal nondegenerate
LSPs that can be spectrally tuned by adjusting the size and
aspect ratio of the nanobricks. The nanobricks were prepared
with the same layer thickness and array configuration as the
nanodisk arrays. Three arrays with average geometrical cross
sections of nanobricks being 110 X 70, 130 X 72, and 150 X 77
nm® (Figure 4a) were investigated (Figure 4b,d). The
corresponding PL spectra (Figure 4b) show two peaks resulting
from the two orthogonally polarized LSP modes associated
with the short and long axis, as confirmed by scattering
measurements (see Figure S2 in SI). Consequently, the
polarization resolved PL spectra feature individual peaks related
to the correspondent LSPs, resulting thereby in strongly
polarized emission at both LSP wavelengths (Figure 4d). For
excitation polarized along the long axis of the nanobrick, the
polarization contrast at the corresponding long wavelength LSP
is as large as a =~ 0.7 (Figure 4d, red curves), with an average
value of ~0.6 for the three cases considered. For the short
wavelength LSP, the polarization contrast is slightly lower with
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Figure 4. (a) SEM micrographs of nanobrick GSP-resonators with
frame color identifier blue, red, and green. (b—e) PL enhancement of
nanobrick GSP-resonator arrays relative to plane film for excitation
polarized along the long axis of the brick; (b) measured and (c)
calculated PL spectra for detection without analyzer; (d) experiment
and (e) simulation for PL spectra detected with analyzer along the
long axis of the brick (solid) and for orthogonal orientation (dashed).
In simulations, the geometrical cross sections of nanobricks are 80 X
40 (blue), 105 X 55 (red), and 130 X 70 nm* (green).

a =~ 0.5 for the two largest nanobrick configurations, while the
latter configuration (Figure 4d; blue curves) demonstrates a =~
0.3. It is evident from the presented a-values that nanobrick
arrays facilitate the possibility (within a desired wavelength
range) to engineer the polarization of PL from being
completely unpolarized to strongly polarized by choosing
nanobricks of proper size and aspect ratio. In this regard, it is
worth noting that the nature of PL does not allow for complete
polarization contrast (@ = 1) since the omni-present PL
contribution from the direct radiative decay of an electron—
hole pair, although it might be small compared to the
plasmonic contribution, is unpolarized. As a final comment, it
should be emphasized that the total PL spectrum of nanobrick
arrays can be modified by varying the angle of the excitation
polarization relative to the nanobrick axes (Figure S), which
alters the relative contribution from the two nondegenerate
orthogonal LSPs. Similar to the case of the nanodisk array, the
largest contribution to PL from an LSP mode is achieved when
the excitation polarization is aligned with the associated axis, as
the absorption profile in the metal achieves the largest spatial
overlap with the LSP mode profile (see insets in Figure 5). The
PL dependency on excitation polarization is observed to
weaken when the LSP wavelength moves away from excitation
wavelength. Note that this effect has also been observed for the
other two nanobrick arrays (see Figure S3 in SI).
Theoretical Discussion. As a way to better understand the
underlying physics behind PL spectra from gold nanostructures,
we develop a theoretical model that (despite its simplicity) is
able to account for all the features observed in the above
experiments. Following the discussion of related work,'"'>**
the generation of PL is considered as a three-step process
(Figure 1) involving excitation of electron—hole pairs, thermal-
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Figure 5. Measured PL enhancement spectra of nanobrick GSP-
resonator array for the excitation polarization angled with respect to
the long axis of the brick at 0° (black), 20° (green), 40° (blue), 60°
(pink), and 90° (red), as illustrated by colored arrows in the lower part
of the figure. Insets show simulations of the field intensity distribution
(IEP) in the gold nanobrick at the LSP resonances (upper panels) and
at the excitation wavelength for polarization along the two main axes
(lower panels).

ization (giving rise to broad distribution of electron energies),
and relaxation either via direct radiative recombination or
indirectly by excitation of an LSP that may subsequently decay
radiatively as PL or nonradiatively (ohmic loss). As a starting
point, we assume the three processes to be independent,
meaning that, for a plane gold film, in which the plasmonic
relaxation path is not an option, we may write the position-
dependent PL intensity as

Ilgim(wex'

wl l') = U(a]ex) r)f(wex’ a))ﬂo (1)

where @ is the angular frequency, w,, is the excitation
frequency, r is the coordinate vector, U = 1/2m&€m (@)
E(@,,r)I* is the Ohmic heating density that represents the rate
of excitation, €, = 8.854 X 107 "”F/m is the vacuum permittivity,
€;, is the imaginary part of the relative gold permittivity,
E(w,,r) is the local electric field, f represents the probability
density distribution of excited electron—hole pairs, and 7, ~
107" is the quantum yield. Note that f has the property that
/ 0 f(ww)dw = 1, which ensures that the total PL intensity
(obtained by integrating eq 1 over volume and frequency)
divided by the total power dissipated in the metal at the
excitation frequency equals 7, as originally defined by
Mooradin.! If we now consider a metallic nanostructure,
there is a probability P(w,r) for relaxation of excited electron—
hole pairs by excitation of an LSP, which leads to the position-
dependent PL intensity

(0, ©, 1) = U(wy, 1)f (0, o)1 - P(w, 1))
+ P(w, r)ﬂlsp];

X U, Of (s @) + P, )

(2)

where the validity of the last equality owes to 1y, > 1, since
the quantum yield 7,, of the LSP is determined by the ratio of
scattering to extinction cross section at resonance and, hence,
typically 7, > 0.1 for particles larger than a few tenths of
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nanometers."" In order to proceed, we note that the probability
of an excited electron—hole pair at position r to relax via LSP
excitation is proportional to the local density of states of the
LSP mode at that position.29 Here, we approximate the
probability of LSP excitation by the local field intensity
enhancement at resonance, that is,

[E(w)g,, )l
— N
g 3)

where f is a proportionality factor and E is the electric field in
the metal of the LSP mode, which we find by numerical means
(using the commercial finite element software Comsol
Multiphysics) by plane wave excitation with amplitude E; at
resonance frequency @y, The fact that probability of LSP
excitation P(w,r) should decrease for frequencies that deviate
from the resonance LSP frequency is accounted for by the
function N(w), which has the property that N(w,,) = 1 and
decreases toward zero away from resonance. In this work, we
extract N(w) from calculation of the absorption spectrum of
GSP-resonator arrays, but N could also be approximated with a
Lorentzian function whose center frequency and line width
equals the resonance frequency and line width of the GSPR,
respectively.

We can now setup a simple expression for the enhancement
factor (EF) of PL intensity by the ratio of eqs 1 and 2
integrated over the respective metal volumes, while taking into
account all LSPs (denoted by integer i) found in the system,
that is,

Plw, r) =

Qns 1 i i i i
_ll + = Z/}( ),,ILEP)S( )N( )]
Qfim o 4)

where Q,(a)ex) / metal U(@epr)dV is the power absorbed in the
metal (subscript j = ns or film), and S is defined as

/ U(@,,, 1)IE(oy,, 0)FdV

EF(w,,, w) =

S0y, 0,) = ——
e ESQm (s)

and characterizes the spatial overlap between the absorption
distribution at excitation frequency and the mode intensity at
the LSP frequency. The different field distributions are
exemplified in insets of Figure S, hereby visually underlining
that (for a given LSP mode) the spatial overlap S depends on
the excitation polarization. Note that the factor in front of the
square bracket in eq 4 accounts for the increased absorption at
excitation frequency due to an increased amount of metal in
GSP-resonator arrays relative to the metal film or due to any
resonance effects at the excitation frequency, while the first
term inside the square brackets represents PL from direct
radiative decay of excited electron—hole pairs. The sum inside
the square brackets, on the other hand, describes the plasmonic
contribution to PL, with the integer i representing all different
LSPs that can be excited. For example, in considering detection
of the total PL from GSP-resonator arrays we must take into
account the two orthogonal LSPs whose contribution to the PL
spectrum depends on the excitation polarization (e, S
depends on excitation polarization via U). In the different
case of an analyzer in front of the detector (see, e.g., Figure 4e),
we calculate the PL response by properly weighting the
contribution from the two LSP modes, with the modes of
orthogonal (with respect to the analyzer axis) polarization
being completely suppressed. It is interesting to note that the
plasmonic part in eq 4 resembles recently derived formulas*
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that have been used to accurately account for experimental
observations. As a final comment, it ought to be mentioned that
the direct a})phcablhty of eq 4 rests on the knowledge of the
product ﬂ( 7115 in which msp, as previously stated, can be
estimated from the assoc1ated optical cross sections. No such
simple estimation of ) exists (to the best of our knowledge),
but it can be used as a fit parameter to experimental PL spectra.
Alternatively, as adopted in this work, we can rely on studies of
PL from spheres'' and nanorods,"” which conclude that the PL
quantum yield related to plasmonic resonances is to a large
degree independent of size and shape due to the counteracting
processes of decreasing probability of electron—hole pair
relaxation via LSP excitation and increasing radiative decay of
the LSP when the size of the nanostructure increases. As such,
we can to a first approximation assume S 111() constant, with a
value of 6 X 107" used throughout this work

Having developed a simple expression for the plasmon-
assisted PL enhancement (eq 4), we apply the formalism to the
nanodisk and brick arrays studied in this work (Figures 3b,d
and 4c,e). Note that the dimensions of the nanoparticles used
in calculations were chosen to demonstrate the plasmon-
induced influence on PL when the LSP is scanned through the
wavelength range ~600—900 nm. As such, the dimensions of
the simulated GSP-resonator arrays were adjusted wrt the
fabricated arrays in order to match resonance wavelength. In
fact, since the shapes of fabricated nanodisks and nanobricks
were not ideal (Figures 2d and 4a), their dimensions are not
well-defined. Additionally, the thickness and refractive index of
the evaporated silica spacer layer are difficult to control.”!
Overall, the modeled PL enhancement is in good agreement
with experimental values and reflects the observed spectral
tendencies. For nanodisk arrays, it is clear that the model
predicts a maximum PL enhancement for LSP wavelengths near
680 nm (Figure 3b), with an associated maximum polarization
contrast of @ ~ 0.1 (Figure 3d). This is in line with
experiments, though calculations predict a faster decrease in
PL intensity for LSP wavelengths below ~680 nm; a fact that
we relate to the additional damping included in calculations,
hereby leading to too strong contribution from interband
transitions. Importantly, it should be stressed that in
calculations the plasmonic contribution to the PL intensity
lies solely in the parameter S (eq S), meaning that large
plasmon-enhanced PL can be reached by strong field
enhancement at the excitation and LSP wavelengths together
with a significant spatial overlap of the corresponding fields.
Finally, let us consider calculations of PL from nanobrick arrays.
In agreement with experimental results, the total PL enhance-
ment features two peaks when the two orthogonal LSPs are
spectrally separated (Figure 4c), while detection of PL with
analyzer along either of the two nanobrick axes confirms the
possibility of strongly polarized PL (Figure 4e). Neglecting the
smallest array of nanobricks due to a strongly damped short-
axis LSP, the remaining two configurations (Figure 4e, red and
green curves) show average polarization contrast of @ ~ 0.5 at
the long and short LSP wavelength, respectively.

In the above presented work, the engineering of metal PL has
been demonstrated within the spectral range 600—900 nm,
which is not an arbitrary chosen wavelength interval but
ultimately related to interband transitions of gold, thereby
determining the availability of electrons and holes to recombine
at a particular wavelength. Furthermore, the strong plasmon-
induced modulation of PL relies on gold being a relative good
conductor in the considered wavelength range. Therefore, the
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engineering of metal PL in a different spectral range requires
the usage of another plasmonic metal with a suitable absorption
band. For example, silver with strong absorption at ~400 nm is
a potential option for transferring PL engineering to the blue
and green spectral range.*

Bl CONCLUSION

In summary, we have demonstrated the flexibility of the GSP-
resonator configuration for engineering the spectral and
polarization content of gold PL by defining, in a single
electron-beam lithography step, the dimensions of arrayed gold
nanoparticles atop a subwavelength-thin dielectric spacer on a
optically thick gold layer. The configuration features LSP
modes that are excited by relaxation of excited charge carriers in
gold and resulting in PL enhancement (at the geometrically
defined LSP wavelength) via the LSP radiative decay. Broad
wavelength tunability of PL enhancement was demonstrated,
for which limiting factors were identified to be interband
damping of LSP mode (short wavelengths) and diminished
LSP excitation resulting from decreasing mode confinement in
metal (long wavelengths). The PL was found to be either
weakly or strongly polarized depending on whether nano-
particles exhibited degenerate (nanodisk) or nondegenerate
(nanobrick) orthogonal LSP modes. Additionally, we have
shown how the relative contributions of the two orthogonal
LSP modes are influenced by the polarization of the pump
light. In order to understand the underlying physics behind
plasmon-enhanced PL, we have developed a simple model that
takes into account the two relaxation paths of excited electron—
hole pairs in metallic nanostructures, while relating local field
enhancement effects at the excitation wavelength to enhanced
PL emission at the LSP wavelength through the spatial overlap
of absorption and LSP intensity profiles. The model faithfully
reproduces all the PL features observed in experiment,
including the dependence on excitation polarization and the
strongly polarized nature of PL from nanobrick arrays with
good quantitative agreement on PL enhancement values. We
believe that the presented systematic study clearly demonstrates
the potential of PL engineering by utilizing plasmonic
resonances, with the developed theoretical model allowing
one to properly choose system parameters, thereby providing
guidelines for the wavelength and polarization engineering of
PL. The results obtained might, in our opinion, also find
implications in engineering of two-photon luminescence’ and
cathodeluminescence.

B METHODS

Fabrication. Samples were prepared on a diced silicon
substrate by e-beam evaporation of 100 nm gold (Au) and RF-
sputtering of 20 nm silicon dioxide (SiO,) with intermediate 3
nm layers of titanium (Ti), added for adhesive purposes. The
sample were then spin-coated with PMMA 2A 950k to ~100
nm thickness and prebaked for 90 s at 180 °C. Arrays of 300
nm period disks or bricks were then defined by electron beam
lithography (JSM-6400LV JEOL), developed in methyl isobutyl
(MIBK)/isopropyl alcohol (IPA) 1:3 (30 s) with subsequent
IPA stopper (30 s) and blow-dried with nitrogen. Finally, 3 nm
Ti/50 nm Au was deposited by thermal evaporation, and lift-off
was done by leaving sample in acetone overnight (~10 h). The
sample was removed from the acetone bath under constant
rinse of IPA and subsequently blow-dried with nitrogen. Disk
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and brick arrays were prepared under two separate fabrication
cycles.

PL Measurement. PL spectra of the prepared GSP-
resonator arrays were obtained on a PL spectroscopy setup
constructed on a IX73 microscope (Olympus). The arrays were
excited by a linearly polarized, pulsed laser (LDH-P-FA-S30L
Pico Quant) at 532 nm wavelength and 40 MHz repetition rate,
resulting in 1.2 mW average power incident on sample. A half-
waveplate were inserted in excitation path for rotating
excitation polarization. Excitation and back collection of PL
were done through a X100 IR objective (NA 0.95), defocused
to ensure broad excitation of the center portion of the array.
The defocused spot was continuously reproduced by
defocusing on the plane gold film to achieve the same spot
image observed on CCD (wrt image markers). PL was
separated from excitation by a dichroic mirror and subsequent
LP filter (band edge S50 nm) and fiber coupled to a grating
spectrometer (QE65000 Ocean Optics). For measurements of
fluorescence polarization, an analyzer was fitted in front of the
fiber coupler.

Scattering Measurement. Scattering spectra were ob-
tained using a dark-field spectroscopy setup on a BXS1
microscope (Olympus). The arrays were illuminated by a
halogen lamp at highly oblique angles ~70°, while scattered
light, was collected in the range 0—64° by a X100 (NA 0.9)
objective. The collection of scattered light was restricted to a 32
um spot (centered on array) by a pinhole in the objective
image plane and fiber coupled to a grating spectrometer
(QE65000 Ocean Optics). For measurements of polarization of
scattered light, an analyzer was inserted in front of the pinhole.
Scattering spectra were obtained relative to a reflection
measurement of a silver mirror.

Simulations. All modeling results are performed using the
commercially available finite-element software Comsol Multi-
physics, version 4.3b. In the calculations, we only model a single
unit cell of the two-dimensional GSP-resonator arrays, applying
periodic boundary conditions on the vertical sides of the cell.
The lower boundary of the simulation domain, representing the
truncation of the optically thick gold substrate, behaves as a
perfect electric conductor, while the air domain above the GSP-
resonator array is truncated using a port boundary. The same
port boundary is also used for excitation of plane waves that
propagate normal to the gold surface. Throughout this paper,
we use a unit cell period of 300 nm, a dielectric spacer thickness
of 20 nm, and nanostructures of height 50 nm. The spacer is
assumed to be silicon dioxide with a constant permittivity of
2.1, while the permittivity of gold is described by interpolated
experimental values.”” The imaginary part of the gold
permittivity is increased by four times as a way of modeling
the increased electron relaxation rate due to surface scattering
and grained boundaries, and the presence of 3 nm thin Ti
adhesion layers.*>*

B ASSOCIATED CONTENT
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Comparative PL spectra of disk arrays for excitation co- and
cross-polarized to either horizontal or vertical analyzer (S1);
scattering and PL spectral comparison for analyzer probing
polarization along short or long axis of brick arrays (S2); PL
spectra of brick arrays for excitation polarized along short or
long axis (S3). This material is available free of charge via the
Internet at http://pubs.acs.org.
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Figure S1: PL spectra from arrays of nanodisk GSP-resonators of diameter 70 nm (black),
90nm (blue), 100 nm (red), 125nm (green) and 150 nm (orange) for (a) horizontal and (b)
vertical analyzer. Solid curves illustrate spectra for horizontal excitation polarization and
dashed curves for vertical. For either orientation of analyzer, the co-polarized excitation-
detection gives the strongest signal, illustrating that PL is slightly polarized along the exci-
tation axis. We attribute the discrepancy in intensity between (a) and (b) to the non-perfect
repositioning of the fiber in the fibercoupler after reorienting the analyzer.
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Figure S2: Scattering spectra for arrays of nanobrick GSP-resonators of average geometrical
cross sections 100x 70 nm?(blue), 130x 72 nm?(red), and 150x 77 nm?(green). Detection with
analyzer along (a) short and (b) long brick axis, and corresponding PL enhancement spectra
relative to gold film for analyzer along (c) short and (d) long brick axis. Excitation is
polarized along long brick axis in PL. measurements. The spectra show that LSP resonances
observed in scattering closely coincide with enhancement peaks in PL. The scattering peaks
at long wavelengths in panel a, we attribute to slight misalignment of analyzer.
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Figure S3: PL enhancement spectra for arrays of nanobrick GSP-resonators relative
to gold film [average geometrical cross sections 100x 70 nm?(blue), 130x72nm?(red) and
150% 77 nm?(green)] for excitation polarized along long- (solid) and short brick axis (dashed).
It is seen that the strongest LSP contribution to PL occurs when excitation polarization is

aligned along the corresponding axis.
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Coupling of nitrogen-vacancy centers in a
nanodiamond to a silver nanocube

SEBASTAIN K. H. ANDERSEN, SHAILESH KUMAR, AND SERGEY .
BOZHEVOLNYI
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Abstract: Spontaneous emission (SE) of nitrogen-vacancy centers (NV-centers), which are
contained in a single nanodiamond (ND), placed near a silver nanocube, is investigated both
experimentally and theoretically. The ND-cube system is assembled with an atomic force
microscope, allowing us to directly compare its SE properties to that of the isolated ND. It is
demonstrated that the cube coupled NV-centers exhibit strongly polarized SE. For optimal pump
laser polarization, the rate of photons is enhanced by a factor of 4.1, with the excited state lifetime
being reduced by a factor of 4.1. The enhancement of photon rate is a consequence of local field
enhancement of the pump laser, while the SE polarization and lifetime reduction results from
coupling of N'V-centers to the localized surface plasmon mode of the nanocube. The experimental
observations are in qualitative agreement with the model of SE from randomly oriented electric
dipoles, allowing us to reveal the underlying physics of the investigated configuration.

© 2016 Optical Society of America

OCIS codes: (270.0270) Quantum optics; (260.3910) Metal optics; (160.2540) Fluorescent and luminescent materials;
(230.6080) Sources.
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1.

Introduction

Efficient single photon source [1] is an enabling technology for quantum technological schemes,
exploiting the quantum nature of light [2—4]. The realization of such a device requires controlling
the spontaneous emission (SE) of a bright photostable quantum emitter [5]. Based on the
pioneering work of Purcell [6], efforts towards this goal typically consist of coupling the quantum
emitter, such as a molecule, quantum dot or diamond color center to engineered electromagnetic
modes e.g. resonator- or waveguide mode [7-10]. The coupling of emitters to a resonator
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mode has previously been demonstrated to allow for modification of the excited state lifetime,
spectral distribution and spatial SE pattern [11-13]. The potential coupling rate is optimized
by maximizing the quality factor to mode volume ratio of the resonant mode [14]. Generally,
the resonator design is optimized by two approaches: a low-loss all dielectric approach with
approximately diffraction limited mode volume or resonant metal nanostructures supporting
strongly confined plasmonic modes with quality factors limited by the intrinsic losses in metal
[15]. In the pursuit of limiting the influence of extrinsic loss factors such as grain boundaries,
surface roughness and lattice defects [16—18] of the metal, recent works have demonstrated the
potential of implementing atomically smooth chemically synthesized monocrystalline metal
nanoparticles in resonator configurations [19,20]. Silver is typically the metal of choice for such
configurations, given the low loss and absence of background metal fluorescence (for 532nm
pump), which problematically mimic enhancement effects observed for quantum emitters [21,22].
The probability of a quantum emitter decaying to the resonator mode, free radiation or non-
radiative loss, respectively, is strongly dependent on the emitter position and the orientation
of its dipole moment [23-26]. The well-controlled coupling of emitters to metal nanoparticles
requiring accurate emitter positioning and orientation is therefore a strong focus in current
plasmonic research [27-30]. Excellent results have previously been achieved by coupling either
molecules or quantum dots to silver nanocubes [12,20], however, these demonstrations suffer
from photobleaching of the emitter, thus limiting long-term use. A promising emitter to remedy
this issue is the nitrogen-vacancy center (N'V-center) in diamond, given its photostable SE at room
temperature [31]. However, quantifying the influence of resonator effects on the SE properties of
NV-centers contained inside a single nanodiamond (ND) is challenging, with conventional use
of reference samples, due to the large ND-to-ND spread in lifetime and brightness [32, 33].

In this work, we directly quantify the changed SE properties of N'V-centers in close proximity to
a monocrystalline silver nanocube, relative to a dielectric environment, by deterministic assembly
of a single ND-cube system using an atomic force microscope (AFM). The system yields a
background-free response for which the localized surface plasmon (LSP) mode of the cube is
well confined near the substrate, given the strong substrate-particle interaction for this specific
particle geometry [34]. In order to probe the range of NV-center responses, given the strong
dependence on position and dipole orientation, we initially consider the case of a ND containing
multiple emitters (~15), coupled to a silver nanocube. The system exhibits strongly polarized SE,
with an enhanced photon rate, strongly dependent on the pump polarization, reaching a lifetime
reduction of a factor 4.1 (and corresponding photon rate enhancement of 4.1) under optimal
pump polarization. The experimental results are in qualitative agreement with modelling, which
allows us to identify governing parameters for the overall experimental observations. Finally
we demonstrate the consistency of our results for a ND-cube system containing few emitters
(1-2). The results provide a foundation for the optimization of SE properties of more complex
cube-based photon sources and may find applications within nanometer scale magnetometry
based on single or NV-center ensembles, for which optical read-out of the ground spin state is
essential [35,36].

2. Experiment, results and discussion

The sample was prepared by introducing gold reference marks on a low fluorescence fused silica
substrate (SPI supplies) by standard electron beam lithography. The marks allowed for easy
identification of a specific ND, in both AFM and fluorescence scan maps. A following 10min
RCALI cleaning step removed residual organic material and promoted surface hydrophilicity
for the subsequent spincoating of ND’s (Addmas Nanotechnology) with mean size/number of
NV-centers of 40 nm/~15 suspended in water. Successively, a water suspension of chemically
synthesized silver nanocubes (nanoComposix), Fig. 1(b), of mean size 100 nm, encapsulated
in a polyvinylpyrrolidone (PVP) layer < 5nm, was spincoated onto the sample. The SE of
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NV-centers in diamond, situated on a low fluorescence fused silica substrate, were excited by a
532 nm linearly polarized pulsed laser (LDH-P-FA-530L - Picoquant) with pulse width/period
of ~50 ps/400 ns, Fig. 1(a). A half-wave plate situated in the excitation light path controls the
polarization of the pump light, which is focused onto the sample by a x 100 (NA 0.90) objective.
The fluorescence, collected by the objective, was filtered by a dichroic mirror (cut-off 550 nm),
passed through an analyzer and detected either by a grating spectrometer (SR303i - Andor),
equipped with an electron multiplying CCD (IXon Ultra - Andor), or a single photon sensitive
photo avalanche diode (APD) (7-SPAD - Picoquant) connected to a pulse-to-photon arrival
timing box (Picoharp 300 - Picoquant). We apply this setup to characterize the spectral and
temporal response for various configurations of pump polarization and analyzer. For direct
comparison of the spectral power, all measurements were done at an average laser power of
10 W, using the same acquisition time of 10 min.

532nm

APD

Normalized Intensity (a.u.)

=

0,04

500 550 600 650 700 750 800
Wavelength (nm)

Fig. 1. Schematic of experimental setup for characterization of NV-center SE (a). SP,
short pass; LP, long pass filter; PBS, polarizing beam splitter; 1/2, half-wave plate; DM,
dichroic mirror; Pol, analyser; FM, flip mirror. Experimental constituents, scale bar 200 nm,
micrograph of silver cubes (b) and AFM scan of ND (c). Spectral properties of individual
elements (d) scattering spectra of silver cubes on quartz glass, relative to white paper
(dashed), fluorescence spectrum of ND (red) and excitation laser line (green).

The measurements were completed within 72 hours of spincoating the silver cubes, during
which time we observed no fluorescence of the cubes, as cubes located with AFM did not
show up in our fluorescence scan maps. Scanning the sample with an AFM, we locate a single
ND, Fig. 1(c). The diamond emits the characteristic fluorescence spectrum of an NV-center,
identified by the zero phonon line peaks for the neutral (575 nm) and negative (637 nm) charge
states respectively, Fig. 1(d). Correspondingly, the resonance of the silver nanocube is measured
to ~560 nm, based on the scattering spectrum of numerous nanocubes distributed on a glass
substrate. Enhancement effects can thus be expected at both the excitation and SE wavelength
for the assembled ND-cube system. We place the 30 nm ND, near the center of a cube facet, by
only manipulating the 110 nm cube with the AFM, Fig. 2(a). It is worth pointing out that by
this approach the ND (and hence NV-center dipole orientation) was unmoved throughout the
experiment. For reliable comparison of polarization dependent measurements, cf. the appendix.
For reference purposes, we introduce a cartesian coordinate system, with the x-, y-axes parallel
with the substrate and the x-axis aligned with the ND-cube axis, normal to the cube facet.

Initially, we do not consider the dependence of SE polarization, by omitting the analyzer in



Research Article Vol. 6, No. 11| 1 Nov 2016 | OPTICAL MATERIALS EXPRESS 3398

Ratio

254 s
6

J 4

2

600 700
154 Wavelength (nm)

Intensity (kcts)

550 600 650 700 750 800
Wavelength (nm)

(@)
~

o
~

8
s )
€ \ —
3 2 6
8 ]
o \ >
% \ E 44
€ 014 N\ E
2 ¥, 21
W,
G 0
v u T T T T T
25 50 75 550 600 650 700 750 800
Time (ns) Wavelength (nm)

Fig. 2. AFM scan of assembled ND-cube system, scale bar 200 nm (a). The x-, y-vectors
define the reference coordinate axis. Measurements of isolated ND (blue) and ND-cube
system (red). Exponential fits of lifetime decay data (c) for x- (solid) and y-polarized pump
(dashed). Green and black curve give respectively fast and slow exponential of bi-exponential
decay for ND-cube system under x-polarized pump (solid red). Decay curve of isolated ND
under y-pump overlays that for x-pump and is omitted for clarity. Corresponding SE spectra
for excitation polarized along x (b) and y (d). Inset give the ND-cube to ND spectral ratio.

the detection light path. For x-polarized pump light, Fig. 2(b), the photon rate or fluorescent
power (obtained by integration of fluorescence spectrum) of the ND-cube system is enhanced by
a factor of 4.1 relative to the isolated ND. The spectral power is increasingly enhanced towards
the cube resonance, as NV-centers couple to the LSP-cube mode, effectively increasing decay
probability of near-resonance dipole transitions. The excited state lifetime is reduced by a factor
of 4.1, evident as the lifetime decay curve goes from single exponential (isolated ND) with a
fitted lifetime of 36.1 ns to double exponential (ND-cube) with a fast lifetime component of
8.9 ns, Fig. 2(c). For y-polarized pump light, the lifetime reduction is 3.2, Fig. 2(c), while the
total fluorescent power is decreased with an enhancement factor of 0.5, Fig. 2(d).

In the following, we consider the polarization dependent properties of NV-center SE. Inserting
an analyzer in the detection light path, we measure spectral and temporal SE properties for x- and
y-orientations of analyzer and pump light, Fig. 3. In the case of an x-oriented analyzer we recover
similar spectrum and decay curves observed for the ND-cube system in the absence of analyzer
for x-pump light, Fig. 3(a), with slight differences observed in the spectrum for y-pump light, Fig.
3(c). The similarity is a result of the SE being mainly polarized along the x-axis, as respectively
86 % (x-pump light) and 93 % (y-pump light) of the detected power is x-polarized. In contrast,
the SE of the isolated ND is preferentially co-polarized with the excitation, as respectively 78 %
(x-pump light) and 43 % (y-pump light) of the emitted photons are x-polarized. The polarization
of N'V-center emission in the presence of the cube, result from excitation of the plasmonic cube
mode during NV-center relaxation. The cube mode is a dipole-like mode [34], consisting of
charge density oscillations along the ND-cube axis. The energy funnelled from the NV-center
into the cube is either ohmically dissipated or scattered to free space in dipolar fashion, polarized
along the dipole axis of the cube mode (ND-cube axis). The result is experimentally observed as
the apparent polarization of NV-center emission, for NV-centers efficiently coupling to the cube.
The efficiency of NV-to-cube energy transfer increases with the N'V-center dipole projection on
the electric field of the cube mode, oriented perpendicular to the cube surface. For NV-center
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Fig. 3. Polarized SE spectra of isolated ND(blue) and ND-cube system(red). Excitation
polarized along x and analyzer orientation, x (a) or y (b). Excitation polarized along y and
analyzer orientation x (c) or y (d). Insets give corresponding measurements of lifetime decay
curves.

dipoles oriented along this axis, the increased rate at which the NV-center may dissipate energy,
given coupling to the cube, is observed as a decrease in lifetime. We note the reduced lifetime
and spectral modulations observed for x-oriented analyzer, demonstrate the strongly x-polarized
SE result from N'V-centers coupling to the LSP mode of the cube. For y-oriented analyzer and
x-polarized excitation, Fig. 3(b), the signal can predominately be attributed to N'V-centers not
coupling to the cube mode, as 78 % of the photons contribute to an exponential decay with a
near unchanged lifetime of 35 ns, in agreement with the unmodulated SE spectrum. Finally, for
y-polarized pump light, Fig. 3(d), the signal was reduced to an inadequate level for resolving
spectral features. The correspondingly weak lifetime decay curve, only slightly above the back-
ground of the APD dark count, is included for completeness.

With the purpose of identifying the underlying factors responsible for experimental obser-
vations, we numerically model the SE of NV-centers in close proximity to a silver nanocube
situated on a glass substrate. As the SE response of an emitter is strongly dependent on dipole
orientation, it is initially worth noting the physical dipole configuration of the NV-center. The
NV-center consists of a substitutional nitrogen-vacancy pair situated along the (111) crystal axis
in diamond [37]. 4 orientations of the N-V axis are thus possible within the diamond lattice.
The excitation and SE of the negatively charged NV-center is facilitated by 2 orthogonal dipole
axes, corresponding to the double degenerate excited electronic states, with the dipole axes lying
in the plane perpendicular to the N-V axis. At room temperature the population of the excited
electronic states completely mix, allowing spontaneous decay by either dipole axes [38]. The
modelling of SE from multiple NV-centers, distributed throughout the ND, with different dipole
orientation is clearly a complex challenge. In the following we, therefore, limit ourselves to a
simplified model by approximating the N'V-center as a randomly oriented dipole. Considering
the relatively omnidirectional response of the negatively charged NV-center, given the 2-dipole
configuration, we consider such an approximation quite reasonable. The most likely response
of the ND, is obtained by averaging the modelled dipole response over the ND. Though only
qualitative agreement of experiment and model should be expected, the model captures the
governing physics of the experiment.

We proceed by a detailed description of the model. The excited N'V-center is modelled as an
electric dipole, harmonically oscillating at the SE frequency, with the associated point source
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current density j,,, for which unit vector fi,, defines the axis of charge oscillation or dipole axis.
Assuming unity intrinsic quantum yield, we note the time-averaged power P"“? radiated from
the volume enclosing the cube and point source is given by the energy dissipation of currents
included in the volume [39]. Splitting current terms into the point source driving term and sink
terms for the polarization currents induced in the cube, we write:

Ptot — Prad + P (l)

where P"" is the power dissipated in the cube by ohmic heating, while the total power dissipated
by the point source is given by P'?! = —%Re{j; - E(rg)}. E being the electric field, generated
by the point source, at the source origin ro. Assuming the Cartesian dipole components are not
coupled, that is, the generated electric field is parallel with the dipole axis at ry, for an x-,y- or
z-oriented dipole, respectively. The power dissipated by the randomly oriented dipole is written
as a weighted superposition of contributions from Cartesian dipole components i.e. P’°" =

Y. & PI°". The weighting factors are found to be g = 0.6 for the dipole component parallel

X,¥,2

wiyth pump polarization and g, = 0.2 for the orthogonal dipole components, imposed by the
photo-selective dipole excitation of the pump light, on the assumption of parallel absorption and
emission dipole axis cf. the appendix. In order to model enhancement effects of the fluorescent
photon rate, we note the measured lifetime of the isolated ND (36.1 ns) is much longer than
the laser pulse duration (~50 ps) and significantly shorter than the pulse period (400 ns). The
NV-centers, therefore, decay before the next laser pulse. We thus write the detected photon rate
(R), in the non-saturated form, limited by the excitation rate.

R =y.,0n @

The excitation rate is given by ye, o [f, - E¢* (ry)|?, where E¢*' is the electric field gen-
erated by an external source (eg. laser) at the excitation frequency. While ® = P74 /ptot is
the quantum yield and n = P°%7 /P"%9 the collection efficiency of the objective for the power
P°"J radiated to the objective. For simplicity, we model the NV-centers distributed within the
30 nm tall ND, by simulating the dipole response for an emission wavelength of 637 nm, over
a 30nmx30nm area in the xz plane, centred near the facet of a 110 nm cube. Enhancement
factors for each point is obtained relative to the response of the dipole above the glass substrate,
with reference parameters subscripted by 0. Finally, the enhancement factors most likely to be
observed in experiment, are obtained by averaging over the simulated dipole map. The best
agreement of experiment and model is found for a 16 nm separation of cube and ND simulation
area. Such a separation is quite realistic and the subsequent modelled values are thus simulated
under this condition.

Having established the general model, we proceed to identify the parameters responsible for
experimental observations by numerical full-wave 3D simulations (using the commercial finite
element software Comsol Multiphysics). Material parameters for the 110 nm silver cube with
side/corner rounding radius of 7 nm and the fused quartz glass substrate were obtained from
tabulated data [40,41]. Considering the photon rate, Eq. 2, we find virtually unchanged values
for the quantum yield and collection efficiency, with average values for the ND-cube system of
® = 0.98,0.97 and 1 = 0.22, 0.20 for x-, y-polarized pump respectively and @y = 1, 9 = 0.17
for the reference. The enhancement of photon rate, is therefore attributed to an increased excita-
tion rate, resulting from local enhancement of the incident laser field. For x-polarized pump, the
field is strongly enhanced at the ND, given the excitation of the LSP mode of the cube (polarized
with the pump), well-confined near the substrate, Fig. 4(a). In contrast the excitation field is
suppressed under y-polarized illumination, Fig. 4(b), resulting in respectively enhancement and
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Fig. 4. Simulation of norm squared excitation field generated at by plane wave (wavelength:
532 nm) at normal incidence on silver cube, polarized along x (a) and y (b), relative to field
in absence of silver cube. White square indicate the simulated ND area. Contributions of
dipole components to average power radiated to objective for randomly oriented dipole (c).
Power dissipation of dipole radiating at emission wavelength 637 nm, relative to dipole in
absence of cube, for dipole moment orientation x(d), y(e) and z(f), mapped over the ND
simulation area.

suppression of the photon rate, in good agreement with experimental observations. Concerning
physical effects related to the emission wavelength (eg. radiative decay rate and polarization
of fluorescence), we initially consider the power dissipated by x-, y- and z-oriented dipoles
in the ND simulation area, Figs. 4(d)-4(f). The power dissipated by an x-oriented dipole is
significantly enhanced in close proximity to the cube, as the dipole orientation is well-aligned
with the electric field of the LSP mode, while the z-dipole show modest enhancement near the
rounded cube corner, the y-dipole is suppressed, presumably due to an anti-phase image dipole
induced in the cube facet, limiting dipole radiation by destructive interference [42]. Consequently
the reduced lifetime, mainly result from the randomly oriented dipole’s projection on the x-axis.
The model agrees qualitatively with experiment as a significant decrease in lifetime was observed
for x-oriented analyzer, Fig. 3(a) and 3(c), while the lifetime was mainly unchanged for y-aligned
analyzer, Fig. 3(b). Finally, we decompose the power radiated into the objective in terms of
x- and y-polarization and consider the contributions of the various dipole components to the
overall power radiated by the randomized dipole, Fig. 4(c). In order to account for the spatially
dependent dipole excitation efficiency, we apply a weighted average for the ND simulation area,
using |E€*"|? as weighting function. The power radiated to the objective, is dominated by the
efficient power dissipation of the x-dipole component, resulting in strongly x-polarized SE for
both x- and y-polarized pump light, in agreement with experimental observations.

We conclude the numeric study by comparing the trend of modelled and experimental en-
hancement factors, Table 1. Note the modelled value for lifetime reduction, given by (P’°* /Pf)"’ ),
is obtained by a weighted average over the ND simulation area, using the excitation field as
weighting function. Generally the simple model of a randomly orientated dipole emitting at a
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Table 1. Experimental (red) and modelled (blue) values of photon rate enhancement and
lifetime reduction.

Photon rate enhancement Lifetim_e
reduction
Analyzer . -
Excitation X Y . .

X 6.3 1.5 4.1 4.1

11.6 1.9 8.5 42

Y 14 0.08 0.5 3.2

1.8 0.06 0.6 2.0

@ Experiment ® Model

single wavelength, follow the trend of experimental values for lifetime reduction and photon rate
enhancement, when averaged over the ND. The photon rate enhancement factors observed in
experiment, may therefore be interpreted by two polarization dependent factors, enhancement of
excitation field and polarized SE resulting from N'V-centers coupling to the LSP mode of the
cube. For x-oriented analyzer and pump polarization, the excitation field is enhanced at the ND
and the analyzer is aligned with the strongly x-polarized SE, resulting in the largest enhancement
factor. Rotating either pump or analyzer to y-orientation, either the excitation field is suppressed
or the analyzer probe the weak y-polarized SE, resulting in modest enhancement factors for
crossed analyzer and pump. In the case of both analyzer and pump parallel with the y-axis, both
factors contribute to a strongly suppressed signal. Beyond the simplified model, we qualitatively
comment on expected effects not captured by the model. We note the intrinsic quantum efficiency
of an N'V-center in a ND is in fact not unity [33]. Enhancement of quantum yield by an increase
in the radiative decay, in the presence of the cube, may therefore be a contributing factor to the
enhancement of photon rate observed experimentally. On the other hand, neglecting the high
refractive index of the diamond in the model, is expected to result in an overestimation of the
excitation rate and hence photon rate enhancement, as the plasmonic field is typically ’pushed”
from the dielectric to the metal side, when increasing the refractive index of the dielectric. Neither
effect is however expected to change the polarization dependent tendencies modelled in Table 1.

Lastly, we demonstrate the consistency of our experimental observations by reproducing the
ND-cube coupled system for a ND containing few N'V-centers. For the few emitter experiment,
the setup, Fig. 1(a), was upgraded with a continuous wave 532 nm laser (CL532-100 - Crystal
Laser), introduced in the excitation light path by a flip mirror. Excitation and collection was
facilitated by a x 100 (NA 1.4) oil immersion objective, while a 50:50 beamsplitter, inserted in
the collection light path, passes collected photons to a secondary APD (7-SPAD - Picoquant),
for second order correlation measurements. The second order correlation function (g (1)) is
obtained as an event histogram by accumulating the time delay (7) for events of a photon arriving
on one APD and starting a timer and the arrival of a photon on the other APD stopping the
timer. As single quantum emitters may only emit one photon at the time, the zero delay value
follow g™ (0) = 1 — 1/n, n being the number of emitters contributing to the signal, assuming
no background. The number of N'V-centers contained in the 20nm ND, Fig. 5(a), is determined
to be 1 or 2, evident as the g‘®(0)-value drops to ~0.5, without applying any background
correction, Fig. 5(b). The absence of background fluorescence from the silver cube is evident
as the g (0)-value for the assembled ND-cube system is nearly unchanged from the isolated
ND. The lifetime decay curve, Fig. 5(c), is fitted for a bi-exponential decay. We attribute the
fast exponential to background, fitted to respectively 4.9ns and 4.1ns for the isolated ND and
assembled ND-cube system. The slow exponential, resulting from NV-center emission, drop
from 27.9ns for the isolated ND to 11.6ns, after system assembly, giving a lifetime reduction
factor of 2.4. The assembly of the ND-cube system, Fig. 5(d), result in the characteristic spectral
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Fig. 5. Few NV-center emission from isolated ND (blue) and assembled ND-cube system
(red). AFM scans (a),(d) give the respective configurations, scalebar 200nm. 2. order corre-
lation measurement (b) no background correction applied. Lifetime decay curves fitted to
bi-exponentials (c). SE spectra normalized to a spectral area of 1 (e). Saturation model for
2-level system(line) fitted to measured photon count rate (points) as function of laser power
(f), errorbar correspond to one standard deviation.

change favouring near cube resonance emission, Fig. 5(e). Measuring the count rate on a single
APD as a function of pump power, for pump polarization optimized for maximal count rate, we
collect saturation curves for either configuration, Fig. 5(f). The curves are fitted to a saturation
model for a 2-level system of the form. R = R, P/(P + Ps), R being the detected count rate, P
the laser pump power, P the saturation pump power and R, the maximum detectable count
rate at infinite pump power. The curves are bounded between a linear non-saturated regime at
small laser power, for which the photon rate is limited by the excitation rate of the emitter. In the
saturated regime for large laser power, the photon rate is limited by the rate at which the emitter
can emit photons into the objective, given the finite lifetime of the excited state. Considering the
linear slope for the non-saturated regime, we find the photon rate increases by a factor 4.1 after
introducing the cube, in good agreement with the previous experiment. The count rate, for the
isolated ND at infinite pump power, is fitted to Ro, = 90 kcps, while the saturation curve for the
ND-cube system appear to increase beyond this level. The increase of R, after introducing the
cube, suggest the corresponding reduction of lifetime result from an increase in radiative decay
rate, given coupling to the cube, rather then quenching.

3. Conclusion

In summary, we have studied the SE properties of N'V-centers in close proximity to a silver
nanocube relative to a homogeneous environment, by deterministic assembly of a single ND-
cube system using an AFM. The SE from the assembled system is strongly polarized along the
x-axis, intersecting the ND and cube, while the rate of emitted photons strongly depend on the
polarization of the pump laser. For optimal pump, the photon rate is enhanced by a factor of 4.1,
while the excited state lifetime is reduced by a factor of 4.1. Separating fluorescence spectrum
and lifetime decay curves into x- and y-polarization; the strongly x-polarized SE is attributed to
NV-centers coupling to the LSP mode of the cube, while a weak y-polarized signal is attributed
to uncoupled N'V-centers. The physics observed in experiment is qualitatively reproduced by
modelling, the ND averaged, response of a randomly oriented electric dipole. Based on the model,
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we identify the total photon rate enhancement to result from local field enhancement of the pump
laser and potentially increased quantum yield, while the reduction in lifetime is a consequence of
NV-centers coupling to the LSP mode of the cube. The consistency of experimental results was
further demonstrated by the coupling of a ND containing few NV-centers to a silver nanocube.

The results provide a foundation for incorporating NV-centers into more complex cube-based
photon sources.
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Appendix

Nanodiamond orientation

a)

’

Fig. 6. AFM scan of ND as initially characterized, before moving silver cube (a) and
complementary scan after, moving silver nanocube to ND, characterization and finally cube
pickup with AFM (b). The ND orientation appear unchanged throughout the experiment.

Power dissipation by randomly oriented dipole

In the following we calculate the average dipole components of an excited dipole for a random
absorption dipole orientation. The power dissipated by the dipole at the emission wavelength
is expressed as a superposition the power dissipated by respective an X, y or z oriented dipole
moment, weighted by the average dipole components of the excited dipole.

We specify the vector for the absorption dipole moment in spherical coordinates with azimuthal
angle ¢ and inclination angle 6. The probability of finding the absorption dipole in the interval
[6,0 + db; ¢, ¢ + d¢], is given by the differential surface area of a sphere, relative to the total
area.

sin(6)dfdy

f(0)dody = =

3)

We consider the electric excitation field oriented along the cartesian z-axis, and note the
probability, the excitation field will excite the dipole, is proportional to the squared norm of the
absorption dipole projection on the excitation field. The probability of finding the excited dipole
in the interval [6, 8 + dO; ¢, ¢ + d¢] is thus given by:

sin(0) cos>(8)dode
4

fex(0)dOdy = C 4

. o 2 . . .
C being the normalization factor, such that 1= fo " fon fexd@dy. Expressing the excited dipole
moment in cartesian components.

p = Ipl(hy cos(¢)sin(0) + fy, sin(p)sin(0) + fi; cos(d)) )

We calculate the average norm squared components of the excited dipole.
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Weighting factors being respectively, g, =0.6 for dipole component parallel with excitation
field and g, =g, =0.2 for dipole components orthogonal to excitation. Assuming the absorption
dipole axis (ie. dipole axis at the excitation wavelength) is parallel with the emission dipole axis
(ie. dipole axis at the emission wavelength), we express the emission dipole unit vector (fi,,),
interims of the average excited dipole orientation.

f, = (Vg + 0y VEy + iz Ve:) ©)

The power dissipated by the radiating dipole oscillating at the emission frequency, is given by
the classical expression [39].

2 2
w*|p

PIOZ —
2c2gpe

(ﬁp - Im{G(ro. 1o, w)} - ﬁp) (10)

w being the emission frequency, ¢ the vacuum speed of light, &y the vacuum permittivity, & the

permittivity of the medium and G Green’s dyadic evaluated at the dipole location ry. Assuming
no coupling of the cartesian dipole components, that is the Green dyadic only contain diagonal
elements, as the electric field (evaluated at rp) generated by an x-,y or z-oriented dipole, is
parallel with the respective dipole axis. We express the total power dissipated by the dipole,
as a superposition of the power dissipation for a X,y and z oriented dipole, weighted by the
corresponding weighting factor.

21,12

w?pl N o .

Pot= 5P| Y gl ImlGro.ro,w)) - iy (11)
c"€o0 i=x,y,2
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ABSTRACT: We demonstrate an exceptionally bright photon source based on a single
nitrogen-vacancy center (NV center) in a nanodiamond (ND) placed in the nanoscale gap
between two monocrystalline silver cubes in a dimer configuration. The system is operated near
saturation at a stable photon rate of 850 kcps, while we further achieve strongly polarized
emission and high single photon purity, evident by the measured autocorrelation with a g®(0)
value of 0.08. These photon source features are key parameters for quantum technological
applications, such as secure communication based on quantum key distribution. The cube

A

antenna is assembled with an atomic force microscope, which allows us to predetermine the

dipole orientation of the NV center and optimize cube positioning accordingly, while also tracking the evolution of emission
parameters from isolated ND to the one- and two-cube configuration. The experiment is well described by finite element
modeling, assuming an instrinsic quantum efficiency of 0.35. We attribute the large photon rate of the assembled photon source,
to increased quantum efficiency of the NV center and high antenna efficiency.

KEYWORDS: Single photon, plasmonics, Dimer antenna, silver, polarization

he single photon source is a fundamental component in

the quantum technological evolution,' enabling secure
communication based on single photon quantum key
distribution,”® optical quantum computing’ or light-matter
interfaces for quantum infomation storage.S For practical
applications, the single photon source should efficiently deliver
a stable stream of indistinguisble, strongly polarized single
photons at high rate and high purity, preferably under room-
temperature operation. Single photon emission may be
achieved by spontaneous emission from a wealth of quantum
emitters (QE) such as a molecule, quantum dot, defect in
diamond, boron nitride, carbon nanotubes, and so forth.’
However, the particular single photon emission properties are a
function of both the intrinsic characteristics of the emitter and
the surrounding dielectric environment. The desirable single
photon source properties are hence achieved by proper choice
of QE and engineering of the photonic environment, that is, by
coupling the QE to an antenna,’~” waveguide'”"" or directing
the emission with a solid immersion lens. For photostable
operation at room-temperature, the nitrogen-vacancy center in
diamond (NV center) is an excellent emitter,'> while the
emission is poorly polarized given phonon promoted
population averaging of the doublet excited state.">'* Several
works have previously focused on improving the efficiency and
photon rate of the NV center either by top-down fabrication in
bulk diamond"*'® or by incorporating a nanodiamond (ND)
containing an NV center into a plasmonic antenna.'” Though
often, engineering the photonic environment comes at the cost
of reducing the purity of the source, as background fluorescence
from impurities in the diamond or materials introduced during
fabrication limit the single photon quantum character of the
source. The degree to which background compromises the

i 1 © 2017 American Chemical Society
7 ACS Publications

3889

single photon character may be measured by the dip of the
autocorrelation function at time zero (g»(0)), indicating the
probability of detecting two photons at the same time. The
measured g(z) (0)-value of previously demonstrated NV center
based photon sources have typically been ~0.3'671 Schietinger
et al. assembled a dimer antenna consisting of two gold spheres
around a ND containing an NV center and demonstrated
photon rates up to ~420 kcps with g(z)(O) = 0.3."7 Choy et al.
realized an NV center in a diamond post surrounded by a silver
film with grating corrugations and reported an asymptotic
photon rate limit up to 704 kcps, achievable at infinite laser
power with g®(0) ~ 0.2."” A record asymptotic limit of 2.7
Mcps from an NV center in a diamond membrane with an
etched in grating was reported by Li et al. with g(z)(O) =028

In this work, we demonstrate an exeptionally pure photon
source, consisting of a nanodiamond containing a single NV
center situated in the gap between two monocrystalline silver
nanocubes. We measure a g*(0) value of 0.08 for the total
system. The configuration is stable under large pump powers,
as we operate the source near saturation, at a detected photon
rate of 850 kcps, similar to state of the art NV center sources
based on solid immersion lenses in diamond (~1 Mcps)*® or
ZrO, (~850 keps, stable emission).”’ Though unlike such
sources, we further demonstrate strongly linearly polarized
emission from our NV center with a polarization ratio of 9,
between the power detected along the major and minor axis.
The system is assembled with an atomic force microscope
(AFM), which allows us to directly probe the evolution of the
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NV center emission properties from the isolated ND to the
one-cube and two-cube configuration. The freedom to
precharacterize our NV center before system assembly allows
us to determine the orientation of the NV center dipole axes
and optimize the position of our nanocubes accordingly for
optimal NV-to-antenna coupling. Such optimization improves
both the excitation efficiency and photon rate of the NV center,
as the excitation rate is improved by a factor of 5.86, while the
detected photon rate at saturation increases by a factor 6.6,
relative to the isolated ND. Finite element modeling agree well
with experimental observations assuming an intrinsic quantum
efficiency of 0.35. The enhanced photon rate, detected from the
assembled photon source, is attributed to increased quantum
efficiency and high radiation efficiency of the antenna.
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Figure 1. (a) Hlustration of ND containing a single NV center situated
in the gap between two silver nanocubes. The NV center emission is
accelerated as it couples to the plasmonic cube mode. (b) Electron
micrograph of silver cubes with scalebar of 200 nm. (c,d) Charge
distribution of the dipolar mode of a single and coupled cubes. (e)
Fluorescence spectrum of single NV center (blue) and measured
scattering spectrum of single nanocube ~100 nm (red) with
corresponding simulations for single (red dashed) and coupled
cubes (green dashed) separated by a 35 nm gap.

Results and Discussion. Figure 1a illustrates the physics of
our experiment. A single NV center in a ND decays from the
excited electronic state by excitation of plasmonic charge
density oscillations in a single- (Figure 1lc) or 2-cube
configuration (Figure 1d). The excited antenna mode
subsequently decays either by ohmic loss or scattering of
single photons, polarized along the axis of charge oscillation,
hence imposing the radiation properties of the antenna on the
NV center. Further, the photon rate of the system is increased,
as the NV center spends less time in the excited state between
emission events, when allowed to efficiently dissipate its energy
into the antenna mode. Clearly, these desirable single photon
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source features rely on achieving a large NV-to-antenna
coupling rate, compared to direct photon emission or metal
quenching. Optimizing the NV-to-antenna coupling rate is
typically done by maximizing the quality factor to mode volume
ratio of the antenna, spectrally tuned for the optical transition.
The NV center should further be positioned at the point of
maximum mode amplitude with the NV-dipole axis coaligned
with the electric field of the antenna mode.”” The near-field
interaction of two cubes hybridize the dipolar cube modes
(Figure 1c) into an “antibonding” and a “bonding” mode
(Figure 1d) shifted to respectively higher and lower energies
(Figure le). The “bonding” mode is particularly well-suited for
coupling to a QE, as the mode is strongly confined to the
nanoscale gap,”’ whereas the superradiant damping of the in-
phase cube oscillations ensures high antenna radiation
efficiency.”* The capacitor-like field distribution in the gap
requires the cube facet to be aligned normal to the dipole axes
of the NV center for optimal coupling. We realize the optimal
coupling configuration by precharacterization of the NV center
dipole orientation and deterministic nanoassembly of the cube
dimer antenna with an AFM.

The NV center is pumped with a 532 nm linearly polarized
continuous wave or pulsed laser. The pump light is focused
onto the ND by an oil immersion objective (NA 1.4), situated
below the quartz glass sample. Photons spontanously emitted
into the same objective are filtered by a dichroic mirror (cutoff
550 nm) and detected by two avalanche photodiodes (APD) in
a Hanbury Brown-Twiss configuration, a grating spectrometer,
or a charge-coupled device (CCD) camera. The pump
polarization is controlled by a halfwave plate in the excitation
light path, whereas an analyzer introduced in the detection path
probes the polarization of emitted photons. Nanoparticle
manipulation is performed by an AFM positioned above the
sample (see Supporting Information (SI) for a schematic).
Pumping an ~35 nm ND (Figure 2b), we observe single
photon emission from an NV center, identified by a measured
g(z)(O)—value of 0.14 (Figure 3c) and the zero phonon line
fingerprint for the neutral (NV°, 575 nm) and negative charge
state (NV™, 637 nm) (Figure le). The NV center continuously
flip-flops between the charge states by photoionization,”
however photon emission is dominated by the NV~ -state,
populated ~75% of the time. Our experiment is hence well
described by considering purely the NV~ -state (see SI for cube
coupled NV center spectra). Excitation and emission from the
excited doublet state of NV -center is facilitated by two
orthogonal dipole axes (p,, p,) lying in the plane normal to the
nitrogen atom-vacancy axis&’ (Figure 2a). We probe the
projection of p,, p, on the sample plane by rotating the pump
polarization while operating the NV center in the nonsaturated
regime (105 yW pump power) (Figure 2e). The detected
photon rate then follows R(¢) = 7q.7.(¢) with 1 being the
collection effiency of the objective and g, is the quantum
efficiency of the emitter. The excitation rate y.,(¢) Y., Ip;
E(p)I* depends on the electric field of the pump laser E =
E,.mp at the emitter position, polarized along the sample plane
at the azimuth angle ¢. We fit R(¢) for the dipole plane
containing p,, p, and determine the largest dipole projection on
the sample plane by the pump angle (pll;w resulting in maximum
photon rate (Figure 2e). (pgw is indicated by the blue arrow
with respect to the system configurations in Figure 2b—d. Two
80 nm chemically synthesized silver cubes are subsequently
positioned along ¢ in a dimer configuration for optimal NV-
to-antenna coupling (Figure 2¢,d). R(¢) for the cube-coupled
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Figure 2. (a) Sketch of the NV center in diamond. The excitation rate of the NV~ charge state scales with the pump field projection on the dipole
axes p, Py Phonon promoted population averaging of the doublet excited state E,, E, (inset) facilitate spontanoues emission, polarized along either
dipole axis. (b—d) AFM assembly of photon source color-coded to corresponding experimental measurements for (b) isolated ND (blue), (c) single
cube (red), and (d) 2-cube configuration (green) scale bar 200 nm. Blue arrow represent the orientation of largest inplane dipole moment of the NV
center, while red and green arrow give the electric field orientation of the antenna mode. (e—g) Normalized photon rate versus pump polarization
angle, measured (dot) and model fit (solid). Dash curves in (e) indicate potential linear contributions of p, and p, to the model. (h—j) Normalized
photon rate versus analyzer angle, measured (dot) and interpolation (solid).
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Figure 3. Color coded model fits to experimental data (gray) for isolated ND (blue), single cube (red), and 2 cubes (green). (a) Excited state decay
curves, fitted to single exponentials. (b) Saturation curves, background corrected for signal from nearby plain surface and (c—e) 2. order correlation
measurement (raw data).

system is well described by adding an additional term for the configurations is given by, respectively, a red or green arrow in

electric field generated by the cube(s) E_. = f.GE, ., such Figure 2¢,d. The enhancement of excitation rate is determined
u e pump

that E=E + Epe fe + 1 is the electric field enhancement by Yex/ Yexo = Rqeolo/Rogelt for which we find values of 5.1 (one

¥ o cube) and 5.86 (two cubes) at pump orientation ¢, Havin:

and (x((p b ) is the polarizability tensor of the cube, defined by estab)hshed the(dlpole orzentziwnp of the NV(pcenter aﬂg—
the orientation of the cube dipole moment ((pwbe), which is optimized the antenna configuration accordingly, we turn to the
coaligned with the electric field of the cube mode. We account emission properties of the photon source. Rotating an analyzer
for the enhancement factor #g./7¢q. of 1.52 (one cube) and 2 in front of our detector, we find weakly polarized photons
(two cubes), relative to the isolated ND indexed 0, and fit £, emitted from the isolated ND, with a polarization ratio of r,, =
(plc,“be to experiment (Figure 2f, g) (see SI for details). For both 2.1, between the photon rate detected along the major and
cube configurations, we find ¢, gap = 15°, confirming near minor axis (Figure 2h). The major axis of polarization is
optimal alignment of the NV dlpole axes with the electric field coaligned with (pPNV, as photons are generally polarized along
of the cube(s). The orientation of qocube with respect to cube the dipole axis of emission, while the two dipole configuration

3891 DOI: 10.1021/acs.nanolett.7b01436

Nano Lett. 2017, 17, 3889—3895



Nano Letters

of the NV~ -state result in an overall weak photon polarization.
The photon emission becomes increasingly polarized through-
out assembly of the cube antenna, as we find 7, = 6.9 for a
single cube and 7, = 9 for two cubes (Figure 2ij). We note a
slight shift of the major axis of polarization toward (p;“be, which
is in good agreement with the polarization of emission, being
the result of polarized photon scattering from plasmonic charge
oscillations along the antenna dipole axis. The increase of
photon polarization is naturally accompanied by an increase of
the excited state decay rate (y), as the degree of photon
polarization scales with the increasing rate at which the NV
center decays from the excited state, by driving charge
oscillations in the cube antenna. We recorded the temporal
response to a sharp excitation pulse and found an enhancement
of the excited state decay rate of respectively y/y, = 2.25 for
one cube and y/y, = 328 for two cubes (Figure 3a).
Unfortunately, the faster decay rate does not translate directly
to an increase in photon rate, as the decay rate enhancement
may partially result from metal quenching, or emission coupled
to the antenna may be lost ohmically. The brightness of the
source is hence determined by tracing out the saturation curve
in terms of detected photon rate as a function of pump power
(Figure 3b). After subtraction of background from the plain
sample surface, the detected photon rate is fitted to the
conventional model

P
“P+P

sat

R(P) =R
1)

with P being the pump power, P, is the saturation power and
R, the asymptotic photon rate limit, detected at infinite pump
power. Curiously, the R,/R,, enhancement is significantly
larger than the decay rate enhancement, as we find R,,/R =
3.41 for one cube and R,,/R = 6.58 for two cubes with R, =
914 keps. The system is stable under large pump power as we
operate the source at a photon rate of 850 kcps, close to the
photon rate limit. An AFM scan after ~10 min of operation
indicates no morphological changes of the antenna. We
attribute such power stability to the low ohmic heating losses
of pristine monocrystalline silver, impeding thermal deforma-
tion even at large pump powers, while the strong radiative
damping of the dimer mode may also be a contributing factor.
Further, the large interband transision energy of silver, ~3.4
eV,”’ prevents background photoluminescence from the metal,
thereby ensuring high single photon purity. The photon purity
is examined by histogramming the time interval (z) between
photon detection events, yielding the second order correlation
function g(z)(‘r). g(z)(O) events hence correspond to simulta-
neous detection of two photons, which are only possible in the
presence of background as the NV center may only emit one
photon at a time. The g?(0)-value is determined by fitting a
three-level rate model including a background term, normalized
for 7 — 00 (Figure 3c—e). The g®(0) value slightly improves
by the addition of cubes to 0.08 from 0.14 measured for the
isolated ND. The improved g(z)(O) value may be a result of the
increased brightness of the NV center effectively improving the
signal-to-background ratio.

Concluding the description of photon source emission
properties, we now numerically examine the relation of the
experimentally observed enhancement factors y/y, and R,/
Rooo- We write the decay rate of the isolated NV center in terms
of a radiative rate (y,) and an intrinsic nonradiative rate (¥,,),
such that ¥y = y,9 + ¥ With a corresponding intrinsic quantum
efficiency g,y = ¥,0/Yo- Introducing a silver cube accelerates the
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radiative decay rate as additional decay channels, such as the
plasmonic cube mode or metal quenching, are available for
emission, whereas y,,, is unaffected by the environment. The
changed radiative decay is written y, = I'y,y such that the decay
rate for the one or two cube configuration is given by y = I'y,, +
Yuo- The decay rate enhancement in this case takes the form

L = quo + (1 - qeO)
% ()

The photon rate limit is given by R, = #y. We define
collection efficiency as the probability of a radiative decay event,
resulting in a photon being emitted into the objective. Losses
due to metal quenching or ohmic dissipation of antenna
excitations are thereby included in # and the photon rate
enhancement can be written

Re _np

R o (3)

The NV center emission is modeled by 3D finite element
simulations, as the power dissipated at 680 nm wavelength by
two orthogonal electric dipoles, oriented along the exper-
imentally determined dipole plane and positioned in the center
of a 35 nm ND. The ND is modeled as a four-sided truncated
pyramid. I" is then obtained as the total power dissipated in the
one or two cube configuration, relative to the ND situated on a
glass substrate. Decay rate enhancement is calculated by eq 2
for various q., values (Figure 4a). We find good agreement of
modeled and experimental values for realistic gap sizes 40—45
nm, for an intrinsic quantum efficiency of g,y ~ 0.35, which is in
good agreement with previous experimental studies of the ND
product.29 Setting g., = 0.35 and inserting experimental values
¥/70 Reo/Reo in egs 2 and 3, we confirm the consistency of
experiment and model by predicting /7, in similar good
agreement with modeling (Figure 4b (inset)), while R,,/R
may be directly modeled for similar gap sizes (Figure 4b). The
disparity of y/y, and R,,/R is thereby well explained by the
nonunity instrinsic quantum efficiency of the NV center. For
deo = 0.35 we find I' = 4.57 for one cube and I" = 7.51 for two
cubes using eq 2. The corresponding quantum efficiency is
calculated to respectively 0.71 and 0.80 by q. = I'geo/(1 + qeo(T”
— 1)). The modeled and experimentally predicted increase of
collection efficiency, going from one to two cubes (Figure 4b
(inset)) is attributed to an increase of antenna efficiency as the
numerical model finds respectively ~63% and ~97% of dipole
emission reaching the far-field, while the fraction of far-field
emssion collected by the objective is nearly unchanged. The
increase in antenna efficiency should be expected given the
superradiative damping of the dimer mode, compared to the
plasmonic mode of a single nanoparticle. The large photon
enhancement is thereby a result of an increased quantum
efficiency of the NV center, while an improved antenna
efficiency of the dimer configuration, is a contributing factor to
the enhancement over the single cube.

We conducted the experiment four times, labeled experiment
A-D, A being the experiment presented up to this point (Figure
4c—f) (see SI for measurements). Consistently we find R,,/R
> y/y, suggestive of a nonunity intrinsic quantum efficiency.
The photon rate limit improved for all assembled photon
sources by the addition of a second cube, with values R, =
671—-1460 keps and a consistently high photon purity of g(ﬁzO)
0.08—0.26 for the dimer configuration (Figure 4c,d).
Curiously the g?(0) value did however deteriorate for the

0
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Figure 4. (a,b) Modeling of experiment A (dashed) and experimental
values (solid, horizontal) for a single (red) or two cube configuration
(green). (a, inset) Modeled values are given for an NV center situated
in the center of a 35 nm ND for realistic gap separation of nanocubes.
(a) Decay rate enhancement for intrinsic quantum efficiency q., =
0.2—0.5 labeled on the curve. (b) Enhancement of detected photon
rate at saturation, inset gives the experimentally predicted ratio of
collection efficiency for g, = 0.35 (solid) together with modeling
(dashed). (c—f) Data summary of experiment A—D for isolated ND
(blue), one cube (red), and two cubes (green). The single cube data
point in experiment D (d,f) is absent as the saturation curve was not
traced to high enough laser power for a reliable fit. Errorbars indicate
the 95% confidence interval, not shown for (c) as errors ~0.01.

cube coupled systems in experiment B—D, even though the
photon rate went up, which suggest an increase in background
as well. We speculate such an increase in background may be a
result of silver corrosion giving rise to background fluorescence
from the cubes. The background level is in this case expected to
increase with the time the cubes spend on the sample. The
main corrosion agent of silver is sulfur forming silver sulfide
(Ag,S). The corrosion rate increase with the sulfur concen-
tration in the air, while high air humidity may also accelerate
the process.”” On the other hand the nanometers thin
polyvinylpyrrolidone (PVP) layer encapsulating the silver
cubes can be expected to limit the corrosion rate. Once the
AFM tip breaks the PVP-layer at the onset of cube
manipulation, the corrosion could be accelerated. The cubes
spend 4—5 days on the sample, while characterization and
assembly was conducted over the last continuous stretch of
16—22 h. Variations in assembly time, humidity, and sulfur air
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concentration may therefore cause different g*(0) values
though generally contributing to the deterioration of the
g*(0) value over time. We note the quality of the g*(0) value
seem to follow the enhancement of photon rate at nonsaturated
laser powers of ~100 yW for which the autocorrelation
function was measured. The largest photon rate enhancement
and improvement of g2(0) was observed in experiment A.
Experiment C exhibited near unchanged photon rate and g*(0)
values for the one- and two-cube configuration, while both
photon rate and g*(0) value deteriorated in experiment B and
D after adding a second cube. The decrease in photon rate
observed in experiment B and D going from a one- to two-cube
configuration, may be the result of an angled cube gap. The
excitation field is hence preferentially confined to the small gap
side, while the nanodiamond is located at the large gap side.
Enhancement factors for a single cube are y/y, = 1.8—3.4, R,/
R0 = 2.1—4.0, whereas the spread is more significant for two
cubes y/yy = 2.1=5.9, R./Ryp = 2.7—18.0. The larger spread is
expected, given the strong dependence on cube separation,
which is limited to the size of the ND, varying between
experiments ~30—35 nm. Asymmetry of cube configurations,
varying dipole orientation, and position of NV center in the
ND should further contribute to the spread in experimental
results.

Conclusion and Outlook. In summary, we have presented
a remarkably pure photon source, with a g»(0) value of 0.08,
based on an NV center contained in a ~35 nm ND, placed in
the gap between two monocrystalline silver nanocubes. The
low ohmic heating losses of pristine monocrystalline silver
allowed for stable operation under large laser powers at a
detected photon rate of 850 kcps near the saturation limit of
914 keps. We demonstrated how AFM assembly of the photon
source allowed for near optimal alignment of nanocubes for the
maximum inplane dipole moment of the NV center, while
further tracking the photon polarization properties, from weak
polarization for the bare ND to strong linear polarization for
the assembled system. The experimental findings is consistent
with modeling of an NV center with an instrinsic quantum
efficiency of ~0.35. The presented results are quite encouraging
as significant improvements is within reach, by going for smaller
gap sizes by employing smaller NDs down to S nm in size for
stable NV center emission® or 1.6 nm for the silicon vacancy
center.”” A scalable approach to realizing the photon source is
also concievable with molecular self-assembly as controlled
assembly of face—face or edge—edge cube dimer configurations
have already been realized.”” The edge—edge configuration
appearing to be a promising configuration for further
acceleration of the spontanous decay rate.**

Methods. Sample Preparation. An 0.18 mm thick fused
quartz glass slide (SPI supplies) was cleaned by an RCAl
cleaning step. Five milliliters of Mili-Q and 1 mL of 28—30%
NH,OH(aq) solution heated to 65 C were removed from
heating plate and 1 mL of 30% H,0,(aq) and slide glass added
for 10 min, followed by a two-step submersion in Mili-Q_baths
of 5 min each. The cleaning step removed organic residue and
promoted surface hydrophilicity for subsequent spin-coating of
a ND solution <50 nm (Microdiamant), 100 nm of mean width
silver cubes (nanoComposix) coated in a <5 nm of
polyvinylpyrrolidone (PVP) layer, and finally ~10 um long
silver wires synthesized in-house. The macroscopic silver wires
were used as reference markers during experiment.

Experimental characterization. The sample was mounted
on a piezo scan stage, which allowed for identification of single
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NV centers by confocal mapping of fluorescence using a 532
nm linear polarized continuous or pulsed laser with pulse
width/period 50 ps/400 ns. See SI for procedure of identifying
nanodiamonds containing single NV centers. The pump light
was focused by a 1.4 NA oil immersion objective, used for
excitation and collection of photon, while a halfwave plate
controlled the pump polarization. The laser light was filtered
from fluorescent photons by dichroic mirrors (SEMROCK)
(cutoff 550 nm) before being detected by a CCD camera
(Hamamatsu-Orca-Flash4LT), an EMCCD (Andor, iXon
Ultra888) connected to a grating spectrometer (Andor,
Shamrock 500i), or two APDs (Picoquant, 7-SPAD) in a
Hanbury Brown-Twiss configuration. Photon rate as a function
of pump polarization or power was obtained by the time
average of 2 s time traces accumulated from both APDs. Decay
rate curve and g(z)(r) was obtained by histogramming the time
interval from respectively a laser sync pulse or APD detection
event to a detection event on the other APD, using an
electronic timing box (Picoquant, PicoHarp 300) in a start—
stop configuration. The polarization of emission was probed by
the accumulated CCD image count (4 s int) for various
analyzer orientations. All experiments were completed within S
days of spin-coating nanocubes.

Dark-Field Spectrum. The dark-field spectrum of a single
silver cube was obtained in transmission mode, illumination
through the glass slide with a 1.2 NA DF oil condenser lens,
and collecting light above the sample with a 50X NA 0.75.
objective. A 400 ym pinhole positioned in image plane in front
of a fiber coupled spectrometer allowed for selection of a single
cube. The background signal obtained in the absence of a
sample was subtracted from cube- and reference spectrum,
using the diffuse scattering from the glass substrate as reference
resulting in the cube scattering spectrum.

Finite Element Modeling. The 3D finite element modeling
was conducted in the commercially available Comsol Multi-
physics S.1. The parameter I" is modeled classically using the
relation T = ,/y,o = PNV/Py" with PNV being the total power
dissipated by two orthogonal classical electric dipoles, lying in
the dipole plane experimentally determined by the model fit in
Figure 2e with regards to the antenna axis @, Simulation
performed at emission wavelength 680 nm was found to be
independent of the dipoles orientation in the plane. Index 0
refers to the reference system of dipoles situated in the center
of a 35 nm tall, 4-sided truncated pyramid shaped, diamond on
a semi-infinite glass substrate, bordered from above by an air
hemisphere. The modeled domain is bounded by a perfectly
match layer. An 8 nm corner/side rounding radius were used
for the 80 nm cubes introduced symmetrically around the
diamond. Material parameters were based on interpolation of
tabulated data.>* > The collection efficiency was modeled as 7
= Py /PN with P/ being the power integrated over a spherical
surface in the glass substate, corresponding to the solid
collection angle of the experimental 1.4 NA objective.
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1 S1: Experiemental setup
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Figure S1: Experimental setup for characterization of NV-center emission properties. A
fused quartz slide glass with spincoated silver cubes and ND’s containing NV-centers, is
illuminated from a 532 nm continous wave (CW) or pulsed laser, through an oil immersion
objective (NA 1.4). An AFM situated above the sample is applied for particle manipulation.
The spontanously emitted photons collected by the objective is filtered from laser light by
dichroic mirros (DM) and a long pass filter (LPF) and detected either by a CCD camera,
two APD’s or spectrally dispersed on an EMCCD, by a grating spectrometer. The laser
polarization is controlled by a half-wave plate(\/2), while the polarization of photon can be
probed by introducing an analyzer in the detection light path. FM: Flip mirror, SPF: Short
pass filter, PBS: Polarizating beam splitter.
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2 S2: NV-center fluorescence spectra experiment A

80
(@ ]| () (©
—~ 60 4
z 10 1 2 )
=3 £ <
|2
8 59 8 8
20 1
0- T T 0 0
600 700

Figure S2: Fluorescence spectra from single NV-center as obtained from experiment A in
configurations (a) Isolated ND, (b) single cube and (c) two cube configuration.
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3 S3: Photon rate as function of pump polarization

In the non-saturated regime the detected photon rate follow R(p) = ngever(¢). n being the
collection efficiency of the objective and g, the quantum efficiency of the NV-center. The

excitation rate (7e) is proportional to Ye.(¢) o< > p; - E(¢)|*. p,,p, being the two

1=,y
orthogonal dipole axes of the NV-center, lying in the plane normal to the vector vy defining
the axis connecting the vacancy and nitrogen atom of the NV-center. E is the electric field

vector at the emitter location, which for the bare nanodiamond is given by the laser field

E = E,,, oriented along the sample plane.

Figure S3: Cartesian coordinate frame indicating NV-center dipole plane (blue) containg
dipole axes (red), defined by the purple normal vector. Green arrow indicate electric field
vector lying in the sample plane(grey).

We define a cartesian coordinate system with z-axis normal to the sample plane (figure
S3). The orientation of E,,.,, is defined by the azimuthal angle ¢. The dipole plane con-
taining p,, p,, 1s defined by the normal vector vy described by the angles ¢y, Ony, while
the inplane orientation of p,,p, is given by the angle ©. Assuming |p,| = |p,| = |p| it can

be shown that:
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Vea () o [P [Epumyl* (1 — cos( — pnv)?sin(0yr)?) (1)

The measurement of R(yp) thus contain no infomation of the orientation of p,,p, in
the dipole plane given by angle ©. The orientation of the dipole plane can however be
determined with some ambiguity as ony = @pnv + ™ and £0xy yield equally good solu-
tions. For practical purposes we extract ¢nyv, Onyy by fitting the normalized photon rate

R(p)/RYE. = (1 — cos(¢ — onv)?sin(Ony)?). RYE being the maximal photon rate.

Introducing one or two silver cubes yield a secondary electric field term arising from the
incident laser field polarizing the silver cubes. For the cube geometry, the induced dipole
moment (P.) 1 expected to have a well defined orientation normal to the cube facet,

defined by the azimuthal angle @f)“be (figure S4).

Figure S4: Sketch of cube dipole axis (p,,;.) wrt. silver cube inserted in carestian coordinate
frame.

Further the strength of the induced dipolemoment is expected to vary with pump orien-
tation as |Peuel X Peupe * Epump- Finally we note in the near-field the electric field arising
from cube polarization is coaligned with p,,;. and proportional in magnitude. The electric

field (Ecyupe), generated at the NV-center position is thereby assumed to have the form:
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cube
Pcupe - Epump COS((’DP )

Ecuwe = f.
e elpcubeHEpumP’

Sin((p;“be)

f. being a proportionality constant. Equation 2 may be rewritten to the form:

d
Ecube = feaEpump (3)
0| oty s costeg)
o= (4)
sin(gogube) cos(gozc)“be) sin(gplc)“be)2

Setting E = Ecype + Epump, the excitation rate is written:

Yex X Z p; - (1+ fegf})Epump’2 (5)
i=z,y

o is thereby identified as the polarizability tensor of the cube, while f,+1 is the field
enhancement. For both cube configurations we fit the normalized photon rate R(p)/RyE. =
C)icny P (14 fe(a)Epump(gp)P for fit parameters f., ©5**, while maintaining the dipole
configuration initially fitted for the bare nanodiamond. C= nq./nog.o being a constant
accounting for the estimated changes of collection- and quantum efficiency, relative to the
NV-center in the isolated nanodiamond, indexed 0. Subsequent multiplication by R}Z.
recoveres fits for the experimental photon rates (figure S5). The presented model ignore field
enhancement arising from the polarization of the othorgonal cube axis, as the field should be
negliable. Further E,;;,,, and E.. are assummed to be inphase as f, is assumed real. Phase

delay included as a complex f,, only affect 2. order terms and is not expected to affect the

fitted cbg“be— value significantly.
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Figure S5: Photon rate as a function of pump polarization angle. Model fit (line) to exper-
imental measurements (dot) for isolated nanodiamond(blue), single cube (red) and 2 cube
configuration (green)

4 S4: Datasets for experiment B-D
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Figure S6: Experiment B. (a-c) AFM scans of photon source configurations, color coded to
experimental measurements for (a) isolated ND (blue), (b) single cube (red) and (c) two
cubes(green). (d-f) g®-measurement. (g-i) Fluorescence spectra. (j) Excited state decay

curve and (k) saturation curve.
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Figure S7: Experiment C. (a-c) AFM scans of photon source configurations, color coded to
experimental measurements for (a) isolated ND (blue), (b) single cube (red) and (c) two
cubes(green). (d-f) g®-measurement. (g-i) Fluorescence spectra. (j) Excited state decay
curve and (k) saturation curve.
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Figure S8: Experiment D. (a-c) AFM scans of photon source configurations, color coded to
experimental measurements for (a) isolated ND (blue), (b) single cube (red) and (c) two
cubes(green). (d-f) g®-measurement. (g-i) Fluorescence spectra. (j) Excited state decay

curve and (k) saturation curve, inset give measured points for the initial linear slope.
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5 S5: Procedure for AFM alignment and identification
of nanodiamonds containing single N'V-centers

The AFM assembly of a cube dimer antenna incorporating a ND containing a single NV-
center, initially require the identification of a ND containing a single NV-center. As the
AFM scan may only resolve the individual ND’s, but not which ND contain an NV-center, a
confocal fluorescence scan is required to identify the NV-center. The issue being a confocal
scan does not resolve the individual ND’s. In order to identify the specific ND that contain
an NV-center, AFM scan and confocal map of the same sample region must therefore be
compared. In this section we describe our procedure of aligning the AFM tip for the laser
beam, allowing for AFM scan and confocal mapping of the same sample region. We then

describe how the specific ND containing an NV-center may be identified.

1) Rough alignment Rough alignment of the AFM tip for the laser spot is performed
by visually inspecting a mirror angled at 45° above the AFM cantilever. The mirror is
conventionally used for bright light illumination of the sample below the cantilever and
inspection of the sample region with a CCD camera, however here we use it for alignment.
The piezo stage and AFM is positioned on a micrometer screw stage, which allow us to
translate the sample and AFM wrt. the laser spot. For a misaligned laser spot and AFM
tip, broadly distributed laser light is observed in the mirror, from the laser positioned below
the cantilever. Aligning the AFM with the micrometer screw stage, the shadow of the
cantilever can be observed in the mirror, meaning cantilever is closely aligned for the laser
beam. For our case this is within 100 gm, which is the scan limit of our AFM. Please note
visual inspection of laser light can be dangerous and should be done at low laser power to

avoid eye damage.
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2) Fine alignment Fine alignment is performed by scanning the sample with the AFM.
For this purpose we spin coated ~10pum long and ~200nm high silver nanowires on the
sample, as reference marks. A comparision of the AFM scan, showing wires and a bright
field image, showing wires and laser spot, was enough to accurately align both laser spot

and AFM for the same reference point on the sample.

3) Identification of nanodiamond In order to identify the nanodiamond on the AFM
scan, that contain a single NV-center , we use the silver wire as a reference marker. Trans-
fering the relative x, y coordinates of the tip of the silver wire and the NV-center, from
the confocal map to the AFM scan, an approximate location of the nanodiamond can be
determined. It is at that point just a matter of pushing potential nanodiamonds around
with the AFM tip, and observe the movement on the confocal scan map to determine which
nanodiamond that contain a single NV-center. Figure S9 show confocal map and AFM scan

used in experiment C, to determine the nanodiamond containing a single NV-center.
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Figure S9: Corresponding (a) confocal map and (b) AFM scan used in used in experiment
C, to relate identified NV-center in confocal map to specific ND in AFM scan.
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ABSTRACT: We propose highly efficient hybrid plasmonic
bullseye antennas for collecting photon emission from nm-
sized quantum emitters. In our approach, the emitter radiation
is coupled to surface plasmon polaritons that are consequently
converted into highly directional out-of-plane emission. The
proposed configuration consists of a high-index titania bullseye
grating separated from a planar silver film by a thin low-index
silica spacer layer. Such hybrid systems are theoretically
capable of directing 85% of the dipole emission into a 0.9 NA
objective, while featuring a spectrally narrow-band tunable
decay rate enhancement of close to 20 at the design
wavelength. Hybrid antenna structures were fabricated by
standard electron-beam lithography without the use of lossy

adhesion layers that might be detrimental to antenna performance. The fabricated antennas remained undamaged at saturation
laser powers exhibiting stable operation. For experimental characterization of the antenna properties, a fluorescent nanodiamond
containing multiple nitrogen vacancy centers (NV-center) was deterministically placed in the bullseye center, using an atomic
force microscope. Probing the NV-center fluorescence we demonstrate resonantly enhanced, highly directional emission at the
design wavelength of 670 nm, whose characteristics are in excellent agreement with our numerical simulations.

KEYWORDS: plasmonics, collection efficiency, nitrogen-vacancy center, quantum emitter, fluorescence

flicient collection of photons from single quantum emitters

(Q_E) is a key requirement for many quantum techno-
logical applications,’ utilizing on-demand photon generation,
optical spin read-out,”® or coalescence of indistinguishable
photons.”* The efficiency by which photons can be collected is,
however, often compromised by the nonunity quantum yield
and relatively omnidirectional emission pattern of typical QEs,
whether it is a molecule, quantum dot, or solid state defect.’
Fortunately, both aspects can be improved upon by engineering
the photonic environment. Quantum yield may be increased by
accelerating the radiative spontaneous decay rate, relative to
intrinsic nonradiative decay, via the Purcell effect.” Directional
emission is typically achieved by two approaches:® either a
geometrical- or a mode-coupling approach. The geometrical
approach relies on redirecting far-field emission by reflection or
refraction on appropriately shaped surfaces, such as a parabolic
mirror’ or solid immersion lens.' Alternatively, the mode-
coupling approach is based on near-field coupling QE emission
to an antenna or waveguide mode. The emission pattern then
conforms to that of the antenna,'! while for detection with an
objective, plane film waveguide modes may be redirected to
free space by leakage into high index substrates'” or scattering
on periodic gratings.'”'* For highly directional emission, the
circular symmetric bullseye grating is particularly attractive as

v ACS Publications  © XXxx American Chemical Society

tight beaming of photons is achievable by appropriate grating
design. Bullseye gratings have been utilized for photon
collection from QEs in dielectric membranes'>'* or situated
near a grating imprinted in a metal film. Here we consider the
metallic counterpart. Metallic bullseye designs currently fall in
two categories. The first category consists of an aperture in a
metal film, encircled by a bullseye grating.">~"” This so-called
bullseye aperture configuration features both large decay rate
enhancement and highly directional emission from QEs
situated in the aperture, however the antenna efficiency suffers
from large ohmic losses. Single photon emission from such a
configuration was demonstrated by Choy et al., considering a
nitrogen-vacancy center (NV-center) in a diamond/silver-
aperture.'” The design theoretically allowed for a decay rate
enhancement of ~25 (relative to bulk diamond) and collection
of ~17% of dipole emission with a 0.6 NA objective. Photon
collection being compromised by reflections from the
diamond/air interface appearing before the objective, and
high losses of plasmon modes supported by diamond/silver
interface. More recently, a second design, consisting of a
quantum dot situated in a dielectric film above a silver film
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Figure 1. (a) Concept image of bullseye structure. Spontaneous emission from a centered quantum emitter is efficiently directed into the collection
optics, as SPP-coupled emission scatters on the periodic ridges. (b) Profile view of the rotationally symmetric structure, emission is numerically
modeled for a vertical dipole aligned with the symmetry axis. (c) Analytical out-of-plane electric field distribution for SPP modes supported by semi-
infinite air (green) or TiO, (red) top layer on a 15 nm SiO, spacer, and semi-infinite bottom Ag layer. (d) Corresponding effective index (solid) and
propagation length (dashed). (e) On resonance power density flow of optimized antenna with corresponding (f) out-of-plane and (g) radial electric

field distributions.

bullseye grating, has been explored by Livneh et al,, as a way to
circumvent metal losses.'®"” Exceptionally directional beaming
of single photons has been demonstrated by this design,
allowing for ~37% of dipole emission to be collected with a
0.65 NA objective, while no decay rate enhancement was
reported. The combination of appreciable decay rate enhance-
ment and low-loss directive photon generation thus appears
elusive from previous metal bullseye designs, while both are
desirable to boost quantum yield and collection efficiency,
respectively. Further, a common characteristic of these previous
bullseye designs is the corrugation of the metal film. However,
recently such structuring of silver films has been observed to be
problematic for single photon applications, as corrugating silver
films, either by focused ion beam milling or standard electron
beam lithography, result in a significant background,
detrimental for single photon applications.'®** Antenna designs
compatible with fabrication techniques which yield low
background emission levels are therefore highly desirable for
quantum photonics. Though novel fabrication techniques may
improve background levels from corrugated silver,”' antenna
designs based on planar silver films is an appealing approach, as
background is significantly reduced compared to a corrugated
surface.'® Further planar film designs are readily compatible
with high-quality monocrystalline silver film fabrication
techniques.”” While a variety of plasmonic antenna designs
based on patterned metal films and/or metal nanoparticles has
been realized, the planar silver film antenna employing a
dielectric bullseye grating has not been explored.

In this study, we propose a hybrid plasmonic bullseye
antenna design based on a planar silver film, employing a high-
index, 100 nm-thick, dielectric, titania (TiO,) bullseye grating,
situated on a low-index, 15 nm-thin spacer layer, made of silica
(Si0,). The configuration combines low antenna loss and

highly directional emission with a moderate decay rate
enhancement. Theoretically, 85% of the QE emission may be
collected by a 0.9 NA objective lens, while the photon emission
rate is accelerated by a decay rate enhancement of 18 (relative
to vacuum), at the design wavelength of 670 nm. The design
inherently ensures environmental protection of silver, by
consequence of the protective silica layer, while the particular
choice of materials allows for fabrication without compromising
antenna performance by the use of lossy adhesion layers and
stable operation at a laser power of 2.5 mW corresponding to
saturation of NV-center fluorescence. For experimental
demonstration of the design, a nanodiamond (ND) containing
a large number of NV-centers was deterministically placed in
the center of the bullseye, using an atomic force microscope.
Spectrally resolving NV-center emission, a resonant enhance-
ment peak (quality factor ~ 18) is observed at the design
wavelength. The on-resonance emission is selected with a band-
pass filter and confirmed to be highly directional by back-focal
plane imaging, with the overall emission pattern closely
following numerical predictions. Specifically, emission takes
the form of a radially polarized, donut-shaped beam, imposed
by the rotational symmetry of the antenna, with peak emission
radiated at an angle of 5° & 3° fwhm with respect to the plane
normal.

B RESULTS AND DISCUSSION

The general operation of our device is conceptually illustrated
in Figure la,b. A QE, centered in the bullseye antenna in close
proximity to the silver film, spontaneously decays by excitation
of surface plasmon polaritons (SPP) propagating along the
dielectric—metal interface. The SPP subsequently scatter
directionally on the periodically spaced TiO, ridges, resulting
in highly directional emission.
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Figure 2. (a) Sketch of AFM “pick and place” technique used in transferring a ND from a coverslip to the bullseye center. (b) Electron micrograph
of fabricated bullseye antenna, the transferred ND appears in false color in the center, (c) clearly apparent in the zoomed image. (d) False color
CCD image of emission from the ND, dashed line indicates bullseye boundary.

The emission of a QE or electric dipole, situated in close
proximity to a silver film, has been thoroughly studied” and
analytically described.”*”* Tt is thus well-known the decay rate
is accelerated when the dipole is oriented normal to the metal
plane, as beyond photon radiation the dipole may release its
energy by SPP emission or nonradiative metal quenching. SPP
emission being the dominating decay channel for dipole-metal
separations slightly larger than ~10 nm, ensured here by
placing the emitter on top of a thin SiO, layer. On the other
hand, when the dipole is oriented along the plane, emission is
suppressed, as the dipole induces a mirrored antiphase charge
distribution in the silver film (see Support Information (SI)). In
the present study we thus neglect the weak in-plane dipole
emission, and model QE emission solely in terms of the
dominating vertical dipole (Figure 1b). Placing the dipole along
the symmetry z-axis, our system reduces to a cylindrical
symmetric system, for which we assume a constant azimuthal
phase, as no particular phase preference can be expected. In
other words, the emission field is assumed to be unchanged
upon rotation about the z-axis. Clearly, in this case the radial
electric field component is singular on the symmetry axis, and
must therefore be zero (Figure 1g). The condition prohibits
emission along the symmetry axis, as the transverse field of a
plane wave, propagating along the symmetry axis, must be zero.
The rotational symmetry of dipole source and antenna is thus
expected to result in a radially polarized emission field, for
which emission normal to the silver film is prohibited,
regardless of emission wavelength.

With the symmetry constraints in place, we now seek to
maximize dipole emission into the 0.9 NA objective, at the
target wavelength of 4, = 670 nm, by introducing a dielectric
grating for scattering of SPP coupled emission. In order to
maximize antenna efficiency, we seek to minimize SPP
propagation loss by employing a high-index TiO, grating (n
= 2.2 index, measured with ellipsometry see SI), separated from
the silver film by a thin low-index SiO, spacer layer (n = 1.45
index). The SPP mode of the high index-low index spacer - on
conductor conﬁguration% is receiving increasin mterest as a
possible approach for low-loss plasmonics.””*® Analytical
solutions for the SPP mode supported by the 3- layer structure
(Figure 1c,d) reveal large modulation of the effective index
from N2 = 1.05 (air—SiO,—Ag) to Ng * = 2.25 (Ti0,—SiO,—
Ag), with propagation lengths of] respectlvely, Ly = 63 ym and

= 28 um, far exceeding lateral antenna dlmensmns SPP
coupled emission is thus prone to either scatter on the TiO,
grating or reflect back to the emitter, while propagation losses

are minimal. For fabrication purposes, we set titania and silica
film thicknesses to 100 and 15 nm, respectively, and
numerically optimize in-plane grating parameters for collecting
the maximal amount of power from a dipole, positioned 15 nm
above the SiO, film, using a 0.9 NA objective (see SI for
optimization procedure). While the vertical dipole position is
set to a typical height, expected experimentally, the optimized
antenna performance is weakly dependent on the actual
position (see SI). For the optimized antenna, the inner TiO,
ridge (inner radius 250 nm, TiO, width 212 nm) forms a
standing wave cavity (Figure 1f), accelerating dipole emission
by a decay rate enhancement of 18 (relative to vacuum).
Simultaneously, the periodic TiO, grating (period 520 nm, duty
cycle 0.36), directionally scatters SPP coupled emission, such
that 85% of the power emitted by the dipole is collected by the
objective. While on-resonance SPP emission is scattered at an
angle near normal to silver plane (Figure le,g), the scattering
angle generally seems to follow the grating equation (see SI for
comparison). The geometrical optimization of TiO, height is a
trade-off between decay rate enhancement and collection
efficiency. Collection efficiency defined as the fraction of the
total dipole power, collected by the objective, while decay rate
enhancement is the factor by which the total dipole emission
power increases in the bullseye environment, relative to
vacuum. Indeed, a significant increase in decay rate enhance-
ment is possible by increasing the TiO, thickness (see SI for
modeling) at the cost of collection efficiency, as the SPP
perform an increasing number of lossy round trips in the cavity
before scattering to free space. For practical fabrication
purposes, the low aspect ratio design of 100 nm TiO, was
preferred, while the 15 nm SiO, film thickness was set to ensure
a homogeneous coverage of the silver film, for environmental
protection of the silver.

The bullseye antenna sample was fabricated on a Si substrate
by e-beam evaporation of 10 nm Ti, 3 nm Ge, followed by a
200 nm Ag film, and topped by a 15 nm SiO, layer, without
breaking the vacuum. The Ge layer act as a wetting layer,
reducing roughness of the consecutively deposited Ag film.”
The 100 nm TiO, bullseye grating was subsequently formed by
standard electron beam lithography and e-beam evaporation
(Figure 2b). Importantly, device performance was not degraded
by the use of any lossy adhesion layers at the Ag—SiO,—TiO,
interfaces, while remaining mechanically robust to sonication,
applied during lift-off. A ND (length ~ 140 nm, height ~ 35
nm) containing a large number of NV-centers was subsequently
picked up from a coverslip and placed in the center of the
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bullseye antenna, using an atomic force microscope (AFM;
Figure 2a). The AFM “pick and place” technique® allows for
precise centering of the ND, as confirmed by electron
microscopy (Figure 2d). Pumping the ND with a 532 nm
continuous-wave laser, we image the NV-center fluorescence
onto a CCD camera, using a 0.9 NA X100 objective and
fluorescence filtering from a dichroic mirror (cutoff S50 nm)
and long pass filter (cutoff S50 nm; see SI for thorough method
description). NV-center emission is observed as a spot, tightly
confined to the center of the antenna (Figure 2c). While
fluorescence is weakly observed throughout the whole antenna
(see SI for log-scale image), the fast drop-off in fluorescence
intensity indicate efficient scattering of SPP emission on the
TiO, ridges. Correspondingly, antennas without a ND appear
dark, when mapping fluorescence by laser-scanning confocal
microscopy (see SI for comparison). In order to observe the
wavelength dependent decay rate enhancement, expected from
numerical modeling (Figure 3a), the NV-center emission was
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Figure 3. (a) Modeled decay rate enhancement (blue) and collection
efficiency (orange) for fabricated bullseye design. (b) Transimission of
bandpass filters used for detecting off-resonance (560—610 nm; green)
and on-resonance (650—740 nm; red) emission, respectively. (c)
Emission spectrum from ND centered in bullseye. Inset shows the
background corrected saturation curve, demonstrating stable antenna
operation up to saturation laser power.

spectrally resolved on a grating spectrometer (Figure 3c). The
zero phonon lines (ZPL) for the neutral (575 nm) and negative
(637 nm) charge states confirm the NV-center as the origin of
fluorescence, while the overall spectrum is dominated by a
resonant enhancement peak at 675 nm, in reasonable
agreement with the spectral position and shape of the modeled
decay rate enhancement. The experimental quality factor of
~18 (estimated from spectrum) is broader than the modeled
resonance ~41 (estimated from decay rate enhancement
curve), presumably due to fabrication imperfections. Collection

efficiency is not expected to significantly affect the spectrum, as
modeling finds overall high broadband collections efficiency
(Figure 3a), stemming from emission into SPP and grating
scattering of SPP into objective both being broadband effects.

For efficient photon generation, it is typically desired to
maximize photon rate from the QE, by pumping the QE to
saturation. We confirmed that our device is stable under such
conditions by increasing laser power to the 2.5 mW limit of our
equipment. Simultaneously monitoring the photon rate
detected by a avalanche photo diode, we smoothly transition
to stable operation at saturation (Figure 3c, inset). Sub-
sequently, reducing laser power, we retrace the saturation curve,
thereby confirming no antenna alterations. The planar film
bullseye antenna is generally expected to exhibit a higher laser
damage threshold, than structured film configurations, as
nanostructuring of metals suffer from melting point depres-
sion.”’ Having confirmed stable operation at saturation laser
power and the presence of resonantly enhanced emission, we
proceed by examining the off- and on-resonance emission
pattern, selected with bandpass filter in the wavelength range
560—610 nm and 650—740 nm (Figure 3b). Introducing a
bertrand lens in infinity space, we resolve the emission pattern
by imaging the back-focal plane (BFP) of the objective onto the
CCD camera (Figure 4a). This lens configuration is particularly
well suited for Fourier microscopy.” Filtering for resonant
emission reveals a highly directional radiation pattern in the
characteristic donut-shaped pattern, imposed by the antenna
symmetry (Figure 4d). Introducing an analyzer in the optical
path, the radiation is confirmed to be radially polarized (Figure
4ef). This is apparent as emission is spatially extinguished
along the axis normal to the analyzer axis for a random analyzer
orientation. For a comparison with the numerical design, we
extracted the angular radiation pattern from a single pixel slice
of the BFP-image, finding the experiment generally replicates
numerical expectations. On resonance, the peak emission is
detected at an angle of 5° & 3° fwhm wrt. the plane normal, in
good agreement with the designed emission angle of 6° + 4°
fwhm, modeled for the resonance wavelength of 670 nm
(Figure 4g). Probing off-resonant emission, we find the peak
emission increasing to an angle of 14° + 8° fwhm (Figure 4k),
while the symmetry conditioned, radially polarized donut
shaped beam pattern is conserved (Figure 4h—j). Off-resonance
emission is in line with the modeled emission for a wavelength
of 610 nm having peak emission at an angle of 16° & 5°. Off-
resonance emission is modeled at the wavelength of 610 nm, as
experimentally, the maximum spectral power transmitted by the
band-pass filter is found at this wavelength (Figure 3c). The
directional emission is in stark contrast to the nondirectional
emission observed from the same type of ND in the absence of
a bullseye antenna (Figure 4b,c). The agreement of the
experimental case considering an ensemble of relatively
randomly oriented dipole emitters and the numerical model
of a vertical dipole, result from the selective radiative
enhancement/suppression of emitters with a predominately
vertical/horizontal dipole moment, given efficient coupling to
SPP or destructive interference. The fluorescence signal
dominated by vertical dipoles, thereby mimic the numerical
model considering only a vertical dipole. Indeed the particularly
broad decay rate distribution, observed for the ND placed in
the antenna, does indicate an enhancement/suppression of
decay rates (see SI). The antenna performance on a single
emitter level is therefore expected to strongly depend on the
dipole orientation.
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Figure 4. (a) Schematic of experimental setup for back-focal plane (BFP) imaging. (b) Reference BFP-image from ND, without antenna, on the
plane SiO,/Ag sample and (c) corresponding emission pattern, filtered for on-resonance emission. The detection limit of the 0.9 numerical aperture
of the objective is indicated by respectively a white circle or black dashed lines. BFP-images filtered for (d—f) on- and (h—j) off-resonance emission
from ND in bullseye, imaged with (e, i) horizontal or (£, j) vertical analyzer. Experimental (blue) and modeled (red) emission patterns for (g) on-
resonance, model wavelength 670 nm and (k) off-resonance regime, model wavelength 610 nm. BFP images are obtained at 28 ;W laser power and

10 s integration time, while colorbars give the camera counts.

The relatively narrowband decay rate enhancement and
directive emission, demonstrated for this design, may be of
interest for indistinguisable photon experiments, as the selective
enhancement and efficient collection of ZPL photons from
solid state emitters is desirable. The simple fabrication allows
for easy tuning of the antenna resonance to the ZPL of new
promisin§ QEs such as the silicon- or germanium vacancy
centers.””** However, for scalable single photon source
fabrication, large-scale QE positioning techniques need to be
explored. Potential approaches may be lithographic patterning™
or electro-static pad positioning.”® Further, the highly direc-
tional emission pattern should lend itself to optical fiber
coupling. Theoretically, 23% and 74% of dipole emission
(wavelength 670 nm) fall within the numerical aperture of
respectively a single- (NA 0.12) or multimode fiber (NA 0.4). It
is in this context worth noting that the radially polarized
emission pattern, inherent to the bullseye antenna, may be
converted to the fundamental mode of an optical fiber with
high fidelity.”” Directive emission is further advantageous for
NV ensemble-based sensing applications, relying on optical
read-out of the NV-center spin state, where strong decay rate
enhancement should be avoided.”

B CONCLUSION

In summary, we have proposed a high-efficiency hybrid
plasmonic bullseye antenna design, consisting of a high-index
titania grating, separated from a planar silver film by a thin low-
index silica spacer layer. The architecture is motivated by
previous issues with background emission resulting from
nanostructuring of silver films. Our design combines low
antenna loss, directional emission and moderate decay rate
enhancement, leading to a theoretical collection efficiency of
85% for a 0.9 NA objective and acceleration of the emission
rate by a decay rate enhancement of 18, at the design
wavelength of 670 nm. The design is experimentally realized by

standard electron beam lithography, followed by deterministic
placement of a fluorescent ND in the bullseye, using the AFM
“pick and place” technique. The particular material design
allows for fabrication without lossy adhesion layers compromis-
ing device performance, and stable operation of the antenna at
laser powers large enough for saturated pumping of the NV-
centers contained in the ND. Decay rate enhancement is
experimentally observed as a resonant peak in the NV-center
emission spectrum at 675 nm (quality factor ~ 18). The
resonantly filtered fluorescence is demonstrated to be highly
directional by back-focal plane imaging, with peak emission at
an angle of 5° with respect to plane normal. Specifically, the
emission pattern takes the form of a donut-shaped, radially
polarized beam as imposed by the antenna symmetry,
regardless of emission wavelength. Experimental observations
closely mimic the numerical design, thereby validating the
proposed design. However, further experiments must be
conducted using single emitters in order to experimentally
quantify collection efficiency of the antenna. The demonstrated
design is significant for quantum technological development, as
light-matter interfaces ensuring efficient photon collection from
single QEs are highly desirable for quantum optical
applications.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsphoto-
nics.7b01194.

S1: Schematic of experimental setup. S2: Analytical
model of electric dipole above silver film. S3:
Ellipsometry measurement of TiO, refractive index. S4:
Numerical optimization procedure of bullseye antenna.
SS: Antenna performance as function vertical dipole

DOI: 10.1021/acsphotonics.7b01194
ACS Photonics XXXX, XXX, XXX—=XXX



ACS Photonics

position S6: Comparison of bullseye emission angle with
grating equation. S7: Optimized antenna design for
different TiO, heights. S8: Antenna fluorescence image
in log scale S9: Confocal scan of bullseye antenna with-
and without ND. S10: Lifetime distribution measure-
ments (PDF).

B AUTHOR INFORMATION

Corresponding Author

*E-mail: sekh@mci.sdu.dk.

ORCID

Sebastian K. H. Andersen: 0000-0003-4566-6036
Sergey 1. Bozhevolnyi: 0000-0002-0393-4859

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authours gratefully acknowledge the finanical support of
the European Research Council (Grant 341054 (PLAQNAP)),
Georgia St. (Grant 106806), MRSEC (Grant 105675), ONR-
DURIP (Grant No. N00014-16-1-2767), AFOSR-MURI
(Grant No. FA9550-14-10389), and DOE (Grant DE-
SC0017717).
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QE quantum emitter

TiO, titania

SiO, silica
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NV-center nitrogen vacancy center
ND nanodiamond

BFP back focal plane

AFM atomic force microscope
ZPL zero phonon line

SPP surface plasmon polariton
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Sample Preparation

The bullseye antenna was fabricated by successive electron-beam evaporation of 10 nm Ti,
3nm Ge, 200nm Ag topped by 15nm SiO, on a Si wafer, at a deposition rate of ~1 A/s
and 10~%mbar chamber pressure, without breaking the vacuum. The Ge layer act as a
wetting layer, reducing roughness of the consecutively deposited Ag film.5! PMMA 4A was
subsequently spincoated at 4000 rpm on the sample, and prebaked at 180 C° for 3 min before
patterning by a 100kV electron beam lithography system (Leica VB6). After development
(1:3 MIBK-to-IPA for 1 min followed by 1min rinse in IPA), a 100nm TiO, layer was de-
posited by electron-beam evaporation at ~1 A/ s and 10~% mbar pressure. Lift-off in acetone

at 60 C° for 5h was partially successful, as subsequently 5 min of sonication in acetone was
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required to remove PMMA between the TiOs ridges to reveal the bullseye. In preparation of
ND placement, 100 nm ND’s containing ~ 400 NV-centers (Adamas technology) was spin-
coated on a coverslip, previously cleaned in piraniha etch (Nanostrip x2 - KMG electronic
chemicals). To ease the transfer, the bullseye sample was coated with a ~ 2 nm thick layer of
positively charged poly-allylamine hydrochloride (PAH) layer. ND pick-up was performed by
a force curve sequence, with the AFM cantilever situated above the ND. Successful pick-up
was confirmed by a subsequent non-contact scan. Exchanging samples, a force curve was
performed in the center of the bullseye, followed by an AFM scan to confirm the placement

of the ND.

Numerical Modelling

Numerical modelling was performed in the commercially available Comsol Multiphysics 5.1.
The full 3-D field of the axial symmetric system is numerically modelled by solving a 2-D slice,
on the assumption of a constant azimuthal phase. The limited computational requirements
of 2-D modelling, allowed us to model the full bullseye antenna, in a domain of radius 22um,
bounded from the top by a perfectly matched layer and below by the silver film. Material
parameters for silver were obtained for tabulated data,>? while TiO, data was measured by
ellipsometry (see figure S4) and a refractive index of 1.45 was set for SiO,. The emission field
was generated by an electric dipole source positioned on the symmetry axis, 15nm above
the SiO film. The decay rate enhancement was obtained as the total power dissipated by
the dipole in the bullseye environment, relative to that of free space. Collection efficiency
was obtained as the power integrated over a 0.9 NA collection surface, relative to the total
power dissipated by the dipole. The radiation pattern was obtained by plotting the normal
component of the Poynting vector over a circular arc in the 2-D plane, centered on the
dipole. A large arc radius of 20 um was necessary in order to reach a convergent solution
of the emission pattern. Knowing the radius of the circular path and the arc length with

respect to zero degree out of plane, the angle of emission for a particular point could easily
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be calculated.

Experiment

The ND was excited with a 532 nm continous wave laser, focused onto the sample by a 0.9 NA
x100 objective which was mounted on a piezo-stage for fine positioning of laserspot. Fluores-
cence collected by the same objective was filtered by a 550 nm dichroic mirror (DMLP550L-
Thorlabs) and 550 nm long pass filter (FEL0550- Thorlabs), before being directed to a spec-
trometer (QE65000 - Ocean Optics) or avalance photodiode (SPCM-AQRH - Excelitas) in
a confocal detection configuration using a 50 um pinhole. Alternatively fluorescence was
detected by a charge coupled camera (414Ex - Atik Cameras) imaging sample plane (using
a 20mm tube lens) or back-focal plane (600 mm bertrand- and 75 mm tube lens) onto the
camera. off- or on-resonance emission was selected by filters of respectively 560-610 nm and
650-740 nm transmission bands, while an analyzer (LPVISC050-MP2 - Thorlabs) was intro-
duced to probe polarization. Back-focal plane images from bullseye antenna, was background
corrected for a corresponding image from an empty antenna. Saturation curve measurement
was performed with a ND2 filter positioned infront of the avalance photodiode, the presented
count rate was corrected for transmission of ND2 filter and the pinhole. The experimental

setup is given in figure S1.
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Figure S1: Schematic of experimental setup applied for characterization of emission prop-
erties of ND in bullseye antenna. DM: Dichroic mirror, FM: Flip mirror, APD: avalance
photodiode, CCD: charge coupled device, BS: Beamsplitter. The 532nm CW pump laser
was used for excitation of NV-centers, through the NA 0.9 x100 Objective. Fluorescence
collected by the same objective, was imaged onto the CCD camera, spectrally resolved on
the spectrometer or detected by APD2 for saturation curve measurement. For back-focal
plane imaging, a flip lens was introduced before the CCD.

Dipole above plane silver film
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Figure S2: Analytical model for dipole emission above an infinite silver film, emitting at
a wavelength of 670nm. For dipole oriented verticle (blue) or horizontal (red). (a) Power
dissipated by dipole relative to vaccum. The emission is suppresed for a horizontal dipole
in close proximity (~30nm) to the silver film (b) Relative decay rates into photons (dash-
dot), SPP (solid) and quenching (dashed). The verticle dipole couples efficiently to SPP.
Modelling is reproduced based on the analytical model developed in reference."3
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Ellipsometry Measurement of TiO2 film
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Figure S3: Ellipsometry measurement of 100 nm TiO, film deposited by e-beam evaporation
on Si substrate. The measurement is applied for numerical modelling of TiO, film.
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Numerical Optimization Procedure
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Figure S4: Numerical optimization procedure for bullseye antenna targeted for emission
wavelength 670nm (a) A single TiO ridge is initially optimized for maximum dipole power
radiated to the objective. (b,c) The parameters of inner diameter (D) and TiO, ridge width
(W,) is interatively optimized untill a self-consistent maxima is reached. (d) The 7 ridge
grating, geometrically described by period and duty cycle, is then added. (e) Mapping the
dipole power collected by the objective as a function of period and duty cycle the optimal
grating configuration is determined. (f,g) The corresponding maps of decay rate enhancement
and collection efficiency is included to illustrate their invers relationship. (h) List of optimized
parameters.
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Antenna performance vs dipole height
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Figure S5: Decay rate enhancement (blue) and collection efficiency (orange) as function of
dipole height, above the SiO, film. The dipole response is modelled for a verticle dipole,
emitted at a wavelength of 670 nm positioned on the symmetry axis of the bullseye antenna
optimized in figure S4.

Comparision of emission pattern with grating equation

In the following, the numerically modelled emission pattern is compared with the grating
equation (eq 1), describing the condition for coupling propagating surface plasmon polaritons

to free space radiation.

kspp = ke £nG n==41,234. (1)

G = 2% being the grating vector with period A, k, = kosin(6) being the in-plane wavevec-

tor of free radiation propagating along emission angle ¢ and k,, = koV, gc s SPP wavevector.
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For the dielectric grating we describe Nec}f, weighted by grating fill factor.

10 ir
NGy = XNy + (1= )N (2)

e

Ng;f]?"’ = 2.25 being the SPP effective index for the TiO,-SiO,-Ag layer structure and

N?;}:l.% for the Airy-SiOs-Ag profile, modelled by the 3-layer dispersion relation for the
design wavelength of 670 nm and x = 0.36 the grating duty cycle for the optimized bullseye
design. The numerically modelled bullseye emission generally follow the trends of the grating

equation (Figure S4).
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Figure S6: Emission pattern modelled for the optimized bullseye design at the target wave-
length A\g = 670nm. (a) Emission pattern as function of number of TiO; ridges, the emission
pattern becomes increasely directional with increasing number of ridges. Numerically mod-
elled angle of maximum emitted power for optimized bullseye design (blue) and comparsion
with emission angle calculated with grating equation (red).(b) as a function of grating period
or (¢) vaccum wavelength.
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Optimization for different TiO2 heights
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Figure S7: Modelled decay rate enhancement(blue) and collection efficiency (Orange) for (a)
design optimized in figure S4 at a TiOy height of 100nm and SiOy thickness of 15nm. (b)
Alternative design optimized for TiOs height of 260 nm and 15 nm SiOs thickness. Increasing
TiO4 height incease SPP reflectivity of the TiOs ridges, leading to a larger cavity Q-factor
and increased decay rate enhancement, at the cost of collection efficiency as the SPP perform
an increasing number of lossy, standing wave, round trips before scattering to free space.
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Figure S8: (a) Scanning electron micrograph of bullseye antenna containing single nanodi-
amond. (b) Corresponding fluorescence image in log scale, dashed line indicate boundary
of bullseye antenna, measured with 550 nm long pass filter. The linear scale version of the
image appearing in the article figure 2d. (c¢) Intensity profile through center of image in b.
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Confocal scans of bullseye antennas
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Figure S9: Confocal scan of (a) empty bullseye antenna and (b) bullseye antenna containing
a fluorescent ND. Scanned with 532 nm pump laser at 100V . Scale bar is identical for both
images.

Lifetime distribution of NV-centers in nano diamonds

Lifetime decay curves ( I(t) ) are measured by a 1MHz pulsed excitation at a wavelength of
508 nm. For the nano diamond in the bullseye antenna or same type of nano diamond on a
glass coverslip. As the nano diamonds contain on average 400 NV-centers, the lifetime decay
curve consist of distribution of single exponential decays for the individual NV-centers. The
lifetime distribution is extracted by fitting a stretched exponential to the decay curve (figure

S10a).

nw:&MW:/ P(s,Be*/™ds  :  s=m/r (3)

0

[ and 7y being the fitting parameters and P being the probability of finding an NV-center

with a lifetime 7. Following the work of Johnton,%* P is given by.
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P(s,p) = /000 e Cos(B/2) 0o (su—u’Sin(7B/2)) du (4)

Figure S10b, give the lifetime probability distribution for the nanodiamond in the an-
tenna and distributions from nanodiamonds on glass. While significant variations in lifetime
distributions is observed between individual nano diamonds on glass, the broadest lifetime

distribution is observed for nano diamond in the antenna.
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Figure S10: (a) Lifetime measurements of ND in antenna, and 10 nanodiamonds of the
same type spincoated on on a glass coverslip, NDI to ND10. Experimental data(grey)
and stretched exponential fit (red). (b) Lifetime distributions extracted from stretched ex-
ponential fits, for nanodiamond in antenna(blue) and nanodiamonds on glass. Inset give
corresponding (- and tp-value of stretched exponential fits.
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Abstract

Nitrogen-vacancy (NV) centers in diamonds are interesting due to their remarkable characteristics
that are well suited to applications in quantum-information processing and magnetic field sensing,
as well as representing stable fluorescent sources. Multiple NV centers in nanodiamonds (NDs) are
especially useful as biological fluorophores due to their chemical neutrality, brightness and room-
temperature photostability. Furthermore, NDs containing multiple NV centers also have potential
in high-precision magnetic field and temperature sensing. Coupling NV centers to propagating
surface plasmon polariton (SPP) modes gives a base for lab-on-a-chip sensing devices, allows
enhanced fluorescence emission and collection which can further enhance the precision of
NV-based sensors. Here, we investigate coupling of multiple NV centers in individual NDs to the
SPP modes supported by silver surfaces protected by thin dielectric layers and by gold V-grooves
(VGs) produced via the self-terminated silicon etching. In the first case, we concentrate on
monitoring differences in fluorescence spectra obtained from a source ND, which is illuminated by
a pump laser, and from a scattering ND illuminated only by the fluorescence-excited SPP radiation.
In the second case, we observe changes in the average NV lifetime when the same ND is
characterized outside and inside a VG. Fluorescence emission from the VG terminations is also
observed, which confirms the NV coupling to the VG-supported SPP modes.

Keywords: NV center, nanodiamond, surface plasmon polariton, channel plasmon polariton,
V-groove, quantum plasmonics

(Some figures may appear in colour only in the online journal)

1. Introduction

Nitrogen-vacancy (NV) centers in diamonds have attracted
much attention as a possible candidate for solid-state quantum
bits (qubits) [1, 2]. Their ground-state electron-spin coherence
time is sufficiently longer than the time it takes to perform a

* These authors contributed equally to this work.

2040-8978/16,/024002+12$33.00

qubit operation in such qubits. The electronic qubit state can
be initialized and read out optically and, importantly, even at
room temperatures [3—6]. The fluorescence from NV centers
is stable, and a single NV center is a stable source of single
photons [7]. NV centers are also a promising candidate for a
high-precision magnetic field, electric field and temperature
sensors [8—14]. It is argued that high densities of NV centers
are needed for achieving the best performance of NV centers

© 2016 IOP Publishing Ltd  Printed in the UK
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in magnetic field sensors. Multiple NV centers in nanodia-
monds (NDs) can provide high sensitivity (depending on
number of NV centers in the ND) as well as high resolution
(determined by the size of the ND) for the magnetic field
sensors [11, 12]. In addition, NDs with multiple NV centers
are also useful as a stable fluorophore in biological applica-
tions due to their chemical neutrality and brightness [15]. In
general, the applications potentially enabled by NV centers
stand to benefit from the enhancement of the fluorescence rate
as well as the efficient collection of the fluorescence from the
NV centers. There are several methods that have been pro-
posed and investigated in this direction, such as coupling NV
centers to diamond pillars [16], dielectric waveguides [17],
dielectric cavities [18—20], plasmonic nanostructures [21, 22]
and plasmonic waveguides [23-28].

Waveguide configurations supporting the SPP propaga-
tion, i.e., plasmonic waveguides, exhibit (at least, in some
cases) a unique feature of guiding SPP modes with extreme
confinement, far beyond the diffraction limit [29]. This opens
a way to realize a very efficient coupling of emitters to these
SPP guided modes [30-32]. Channel plasmon polariton
(CPP) modes supported by VGs cut into metal are especially
suited for efficient coupling to emitters due to their strong
confinement and relatively long propagation lengths
[28, 33, 34]. The so-called B-factor, defined as the probability
of a spontaneous decay of an emitter leading to excitation of
the plasmonic waveguide mode, is not only high for CPP
modes but also distributed more uniformly in space (within a
VG), compared to other plasmonic waveguides such as
cylindrical and wedge waveguides [33]. VGs have been
proposed for realization of long-distance resonant energy
transfer and super-radiance effects [33] as well as long-dis-
tance entanglement of two quantum emitters [34]. In addition,
a wide range of devices, including plasmonic circuit com-
ponents and nanofocussing elements formed by VGs, have
also been demonstrated [35-37]. With nano-mirrors fabri-
cated at the VG terminations, the efficient in- and out-cou-
pling of far-field propagating radiation and CPP modes is
demonstrated to be feasible [38, 39].

In this work, we investigate the possibility of exploiting
multiple NV centers in individual NDs for coupling to the
surface plasmon polariton (SPP) modes supported by silver
surfaces (protected by thin dielectric layers) and by gold
V-grooves (VGs) produced via the self-terminated silicon
etching. This article is organized as follows: We first con-
sider, in section 2.1, the coupling of multiple NV centers in
NDs to the SPP modes supported by a silver—dielectric
interface. The SPPs propagating along the interface are scat-
tered by another ND. We conduct measurements of the
fluorescence spectra obtained from a source ND, which is
illuminated by a pump laser, and from a scattering ND illu-
minated only by the fluorescence-excited SPP radiation. The
normalized fluorescence spectrum (by the source spectrum)
measured from the scattering ND shows short-wavelength
attenuation, which we explain by using an analytic expression
based on the point-dipole approximation. Next, in section 2.2,
we consider the coupling of multiple NV centers in an ND to
the CPP mode supported by a gold VG, which is fabricated

using UV lithography and self-terminated silicon etching
[39]. The investigated ND is pushed from the gold—air
interface outside the VG to inside the VG using an atomic
force microscope (AFM) [22, 24-28]. Fluorescence lifetimes
are measured before and after movement of the ND, revealing
a noticeable change in the average lifetime that we associate
with the NV-CPP coupling. Emission from the VG termi-
nation mirrors, when the ND is excited, further confirms this
coupling. We terminate our paper with section 3, in which we
summarize the results obtained and offer our conclusions.

2. Experiments and results

The experiments are performed using NDs with an average
diameter of 100 nm and containing ~400 NV centers each
(Adamas Nanotechnologies). To characterize our systems, we
use a scanning confocal microscope. A 532nm linearly
polarized pulsed laser with pulsewidth of ~50ps and a
repetition rate varying between 2.5 and 80 MHz is used as the
excitation source for NV centers in NDs. The laser beam is
focused with a 100 xobjective (NA 0.9) onto the sample to a
spot size of ~500 nm. The same objective is used for col-
lection of the fluorescence signal. A long pass filter at 550 nm
filters out the signal from the excitation source. The fluores-
cence is either temporally resolved with an avalanche photo
diode (APD) and counting electronics, or spectrally resolved
with an electron-multiplying charge-coupled device
(EMCCD) camera mounted on a spectrometer. A schematic
of the set-up is presented in figure 1(a).

2.1. Coupling of NV centers in an ND to SPPs at a silver—
dielectric interface

The sample for studying the excitation of SPPs propagating
along a silver—dielectric interface is prepared by thermal
evaporation of an optically thick 150 nm silver film on a
silicon wafer. Subsequently, a 20 nm amorphous SiO, film is
sputtered on top of the silver film while it remains in vacuum
in order to minimize its reaction with atmospheric sulphur and
oxygen. NDs are deposited on the sample using a technique
that has been described in [40]. Briefly, spin coating of
PMMA (Poly(methyl methacrylate)), electron-beam litho-
graphy and development is used to fabricate an array of holes
in PMMA. A suspension of NDs in water is then applied, is
left to dry out under ambient conditions, thereafter a lift-off is
used to remove the PMMA and obtain an array of NDs on the
sample surface. The process ensures that the NDs are placed
periodically at a controllable distance. The experiments are
performed for two different distances between NDs: 7
and 9 pm.

The excitation polarization is changed between polar-
ization parallel to the straight line connecting the source and
the scattering ND (referred to as p polarization) and that
perpendicular to the line (referred to as s polarization), as
indicated in figure 1(c). Likewise, the signal from the NDs is
analyzed in these two different orientations (p and s) and also
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of a single ND imaged with an AFM. The inset shows a cross-section of the ND.



J. Opt. 18 (2016) 024002

S Kumar et al

in the absence of analyzer (u), which is also indicated in
figure 1(c).

When an ND is excited, its fluorescence couples to SPPs
at the silver—dielectric interface, propagates along the inter-
face and is scattered by a separate ND. In figures 2(a) and (b),
we present the source and the scattering spectra collected
from the NDs, which are separated by 7 um. Different con-
figurations of polarization orientations for excitation radiation
and analyzed signal are indicated in the insets in the respec-
tive figures. No significant difference in the strengths of
signals collected from the source ND for the two orthogonal
excitation polarizations is observed, a feature that can be
explained by a high number and arbitrary orientation of NV
centers inside the ND. The spectrum is found to depend only
on the analyzed polarization, which we attribute to an irre-
gular shape and relatively large size of the source ND
(figure 2(c)) resulting in complicated Mie scattering spectra.
For other source scatterer ND combinations, we have
observed fluorescence dependence on excitation polarization
(data not shown).

The signal from the scatterer ND is found dependent on
the excitation polarization (figure 2(b)). The unpolarized
collected signal for the s-polarized excitation (su) is lower
compared to the unpolarized collected signal for the
p-polarized excitation (pu). The same is observed when an
analyzer is present: excitation by the p-polarized light con-
sistently gives higher signals from the scatterer ND (the dif-
ference is small for the s-analyzed orientation). The dipoles
excited by p polarization couple preferentially to the SPP
propagating in the direction along the electric field of exci-
tation [40]. A signal is still observed for the s polarization
excitation, because many of the excited NV dipoles have a
nonzero projection on the line connecting the source and
scatterer NDs and can therefore couple to the SPPs propa-
gating in that direction. In general, the relative strength of
ND-excited SPP radiation depends on the distribution of
dipoles inside the source ND [41]. Note that, similarly to the
source ND spectra, the shape of the scatterer ND spectra is
determined by the analyzed polarization (figure 2(b)), a fea-
ture that can again be related to the ND shape and size
influence on the scattering spectra.

The signal strength collected from the scatterer ND is, in
general, significantly lower compared to that collected from
the source ND. Comparing the overall (over the whole
spectrum) photon counts from the scatterer ND with that from
the source ND, we found that their ratio varies substantially
from one pair of NDs to another. It cannot be explained
merely by variations in ND separation due to imperfect fab-
rication. The largest ratio observed is 1:2850 and the lowest is
1:4 (data not shown), where these two different pairs of NDs
have the same separation of 7 um. The decrease in signal
strength when changing the detection from the source to
scatterer ND is therefore not only related to the SPP propa-
gation loss (as conjectured previously [40]) but also to the
excitation polarization state, SPP coupling and scattering
efficiencies, ND shape, and NV dipole-to-interface distance.
We note that the ratio of scattered intensities pp:ps and sp:ss
should, in principle, be the same (as observed for a distance

24 um between source and scatterer [40]). When the distance
is smaller (7 and 9 pm), a small background due to the direct
illumination of scatterer (by pump or fluorescence, which
affect the ps and ss spectra the most) changes these ratios.

We use two different analytical models to fit the ratio of
spectra measured from the source and the scatterer NDs. In
the first model suggested previously [40], it is assumed that
the ratio of spectra can be expressed as follows:

Reat (V) '
m :f(A)exp[—d/Lspp()\)] with
_ MV
T = S aOVda,” (1)

where d is the distance between the NDs, L, () is the SPP
propagation length for a given wavelength A, 1,,,()) is the
photon to SPP coupling efficiency for the source ND, oy is
the scattering cross-section of the scatterer ND, 7,,4()\) is the
photon emission efficiency of the source ND, and q; is the in-
plane angular dependence of the SPP intensity. In this rather
simple model, the term f{)\) is assumed to be wavelength-
independent, i.e., taken as a constant, which is the fitting
parameter for the model. Since f{\) is used as a multiplication
factor, all spectra are normalized to their own maximum. In
the second model, we have attempted to develop a more
accurate and yet analytic description by using the expression
for the SPP contribution to Green’s dyadic constructed for
evaluating SPP-mediated interaction between small particles
located close to a metal surface [42]. When applied to our
configuration, one arrives at the following expression:

Kspp Lefzr /k,%,kaozef(d/Lspp()\))’ )
2Je \ mkgppd

where kg, is the magnitude of the wave vector for the SPP at
the silver—dielectric interface, kyp is the magnitude of the
wave vector at the silver—diamond interface, r is an average
radius of NDs, € is the dielectric constant of silver, Ly, ()) is
the SPP propagation length at the silver—dielectric interface,
and d is the distance between the two NDs. The first
exponential term accounts for the SPP excitation (by a dipole
source, such as an NV center) and out-coupling (by a dipole
scatterer) to free propagating radiation, and the second
exponential term describes the SPP propagation loss. The
square root term describes the angular divergence of the
propagating SPP. Using the expression for Green dyadic
above (source and scatterer dipole are assumed to have
z-orientation), we write the ratio of detected intensities as
PecailON/PoourceN) = alGZ(\, d)P, where « is a fitting
parameter constant for the second model (together with the
ND radius 7). The value of kg, in equation (2) for a three-
layer structure (air/glass/silver), and kyp for a diamond-
silver interface (the air above and the glass beneath the ND
are neglected) are obtained analytically. The normalized
scattering spectra for 7 and 9 pm of separation between NDs
(figure 3) appear shifted to longer wavelengths relative to the
fluorescence spectra measured from the source NDs. The SPP
attenuation is larger for shorter wavelengths, which con-
tributes to the spectral shape of the scattered spectrum. The

GZ(d, N) =
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Figure 3. Source and scatterer spectra, shown for two different
distances (7 and 9 pum) between the NDs. All signals are normalized
to their own maximum value.

coupling efficiency of fluorescence to SPPs and angular
divergence of the SPP beam depend on the wavelength, both
of which also influence the shape of the scattered spectrum.
This is readily seen in figure 4, where the extended model
provides better fitting. The best fit for the extended model has
the coefficient of determination (R*) of 0.90 and 0.97 for the
distances of 7 and 9 pm, respectively. The ND radii obtained
from fits, r = 36.38nm for the distance of 7 ym and
r = 45.44 nm for the distance of 9 um, correspond well with
the NDs that are actually deposited (an average diameter of
100 nm).

2.2. Coupling of NV centers in a ND to CPP modes in a VG

The VGs used in these experiments are fabricated with the
same procedure as described in [39] which consists of UV
lithography, crystallographic etching of silicon and a ther-
mally grown silicon dioxide (SiO,) layer on the silicon to
modify the V-shape geometry. Initially, a 200 nm SiO, layer
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on the silicon substrate is patterned by both UV lithography
and reactive-ion etching to define the perimeter of the VG
devices. It is necessary that the patterning of the SiO, layer is
well-aligned with the crystal (100) planes of the silicon sub-
strate. The VGs and termination mitrors are formed by ani-
sotropic wet etching of the exposed silicon in a potassium
hydroxide (KOH) bath at 80 °C. The KOH etch yields smooth
(111) VG sidewalls and termination mirrors with a fixed
inclination of 55° from the surface plane. The nature of the
crystallographic etching yields excellent mirror formation at
the ends of the VG perimeter. Tailoring of the V-shape
geometry is performed by thermal wet oxidation of the silicon
VGs (1150 °C for 9 h, resulting in a 2320 nm SiO, layer at flat
sections of the substrate) which sharpens the interior angle of
the groove in order to support a CPP mode. The metal is
deposited by electron-beam evaporation: first a 5 nm layer of
chromium to promote adhesion before a 70 nm layer of gold.
The gold layer is chosen to be sufficiently thick to eliminate
interaction of air—interface plasmons with the underlying
Si0, layer and also to minimize self-aggregation.

To couple NDs to the VGs, a water suspension con-
taining NDs is spin coated on the sample with VGs. For this
experiment, the concentration of NDs in water is adjusted so
that the density of NDs on the surface after spin-coating is
less than 1 per 10 x 10 um>. An AFM image of a VG
together with an NDs is presented in figure 5(a). As can be
observed from the figure, the depth of the VG structure is
more than 2 ym. Figures 5(b) and (c) show images of the
areas containing the NDs, which are also indicated in 5(a). A
confocal raster scan image of the area with the ND presented
in figure 5(d), shows that the fluorescence from the ND on the
flat gold—air interface at an excitation of 100 uW is ~700
kcounts/s. Confocal scan images taken at an excitation power
of 100 uW and two orthogonal polarizations show
(figures 5(e)—(f)) that fluorescence from the VG is higher in
case of excitation polarization across the VG (s polarization in
figure 5(e)) due to the contribution from gap plasmons [43].
In figure 5(f), termination mirror A can be seen to fluoresce
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Figure 4. (a) and (b) shows model fits of the normalized source and scatterer spectra ratios obtained for distances between source and scatterer
of 7 yum and 9 um, respectively. The fits with the simple model, as well as the full model containing terms for divergence and coupling of
fluorescence to SPP are shown. The fits for the full model are shown in the legends of the graphs with a fit R* coefficient.
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Figure 5. (a) Atomic-force microscope image of a VG structure. The rectangles with dotted lines indicates the areas containing NDs. (b) and
(c) zoomed-in images of the areas 1 and 2, respectively, indicated in (a). (d) confocal-microscope fluorescence scan of the area containing the
ND presented in (b). (e) and (f) confocal-microscope fluorescence scans of the VG presented in (a) with the excitation polarization indicated
in the inset of respective figures. In (a), (e) and (f), A and B indicate the two VG termination mirrors.
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Figure 6. (a) Lifetime measurement data and a two-exponential fit for the fluorescence from the ND presented in figure 5(d). (b) emission

spectrum of the ND shown in figure 5(d).

more than it does in figure 5(e), this is due to the structure of
the termination mirror which allows the penetration of
p-polarized excitation light and the fluorescence is enhanced
due to the presence of three corners of the V-groove termi-
nation. The termination mirror B of the VG fluoresces more
due to the presence of NDs in the region, which can be seen in
figure 5(c).

The ND shown in figure 5(b) is further characterized by
measuring its lifetime and fluorescence spectrum. The mea-
sured lifetime curve as well as a two-exponential fit (Aexp(-t/
Ta) + Bexp(-t/7g) + constant, where A and B are

amplitudes, ¢ is time, 74 and 7 are decay lifetimes) is pre-
sented in figure 6(a). We note that NV-centers in NDs are
known to have a distribution in decay lifetimes [23]. Our NDs
have ~400 NV centers and each of the NV centers may have
different lifetimes. Here, we have fitted the experimental data
with minimum number of exponential decay rates possible. A
single decay rate does not fit the data well, and a two expo-
nential decay curve fits the data quite well (0.9 < R* < 1.1).
The first 2 ns of the decay curve are not included in the fit to
exclude gold fluorescence [44]. The two lifetimes obtained
from the fit are 74 = 13.86ns and 7 = 5.18 ns. These
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Figure 7. (a) AFM image of the VG after the ND is moved inside. The white rectangle indicates the area containing the ND. (b) zoomed-in
image of the ND inside the VG. (c) The cross-section along the dotted white line in figure (b).
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Figure 8. (a), (b) Confocal microscopy scan images of the ND located inside the V-groove with the excitation polarization indicated in the
insets. (c) and (d) fluorescence images combined with SEM images indicating the emission from the far ends of the VG. The excitation spot is
positioned at the ND and the excitation polarization is indicated in the insets. The three spots in both images were recorded separately. A and

B indicate the two VG termination mirrors.

lifetimes are shortened when compared to those obtained
when the NDs from the same suspension are spin-coated on a
fused silica substrate. In the latter case, we obtained
Ta = 34.51ns and 73 = 7.77 ns (averaged over 10 NDs).
The difference in lifetimes can be attributed to the excitation
of SPPs on the gold—air interface by the NV centers. The
fluorescence spectrum of the ND clearly shows (figure 6(b))
the characteristic zero phonon lines of NV (575 nm) as well
as NV~ (637 nm) centers.

After characterization of the VG as well as the ND, the
ND is moved into the VG using a procedure that has been
used previously [22, 24-28]. An AFM image of the VG
containing the ND can be seen in figure 7(a). Figure 7(b)
shows a zoomed-in image of the ND within the VG, and it
can be inferred that the ND is close to the bottom of the VG.

The cross-section along the dotted line in figure 7(b) is pre-
sented in figure 7(c). The height of the ND inside the VG is
around 90 nm, which is similar to the height observed outside
of the VG for the ND.

Figures 8(a) and (b) present the confocal fluorescence
image of the area of the VG containing the ND. The excita-
tion laser power is, again, 100 uW. One can observe a sig-
nificant decrease in the fluorescence counts obtained from the
ND inside the VG when compared to the ND on gold—air
interface. This could be due to the reduced intensity of the
excitation laser inside the ND. In figures 8(c) and (d), the
fluorescence images are overlapped with a SEM image of the
VG. The fluorescence images are recorded while focusing the
excitation laser on the ND, and the fluorescence images in the
middle and those at the VG ends are recorded independently
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Figure 9. Lifetime measurement data and a two-exponential fit for the fluorescence collected from the ND inside the VG. In sketches next to
the graphs, green and red disks represent the excitation and detection spots, respectively, whereas the arrows represent the excitation (green)

and analyzed signal polarization (red).

to optimize the signal. The acquisition time for the fluores-
cence images in the middle is 1s, whereas for the images at
the VG termination mirrors is 60 s. The images suggest that
the fluorescence from the ND couples to CPPs supported by
the VG, which propagate along the VG and are out-coupled to
free space from the termination mirrors of the VG. This
sequence is observed for both excitation polarizations, as
shown in figures 8(c) and (d). The difference in the far-field
images of the two termination mirrors is attributed to the
presence of NDs near the VG termination mirror B
(figure 5(c)). The emission pattern for both excitation polar-
izations is the same due to excitation of the CPP modes in
both cases.

The ND-VG system is further characterized by measur-
ing the lifetime for different polarizations at the site of the
ND, as well as at the VG termination mirrors. Figures 9 and
10 present the lifetimes of the coupled system when the
excitation polarization is across the VG (s polarization) and
along its axis (p polarization), respectively. In figure 9, it can
be observed that the values of lifetimes obtained at the site of
the emitter as well as those at VG termination mirror A are
very close. This suggests that the NV centers being probed
with s polarization are the same, regardless of whether the
fluorescent signal is probed at the end of the waveguide or at
the site of the ND itself. Under these circumstances, NV

centers with a non-zero projection of dipole moment along
the excitation polarization are excited and coupled to the
CPP mode of the VG. Previous studies of plasmonic modes
in VGs indicate a more uniform distribution of the beta-
factor across the profile when compared to cylindrical or
wedge waveguides [33], which supports the assumption of a
relatively uniform coupling of all the NV centers that are
excited with s polarization. Furthermore, the fluorescence
lifetime observed for the ND in this case is smaller than the
fluorescence lifetime observed for the ND when it lied on
the gold surface. The decrease for 74 is by a factor of 1.32,
and 7 by a factor of 1.81. This is comparable to the lifetime
change by a factor of ~2.44 observed when a single NV
center in an ND lying on a gold surface is moved to inside a
VG, in [28]. In figure 10, when the excitation polarization is
along the VG axis, one can again observe that the values of
lifetimes obtained at the end of the waveguide are very
close to those at the site of the ND. However, if we compare
the lifetimes obtained for the two orthogonal excitation
polarizations, the lifetime in case of p-polarized excitation
is longer than for s-polarized excitation. This can be
attributed to the NV centers with dipoles across the VG
axis, which couple more efficiently to the CPP mode of the
VG. If we compare the fluorescence lifetimes of the ND
when it is lying on the flat gold surface and when it is lying
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Figure 10. Lifetime measurement data and a two-exponential fit for the fluorescence collected from the ND inside the VG. In sketches next to
the graphs, green and red disks represent the excitation and detection spots, respectively, whereas the arrows represent the excitation (green)
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Figure 11. (a) and (b) summarize the lifetimes and amplitudes observed in figures 6(a), 9 and 10. ND(BC) denotes the nanodiamond before
coupling to V-groove (figure 6(a)). In all the other symbols, the first letter denotes excitation polarization (s or p), the second letter denotes
the analyzed polarization (s, p or u) and the third letter demotes the position of detection (middle () or end A (e)).

inside the VG and excited with p-polarized laser, the
increase for 7, is by a factor of 1.07, whereas for T there is
a decrease by a factor of 2.08. The slight increase of 75 can
be interpreted as a suppression of emission from dipoles
aligned along the VG axis when compared to the ND lying

on a flat gold surface. In figure 11, we summarize all the
lifetimes and amplitudes observed for the ND before and
after its coupling to the V-groove. The errorbars represents
uncertainty in the fitted parameters, that is, the lifetimes and
amplitudes.
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are across the VG (i.e. s-polarized). The inset in (a) shows the fluorescence spectrum measured from a gold film.
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Figure 13. (a) Simulated CPP mode in a V-groove. The dotted rectangle shows the area which is zoomed-in and shown in (b). The oval shape
in (b) indicates a possible position for the ND. (c) The CPP propagation distance as a function of wavelength is presented.

In figure 12, we present two fluorescence spectra of the
same ND inside the VG, one of which is collected at the site
of the ND, whereas the other is out-coupled from the termi-
nation mirror A of the VG. In the former case (figure 12(a)),
the ND fluorescence spectrum is in superposition with
fluorescence from gold, the spectrum of which is presented in
the inset. In the latter case (figure 11(b)), the contribution
from gold fluorescence is negligible, since it does not couple
efficiently to the CPP mode [28]. The zero phonon line of
NV’ centers can be observed in the spectrum that is measured
at the end of the VG, which supports the argument above. The
wavelength-dependent propagation loss of the CPP mode in
the VG provides an additional source of modification of the
observed spectra.

We simulated the CPP mode that is supported by these
VGs using finite-element method (COMSOL Multiphysics).
The cross-section is obtained by a numerical process simu-
lation in ATHENA, as has been described in [39]. The di-
electric constant of gold is taken from [45]. In figure 13(a), we
present the distribution of the electric field of the CPP mode,
calculated at a vacuum wavelength of 700 nm. The zoomed-in
image in figure 13(b) shows the distribution of electric field
along with the possible position for the ND inside the VG.
From the dependence of the CPP propagation length on the
wavelength (figure 1(c)), the suppression of shorter

wavelength is expected and is in support of the spectrum
observed at the VG end.

3. Summary

We have presented the coupling of NDs containing multiple
NV centers to SPPs on a silver—dielectric interface and to
CPPs supported by a gold VG. The coupling to SPPs is
observed by emission from other NDs that are used for
scattering the SPPs to the far field. The spectrum of scattered
fluorescence is fitted to a model which suggests that the
dependence on propagation losses as well as the height of the
NDs, both of the source as well as the scatterer must be
accounted for. We have also presented the results of coupling
of an ND to the CPP mode of a VG. The coupling is
demonstrated by the observation of fluorescence from the VG
termination mirror while the ND pushed into the VG middle
is excited. A lifetime change, when moving the ND from
outside to inside the VG, is also observed for the ND fluor-
escence, which further confirmed the coupling. The change in
spectrum with respect to the ND is explained as the change
caused by the propagation loss plus the inefficient coupling of
gold fluorescence to the CPP mode. The reported experiments
demonstrate a way of incorporating NDs containing multiple
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NV-centers into plasmonic circuits as well as reveal various
factors influencing the formation of fluorescence-excited SPP
spectra.
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