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The casefor optical antennas

Light is generally emitted by single quantum ostdls. Specifically, the oscillation of an
electric charge radiating light is the very defmit of the most basic and common emitter there
is: the electric dipole. In the case of atoms, iiscent molecules, quantum dots and more, the
electrons oscillate in a much-reduced volume, oar@ometer scale, while the wavelength of
their fluorescence and absorption typically meashrendreds of nanometers. Thus, there is an
enormous size mismatch between the wavelength atopk with which they interact most
efficiently and the physical distance of the electroscillation. This results in the low
probability with which a photon can interact witlgaantum emitter, as it is unlikely for such
a photon to “see” the emitter. While focusing lighth a lens or microscope objective can help,
it only does so by increasing the number of attesmpachieving an interaction by adding more
photons into the mix. Due to the diffraction lintite spot size of a focused light beam cannot
be smaller than roughly half the wavelength, se size mismatch persists. One solution is to
operate at cryogenic temperatures, but such caafigms are as of yet incompatible with
nanotech devices. The field of plasmonics, speadlficoptical antennas, addresses this size
mismatch straightforwardly while still operatingrabm temperature [1-3].

A surface plasmon is the oscillation of electrdm is confined to the interface of any
two materials wherein the real part of the eleghecmittivity changes sign at said interface.
This is typically obtained at the interface of atah@nd a dielectric. A surface plasmon can be
driven both optically [4], as well as electrical]. The motion of charge along this interface
creates electromagnetic fields that are highly io@af to the volume near the interface, orders
of magnitude smaller than the wavelength of exoitat(Fig. 1). Given that negative
permittivity materials are necessarily absorbirige surface plasmon decays as the charge
oscillates. This gives rise to two types of surfpt@smons: propagating and localized. If the
surface plasmon decays before reaching the edge stirface (imagine a semi-infinite plane),
and is not back reflected, it is called a propagpsiurface plasmon. If the electron oscillation
is back reflected then it is a plasmonic resonatothe reflected plasmons interfere with the
oncoming plasmons (assuming constant excitatiorgting a cavity. These cavity plasmons
are referred to as a localized surface plasmombsthanplasmonic resonators will be referred
to as optical nanoantennas throughout the entifetlyis thesis.

Inside a resonator, light travels back and forttumber of times before being leaked
or absorbed, and in fact, that number of timedés quality factorQ of the resonator [6].
Therefore, the longer the average lifetime of atphowithin the cavity, the higher the
likelihood said photon has of interacting with aagtum emitter coupled to the cavity. The
quality factors in optical antennas are generadiyieen 10and 16, as they are typically made
of lossy metals. These values are quite low congp@rénose of lossless dielectric cavities that
can easily be of the order of>l@nd some laser cavities can even reach Hbwever, one
great advantage of plasmonics is the reduced moldene of the oscillation. In a dielectric
cavity, the mode volume is of the order)@;tee space While for an optical antenna the mode

volume is approximately one-thousandth of that. tAs probability of an interaction is
inversely proportional to the mode volume, thisigs the two to par in that respect [7].
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Figure 1 A schematic of the size mismatch between photons and single emitters. In red is the field

of a photon propagating through free space. A sipploton emitter and its dipole axis is represented
with a green spot and red arrow, respectively, wsthadius r typically being hundreds of times Bera
thansee space IN yellow is a plasmonic dipole @2 antenna, with its surface plasmon polariton \spp
wavelengthspyp, being about half Offee space The antenna localizes optical fields such tisatéar fields
are much stronger than propagating photons, gréathgasing the interaction probability with the
emitter.

Not only is the mode volume of a plasmonic antemch smaller than a dielectric
cavity, it also interacts with more light than omeuld expect given its physical size. As the
electrons of such an antenna are free to move fatsssurface, they can react to
electromagnetic fields from a distance. For examalsimple gold dipole antenna resonant
near 800 nm under plane wave excitation interadis kght from an area almost 40 times
larger than its physical cross section (Fig. 2 d).re The result is that not only are the
electromagnetic fields used to drive the antennaliped to a much-reduced volume, but the
antenna also interacts with a larger portion ofititeming photons [8].

Another consideration when discussing efficienthtignatter interaction is the
directionality, which is the direction in which pieos are predominantly emitted, or
reciprocally, the direction from which incoming fbons are best detected. As the great
majority of emitters radiate like electric dipolegich is to say, not directionally, engineering
optical antennas so that the antennas themselvesmitters coupled to them radiate
unidirectionally can dramatically increase the@éncy of a device that makes use of the light
emitted. As technology advances, we find more ancerdevices that can benefit from more
efficient light-matter interactions. For example,ghotovoltaic devices, a typical problem is
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light being reflected or scattered before reactimg active layer, which is where photon
absorption and charge separation takes place. #temaa that scatters light predominantly into
one direction could in theory increase the efficienf such a device. The logic gates used in
guantum computing also depend on photon interastiand these photons need to be emitted
and later detected, so increasing the efficiencythelse processes would improve their
functionality. In fact, any device that require® tfficient interfacing between photons and
electrons can in principle benefit from directiom@noantennas. As the light in high-Q
dielectric resonators is generally scattered in tiplel directions, not only are optical
nanoantennas superior in that they can radiatdranttbnally, their much smaller size gives
them the potential to be implemented in devicesre/kee is critical.
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Figure 2 The normalized extinction cross section of three Au rod antennas of various lengths.
Extinction is typically given irum? but here each simulated spectrum was normalizedetsize of
each antenna (length x width). The lengths arbénegend, and the height and width of the antennas
is 40 nm. The values next to each peak are theatixth (inum?) of that peak. The simulations include
experimental details such as the adhesion layel insganofabrication.

The electric dipole and beyond

The majority of light emission falls under the etec dipole approximation, both when

working with single emitters by themselves or witenpled to optical antennas, but this does
not mean that non-electric dipole emission is abvaggligible or that it cannot be dominant
[9]. An everyday example is found in the materibak line the insides of fluorescent lightbulbs.
The lanthanide ions used, such as Europium, hareeraus magnetic dipole transitions, and
though they are typically slower than electric dgawansitions, they still form a non-negligible

part of their emission spectrum. Electric quadrepwansitions have also been observed in



ordered molecular aggregates. While these transittan potentially be enhanced by coupling
such emitters to properly engineered optical nareveras [10-16], the focus of this work lies
not in non-dipole transitions but mainly in the aeant non-dipole modes of the antennas
themselves.

The basic electric dipole antenna is by definitofirst orderA/2 resonance given the
oscillating positive/negative charge distributidntl@e opposite ends of a rod-like geometry
(Fig. 3a); similarly, doubling its length makesiitambda or quadrupole resonance at the same
wavelength. However, this second ordemode has two antiparallel currents that oscillate
along the antenna length, which cannot be drivea symmetric source such as a plane wave
at normal incidence. These even parity modes aretimes referred to as “dark modes” but
they are not dark in that they do not radiate ligihey simply require more clever excitation
schemes. For example, by coupling an electric digohitter to one end of & antenna,
symmetry is immediately broken and the system adrate in the quadrupole mode (Fig. 3b).
For a magnetic dipole antenna, the simplest examplee electrically driven radiofrequency
loop antenna, where the oscillating circular curreneates a net magnetic dipole moment.
Generally, to bring radiofrequency designs to ths&ble-to-near infrared region of the
electromagnetic spectrum some changes must be msdee electronics are not fast enough
and the charge oscillation must be driven opticdlhe plasmonic analogue of the loop antenna,
like the quadrupole antenna, requires symmetryetbrioken. The geometry is known as the
split-ring resonator (Fig. 3c), and k& resonance is driven with a light source polarizeross
the antenna gap so that the resulting charge asaoill creates both an electric dipole moment
across the gap and a magnetic dipole moment wiitieircenter of the ring. As each multipole
has different field symmetries, the presence of enenore of these multipoles potentially
allows that their interference can be used to tirglst emission, which is the overall focus of
this Thesis.
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Plane Wave Source Electric Dipole Source Plane Wave Source
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Figure 3 An assortment of optical nanoantennas and how they might be driven. The sources are
shown in green, the resulting charge distribut@ams currents in red, and the magnetic field in Hiaje

A M2 or dipole antenna driven by a plane wdls¢ A A or quadrupole antenna driven by a local electric
dipole source. The antiparallel currents preveistaintenna from being driven by a plane wdcgA
split-ring resonator driven by a plane wave. Theutar current creates a magnetic dipole moment in
its center.



From linear to nonlinear

Light emission from single photon sources, regasiiaf any enhancements, is ultimately the
result of spontaneous emission, and is thus arnarent process. If one were interested in, for
example, achieving a switchable directivity fromirggle nanoantenna, then a coherent process
is required. With this goal in mind, we turn toged harmonic generation (SHG) directly from
optical nanoantennas. The capacity for plasmoracsonfine optical fields to nanometric
volumes not only increases the emission of singletgn emitters, but also increases the
likelihood of nonlinear processes occurring [17].the case of SHG, its power output is a
function of the fourth power of the excitation @ielOptical nanoantennas generate second
harmonic mainly from their field hot spots, witwall-defined phase between them, but they
can also behave as a resonant scatterer. Thus,isheparadigm shift in their behaviour with
respect to the linear regime. The understanding @matacterization of the SHG from
nanoparticles is necessary before we can engim@etidnal second harmonic nanoantennas.

Thesis outline

The outline is as follows:
* In Chapter 1, | explain the experimental and thecak methods | applied over the
course of this project, which include nanofabricatithe optical setup, pulse shaping,
FDTD simulations, and the multipole model.

* In Chapter 2, | present how the interference of tmdtipoles in a higher-order mode
of a U-shaped split-ring resonator emits the liffotn quantum dots coupled to it
unidirectionally.

* In Chapter 3, | move onto the coherent emissiongs®, second harmonic generation,
directly from single plasmonic nanoantennas, andysthe emission patterns of two
nanoantenna geometries. | model their radiatiorepat with the same multipole model
and attribute them to a purely surface second haicyemntribution. | then control the
local phase of the cross antenna to manipulateratimtion pattern, which is not
possible with an incoherent emitter.

* In Chapter 4, | take a detour, and measure thelangadiation patterns of the second
harmonic from crystalline silicon nanowires to giguish the different competing
processes that lead to SHG. In contrast with tleeipus chapter, the SHG observed
comes from three distinct processes.

* In Chapter 5, | go back to the second harmonic frolssmonic antennas and
demonstrate the switchable directional emissiomfeosingle plasmonic antenna, and
study its mode of operation, the surface and buigiro of its emission and their
coherent interference that leads to unidirecti@maission.






Chapter 1

Methods

In this chapter, we introduce the experimental, potational and theoretical methods
employed throughout this Thesis for the characéde of light emission by optical
nanoantennas. On the experimental side, we fistrite the process of sample preparation,
move on to show how the antenna systems are chagsct in our optical microscope, and
finally describe the process used to compress bavatilaser pulses used in the later chapters
of this Thesis. We then move onto the computatisit® to show how our nanoantennas and
emitters are characterized in FDTD simulations, @ueeh use those simulated results to assist

us in our theoretical fits of experimentally mea&suradiation patterns.



1.1 Samplefabrication

To fabricate the nanoantennas we used positivedi@aeron-beam lithography, as is shown in
Fig. 1.1. First, a cleaned coverslip has a 5-1Qayar of indium-tin oxide (ITO) deposited on
it using e-beam evaporation. ITO is used because at transparent conductor, but as the
evaporation process removes the oxygen from therrahteven 10 nm makes the coverslip
visibly opaque, so it is then baked at 350° C fermiinutes so that oxygen from the air is
absorbed, making the layer transparent. The purpbdke ITO is twofold; first, it is an
adhesion layer for the metal that is depositedopn and second, it is a conduction layer that
helps remove excess charge during the e-beam gvafiantenna geometries. This also allows
for later imaging of said geometries in a scanmlagtron microscope (SEM) without having
to destroy the sample.

Next, a layer of positive electronic resist, polyhng methacrylate (PMMA), is spun-
cast onto the coverslip and baked at 130° C forrtutas for drying. The e-beam lithography
then defines the Au antenna structures, and thesexpareas are removed with a solvent in
the development step, before Au is evaporated iht@ntire coverslip. For the last step, lift-
off, another solvent is used to remove the excBHgR and Au, leaving behind the structures
defined by the e-beam writing. In Chapters 3 anithé nanoantennas themselves are the
emitters, whereas in Chapter 2 we couple singlétersito the nanoantennas, which requires
further sample preparation before the lift-off. Gloemically attach quantum dots to the Au
nanoantennas we functionalize the sample surfat¢ke aithiol group molecular chain,
mercapto-undecanoic acid (MUA, which has specifimtAu), and then use a carbodiimide to
activate the carboxylic acid terminations of MUA, that the amino groups of the quantum
dots used can bind to them. After performing lifttbe quantum dots are attached all over the
nanoantennas without leaving fluorescent emittetsetween them.

- : ; e-beam Development Au deposition lift-off
PMMA PMMA
Au Au
ITO ITO ITO
Glass Glass Glass

Figure 1.1 A step-by-step explanation of e-beam lithography. The e-beam resist, PMMA (blue), is
first exposed to write the nanoantenna geometn@svie wish to study. The exposed area (purple) is
then removed in the development step, and Au isdieposited via thermal evaporation onto the sample
Finally, the residual PMMA and excess Au is remowvedift-off, leaving behind arrays of Au
nanoantennas with a periodicity of 1u®.
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1.2 Confocal microscopy and angular imaging

The first step in studying single antennas is teess the quality of the nanofabrication.
Confocal microscopy allows us to hone in onto srgitennas within arrays and analyze their
characteristics. The microscope is a Zeiss Axio&f® with a high-NA oil immersion
objective (Zeissp Plan-Apochromat 100x/1.46 NA). The high-NA objgetiis critical for
increasing the collection efficiency of this setap,most light radiated near an interface does
so mainly into the higher-index medium and at amgleove the critical angle. The sample is
mounted on a piezoelectric stage to scan our saanpland with respect to the laser excitation,
and allows for the one-by-one measuring of naneerase The laser spectrum is then filtered
out from the signal of interest using a dichroianar, and one or more dichroic filters. This
signal is then sent to one detection arm and fatas®o an avalanche photodiode (Perkin
Elmer, SPCM-AQR-14 and 16) for real space imagamyl with the optics selected such that
the focal spot is the same size as the APD se®anning over a nanoantenna array and
measuring its two-photon photoluminescence shows ttie signal comes purely from the
antennas, with no residual light emission from &neas away from the antennas (Fig. 1.2,
right). Along the other detection arm, we meashesangular emission pattern of the object of
interest by further magnifying and imaging the bémtal plane (BFP) of the objective on an
electron-multiplied CCD camera (Andor, iXon+ 897his technique has been used to
determine the orientation of single molecules [@8]n a single measurement it shows nearly
the entire angular pattern of the light emittea itite glass half-space of a sample. Each point
in the BPF correspond to angular coordin@teside, which will be described in more detail
in Chapter 2. The patterns are typically measuved an area of 130x130 pixels in the emCCD.
This setup allows for the easy measurement of te@thspace and momentum space of single
antennas.

Sample on
Piezo Stage

High NA
Objective

Back Focal

Plane Imaging Confocal Imaging

Dichroic Mirror Laser Source

Tube Lens

D a® (only for BFP)
. Dichroic Filter
EMCCD — I I APD

Achromat Relay Flippable Focusing
Pair Optics Mirror Lens

Figure 1.2 A schematic of the confocal microscope used. A laser source is focused to a diffraction-
limited spot and used to excite the sample of @dgmwhich is scanned around on a piezoelectryesta
The signal of interest is then imaged on one of detection channels, which correspond to the image
plane of the objective (right side), and the olijels back focal plane (left side).
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In this Thesis light emission from single nanosadgects is excited using one of two
lasers. In Chapter 2, we used a Helium-Neon coatiswave laser that operates at 633 nm,
and in Chapters 3-5 for the second harmonic geperabeasurements, we used a pulsed
titanium sapphire laser with a spectrum betweenaf@0860 nm, and a repetition rate of 85
MHz. In order to maximize the second harmonic digh@ necessary to maximize the peak
electric fields at the sample plane, and we a phsger based on a liquid crystal spatial light
modulator (SLM) to do this [19-28].

1.3 Pulse compression

The pulse shaper is arranged in a 4-f configuradioa is illustrated in Fig. 1.3. The chirped
laser pulse enters from the left and is spectcAdigersed with a diffraction grating. The grating
is exactly one focal length away from the sphenmafor, and the SLM is placed at its Fourier
plane. The second spherical mirror, placed andteal length away from the SLM, focuses
light onto a second grating, and the collimatedieasent to the microscope.

Gratings

Spatial Light

Spherical Mirrors Modulator

Figure 1.3 A schematic of the 4-f pulse shaper used. The chirped pulse is spectrally divided onto the
spatial light modulator in order to modify the spatphase at each wavelength independently, before
being recombined and sent to the microscope.

As the optical elements along the laser path agetsive due to the variation of their
refractive index over the laser spectrum, the pblsomes chirped as it propagates through
more elements [29-32]. This is mostly due to thektlylass of our objective, but other optical
elements can also have an effect. Multiple techesaexist for studying ultrafast laser pulses,
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such as frequency resolved optical gating (FROG)34], and spectral phase interferometry
for direct electric field reconstruction of ultrashoptical pulses (SPIDER) [35], but our group
normally uses multiphoton intrapulse interferendeage scan (MIIPS) [26, 36-40]. The
objective of MIIPS is to produce Fourier-limitedlpes at the sample plane, so it measures
phase distortions in the SH spectrum of a nonlimegstal by iteratively applying different
phase masks to the SLM. Once the phase distori@enwell defined, the SLM applies a phase
mask of the inverted phase so that the pulsesaaimple plane are Fourier limited.

This method requires the detection of the secomchdwaic generation (SHG) from a
nonlinear crystal smaller than our excitation spygpjcally BaTiG [41], with a flat spectral
response to the laser field, such that the measpectral phase is purely from the laser and
not due to any resonance effects. For a broadbaser where E{) = Ey(0)e'® each
frequency component can be doubled to obtain SHGfrequencies can also be summed for
sum frequency generation (SFG). Assuming a cefitzglencym whose second harmonic is
20, ® + oo ando — dw can yield a signal ate2through SFG. This means that the second
harmonic (SH) spectrum can be Gaussian even wleelasler spectrum is not (Fig. 1.4). For
convenience, from here on we will use the term S6ifaclude SFG as well. The SH spectrum
is defined as follows:

. 2
SHQ2w) = |[1Eo(0 + Q)||Ep(w — Q)|eilele+rD+e@-Dlgq)| (1.1)

a b

300 T T 1 r .
N —— Before MIIPS —— Before MIIPS

[ s, — After MIIPS — After MIIPS

200+ s, — Laser Spectrum |1 — SH Spectrum |4
\\\

100

Phase (rad)
Intensity (a.u.)

0 r \
- \\\ !n--l-l"' \l
0 s’ . el

0 " 1 L 1 " 1 1
740 760 780 800 820 840 860 880 370 380 390 400 410 420 430 440
Wavelength (nm) Wavelength (nm)

Figure 1.4 Broadband laser pulse compression with MIIPS. (a) The measured spectrum of our laser
(black), and its spectral phase before (dashedgéiad (solid) running MIIPS(b) The simulated SH
spectrum from a nonlinear nanoparticle calculatétth vwquation (1) using the experimental laser
spectrum and the measured phases (black), anddghsuned SH spectrum after pulse compression
(blue). Note the very similar, though imperfect,amered SH spectrum with respect to the simulation.
The low shoulder of the pre-compressed pulse (dishie390-400 nm clearly corresponds to the
shoulder in the laser spectrum at 780-800 nm, mapgears in the simulated compressed pulse to
obtain a Gaussian SH spectrum. The SH signal isesd5-30x with respect to the uncompressed
pulses, indicating that their duration before afteraVIPS is ~80 and ~15 fs, respectively.
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The measured laser spectrum (Fig. 1.4a) has a hditded about 40 nm at FWHM, from 780
to 820, while the theoretical SH spectrum afterRdlis from about 395 to 315 nm (Fig. 1.4b).
The ~5 nm red-shift from the expected center issalt of the fundamental spectrum having
its peak near 810 nm, and its long tail in thepad of the spectrum. Note how the phase shifts
hundreds of radians over the laser spectrum witdée @ompression the phase shifts less than
0.1 radians, and how the total SH signal incre25e30 times. As maximizing the SH signal
is the only use of MIIPS required in this Thesis,finer details will not be discussed in here.
For more information on its functionality and fugtrapplications, please refer to the published
works of its inventor, Markus Dantus [24, 36-4@] veell as some of our other published works
[28, 41].

1.4 Finite-difference time-domain simulations

In the coming chapters we employ finite-different@@e-domain (FDTD) simulations to
improve our antenna design and help interpret exertal results. To this end, we employ
the softwared=DTD SolutiongLumerical Inc.). In the majority of our simulatis, we model

all of the materials used to represent our experiedeonditions as accurately as possible. This
means that both the glass coverslip and ITO layemaodelled along with the antenna of
interest. Without these components, the resonaniemof our antennas can easily blue-shift
100 nm or more. The corners of the antennas msatled rounded as their terminations shift
the resonances, and there are no infinitely shanpecs in the nanofabrication process.

The first main use of our simulations is to identlie resonance modes of antennas of
a given geometry, which we do with either nearaoifield excitation depending on the aim of
the experiment. To calculate the extinction crasgisn of an antenna at a given resonance,
we use the source called total field scatteredl f{@FSF). The TFSF source is essentially a
closed box that injects a plane wave from oneso$utrfaces, and subtracts the light that exits
the box without interacting with the objects insmfeit. The sketch in Fig. 1.5a depicts this
source as well as two boxes of planar power maitwhich are found within and outside of
the TFSF source. The exterior monitors recordkensity of light scattered by the geometry,
and the interior monitors record a combinationhef $cattered light, the injected intensity, and
the transmitted intensity, which are used to calieuihe absorption. The sum of absorption and
scattering is the extinction of the antenna. Emipigya plane wave at normal incidence, this
method can only calculate modes of odd parity.

To identify both even and odd parity antennas modgsvell explore the changes in
radiative rate, we use an electric dipole sourdesinof a plane wave (Fig. 1.5b). The dipole
source in FDTD solutions has a pre-defined ampditodl unity for when it radiates in a
homogenous non-absorbing medium, and an interraadtgm efficiency of 100%. When such
an emitter is coupled to a resonator its local erns optical states (LDOS) increases
proportionally with the quality factor of the resdar dived by the mode volume (LDQS
Q/V) [8, 42-45]. The increase in LDOS, typicallffeged to as the Purcell factor, means that
the emitter has more radiative channels througlthvto emit light, and can go through more

14



cycles of photon absorption (excitation) and phatomssion (relaxation). The interior power
monitors in Fig. 1.5b record this radiative enhanert spectrum, while the exterior monitors
record the power radiated into the far field. Tladues are different due to absorption in the
antenna, and their quotient is the external quargfficiency of the system.

Exterior Power b Exterior Power C
Monitors Monitors o S HRIRD TS R
Total Field Scattered
Field Source

a

Dipole
Source

e Al —1| - -

ITO ITO Interior Power :

Interior Power MoEEE N @ Tttt
MonitorSEuummEEN @~ | = = O 00000 L L. ...
$ + * Point Field Monitors
Glass Glass

Arranged in a sphere

Figure 1.5 Diagrams of the different types of smulations realized in order to characterize the
optical antennas studied. (a) A sketch illustrating how the extinction spectrafma nanoantenna is
calculated(b) A sketch illustrating how the radiative rate endement of a nanoantenna is calculated.
(c) A sketch illustrating how the multipole momentsaafianoantenna is calculated.

Finally, in order to calculate the dominant multgpanoments of a given antenna, we
remove the substrate to obtain a homogeneous medtignplace the optical nanoantenna in
the center of a sphere of point field monitors véthadius much larger than the length of the
antenna. Using the methods described by Grahn [@i6d) we use the recorded scattered fields
to calculate the multipole coefficients from theattic dipole up to the next order of multipoles,
the magnetic dipole and electric quadrupole, devd:

_ (—i)“'lkr 2T T A i

a(l,m) = hz(l)(kr)Eo[ﬂ(21+1)l(l+1)]1/2 fO fO Y’rm(e’ @) - Es(r)sin® do de (1.2)
_ (—i)lZOkr 2T T 5 i

b(l,m) = hz(l)(kr)Eo[ﬂ(21+1)l(l+1)]1/2 fO fO Y’rm(e’ @) 7+ Hy(r)sin® do de (1.3)

wherel is the order of the multipole € 1 for dipole and 2 for quadrupole),varies from-I
to |, k is the wave vector, is the radius of the sphei®, is the vacuum impedande,is the
Hankel function, and)m is the spherical harmonic. The coefficients aemthsed to define the
electric dipolep, magnetic dipolen, and electric quadrupol@, as follows [47]:

Dy Ay — Q11
p= (py> = C, i(a; + as,—q) (1.4)
pZ - 2 al‘o
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whereCo = (67)Y2i/cZok , Do = 6(30r)Y?iZock?, andc is the speed of light in vacuum. When
the antenna medium is changed from an interfagegaavhich n changes from 1.5to 1) to a
homogenous medium (where n is 1), its resonanbiiesshifted. The precise values for the
fields scattered by the antenna also have minaati@ns when the center of the spherical
monitor is shifted. Because of these reasons, tbaselations are used only to identify the
dominant multipole terms so that we can fit therextperimental measurements.

1.5 Multipolefitting

The final method necessary for understanding tHhewing chapters is multipole fitting. To
do this we analytically calculated the angular emois patterns of all of the electric dipole,
magnetic dipole and electric quadrupole terms [4B+#h the case of the electric and magnetic
dipoles, they each have three independent term4 (&4..5), while the electric quadrupole has
five independent terms that are used to definaitheterms of the symmetric matrix in eq. 1.6.
The BFP patterns of each multipole can be seeiginlk6. Thepy, m,, Qy andQy; terms are
omitted as they are simply 90° rotationspaf my, Q« and Qxz, respectively. Note how the
parallel electric and magnetic dipole componentsaskimilar patterns, and only vary in the
sharpness of their emission peaks near the criéicgle (Fig. 1.6a-d). In free space, an x-
oriented electric and magnetic dipole have the stanéeld radiation pattern, even though
their electric and magnetic field symmetries aneerted. When radiating near an interface,
these in- and out-of-plane electric fields leaddifferent transverse electric and magnetic
Fresnel coefficients, so the light they radiateeisacted differently into the glass side of the
glass-air interface, giving rise to the complemgnsharp/dull peaks in Fig. 1.6 a/c and b/d.

To fit these terms to an experimental pattern wesglect the dominant terms as
described in the previous section, normalize thigepes so that they each radiate a total
intensity of unity, and fix the amplitude and phaseone while varying the amplitude and
phase of the others. The fits are done using & sepsres method and the quality of the fit is
quantified using the coefficient of determinati@s,
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Figure 1.6 Thetheoretical back focal plane patter nsof variousmultipolesat different orientations

radiating near a glass-air interface. (a-b) The x- and z-oriented electric dipo(e-d) The x- and z-
oriented magnetic dipol¢e-f) The x- and z-oriented linear electric quadrup(deh) The x-y and x-z
lateral (or box) electric quadrupole. The y-oriehgdectric dipole, magnetic dipole, and linear &lec

quadrupole are simply 90° rotations of (a), (c) ée)drespectively. The y-z lateral electric quaare
is a 90° rotation of (h).
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Chapter 2

Split-ring resonators for
directed light emission

By directing light, optical antennas can enhanghtimatter interaction and improve the
efficiency of nanophotonic devices. Here we exptb interference between the electric
dipole, quadrupole and magnetic dipole moments giflé-ring resonator to experimentally
realize a compact directional optical antenna. Hmgle-element antenna design robustly
directs emission even when covered with nanomegncitters at random positions,
outperforming previously demonstrated nanoantemwi#ls a bandwidth of 200 nm and a
directivity of 10.1 dB from a sub-wavelength stwret The advantages of this approach bring

directional optical antennas closer to practicaglligptions.
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2.1 Directional nanoantennas

Optical devices such as sensors, solar cells erfates for integrated optics often require an
efficient interaction with light in well-defined iictions. Optical antennas offer a promising
means to engineer and control the directional nespaf materials to light. Most optical
antenna designs demonstrated to date are scaleu cmwterparts of radio and microwave
antennas, now tuned for operation at much shor@elgngths [1]. To obtain directional light
emission or reception, design strategies inspiyecbbventional antenna engineering might be
employed. For example, beaming has been achievedigh the interference of antenna
elements arranged in arrays to engineer theirivelgithase (Yagi-Uda antennas [50-52],
grating-like designs [53-55]). However, this priplel of operation is limited by a specific
operation frequency and the challenging need tatipnslocal sources with nanometric
accuracy to drive the antenna [44, 50, 56]. Alteweadesigns such as aperture [54], leaky-
wave [57-58], patch [59] or reflector [60] antenneguire larger footprints to obtain broadband
directionality and do not solve the need to positEpurces with nanometric accuracy.
Therefore, designing a single-element directiondkmana that is compact, broadband and
robust is a significant step towards applications.

In this Chapter, we demonstrate a principle foeational light emission based on the
interference between different multipolar momentsited in a single metal antenna element.
This multipolar interference concept is sketchedrigm 2.1a; the fields radiated by different
multipoles (electric dipole, quadrupole and magndtpole) have distinct field symmetries,
which we exploit for the design of optical antenmath a target radiation pattern. When
emitting with the same polarization, the interfererof the electric fields of perpendicular
electric and magnetic dipoles (or parallel electlijpoles and quadrupoles) depends on their
relative phase. The result is that their interfeeems constructive in one direction and
destructive in the opposite when their phase diffee ist/2 or 3t/2, whereas their interference
is prevented if they are in or out of phase (@&)orTherefore, it becomes possible to obtain a
unidirectional emission if a local light sourcege.an electric dipole transition) couples to an
antenna that simultaneously induces electric dipakkhigher-order moments.

To implement this multipolar interference at optifrequencies, nanostructures with
coexisting multipolar moments are required. Dirawcél scattering has been demonstrated in
semiconductor nanospheres supporting simultandeasie and magnetic dipole resonances
[61-66], and the directionality of metal-dielectnanoshells [67-68], nhanocups [69], and V-
antennas [70] have also been attributed to theafoéalditional multipole scattering beyond
electric dipoles. Here, we exploit the conceptriéiference between multipolar moments to
achieve directional light emission from sub-diftian-limited sources. To this end, we employ
single split-ring resonators (SRRs), which haventyabeen studied within the context of
metamaterials [71-74].
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2.2 Measuring USRRs

First, we tailor the geometry of a U-shaped resam@ig. 2.1b) to tune its directivity
to the spectrum of our electric dipole sources. 3tnagcture consists of two parallel arms and
a perpendicular connecting element (bridge). Sihyile a gap antenna, by reducing the gap
between both arms in our SRRs we create a monesateear field for improving the coupling
of electric dipole emitters to the antennas andctielely enhance the radiated power of the
emitters located within it. The presence of th&ldpei connecting both arms differentiates the
SRR from two parallel unconnected wires, leadingri@asymmetry in the angular pattern.

Magnetic Dipole

Figure 2.1 Principle of multipolar interference for directional emission. (a) Two examples of
directional emission are obtained from the maximhizgerference of an in-plane electric dipole (red)
with an out-of-plane magnetic dipole (blue), ortwédin in-plane lateral electric quadrupole (gre€s)).
Fabricated split-ring resonators in a scanningtedaanicroscopy image. The parameters of the gold
nanoantennas are bridds,(gap ¢) and lengthl() with values 3G6< b < 60, 35< g < 55 andL = 250
nm. (c) A confocal photoluminescence image of an arrapasfoantennas excited by quantum dots
shows that the emission is localized at the ant@osdions. The color scale denotes the orientaifon
the linear polarization of the emission.

To fabricate the nanoantennas we use electron bgengraphy, thermal evaporation and lift-
off, as described in Chapter 1. SRRs with differeme parameters (Fig. 2.1b) are studied.
Colloidal quantum dots (QDs) are the optical sositbat drive the antennas. The QDs have a
luminescence spectrum peaking at a wavelength@h@®with a full-width at half-maximum
(FWHM) of 80 nm (Invitrogen, Qdot 800 ITK amino (Bl). The nanoantennas are
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functionalized with mercaptoundecanoic acid to clittdhe QDs specifically to the gold
structures and at a distance of several nanometers.

We detect the photoluminescence of QDs coupledirigle nanoantennas with a
confocal microscope with a high numerical apertmitemmersion objective (1.46 NA). A
piezo stage is used to scan the sample confoaattamt volume. To excite the QDs, circularly
polarized light with a wavelength of 633 nm wavefgn(10uW of power) from a He-Ne laser
is focused to a diffraction-limited spot. The retled excitation beam is filtered from the
emitted luminescence with a dichroic mirror anemgtpass filter. The signal is then divided
with a polarizing beam-splitter and detected witlo favalanche photodiodes, corresponding
to linear polarizations along tlxeandy axes. To obtain angular emission patterns, momentu
space images are recorded at the back focal pfahe objective with an electron-multiplying
CCD camera. This allows for a one-by-one charazdéan of selected antennas in both real
space and k-space.

The emission is neatly localized at the antenntsmwo residual QD luminescence from
the surrounding substrate (Fig. 2.1c). Confocalosicopy reveals that the light collected from
QDs coupled to the SRRs is mainly polarized actiessntenna gap (green color in Fig. 2.1c).
Defining the degree of linear polarizatiD©OLP = (Ix - ly) / (Ix + ly), the polarization average
over the array I®OLP = 0.60 (x = 4ly). This indicates that the QDs are efficiently cewipto
the antennas and are probably exciting the gap mode

We demonstrate broadband beaming of light by moilir interference antennas using
back focal plane measurements. Most of the emigsicadiated unidirectionally (see Figure
2.2a) by coupling to a SRR tuned in size to max@miz directionality. To quantify this
observed directionality, we define the front-tofaatio /B) as the intensity ratio between
the point of maximum emitted power and the poiahttrically opposite to it in the back focal
plane image. This value is 8.5 dB and spans thieedpD emission spectrum. By changing the
size of the SRR, we detune it from the QD emissjmrtrum and obtain &1B of 3.9 dB (Fig.
2.2b — Detuned SRR). Generally, when dipolar emnsittadiate near an interface, they emit
predominantly into the higher-index medium (abd8fo/for our glass-air interface). There is
also a sharp maximum near the critical angte<41.1°) [75]. In the absence of an antenna,
the lack of a preferential dipole orientation résuth symmetric ring-like patterns witf/B =
0 dB (Fig. 2.2b — Without SRR). The outer edgeheflback focal plane images is given by the
maximum collection angle of our objective, the nuica aperture ua = 72.8°). These
Fourier-plane images contain information on thedtion of light emission through the glass
substrate and thus we can convert them to angp&esto clearly represent the directional
emission and/B (Fig. 2.2b).
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Experiment —

Tuned SRR Air  Gama Fit = Multipolar Fit

Detuned SRR Without SRR

Figure2.2 Directed broadband emission by split-ring resonator antennas. (a) Experimental angular
radiation pattern as recorded at the back focalepteE the microscope objective showing that a SRR
(parameters& = 250,b = 50 andy = 35 nm) emits unidirectionally even when QDs @rapled to it at
random positions(b) A vertical slice of the previous radiation pattewnverted to angular space,
highlighting the dielectric interface between aiidahe glass substrate. The bottom insets show the
emission patterns of a SRR with dimensions sligtiéuned from the QD emission spectrinF (200,

b = 50 andg = 35 nm) and the omnidirectional pattern of QDshaut a SRR (left and right,
respectively). The images contain the entire QDssion spectrum (790 = 40 nm at FWHMJ)
Calculation of the angular pattern by fitting theperimental result in (a) with a superposition of
multipolar point sources, considering an electijol (o), a magnetic dipolat,) and a lateral electric
quadrupole Q,y = Qyy). The detailed features of the pattern are regredwvith this simple model,
including the various minima and small side lobes.

Such directionality is consistently obtained foamg antennas with the same nominal
dimensions (Fig 2.3). The fabricated structuregyselemission patterns are shown in Fig. 2.3,
have varying nominal bridge and gap sizes anddlok focal plane images of 37 of them were
recorded. These were selected based on theird@otasion intensity and degree of linear
polarization. We observed that structures withtnetdy large gaps tended to direct light less,
likely due to the less-intense electric near fieldthin the gap. This would decrease the
emission enhancement of the quantum dots (QDs)miitle gap and thus increase the weight
of the QDs coupled to the antennas from outsidege Since the QDs are attached to the
SRR at random positions, these results demongstrat®bustness of our nanoantenna design
for directing light from local emitters.
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Figure 2.3 Back focal planesimages of different antennas demonstrating the reproducibility of
thedirectional emission patter nsobtained by coupling quantum dots (QDs) to our nanoantennas.

All the structures are 250 by 250 nm and have lesdgetween 40 and 70 nm and gaps between 35 and
55 nm, with the best experimental directivity cogiinom one measured (with a scanning electron
microscope) to have a 50 nm bridge and 35 nm gaph Eheasurement had a 10-second integration
time and the QDs were excited by a circularly-patd He-Ne laser at 633 nm with iV of power.

The maximum number of counts for each measurenamiantenna isaj 131k, p) 55k, €) 86k, {d)

54k, ) 88k andf) 16k.

2.3 Multipole model

The far field emission pattern may be accuratefyresented by a superposition of
multipolar point sources but we do not knayriori which multipoles are the dominant terms
in our nanoantennas. To identify these terms wel@mihe finite-difference time-domain
method (FDTD Solutions, Lumerical Inc.) with a SBRthe same nominal dimensions as in
the experiment and a point electric dipole sourgsitipned in the antenna gap where the
electric near field is strongest. Using the forsralidescribed in Chapter 1 (eq. 1.2-1.6) for the
scattering of plane waves, we used the electronmiagdirelds recorded on a spherical surface
(radius of 10 pum) to calculate the moments of thectec and magnetic dipoles and
guadrupoles. The multipolar moments which domitla¢eemission pattern are found to be an
electric dipole on thg-axis (x), a magnetic dipole along tkeaxis (1), two dependent electric
quadrupole terms on they plane Qxy = Qyx) and two dependent magnetic quadrupole terms
on they-zplane. By calculating the radiated powers basetth@multipolar moments [29], the
first three terms radiate powers of similar magietand are each between one and two orders
of magnitude higher than thez magnetic quadrupole; they are also at least foders of
magnitude higher than any of the other dipole ocadyupole components. Therefore, in
subsequent modeling we only consider the domiraeetcomponents;, m, andQxy = Qyx.
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The directional emission of the SRR antennasesgjaately modeled by the interference
of these three multipolar point sources radiatiagrra glass substrate [48-49]. We normalize
their respective emissions so that each one radiaéesame total power through the substrate.
By varying the phase and amplitudengfandQyy with respect t@x and propagating the total
interference to the far field, we fit the pattemmthe measurement using a non-linear least
squares method (Fig. 2.2c). The interference betweandpx is maximized when the phase
is 0.5t or 1.5t, whereas a value of O arprevents them from interfering. The interference
betweenQxy andpx behaves similarly. The best fit is obtained whiéthaee components are
considered, with amplitudesy = 0.14 andQx| = 0.50 and respective phases ared &3l
0.70rt. An identical solution is found with phases of Zkand 0.3@, which are equidistant
from the phases of maximum forward interferencenipandQxy, respectively. In both cases,
the phases afn, and Qxy cause them to simultaneously interfere wahconstructively and
destructively in the same directions. The momenrtsaeted with this fit thus indicate that the
measured directivity is primarily due to electrigagirupole-dipole interference, assisted to a
lesser extent by magnetic-electric dipole interiese

The multipolar fit is in excellent quantitative regment with the experimental
observation, reproducing the experimental patteraetail (compare Fig. 2.2a and 2.2c¢). The
fit results also allow us to determine the diratgiwf the antenna by calculating its radiation
outside of our NA and thus not detected in the arpent. The directivity is defined as the
ratio of the power in a given direction over thhan isotropic sourcé By taking into account
the light radiated both into and out of the sultefrave find a directivity of 10.1 dB in the
maximum direction. This value is comparable toltiel4 dB directivities achieved with radio-
frequency Yagi-Uda arrays [76].

2.4. Radiative r ate enhancement

Next, we further demonstrate the robustness efahtenna design through numerical
simulations by analyzing the performance of the SREnna with respect to changes in its
dimensions as well as in the position of a localtiemaround the antenna. We simulate a point
electric dipole source located at different possioand orientations around the antenna
structure which is on a substrate, unlike the nesisimulations realized for the multipolar fit.
We define the radiated power enhancement (RPB)eatotal power radiated by the electric
dipole coupled to the antenna normalized by thegpaadiated by an electric dipole in vacuum.
This figure of merit is equal to both the increasalecay rate and the increase of the local
density of states [77]. We find that the emissisrgieatly enhanced for an electric dipole
located within the antenna gap and oriented acriosspntrast with other positions and
orientations (Fig. 2.4).

Given such drastic contrast in emission enhancemerfocus our analysis on emitters
coupled to the uSSR from within the gap and podatiacross it. We tune the structure’s size
parametel (Fig. 2.1b); forL = 250 nm the center of the broadband enhanceregmirr is
aligned with the QD emission spectrum (red linEiop 2.5a and shaded area). For that antenna,

25



we systematically displace arpolarized electric dipole source along the antegafaand find
that the radiated power is enhanced over a 200p=ctral band for dipole positions covering
two-thirds of the gap (Fig. 2.5b) while a sourceselr to the end of the gap has a much lower
radiated power for wavelengths within the QD enaissspectrum. Such widely distributed
enhancement offers a large area and bandwidthéd@Ds to couple to the antenna efficiently.

b
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Figure 2.4 Theradiated power enhancement of electric dipoles coupled to a uSRR from various
positions and orientations. The size parameters are identical to those of &£®y.The radiated power
enhancement (RPE) is defined as the power radigt@ddipole coupled to an antenna normalized by
the power radiated by a dipole in vacuy{a).A representation of the gold U-shaped split-ring
resonator studied here and some of the differextrét dipole positions and orientations studigae T
distance between the emitter and the gold struetasekept constantb) The RPE spectrum for

single electric dipole emitters coupled to the SR the color-coded positions shown in (a).

From these simulations we also calculate the systexternal quantum efficiency to
obtain 71% for an electric dipole emitter with 10@%insic efficiency at an optimal position
(60 nm from the bridge) at the central QD emissi@velength. By combining this quantum
efficiency with the previously obtained directivitye estimate the average antenna gain [76]
to be 6.8 dB in the case of a perfect electric ldigmitter with the broadband spectrum of our
QDs.

Simulated electric and magnetic near fields haasmmomponents along theandz
axes, respectively, for a source at the same posd nm away from the bridge. THg||and
|H| field distributions (Fig. 2.5c) reveal a simitgirio the third resonant mode in thin U-shaped
SRRs [73-74, 78], here distorted for thick SRRs$H®ylarge arm widths and a narrow gap. At
the third mode charge accumulates at the top oartimes, the bottom and in between, and this
can been seen in Fig. 2.5b where the RPE nearm3eaks when the emitter is at the middle
or top of the antenna gap. The wavelengths arohisdthird-order mode of SRRs possess
electric dipole and quadrupole scattering crossicaes of similar magnitude with a relatively
small magnetic dipole contribution [47], in contrasth the first and second-order modes [79-
80]. Accordingly, the distribution oH}|, with its two maxima out of phase, has no clear
magnetic dipole moment (blue arrows in Fig. 2.R8lated structures known as dolmens, with
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separated arms and bridge elements, were also shdvawe strong electric quadrupole-dipole
interactions [81-82]. These observations confirat the directivity of the SRR is mainly due
to the interference of electric quadrupole and ldipeoments.
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Figure 2.5 Broadband emission enhancement for emitters at different positions. The radiated
power enhancement compared to a dipole in vacuuama$yzed as a function of antenna size and
emitter position within the antenna géa). By changing the antenna size paramet@with b = 50 and

g = 35 nm) for an emitter positioned 15 nm belowdbeter of the antenna along §haxis, the antenna
spectrum can be tuned to the quantum dot emispieetreim (shaded regior{h) Power radiated by an
emitter coupled to an antenna witk- 250 nm when displaced along the center of thensa gap. The
dashed vertical lines correspond to the FWHM of @i& emission spectrum and the horizontal line
depicts the dipole position in (a) — red curf@.The electric near field is maximum when the emitte
is located at that optimal position 60 nm from bmelge. The simulated distributions &||and H,|
reveal characteristics of the third resonant mdde2RR at the central wavelength of the QD emissio
(790 nm).
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Figure 2.6 A comparison of experimental and simulated emission patterns. Azimuthal polar plots

(p = 0 to 360°) at the angle of maximum emissi@rr (43°) for two dipole positions (black and grey
curves) compared to experimental measurementsétedjvelengths betweéa) 750 and 830 nm (the
QD emission spectrum at FWHM}) 750 and 770 nm, an@) 800 and 830 nm. The experimental
measurement in (a) contains the entire QD emissp@ctrum and (b) and (c) were measured using
spectral filters. The simulated patterns are weiglaverages of different sections of the approxaéipat
Gaussian QD emission spectrum.
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By comparing the measured angular radiation patey the ones obtained in FDTD
simulations for sources at the center and edgéefgap (Fig. 2.6, dashed black and grey
curves, respectively), we conclude that the opematif the antenna in our experiments is
dominated by quantum dots located within the higldfenhancement region of the gap. In
contrast, when the dipole is located at the enth@fgap (emitter position of 180 nm in Fig.
3b) the system emits predominantly in the backwdrdction (grey curves in Fig. 2.6a-c).
However, due to our tuning of the SRR size to maendirectivity over the QD emission
spectrum (which is slightly red-shifted from therdhmode peak), the positions from which
the system radiates in the forward direction haweuah higher RPE than those radiating in
the backward direction (Fig. 2.5b), and additiopaihe emitter positions resulting in forward
emission also cover a larger area of the antenpa ga

Regarding the spectral dependence of the direaditgnthe simulated radiation patterns
indicate directional emission over a bandwidth 60 2im for emitters at the center of the
antenna gap. This broadband directivity has beeardposed in two different spectral bands,
using filters. Figs. 2.6b and ¢ show nearly idadtexperimental (red) and simulated (black)
angular patterns for both bands. Regarding polamizawe note that for this emitter position
the simulatedOLP of the antenna emission at these wavelengthsweka 0.61 and 0.63, in
good agreement with the experimental value of 0a@éd indicative of good coupling
efficiencies between emitters and antennas. Inlaeimn, our simulations explain the origin
of the experimentally observed robustness of theraa directivity with respect to emitter
position and wavelength.

2.5 Conclusions

With a more compact, more broadband and more tabogle-element design, our
multipolar interference antennas direct light emisscomparably better than previously
realized directional nanoantennas. The antenna lastprint of onlyA/200, the directional
bandwidth is about 200 nm and there is no neecatdarately position the emitters. Further
tuning of the geometrical parameters or selectiyagitioning local emitters may result in
higher directional and radiative enhancements.réstengly, split-ring resonators may be
patterned by simpler nanofabrication methods sscthadow-mask lithography because they
do not require the alignment of multiple elemeiiiserefore, these results are promising for
the integration of directional nanoantennas inthgmitting and harvesting devices.

From a fundamental point of view, understandirggdirectional response of a SRR is
necessary to explain transmission and absorptieatispcommonly found in experiments on
metamaterials. For example, optical activity hasbabserved for achiral arrays of SRRs under
oblique incidence [83, 84], which is a direct cansence of the multipolar origin of the
directivity of a single SRR.
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Chapter 3

Controlling the second
harmonic generation from
dipole antennas

Metal nanoantennas give a relatively strong noalir@ptical response due to the confined
fields in the antenna hot spots. In general, nealiprocesses are forbidden in centrosymmetric
media, so in plasmonic nanoantennas the surfaceilmaion dominates over the bulk as
symmetry is broken at the antenna surface. InGhipter, we tailor the antenna resonance to
the fundamental wavelength and measure the angati@rn of its second harmonic generation.
We demonstrate that the second harmonic genemitt@single dipole antenna resonant at the
fundamental wavelength has a quadrupolar pattethersecond harmonic, and characterize
them through both theory and simulations, whichiargood agreement with the experiment.
Our findings establish a basis for the controlledvidg of coherent optical fields in
nanoantennas, and for the understanding and deweltf innovative quantum nano-optical

components and devices.
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3.1 From quantum emittersto SHG

In the previous chapter we showed how one canaidhie emission direction of quantum dots
through the use of plasmonic nanoantennas. Prdyécecof antenna modes allow for certain
radiation patterns to be achieved, with the interiee of said modes being the source of
directional emission. However, as such modes até& stontrolled switchable bidirectional
emission from such an antenna is not possible given wavelength. Furthermore, the
positioning of emitters such as quantum dots atipialantenna “hot spots” cannot typically
make for a coherent interference as spontaneowssi&mj even when enhanced, is incoherent.
As multiple single photon sources cannot interfesberently, in this chapter we turn to a
coherent process, specifically second harmonic rgéna (SHG), directly emitted by
plasmonic antennas with the intent of controllimg tphase of the antenna near field in
excitation in order to manipulate the emitted seldearmonic pattern of said antenna in the far
field.

Plasmonics has been demonstrated to be of suladtasdi for increasing the efficiency
of nonlinear optical processes [17, 85] as surfal@esmon resonances can greatly enhance
electromagnetic fields, and these processes haanenrtial dependencies on said fields. For
example, Raman scattering can be enhanced by anflensgnitude to the point of single
molecule Raman scattering becoming possible [8p,3&cond (and higher order) harmonic
generation from single nanoparticles has long bleemopic of theoretical studies [88-97], and
while much work has been done on metasurfaces Bndn?l 3D arrangements of metallic
particles [98, 99], the experimental studies oflm@arities in single plasmonic objects has
been more limited, though it is an expanding f[@@0-105]. The reason that the focus of many
works has been mainly on enhancing nonlinear effettarrays and not single antennas is
because the signals from single plasmonic objeetsisually extremely low and the objects
under study may easily be destroyed before an ajge signal can be detected. This
threshold has started to be experimentally overconrecent years through the design of
antennas with double resonances that enhancelmtbridamental and their harmonic fields
[95, 95, 104]. However, despite the recent advanc#ss field, coherent control of the local
phase of a nonlinear optical source [90] has ybetexperimentally demonstrated.

3.2 Singleantenna SHG

In our experiments, in order to achieve a brighough second harmonic signal while
minimizing photodamage to the optical antennasistlychigh peak power and low average
power are required. If we consider two ultrafaselapulses of the same energy, with, for
example, 10 and 100 fs durations, the 10 fs puidgmve 100x more SH signal. To compress
our broadband laser pulses to the Fourier limitigeethe broadband laser and the pulse shaping
process called MIIPS described in Chapter 1. Agipusly, our excitation beam is focused to

a diffraction-limited spot with a 1.46 NA oil-imm&on objective mounted in a confocal
microscope, and the nonlinear emission of singleraras is collected in both the Fourier plane
and the image plane.
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To fabricate the nanorods we use e-beam lithographyefine the antennas as
described in Chapter 1. Next, we scan a sweep afrdipole antennas (Fig. 3.1a) where each
column is nominally identical and the antenna langtreases 10 nm with each row, from 110
to 240 nm. Both the antennas and the excitatioarjzaition are oriented vertically. The first
order (dipole) mode for our broadband laser spatitarresponds to a length of 130 nm, and
a height and width of 40 nm. We detect the nonliegaission from single nanoantennas while
exciting with a typical average power of 50-100 @Whe focus, which corresponds to a peak
power density of 40-80 GW/cinAs the nonlinear emission of the antennas isqrédantly
the incoherent process of two-photon photoluminesed TPPL), we filter it out (along with
the excitation beam) using a 670 nm short-passaicmirror, a 532 short-pass dichroic filter
and a 390 nm band-pass filter with a FWHM of 50 While this last filter blocks a small
portion of our signal of interest (< 20%), it helssure the removal of all of the TPPL. Next,
we select a resonant antenna from the third rowm fitee bottom with a length of 130 nm and
measure its emission spectrum and pattern (Fid-&.1Notice the changes in both the
spectrum and the emission pattern just by attemgiatir laser with a neutral density filter OD
0.25, which corresponds to 1.78 times more/lesd.lithe peak in the spectrum is over 4 times
higher despite the fact that if it were purely SH® change would be expected to be a factor
of 3.16 (1.78) due to the exponential dependence of SHG. Thiwlisative that one or more
higher order processes start dominating at higbareps [106-108]. Looking to the angular
patterns, we see that at the lower power measutdifign 3.1d) there seems to be an up-down
pattern with a horizontal minimum crossing the eentvhereas at the higher power (Fig.3.1c)
there seems to be an omnidirectional and azimytsghmetric pattern superimposing itself
over the top and bottom emission lobes. If we sappibat the pattern in Fig. 3.1d is pure SHG,
account for the theoretical increase in emissidia¢tor 3.16), and subtract it from the pattern
in Fig. 3.1c, we obtain Fig. 3.1e. This patternegp to be almost perfectly omnidirectional
with no features worth mentioning aside from itsngyetry. As each multipole has a clear
angular pattern, an omnidirectional emission idearcsign of incoherent emission, and we
assume this one to be a result of three-photonnessence and/or a cascade of effects
sometimes referred to as white light super contimubor the remainder of this Chapter we
will avoid driving our antennas at such high powsythat we only observe SHG. Fortunately,
any “leakage” from higher order processes is ugumsdticed quickly due to the brightness and
omnidirectionality of the emission. Another sigatkhe antennas are being driven too strongly
is the unstable but generally decreasing emissimaver time, which we understand to be
due to directly damaging our antennas, either @jinauelting, which depends on the average
power, or through ablation, which depends on trek p®wer.
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Figure3.1 A first look at the nonlinear emission from Au dipole antennas. (a) A scan of an antenna
sweep array in which every row is nominally ideatiand the antenna length increases 10 nm with
each row, from 110 nm (bottom row) to 240 nm (ristble). The peak emission corresponds to a length
of 130 nm, and both the antennas and the excitg@arization are oriented verticallgh) The
spectrum measured from a single 130 nm antenna wtiénging the incident power by a factor of 1.78.
The peak increases by more than a factor 4 antl.W&t= 3.16, as one would expect from SHGd)

The back focal plane (BFP) images correspondirthdaee two incident powers. At higher powers an
azimuthally symmetric and omnidirectional emisspedominates over the two up-down lobes that
appear at lower powe(e) The difference between the BFP pattern (c) an@ 8rites (d), which is
azimuthally symmetric.

Further measurements from an array of purely regar@ennas (Fig. 3.2a) reveal that
we have no signal from anything but the antennhasirTelative brightness can vary more than
a factor 2 from antenna to antenna, but all of tlaenvisible in the second harmonic. BFP
measurements from a number of them (Fig. 3.2b-Owslhat their emission pattern is
extremely consistent even if some of them are dakd/or less symmetric. We attribute this
asymmetry to slight differences in the antenna apeduring nanofabrication [92]. They all
show the same two emission lobes at the top andrb@tnd have a horizontal minimum across
the middle. Note how, as the antennas are oriergddally, the main emission lobes of BFP
images are exactly perpendicular to where one wexjkct them to be if the emission were
dipolar, as dipoles have their emission peak examlpendicular to the dipole axis. Figure
3.3a shows the angular pattern of a dipole andrgpatk radiating in free space. The rotational
symmetry of the dipole (red) and quadrupole (blagikle 3D patterns that are the known
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“doughnut” for the former and a “diabolo” for thatter. Fig. 3.3b sketches half of the diabolo
pattern to help visualize the quadrupole emissiattepn in free space. As discussed in the
previous chapter, when such emitters are placedtheanterface of two materials of different
refractive indices, the light predominantly radgateto the higher index medium with a peak
near the critical angle, so in practice half of tebolo shape is being refracted into the glass
side of our glass-air interface.

Figure 3.2 SHG measurements from an array of identical 130 nm antennas resonant at the
fundamental. The antenna orientation and the excitation polddmaare vertical(a) A piezo scan of

an array of antennas. While all of the antennaslaaly visible, their brightness can greatly vay
their edge sharpness can be critical for brighteker SHG (b-f) Angular emission patterns from five
different antennas, each with an integration tirfn&0oseconds. Note how while some are brighter than
others, and some have less symmetric emission,lbbeall of them generally show the top and bottom
lobes with a horizontal minimum across the center.

We calculate the BFP pattern of a quadrupole reeat glass-air interface (Fig. 3.3c),
and find that it is practically identical to thepeximental patterns measured in Fig. 3.2. The
four-lobed pattern in Fig 3.3a becomes only a talwed pattern in the BFP image in 3.3c
because the top two and bottom two lobes are coemhéy the rotational symmetry shown in
3.3b, before being refracted into the glass sidiefinterface. The fact that the SHG from a
single nanoantenna at its dipole resonance inuhdamental wavelength has a quadrupolar
radiation pattern is a clear indication of the aelnee of the process.
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Figure 3.3 A closer look at the linear quadrupole. (a) A polar plot of the emission pattern of an
electric dipole and an electric quadrupole, botkrdged vertically, in free space. Note the rotadion
symmetry.(b) A 3D sketch of half the emission pattern of thadyupole; the black lines denote the
exterior and grey lines the interior. A full 3D f@h would resemble a “diabolo” toy with a top and
bottom “cup”.(c) The calculated BFP pattern of a quadrupole radjadik a glass-air interfac@d) A
comparison of the experimental data and calculgtedrupole, which were obtained by calculating the
polar coordinates of each point along a verticad bisecting Fig. 3.2b and 3.3c.

The source of the quadrupolar SHG pattern

Generally, centrosymmetric media only have a nao-Z@ at the surface where symmetry is
broken, but this is only true in the electric dpalpproximation, so higher order contributions
may be possible [88, 89]. In the case of a dipeonance, the electric near field has its
strongest maxima at the surface of the antennaeapes well as a weak, relatively flat field
that traverses the antenna. As the gradient of adid is practically zero we will disregard
the bulk in this Chapter.

The radiation pattern of a quadrupole is by dabnitthat of two parallel dipoles
arranged uniaxially and radiating exactlyput of phase, so we must consider the possibility
that each end of the antenna is radiating like poldiin the second harmonic and only
interfering in the far field. Indeed, several of tsurface/® terms give a SH dipole field that
is dependent offt - |E,[?, wheref is the vector normal to the surface. This meaasftr a rod
antenna, two SH dipoles radiate exactlput of phase due to their surface normals being
antiparallel. However, it is also possible thatdnéenna, aside from being the emitter, can also
act as a scatterer, and as the 130 nm Au rod$d2 itesonance ai it might be scattering the
2o photons close to itsresonance.

36



To analyze this notion we use FDTD simulationghiem, we model the coverslip, the
thin ITO layer, and the Au antenna according toeexpentally measured parameters in a SEM.
We then place a dipole emitter at one or both ar@expexes exactly at the Au-air interface,
polarized along the antenna axis. When driven @&sity at the fundamental wavelength we
see how the antenna “hot spots” are equally intdaspite the fact that there is only one dipole
on one side of the antenna (Fig. 3.4a). The phagefar the same case (Fig. 3.4d) shows that
the two hot spots are almost exactly in phase@sdhe nearly the same color, with the slight
difference being attributed to gold not being afgerconductor. It may be confusing to the
reader, but the hot spots being approximately asptsimply means that the field lines at each
hot spot are parallel and in this case are poinéfigis the phase is roughtand & = -1. This
indicates that there is positive charge at thedpéx and negative charge at the right. Between
the two hot spots and along the antenna the pbasestly 0, so the field lines there go from
left to right, from the positive charge to the niaga as it should be.

Going down to SHG at a wavelength of 400 nm fordimgle dipole case (Fig. 3.4b),
we find that the dipole is unable to drive muctaafharge oscillation on the opposite antenna
end as the field there is roughly one-sixth ofittiensity around the dipole emitter. Finally we
add the second dipole emitter on the opposite entd first and have them radiateut of
phase. The 800 nm case is omitted because théfud@ge interference give nearly 0 fields.
The appearance of a second field maxima along tennaa length (Fig. 3.4c) is generally
indicative of a\ resonance. However, the hot spots at the apegezscturally weaker than the
single dipole case (again, by about one-sixth),ctwvhmeans that they have an inefficient
destructive interference. That fact indicates thatmode being driven has odd-parity, and is
likely the 3/2 (octupole) mode. Normally, the phase map (Figf)3would be useful for
identifying the mode, but the twoout-of-phase dipoles will always create a phase that is
completely antisymmetric. The mode would also ndiyrize clear from the single dipole in
Fig. 3.4b&e, but as the antenna quenches so mutbOatm it is difficult to discern.

Thus, we take a more rigorous approach with tha watrecord in the simulation. We
use two box monitors, each consisting of six plagmaver monitors, to record the power
radiated by the dipoles, and a larger box enconmaske entire system to record the total
radiated power. The total radiated power dividedh®s/sum of the dipole powers gives the
guantum efficiency (QE) of the system, assuming?d @ficient dipole emitters when they
radiate in a homogenous non-absorbing medium.fighise of merit removes any wavelength
dependent enhancements and allows us to compareocaichst the crosstalk of the dipole
emitters at the antenna apexes.
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Figure 3.4 FDTD simulations of antenna near field at both the fundamental and the SH, when
driven by one dipole emitter or two. (a-c) The near fields [Eat the central fundamental wavelength
of 800 nm (a), the central second harmonic waveteafji400 nm (b), and the same wavelength when
driven by two out-of-phase dipoles instead of ¢dee) their respective phases in the same order.
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Figure 3.5 The quantum efficiency (QE) and radiated power of electric dipole emittersradiating
from the apexes of a dipole antenna. The red curve is the radiated power spectrumahgle dipole
coupled to the antenna. The solid black curvedQE of that same dipole, the dotted curve is the Q
of two in-phase dipoles, one at each apex, anddbked curve is the QE of two out-of-phase dipoles,
also at each apex. The vertical grey lines dematertode of the antenna at those wavelengths, éth t
M2 (dipole) mode foih > 625 nm, the. (quadrupole) mode between 505 and 625 nm, an8\i2e
(octupole) mode between 350 and 505 nm.
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In Fig. 3.5 - red we see what portion of light agté dipole emitter radiates to the far
field when coupled to a nanoantenna nominally iidahto the ones in our experiment. The
large peak near 800 nm corresponds to the dipstmesce of the antenna, and as the curve
quickly drops we find ourselves off resonance arthé region where gold is highly absorbing.
The solid black curve corresponds to the QE of sease, while the dotted and dashed curves
correspond to the QE of two in and out-of-phaselés respectively. Note how at the dipole
resonance, the two out-of-phase dipoles destrugtiméerfere with one another, but as the
wavelength decreases all three black curves cramseach other near 625 nm and the dashed
line becomes the largest value. This is the waggheat which they started constructively
interfering, i.e., theé. resonance. These lines converge and cross agafbaim and at 350
nm, such that between 350 and 505 nm is iti2 @sonance, as was indicated in the analysis
of Fig. 3.4, and below 350 nm is thk 2sonance. The most important thing to note isdha
wavelengths shorter than ~550 nm, the interferentee dipoles through the antenna is quite
reduced, as can be seen by the close proximitysoflashed and dotted lines.

This demonstrates that the quadrupolar mode o&tenna, between 500 and 630 nm,
is well outside our SHG spectrum (380-420 nm), iarfdct would correspond to the antenna’s
3M2 (octupolar) mode. The angular pattern of thislenp19] was not observed in any of our
measurements, and thus these results lead us torckision that the radiation pattern is not
generated by antenna’s mode at the second harm@velength. Thus, the experimentally
observed pattern is due to the far-field interfeeeaf the two apex dipoles, and the role of the
antenna after the second harmonic is generatethaisof a non-resonant and partially
guenching scatterer.

3.4 Phase control

Now that we understand that SHG allows us to crgduase-related dipole emitters at
controlled nanometric distances, we can use thermmt property to control the phase of an
antenna in order to change the angular patternachieve this we fabricated a simple 2D
structure, a cross antenna with each axis beingpaledresonant at the same excitation
wavelength (Fig. 4.6a). The angular pattern of sarclantenna will depend on the polarization
of our excitation beam. If the cross is driven wittearly polarized light along either of the
two antenna axes, then the expected radiationrpatte¢hat of a linear quadrupole oriented
along the polarization axis. If we excite with diaglly or circularly polarized light, we will
drive both perpendicular components simultaneouwstier in phase at/2 out of phase. A
phase difference of/2 between the two antenna axes means that wheaximeés at its field
maxima, the other is at a current maximum and fieidimum (in absolute value). As each
axis radiates like a quadrupole, this change irs@leetween the two quadrupole emitters can
reveal the four-lobe pattern seen in the back fptahe calculation shown in Fig. 3.6¢c, or
suppress the lobes and achieve an azimuthally symenpattern (Fig. 3.6f). Experimental
measurements reveal that indeed, we can controkthttve phase between the perpendicular
antenna elements through the careful manipulatfoa quarter- and half-waveplate. The
horizontal and vertical polarizations give exactiijat was expected (Fig. 3.6 h-i), and the
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diagonal (Fig. 3.6b) and circular polarizationgy(R.6¢e) give imperfect but clearly identifiable
patterns.

a d
+ + & +
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Figure 3.6 Controlling the phase of SHG to change the emission pattern of a single cross antenna.

(a) A sketch of a cross antenna excited by diagonallgnzed light and the resulting charge distribatio
(b) The BFP measurement of SHG under the conditioseried in (a)(c) The calculated BFP image
of two perpendicular in-plane quadrupoles radiatinghase(d) A sketch of a cross antenna excited
by circularly polarized light and the resulting o distribution. When the fields are maximum og on
axis the current is maximum on the oth@. The BFP measurement of SHG under the conditions
described in (d)(f) The calculated BFP image of two perpendicular qugales radiating/2 out of
phase.(g) A sketch of a vertically/horizontally polarized seantenna and the resulting charge
distribution.(h-i) The BFP measurements of SHG under the conditieserithed in (g).

As with the rods, the slight differences betweenrieasurement and theory are attributed to
imperfections in the fabrication process, partidylalong the antenna edges from which the
second harmonic is primarily generated [92]. Evethiw the linear quadrupole patterns, the
two lobes generally have asymmetric intensitiegs thnding an antenna with four identical
edges becomes exponentially more challenging. Begh of this, the 45° rotation of a
broadband quarter-waveplate has a clear effechanging the radiation pattern from a four-
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lobe pattern in the back focal plane to a much naarmmuthally symmetric one with its lobes
becoming fused together.

3.4 Conclusions

In the context of nonlinear plasmonics, angular sneaments combined with the multipole
expansion are a powerful tool for understanding lsolerent nonlinear processes occur and
interact at the single antenna level, which may the scaled up to metasurfaces [98 ,99]. Due
to the nature of these processes, this may leatet@sting effects such as selective, directional
coupling to waveguides [109-111], and for devicdsgclw may serve to produce or detect
optical orbital angular momentum at the nanoschl@{114].

In this chapter, we presented a detailed studigeEecond harmonic radiation patterns
of Au dipole and cross antennas. These resultsiggoa new path for devices requiring
coherence for control, such as optical switches @pidelectronic interfaces, with ample
opportunity for further enhancements through ardemesign, material selection, and the use
of other nonlinear processes. This use of cohesamtsion allowed us to gain an extra
parameter of control over an often-static propeftiight emission with optical antennas - its
phase.
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Chapter 4

Second harmonicameration
from crystalline silicon
nanowires

When driving nonlinear process, plasmonic anterarastypically much brighter than non-
metallic nanoparticles of equal size due to thbilitst to confine optical fields to nanometric
volumes, but they are also highly susceptible totgéhamage. Dielectric and semiconductors
are not nearly as sensitive to this type of damAgdhese materials can be pumped at much
higher powers, they allow for the study of othem+tdominant, second order processes. In this
Chapter, we measure and identify other, non-dontigantributions to second harmonic
generation through their distinct angular emisspaiterns. These findings advance our
understanding of different competing nonlinear psses and demonstrate a new application

for angular imaging, the differentiation of the itiple origins of second harmonic generation.

43



4.1 From metal to semiconductor

High refractive-index nanostructures exhibit ogtigaoperties different from metallic
nanostructures [61-66, 115-117]. While a surfa@siplon propagates along the dielectric-
metal surface due to its free surface electrons dielectric or semiconductor the electrons are
bound, allowing for local polarizability. The difience is that photons can propagate through
both the interior and edges of a non-metallic geomén the case of a metallic nanosphere,
driving it at its dipole resonance results in argeaoscillation back and forth from its poles
(Fig. 4.1a). In contrast, the first resonant modka high-index sphere (Fig. 4.1b), light is
reflected along its inner surface along the edgebéijue angles, often called a Whispering
Gallery Mode [118], where the polarization of thepinging light defines whether the dipole
moment of the resonance is electric or magneticafsphere with a given refractive index and
radius, its electric and magnetic dipole modesadifferent wavelengths due to their different
Fresnel coefficients for transverse magnetic (TR alansverse electric (TE) incidence, with
the electric dipole mode being at a shorter wagglerior a given refractive index [117].
Guided modes can also be excited with such mageriath their resonances depending on the
size and shape of the medium.

a b

D @

Metal Sphere High-Index Sphere

Figure 4.1 Schematic of the differences between resonances in metal and high refractive index
spheres. The green arrows denote the polarization axisiwub of plane) and the propagation direction.
(a) Linearly polarized light induces a charge oscillatalong the polarization axis of a metal sphere.
(b) Linearly polarizaed light is reflected along th@én surface of a high-index sphere, with either in
plane polarization (magnetic resonance), or oglarfie polarization (electric resonance).

The main advantage of such high index materialb vé@spect to plasmonic materials
is their greatly reduced losses. High-index mal®gan be dielectric, but in the visible-to-near-
infrared part of the electromagnetic spectrum, tnaterials used are more often
semiconductors, so there are still losses if omeoiking with light with an energy equal to or
above the band gap of the semiconductor. The dxtincross section of a metal nanosphere
is much larger than that of a dielectric nanosploérequal radius, so more light is absorbed
per volume of material. Furthermore, in the metatiple, the losses are largely Ohmic and
thus heat can rapidly damage it, in contrast, acgmrductor will re-radiate a larger portion of
the absorbed light.

Similar to metal nanopatrticles, second harmonicgaion can also be obtained with
semiconductor geometries, with the effects boobiedsing their resonant modes [119-124].
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Centrosymmetric media, such as single speciesatiipst semiconductors, have a vanishing
second order polarizability in the electric dipafgroximation, so any second order processes
that they might have would be reduced to the sarGmtribution. While higher-order modes
might also give rise to bulk SHG despite their oesgmmetry (eq. 4.1), typically the field
gradients in dielectrics are quite small compacedhétals. As these materials can be pumped
at much higher powers, other relatively weak seamdér nonlinear terms may be observable.
In recent years, the source of the largest corttabuo SHG from single crystalline silicon has
led to some controversial conclusions. Below is ¢beond order nonlinear polarizability,
divided into its surface and bulk terms.

P (y) = p2W) 4 pEW) (4.1)

surface

4.2 Underlying research on SHG of SINWs

Here we address silicon nanowires (SiINWs) and thé &easured from them. In the works
of the Paillard Group in Toulouse, they studiedgbkarization characteristics of the SHG from
SiNWs of varying dimensions [125-126]. They gredX}oriented nanowires with the vapor-
liquid-solid method (VLS) and deposited them ontglass coverslip. The wire lengths were
typically 3-4 um and the diameters studied werel20, and 250 nm, but we will only focus
on the thinner two wires, which can be seen in &ig.(adapted from [126]). In Fig. 4.2a we
see that the 50 nm wire cannot be detected in Senwdxcited with TE polarization
(perpendicular to the wire axis), but does shownidn under TM polarization (parallel to the
wire axis), and has the SH polarization parallethi® incident polarization. The 120 nm wire
(Fig. 4.2b), however, has a clear signal under batfitation polarizations. In contrast with the
50 nm wire, when the 120 wire is excited with Tlhii it has a definite polarization component
perpendicular to the excitation. To analyze thedarzation properties, we decompose the
second order nonlinear polarizability into the d@ing components:

2 2
Pé ) = XS_J)_J_[EZ]eJ. + X¢|||| [Efle; + Xﬁu)L[ELEII]eII (4.2)

Poa @) = yO(E@ - E@) + @ (V- E“) + 6B -VE®  (4.3)
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Figure 4.2 Second harmonic generation from silicon nanowires of various lengths, excited with
light polarized perpendicular (TE) and paralle (TM) to the wire axis, and detected with an
analyzer. TE and TM scans and polarization measurementseaf@éhond harmonic from a 50 nm wire
(a), a 120 nm wire (b), and a 250 nm wire (c). B@exm wire has a SH polarization parallel to itsax
when under TM excitation, but a perpendicular ppion component appears in the 120 nm wire,
which then becomes the dominant component in ti®en2d wire. The white scale bars are 500 nm.
Figure adapted from [126].

When under TE excitation (Fig. 4.2 - top), the #ledield is perpendicular to the wire
axis,e |, and it is clear that a SH polarization parallethte excitation axis is the result of the
first surface termx(fl)l. However, when the incident electric field is pialeto the wire axis,

é, (Fig. 4.2 — bottom), the first and third termseop 4.2 vanish and the remaining second term
should give a SH polarization perpendicular towhee axis. This is exactly the opposite of
what was observed for the 50 and 120 nm wires (Eigu2 — bottom), so Paillard &
collaborators expanded their study to the SH batkonents. Due to its surface-like behavior,
the first term in eq. 4.3 can be included in thstfterms of eq. 4.2 with an effective surface
susceptibility [127-128]. We can also ignore tleead term a¥ - E vanishes in a
homogeneous medium [129]. Thus, when under TM atteit the bulk is reduced to:

OE,
p E)i(;)lz,TM(r) = 6(E, E) e, (4.4)

where z is the direction along the wire axis. Ass tfirection is parallel to the wire axis, this
bulk contribution is the only component in agreetneith the TM polarization measurements
in Fig 4.2a-b. When the wire diameter is increasleel bulk contribution loses importance as
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a polarization component perpendicular to the axis appears for the 100 nm wire (Fig. 4.2b
— bottom) and then dominates in the 250 nm wirg.(#i2c — bottom). The appearance of this

contribution is attributed to the aforementionedos®l surface terrrp(ﬁl)") from eq. 4.2. The
minimum in signal along the center axis of the B&0wire (Fig. 4.2c — bottom) also indicates
that that this surface contribution is brightentliae bulk. These results are in agreement with
previous work on the relative magnitudes of théedént surface and bulk contributions [130].

Finally, Paillard et al. simulated the second harimdields within a nanowire and

calculated the far field patterns expected fromx@ﬁ ,x(f")" , andé contributions from a

horizontal silicon nanowire in vacuum (Fig 4.3 sabdapted from [126]). The SH near fields
in Fig. 4.3a bear a resemblance to what one mightat from a plasmonit/2 antenna, but
with its near fields much more spread out as Vetre a “wide” antenna, with its spreading
mainly defined by the width of the excitation spbue to this spreading, in contrast to the
linear quadrupole pattern observed in Chapter 8 geitpected angular pattern here would be
that of several parallel in-phase electric quadieggavhose amplitudes decrease as one moves
away from the excitation spot center, as denotethbymultiple white dipole arrows in Fig.
4.3d — top. A two-lobed, vertically polarized raiba pattern is the calculated result. A
practically identical pattern is expected from siieface SHG in Fig. 4.3b. The bulk SH fields
in Fig. 4.3c are comprised of two regions of opfeosign, as the slope of the excitation field
changes sign when crossing the peak. This sigrgehiardenoted by the two antiparallel dipole
arrows in Fig. 4.3d — bottom. As such, the expecd€dation pattern from the bulk is expected
to be that of a linear quadrupole parallel to the\axis.

a b C d

Horizontal Polarization

Vertical Polarization

D =
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Surface SHG
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120 nm

Figure 4.3 The simulated second harmonic fields from silicon nanowires. (a) The surface SHG
under TE excitation(b) The surface SHG under TM excitatig¢g). The bulk SHG under TM excitation.
Only a small section of the semi-infinite wire fgsvn.The red arrows denote the incident polarization
and the polar plots are the far field polarizatigh) .The surface (top) and bulk (bottom) far field pats
calculated from the near fields in (a) and (c). Wéte arrows denote electric dipoles, and thusthike
contribution is predicted to be a linear quadrup®lee multiple dipoles from the surface are effeyi
multiple parallel electric quadrupoles that dediuaty interfere along the sides to suppress the si
lobes that appear in the horizontal polarizatiothefbulk. Figure adapted from [126].
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4.3 Theangular patternsof 50 nm SINWs

While the work of Paillard et al. [125, 126] is indtive of the presence of SHG from the bulk
of narrow SiNWSs, it has not been fully demonstratedhe presence of multiple SH terms that
spectrally overlap, polarization measurements atdéhe only way to distinguish them. In the

coming sections we investigate samples of SINW#& witliameter of 50 and 120 nm using
BFP measurements. The angular patterns of eacler@Hatre also a signature of their origin.

Placing the 50 nm wire sample in our microscopeckvis operating under the same conditions
as in Chapter 3, we find that we are able to semthnder both TE and TM excitation (Fig.

4.4), in contrast with Figure 4.2a — top. We atttdoour much brighter signal to the smaller
excitation spot size high NA oil-immersion objeetihand more importantly, the shorter pulse
duration of our laser with respect to theirs, ~$5-¢00 fs, which in turn gives >40x more SH
signal for the same average power. This not onlgwel us to detect previously undetectable
SiNWSs, but also produces enough signal to meakeredngular emission patterns.

Hik

TE Excitation

o

TM Excitation

Figure 4.4 Second harmonic signal and back focal plane images from 50 nm silicon nanowir es.

The red arrows denote the excitation polarizatimhthe white arrows indicate the position on theewi
where each BFP image was measufadt) Piezo scans of multiple wires of the same 50 rameters,
but with varying lengthqc-f) The back focal plane measurements of the wira)iwith TE excitation
(top), and with TM excitatior(bottom), measured from the same positions. The measursmenme
taken from at least 300 nm away from the antenrexegto avoid the surface contribution when
exciting with TM polarization, and the TE measuretsevere done by sending 4 times more power
into the microscope than for TM polarization.
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The first observation is that the measurementsodctmange at all at when exciting the
wire at different positions, which is indicative tife single crystalline nature of the wire.
Polycrystalline silicon nanopatrticles have beerwshto have much brighter SHG due to their
internal asymmetries [131], but each nanopartict&at work is likely to have greatly different
angular patterns due to their differing internahgmsitions. The measurements done under TE
excitation (Fig. 4.4c-f TE) show patterns that jaractically identical to the calculations done
by the Paillard Group (Fig. 4.3d top), with two gheadiation lobes oriented perpendicular to

the wire axis and zero emission around these twesloThis confirms the origin of tbt_ézl)L
surface term. The measurements under TM excitékan 4.4c-f TM) resemble but are not
identical to the predicted pattern in Fig. 4.3&e .the SH quadrupoles studied in Chapter 3,
there are two main lobes oriented along the wirs axh a minimum bisecting them, but the
pattern is clearly not without several importaritetences. An omnidirectional background is
present, and there are two extra minima vertiaaibgsing the BFP pattern. This background
is likely the result of a higher-order process (sas of three-photon photoluminescence) [106-
108], but the minima are clearly interference fasgwhich would not appear with an
incoherent source. Such fringes can either be altre$ multiple SH emitters radiating
throughout the wire, or a resonance mode that tméimear emission has coupled to. When
under TM excitation, we know of no physical reaiet might justify the presence of a chain
of SH dipoles emitting along the wire axis, asftélel gradient is negligible everywhere except
under our excitation spot (Fig. 4.3c). For thissmg we performed FDTD simulations to
understand the modes in the wire and the scatteffegts.

Using a total field scattered source to apply thethod described in Chapter 1, we
calculated the extinction cross section of the wies for both excitation polarizations (Fig.
4.5). For a wavelength of 800 nm there are no @som modes, but there is, however, a
response near 400 nm for all of them, with the rtemwire overlapping better with our
experimental SH spectrum. Then, taking the quadangwediction from the Paillard group
calculations, we place such an emitter within @®@ 120 nm silicon wire and simulate the far
field scattering pattern (Fig. 4.5b). The expededftiright lobes appear, though in the case of
the 50 nm wire they are each split into 3 peakgn$of this 3-peak splitting are visible in the
measurements (Fig. 4.4d-f TM). Furthermore, wearfarence fringes also appear, despite
their amplitude and spacing being different frora theasurements, which is likely due to a
difference in simulated wire length. Thus, we htite the differences between the measured
BFP image under TM excitation and the theoreticadligtion to be due to resonant scattering
in the wire and the presence of an incoherent Inighster process.
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Figure 4.5 The smulated extinction spectra and far field patterns of two long silicon nanowir es,

with a diameter of 50 and 120 nm. (a) The extinction spectra for TE and TM polarizatarboth the

50 and the 120 nm wires. The extinction is nornediio the plane wave source. The blue and green
curves correspond to an excitation polarizatiorpeedicular to the wire axis (TE), and the red and
magenta curves to an excitation polarization palrédl the wire axis (TM). Near the central excitati
wavelength at 800 nm there are no resonance effemtgever, each of the curves shows a resonance
near 400 nm(b) The far field radiation pattern of a quadrupol@iating inside a 50 (left) and 120 nm
(right) silicon wire, oriented horizontally. Thetgern is predominantly left-right, with each sideving

3 main peaks in the 50 nm wire, that appear to ifusiee wider, 120 nm wire.

4.4 Theangular patternsof 120 nm SINWs

Next, we perform the same measurements on the n@sowith a diameter of 120 nm. As

with the 50 nm wires, the SH angular emission pastare practically identical across the wire
(Fig. 4.6). For TE excitation (Fig. 4.6b-d TE), thegular SH pattern is once more confirms
the simulations (Fig. 4.3d Surface), while for Tikkteation the pattern is drastically changed.
This change in pattern is a strong indication thabther coherent nonlinear process is
occurring, one that is brighter than the bulk cdition. In fact, each wire radiated SH mainly
at the critical angle, with multiple sharp peakewsd it (Fig. 4.6b-d TM). The main peaks

positionally overlap with those that appear undgérekcitation, which is the expected result

from ax(f")" contribution, which has a pattern similar to tb&k(ﬁ .- The secondary peaks

oriented along the wire axis appear to be the redual relatively weak bulk contribution. The
simulated angular pattern from the bulk (Fig. 4-5tight) shows that the three lobes from the
50 nm wire are fused together, which qualitativeplains the maxima parallel to the wire
axis. In contrast with [126], when under TM extida the surface contribution of the wire
investigated is ~3x brighter than the bulk instead2x darker. We attribute this difference to
fabrication [92]. Another difference with respeataur measurements of the 50 nm wire is the
lack of homogenous background. The narrower wirg @veven with 1.6 times more light than
the wider one when under TM excitation, and thelltegy lack of background is indicative
that the at this lower excitation power any higheter processes that were present in the
narrower wire are now comparable to the backgrowise.
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To estimate the relative brightness of the SHG fittva wires under TE and TM
excitation, we integrated the total number of ceuint each back focal plane image and
averaged them over various beam positions overe Ws the incoming intensity of our laser
beam was constantly adjusted in order to not damnagemCCD, we must correct the counts
accordingly (Table 4.1). We find that after compirgy for the change in the laser intensity
as well as the wire extinction cross-section, Sitsenf TM polarization decreases by about a
factor 2 with respect to TE polarization on the 120 wires. This may seem to be a direct
contradiction to the results in [126], but the itist extinction spectra were not corrected for
in that work.

TM Excitation TE Excitation

Figure 4.6 Second harmonic signal and back focal plane images from 120 nm silicon nanowir es.
The red arrows denote the excitation polarizatimhthe white arrows indicate the position on theewi
where each BFP image was measufadA piezo scan of a wire with a diameter of the h&®when
under TM excitation(b-d) The back focal plane measurements of the wireitim FE excitation(top),
and with TM excitationbottom), measured from the same positions. The measursmanme taken
from at least 300 nm away from the antenna apexewdid the surface contribution when exciting
with TM polarization.

As the BFP measurements of the 50 and 120 nm windsr TM excitation are so
dissimilar, and the surface contribution from trerawer wire was not visible next to the
bright bulk contribution, we must conclude that bhudk was suppressed via some mechanism.
An increase in wire diameter may account for sofmth@® suppression of the bulk SH as it is
radiated from the center of the wire and the aligmrpcoefficient of silicon dramatically
increases ak < 500 nm (and has a peak at 290 nm). However, latrons indicate that
absorption cannot explain a difference greater théactor 2. The presence of bulk SH in the
two wires is due to the combination of both theengeometry and the tight focus of our beam,
giving rise to a strong field gradient, but thddigrofile within each wire is different due to
their different sizes. Even the inefficient couplito a mode can easily disperse the excitation
fields within the wire and reduce the gradient,ahhive believe to be the case here.

Finally, in the values in Table 4.1, we overestigidie relative SHG efficiency in the
50 nm wire. If we consider that the decrease iatined efficiency is due to higher-order
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processes and tha ")" andd have similar amplitudes, they should each be aboaitorders

of magnitude weaker th zl)l, which is well in agreement with theoretical pititins [127].

Average Extinction Cross Corrected Relative SHG
Counts (cts/s) Section (a.u.) Counts (cts/s) | Efficiency (a.u.)
50 nm SiNW . 1 . . .
L. 5.6:10 1.6-10° 8.9-10 TE is ~30 times
TM Excitation o
- more efficient
50 nm SINW
T 3.4-108 5.4-103 3.0-10° than TM
TE Excitation
120 nm SiNW . . .
o 6.0-10° 4.7-10%1 2.4-10 TE is ~60 times
TM Excitation o
- more efficient
120 nm SiNW 6 ) g
T 1.9-10 5.5-10° 1.4-10 than TM
TE Excitation

Table 4.1 A study in the number of counts measured with the emCCD. For each wire, the number
of counts was measured at several positions andgee, keeping away from the wire apexes. Bear in
mind that with electron multiplication, it is ndid real number of counts measured, but the numbers
shown are proportional to the actual counts arehtth other. As the SH signal was highly dependent
on the wire diameter and the incident polarizatise,adjusted the input excitation power with ndutra
density filters to avoid saturating the camera. dpecal density (OD) attenuating our laser forteac
measurement was 1.7, 1.1, 1.6 and 1.3 for 50 nm 5Mnm TE, 120 nm TM, and 120 nm TE,
respectively. The extinction cross-section wasriagkem Fig. 4.5a for a wavelength of 800 nm. The
corrected counts corrects for the difference intation intensity and the extinction cross sectbthe
wire. To do so, first we multiply the average cauny 16N, where N is the difference in optical density
between the measurements. In the case of the B) fh2wire, the difference was 0.6 (0.3), thuseher
was 10°= 4 (10-3= 2) times more incident power, which should givg4)6times more SH signal for
TM excitation. Then we multiply the TE counts by #guare of the ratio of the extinction cross secti
for TE and TM. The relative efficiency is an esttman the how much more efficient SHG from TE
and TM excitation is after compensating for thdeddnce in cross-section and neutral density §ilter
We observe that the larger wires see a relativeedse in SH efficiency when under TM excitation, by
about a factor 2, with respect to TE excitation.

In summary, our back focal plane measurementsliaogafirm the predictions made
on the origin of second harmonic generation fromséhcrystalline silicon nanowires. The
predicted angular emission pattern from the buliigoution was somewhat lacking in that it
neglected to include the scattering effects ofsiheon nanowire itself, but its contribution is
still supported by our measurements and simulatitvis also measured a drastic shift in
angular radiation patterns when switching from®Q@20 nm wires, which corresponds to the
appearance of the parallel surface term that wasrgbd by the Paillard et al. [125-126].
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4.5 Conclusions

We have demonstrated the use of back focal plaagiig as a tool to identify differept?
components in crystalline silicon nanowires dudhteir different polarization and angular
symmetries. Typically, bulk contributions are netgel whenever second harmonic generation
is discussed, but in the 50 nm wire geometry, iés@nce cannot be denied, particularly when
tightly focused excitation beams are present. Wbén used FDTD simulations to show where
theoretical predictions deviated from our measurgsje@nd calculated the relative magnitude
of three different second order terms. While exatimates for their values were not provided
here, that may well be the next step in advandiegstate of the art.
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Chapter 5

Switchable directional second
harmonic generation from a
single nanoantenna

By directing light, optical antennas can enhanghtimatter interaction and improve the
efficiency of nanophotonic devices. However, theiagh antennas used generally have a
passive directivity and do not allow for controliagswitching of their emission direction. In
this chapter, we exploit the coherent nature obsddarmonic generation and control the
interference between electric dipole and quadrupotements of a single nanoantenna,
exploiting both surface and bulk second harmoniswitch its predominant emission direction.
We experimentally demonstrate the operation of suclntenna, and provide insight on the
origin of the directional emission through simuwas and theoretical models. The advantages
of the presented design bring directional opticdéanas closer to practical applications such

as optical switches and directional waveguides.
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5.1 From linear to nonlinear; from incoherent to coherent emission

Single emitters such as molecules, ions or quaioim generally emit as electric dipoles and,
as shown in Chapter 2, when coupled to opticalranae their emission pattern changes to the
emission characteristics of the multipole momehte®antenna. A limitation of such designs,
e.g. the aforementioned SRR in Chapter 2, is thatr¢lative amplitude and phase of each
multipole is fixed. The coupling of more quantumitens to such an antenna does not give a
coherent interference between them despite theimgasimilar or identical spectra and
radiative decay lifetimes, as the emission is spoedus, with dephasing time ~50fs, i.e.
incoherent, and any phase relation between theéeshphotons is lost. Coherent processes, do
not suffer this limitation. Thus, one could thinkdirecting scattering or stimulated emission,
however both have the problem of the strong backgtodye to the excitation. Metallic
antennas, with their strong field confinement,effigient sources of non-linear response, such
as SHG [88-104], third harmonic generation [10@&]16oherent anti stokes Raman scattering
[132-135], etc. Here we will continue to work wiBiHG with the antenna as the intrinsic source,
as the spectrally distinct SH is advantageous &kground free detection, and of course as
the SHG constitutes a coherent response which slphase control.

In Chapter 3 we experimentally demonstrated dipatdaennas at the fundamental
wavelength radiate as two exactly out-of-phase ldgor a linear quadrupole at the second
harmonic wavelength, often referred to as the ElL+> E2 process. We also discussed how
one might modify the phase between two such antewh&n combined perpendicularly in a
cross configuration. In this chapter, we exploi thotential of this coherent response to
selectively switch the predominant direction ofhligemission at the second harmonic
wavelength.

Directional interference

Generally, directional emission can be modeledmdistinct approaches: (1) as a point source
multipole or (2) as a distribution of multiple efec dipoles. Both approaches are equally
correct from a theoretical standpoint but providgtidct physical insight. For example, to
perfectly recreate the emission pattern of a magdgiole, an infinite ring of in-phase electric
dipoles is required in the multipole dipole modeb( 5.1).
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Ring of Electric Dipoles Magnetic Dipole

Figure5.1 A comparison of a magnetic dipolefrom the multipole expansion and multiple electric
dipoles. Red and blue arrows denote electric and magngimes, respectivelyta) The azimuthal
emission pattern of a ring of in-plane electricaligs radiating in phaséb) The azimuthal emission
pattern of an out-of-plane magnetic dipole. Note tioe fields and k-vectors are identical.

If one is working with a complex single-element suévelength antenna, such as the
split-ring in Chapter 2, a multipole expansionyipitally the best option as local fields can
have multipole moments that are all centered ardh@dame source position on the antenna.
A multiple dipole model would also have worked, lewer would have required 5 dipoles (2
of which would be radiating in phase and 2 out lohg®) to accurately represent one dipole
plus one lateral quadrupole. If each dipole wouddéhbeen radiating with an independent
phase, then more multipolar components would haea bequired in the multipole expansion,
and depending on the number of required comporpanteps a multiple dipole model would
have been a better representation. On the othelr faame considers a multi-element antenna,
such as a phased-array or a Yagi-Uda array of ep[@0], with their lengths and positions
tuned for directional interference, then clearlgnaltiple dipole model makes more physical
sense. In designing a phase-controllable diredti@taG antenna, we will exploit the
interference of different multipoles, and take iatxount that the emitted SH is proportional
to the vectorial product of two local fields. Heve will discuss the concepts of wire antennas,
multipolar antennas, magnetic transitions and quaalar modes, local field gradients and
surface versus bulk second harmonic.

Wire antenna: multiple dipoles.

As phased arrays of dipoles are capable of unitlreal emission, how would such a concept
work in the second harmonic? Taking, for examgie,Yagi-Uda antenna, one must note that
each dipole radiates as a linear quadrupole irs¢icend harmonic with its emission being a
zero exactly normal to the dipole axis. Such aigométion can work in SHG if all of the rod
elements are within our laser excitation spot. dimectionality of the Yagi-Uda stems from
the different length of each dipolar element hawarsjghtly different phase. As this is a passive
effect that geometry is unviable towards our gdaamtrollable directionality.
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Another geometry is the wire antenna, which inlthear regime is one of the most
directional and broadband plasmonic antennas [3651B9]. The mode of operation of such
an antenna is that of a phased uniaxial array exftet dipoles, with a correct spacing and
dephasing. For this one needs a wire long enouga fwvopagating surface plasmon to decay
without being back reflected. It is excited optigalt one end to launch the plasmon, and the
material losses create a constantly decaying amdgliand phase shift from one hot spot to the
next. As each hot spot radiates like an electpoldi, together their far field interference creates
a unidirectional emission. A perhaps unexpectatbate of this mode of operation is that it is
possible to achieve directional emission for gtladie orientations [57], as long as they are all
parallel to each other and arranged uniaxially. lé&/lthis method of operation is highly
directional, implementing it with SHG is not withiois issues. For example, the necessary
dephasing of a propagating plasmon along the widésiastrous for our broadband excitation,
which requires in-phase photons to give a visiltlesgnal. To overcome this issue, we must
first analyze the multiple mechanisms that can gseto SHG.

5.2 Multipole expansion of SHG: electric dipole, quadrupole, magnetic dipole, field
gradients

Generally, in nonlinear optics, following the contienal dipole approximation, SH require
non-centrosymmetric media. For centrosymmetric meahly the symmetry-breaking surface
contributions are considered. Yet outside the @pgproximation, bulk components may also
contribute even in centrosymmetric media, with tlext order terms being electric field
gradients and magnetic dipole moments. The nomipelarization has extra “non-dipolar”
terms generally omitted. Repeating the equations fiChapter 4, the second harmonic
polarizability is as follows:

P@)(r) = PEY) . + PN (5.1)
P (1) = P EWHEW (1) + X7 EW () VEW () (5.2)

In bulk optics the higher order terms can be igdph®wever in nanoplasmonics, with
structures of subwavelength dimensions and fiedtdilced on subwavelength scale, the dipole
approximation reaches its limits and such highéeoterms do become important. With the
right geometry and/or excitation conditions, oneyraagineer an increased importance of the
non-dipolar terms, which may be surface or bulkteNthat bulk SHG may appear in
centrosymmetric media outside of the dipole appnation, that is to say, if field gradients
and magnetic contributions are considered. Amaihgste possible terms, there is the E1 + M1
— E1 and the E1 + E2 E1 processes, and both processes can potentigigaie in both
the surface and bulk of the medium. Thus, hereimet@ exploit these terms by engineering
an antenna such as to give it a strong magnetitdreelectric field gradient within its surface
and/or bulk, such that it becomes be possible gineer different sources of SHG, and
tentatively control their mutual interference imngeating the second harmonic. The surface
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and bulk contributions are decomposed in equaodsnd 5.4 below.
PY = x{) [E3)er + X [Ef1eL + xip L [ELE & (5.3)
Poa @) = yV(E@ - E“) + pE(v-E“) + 5(E“ - WE®  (5.4)

Each of these components allow for what can begoateed as electric dipole (E1),
magnetic dipole (M1) and electric quadrupole (Eansitions in the fundamental that give
electric dipole and quadrupole emission in the sédmarmonic [88-89, 140]. The typically
most basic and efficient process, E1 +EXE1, is purely dipolar and in this case is forbilde
due to the symmetry of the problem. The E1 +-EIE2 process is allowed from all of the

surface components. The E1 + M4 E1 process is only forbidden from tja%)L component,
but is allowed in all of the others. Finally, thé E E2— E1 process is allowed by all of the
components.

The magnetic dipole contribution

First, we consider the magnetic contribution frém E1 + M1— E1 process. While the second
harmonic mechanisms are given in purely electatdfterms, the magnetic transition comes
from the curvature of electric fields that are arfilom a net magnetic dipole moment. Given
that there is no known naturally occurring matetret has a non-unity relative magnetic
permeability at optical frequencies, plasmonic neswes in ring-like structures such as the
split-ring resonator (SRR) must be considered. ¢#ie SRR as a first-order mode (Fig. 3c),
one immediately encounters several problems. Theiéi that the magnetic field maximum is
outside of the antenna volume and within the holthe ring. The second is that the surface
SHG would be “silenced” due to the narrow gap.r&iieg is the result of the proximity of the
two surfaces within the gap radiating as out-ofgghdipoles, similar to the rods in Chapter 4,
but with a greatly reduced distance, typically fre@B0 to ~15 nm. As the moment of a linear
quadrupole is dependent on the distance squardideafwo out-of-phase dipoles that it is
comprised of, such a moment becomes 75 times darkihis example. This is more than
enough to counter any possible gains from incredsea field enhancements, as they are
typically a factor 5 or less when compared to glsinod. Thus, antenna gaps must be avoided
if a surface second harmonic signal is desired.f@bacation of SRRs resonant in the visible-
to-near infrared range is also challenging duéécsimall antenna size, but not impossible with
current fabrication techniques, such as focusedbeEam milling with a helium source. The
other issues can be addressed by widening the fgéne @plit-ring. A semi-circle or V-like
geometry are both capable of increasing the distaricheir electric hot spots as well as
shifting the location of the magnetic field maxigiaser to the edge of the plasmonic material.
However, this comes at the cost of a reduced magresponse. Adding a nonlinear material
to the antenna gap may also give SHG a medium iohwthe magnetic transition can occur.
Assuming that such a nonlinear magnetic transifiafithe same order as the electric transition
at the antenna apexes, the concept of directiompaledquadrupole interference becomes
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feasible, though without any phase control as thgmatic and electric field maxima have a
static phase difference defined by the antenna gegmA static phase difference is,
unfortunately, precisely what we wish to avoid as imterest lies in active control over the
antenna’s emission direction.

The electric quadrupole contribution

Next, we consider the E1 + E2 E1 process. In the case of a rod antenna witfirstsorder
dipole resonance excited at the fundamental wag#ient will have a maximum electric field
when the positive and negative charges are lochbteéhe antenna apexes. The quadrupole
transition at the surface refers to antiparalleldgpbles that appear around the cross section of
the rod (Fig. 5.2). Given that the orientation atle SH dipole is necessarily normal to the
surface, for the cross section of a cylinder irefspace, its SHG will be a sum of infinite
guadrupoles around the antenna center, which giveero net emission. While the cross
section of a fabricated antenna rod is not quiteutar, and may have a slightly asymmetric
charge distribution, these perturbations are sgyligible, as they did not appear in the
measurements in Chapter 3. Furthermore, it is isipesto achieve directional interference
with the E1 + E1> E2 process as a dipole perpendicular to a lineadigupole cannot interfere
directionally due to their field symmetries.
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Figure 5.2 Electric fields of a dipole antenna and SHG from surface contributions orthogonal to

the antenna axis. (a) A sketch of the charge distribution and resulihgctric field lines of a dipole
antenna(b) A sketch of SHG surface dipoles at the cross@ecti the side of the antenna with negative
and(c) positive charge. Note that their orientation iddpendent of both the sign (direction) of the
electric fields, this is a result of their oriemt&t depending on the direction of the surface ndrma

The bulk term$, y andé in equation 5.4 also permit the E1 + E2E1 process, but
they depend on electric field gradients. If we tal®@mple dipole antenna as an example, with
a positive-negative charge distribution at the mméeapexes as in Fig. 5.2a, the electric field
is maximized at the antenna apexes, while withenahtenna volume there is a weak field
maximum in the middle of the rod. The field gradiahthis central peak is zero, and with its
maximum/minimum at the inflection points midwayween the antenna center and its apexes.
As in Chapter 4, these inflection points corresptmdiifferent sides of the slope, and the
gradients have opposite signs creating a quadmuppétern. In contrast with the
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semiconductor wires, in metals the fields do natgbeate the antenna volume well, and the
bulk terms will be multiplied by relatively weak luas [141-142]. One antenna geometry that
attempted to maximize the gradient effects wasistudithin the group, specifically, the
geometry called a “dumbbell antenna”, shown in Bi@b. This antenna is essentially a rod
with widened apexes and a narrow body, with thenition of diffusing the surface charge at
the apexes and reducing surface SHG, while maxmgittie interior fields within the narrowed
region along the antenna body to promote bulk SPi@vious research on silicon indicates
about a 100x difference between surface and bufitribaitions [130], and our data show
indications of a bulk SHG contribution in aluminumith perhaps a 50/50 ratio with respect
to surface SHG, but it is an indirect interpretatiand the work is still unpublished.

= (=)

Figure 5.3 A gualitative comparison between a dipole and dumbbell antenna, with their charge
distribution and current lines shown. (a) A dipole antenna anth) a dumbbell antenna. Note how the
charge is more dispersed at the dumbbell antersmeeapvith respect to the dipole, and how its carren
lines are closer.

An alternative method to create (strong) field ggats is to use the laser field directly
from our excitation beam, instead of the modaldfieiside the antenna. Clearly, if the
diffraction-limited Gaussian excitation spot is tmed on an antenna then any bulk
contribution will quickly vanish as it did with tid#pole case, but if one displaces the excitation
beam such that about half of the laser spot is theeentenna, only one of the slopes of said
spot will be over the antenna. Furthermore, iflilbam is over one half or the opposite half of
the rod, those field gradients will have opposiigns, giving a certain level of control.
Plasmonic dipole antennas that are resonant witkxatitation beam (750-860 nm) are around
130 nm in length, which is less than half the sizeur diffraction-limited spot size (about 280
nm at FWHM), and will be overlapped with the exdifeeld that is considerably more extended.
A longer, higher order, resonant antenna, suchlasré\/2 antenna are both better matched
in size with respect to our laser spot, have leense hot spots, and are more suitable to drive
a local asymmetric gradient field in the antenna.

In general, odd parity modes such as the dipd®) @nd octupole ¢32) modes are
often referred to as bright modes, and even pardgles such as the quadrupolerfode are
referred to as dark modes. This stems from thetfetteven parity modes have a net current
of zero at any given moment and cannot be exciyedob example, a plane wave. In order to
light up a dark mode some method must be emplaybdsak its symmetry, such as localizing
a quantum emitter in the near field of one antemmex of a\ antenna. While the excitation
enhancement of such an emitter may be small uridee pvave excitation, the presence of the
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emitter itself breaks symmetry and it will radiatethe antenna’s quadrupolar mode with a
corresponding emission enhancement. In the caSHG from a\ antenna resonant at the
fundamental wavelength, as the emitter is the aatéself, one must use an alternative method
of breaking symmetry, such as asymmetric excitatiowne side of the rod axis.

5.3 Directional SH emission from quadrupolar A antennas

Here we propose to useantennas and scan our diffraction-limited exataspot with respect

to the center of our antennas. This approach leasaimbined advantage of exciting antenna

by breaking symmetry, as well as creating a non-fiefd gradient when integrating over the
antenna surface and volume. The same experimezitad ssed in the previous chapters was
also used here. Gold rod antennas withithesonance centered near 800 nm are around 290
nm in length. Our excitation spot size (in inteysitgiven our NA of 1.46 and a central
wavelength of 800 nm, is diffraction-limited and asares ~280 nm at full-width at half-
maximum (FWHM). A priori one would expect that mogithe spot about halfway off the
antenna with respect to its center would enabl® usive thex mode, as one would strongly
be exciting half of the antenna and weakly exciting other half. Simulations shown in Fig.
5.4a demonstrate that absorption is maximized fbsplacement of 200 nm (magenta, solid),
but is relatively stable between 150 and 250 nrd,that each curve decreases as the spot is
moved off of the antenna. Notice how there is rekpehen the beam is centered on the antenna
(0 nm displacement — black curve), as the quadanpobde cannot be driven in the symmetric
condition. A near electric field map (Fig. 5.4byealsthat it is a dipole mode driven far off-
resonance as there is almost no field at the aatapaxes despite our beam spot being right
on top of it. Once the beam is moved off-centepeak with quadrupolar fields in the
fundamental immediately emerges (Fig. 5.4c) anddldale signs of an antenna resonance,
its hot spots, become visible. For a plane ele@igld monitor a few nm away from antenna, a
dipole resonance will show three local field maxinvao just outside its apexes and one in
between, so the presence of a second field maxibmimween the antenna (Fig. 5.4c) apexes is
clearly the result of a quadrupole resonance.

We characterize the nonlinear emission of the araemwith a confocal microscope
with two detection branches corresponding to rea mmomentum space imaging. A high-
numerical aperture oil-immersion objective (1.46)Ng\essential for angular detection as most
of the emission is radiated beyond the criticallard the air-glass interface. The excitation
and incoherent two-photon photoluminescence (TR®&¢parated from the SHG with a 670
short-pass dichroic mirror, a 440 nm short-paderfiand a 390 nm band-pass filter. For
confocal detection, in real space, an avalanchdogdiade is used. For momentum space
imaging, in the Fourier plane, we record imageth@back-focal plane (BFP) of the objective
using an EMCCD.
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Figure 5.4 Excitation of a quadrupolar mode through beam positioning. We simulate a Gaussian
beam with a FWHM of 280 nm and scan it along the aka 270 nm Au roda) The absorption spectra
as the beam is systemically moved from the ceritdrecantenna up to 400 nm away along the antenna
axis.(b) |E| at a wavelength of 800 nm when the beam is cethtever the antenna center. The blue
rectangle denotes the position of the antefo)dE| at a wavelength of 800 nm when the beam center
is 200 nm away from the antenna center.

Fig. 5.5a shows a piezo scan of a sweep arrayldfrgmorods in real space, with their
length increasing by 20 nm in each row, from 1086 nm. As the dipole resonance is
extremely bright, the color scale is saturatedearty see the quadrupole resonance. Note how
the single spot for the dipole resonance splitsvimfor the antennas between 260 and 300 nm
in length (Fig. 5.5a - inset). An antenna with aniwal length of 280 nm (later measured with
a SEM and found to be typically 290 + 5 nm) wa®eskd and a series of BFP images were
then taken along its axis while scanning our beaf®@ nm with respect to its center, with a
step size of 50 nm. The counts of each of the BR&yes were integrated and plotted with
respect to the beam position (Fig. 5.5b — red qumMete how the two peaks are centered
approximately + 200 nm from the antenna center,civhtorresponds exactly with the
simulations in Fig. 5.4. We then integrate the [siXeom the top and bottom halves of each
BFP image, calculate their quotient and then gietlogarithm of each quotient with respect
to the beam position to help quantify the direatidy in dB (Fig. 5.5b — blue curve). The
values range from -3.2 to 2.6 dB, which correspton2l1 times more counts in the bottom half
space than in the top, and 1.8 times more couptsoghthan in the bottom, respectively. We
attribute the slight asymmetries in both the diogwlity factors and the total counts to slight
fabrication differences in the antenna edges. Shafpller apexes in a nanoantenna can easily
cause minor changes in the linear excitation fighads in turn become much more noticeable
in nonlinear signals because of their exponengialtion.
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Figure5.5 Second harmonic generation from a A antenna. (a) A piezo scan of the SHG from a sweep
array of nanoantennas, with each row corresponirgg20 nm increase in antenna length, from 100
(bottom) to 360 nm (top). The antennas are velyicalented. Note how in the inset there are twatsp
for one antenna; this is consistent for the thosesrof antennas marked on the left of the scans&ho
rows correspond to antennas that are nominally 280,and 300 nm in length. The color scale is in
counts/5 ms and was saturated by a factor of 2akerthe longer antennas visible (e.g. the maximum
number of counts was 1800 at one of the dipolenaai®).(b) The integration of counts in a series of
BFP images that were taken while scanning alonguitenna axis (red curve), and the logarithm of the
guotient of the integration of counts at the toff bheach BFP image with respect to the bottoni hal
(blue curve). The dashed blue lines denotes thiéigrosvhere there is zero directionality.

A selection of the BFP images (Fig. 5.6) shows that emission pattern of each
measurement consists mainly of two dominant lobeented at the top and bottom, similar to
the linear quadrupole in chapter 3. However, thes@nce of some emission along the
horizontal axis instead of an exact zero is indveabf a more complex system. Furthermore,
note that there is a suppression of the top oobotbbe, depending on the excitation beam
position. This effect is most pronounced in Figlband e, which are 300 nm apart. As the
BFP images contain angular information in eachlpixe calculate angular plots in polar and
azimuth direction, which are quantitative and miataitive to understand. Fig. 5.7 shows the
polar and azimuthal cuts of the data in Fig. 5.6t @. The front-to-back ratio, defined as the
intensity ratio between the point of maximum enuegbower and its diametrically opposite
point in the BFP, are 3.1 and 2.5 (5 and 4 dBjHerdirectional BFP measurements (Fig. 5.6b
and e, respectively).
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Figure 5.6 Switchable directionality of SHG in a single nanoantenna. Radiation patterns (intensity
distribution patterns taken at the back focal plaheur objective) recorded a various positionsf
excitation beam respect to the antenna. Note hewitdominant emission lobes switches direction as
the beam is scanne(-c) BFP images taken with our excitation beam cent8j 150 and 50 nm
above the antenna centé-f) BFP images taken with our excitation beam cent&fedl50 and 300
nm below the antenna center.

The switchable emission patterns are a result odsymmetric excitations due to beam
displacement, however, a purely E1 +-BI1E2 surface process only explains the existence of
the upper and lower quadrupole lobes, as was the ioachapter 3. The lack of a clear zero
across the center of the BFP pattern is a sigmhlebat one other component, specifically, one
capable of radiating in this area, and capablentdriering with the upper/lower lobes.
Surprisingly, an electric dipole parallel to thedar quadrupole fits this description perfectly,
despite not having its emission peaks overlappiitly those of the quadrupolar lobes. A least
squares fitting algorithm was implemented, with fherameters being the amplitudes of
theoretical multipoles, in this case an x-oriengtzttric dipole and an x-oriented longitudinal
guadrupole. The relative phase w#3 for Fig. 5.2b, ands32 for Fig. 5.6e.
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Figure 5.7 Unidirectional emission in angular space. The angular radiation patterns along the polar
(6) and azimuthalg) angles, color-coded by the beam positi@.A polar plot for two excitation
positions corresponding to Fig. 6.5b (red) andlee(p The greyed areas correspond to angles outside
the maximum collection angle of our detection (78.§b) The azimuthal plot of the two
aforementioned excitation positions for 60°. The angular patterns were directly caleddtom the
back-focal-plane images.

5.4 Surface and bulk SHG

To identify the origin of this electric dipole, wit explains the directionality of our system
reasonably well, we return to FDTD simulations. was mentioned before, a dipolar
component in the second harmonic in this systenbeamresult of electric field gradients from
the bulk or a magnetic dipole component, howeves, dzimuthal symmetry of the antenna
geometry prohibits a magnetic dipole moment. Thassthe surface and bulk electric field
gradient terms also support the E1 +EZE1 process, this is the one we analyse in moeeldet

Using the same simulations as in Fig. 5.4a, wercetite electromagnetic fields in a
3D volume and integrate the internal electric figtddient components throughout the entire
antenna volume (Fig. 5.8a-b). Note how in Fig. 8t8adominant components are the ones
perpendicular to our antenna axis, while in FigbShe strongest component is precisely the
one needed, with a non-negligible z-component. e find that the x-component of (B E
is strongest within ~4 nm of the antenna apexes.dfex under the excitation beam is about
2.5x stronger than the opposite end, and the fakteosolume is negligible compared to this
shell in the case of the x-component, due to radftilow amplitudes and interfering phases
along the antenna. Scanning the beam along the&rentaxis as was done experimentally
reveals that this x-component is non-existent wihenbeam is centered on the antenna, and
that it reaches its maximum when moved 200 nmerfter along the antenna axis (Fig. 5.8c).
Its phase is also aboutm2 with respect to the fields at the antenna apexesgrating |E|
throughout the entire antenna volume (Fig. 5.8adwshno notable features when scanning
along the antenna, apart from the fact that tHdgidrop as the beam is moved away from the
antenna. Notice that the peaks in Fig. 5.8c areta®® nm red-shifted with respect to those in
Fig. 5.4a where absorption is maximized for theeana excitation.
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Figure 5.8 Integrated fields of a A antenna. The simulated field gradients integrated over thire
antenna volume (step size = 2 nm) when driven®gassian beam displaced 200 nm from the antenna
center along its axiga) Spectra of the absolute values of #yey andz components oV(E-E). (b)
Spectra of the absolute values of hgandz component¢E-V)E. (c) Spectra of the absolute value of
the x component of (E)E for various beam position&l) Spectra of the integrated values of |E| for
several beam positions.

Next, we fit the experimental results to a paralipble-quadrupole interference model
(Fig. 5.9). Note that while qualitatively the topttbm lobes are enhanced/diminished, other
features are not explained, namely the non-zerdkdsaand in the experiment, and the
horizontal zero that is not displaced as we scarbeam over the antenna. The amplitude and
phase of the dipole with respect to the quadrumosédout 0.4 and #/2, where an amplitude
of unity is the total amount of light emitted byetlquadrupole (eq. 5.5). While the fitting
algorithm could better match the top/bottom lobgsifzreasing the dipole amplitude, the
increasing shift in the horizontal zero line upwaldwnwards made the fit worse overall. The
non-zero background may simply be a result of¢éla&ihg of incoherent (i.e. omnidirectional)
emission from the antenna, possibly three-photatgdhminescence, or perhaps a weak out-
of-plane dipole component in SHG (e.g. Fig. 5.8bd-curve), which has minimal interference
with the in-plane quadrupole and dipole due tortbgihogonal nature. Clearly, the model of
dipole-quadrupole interference from a point sousdeo simplistic. Analysis of the simulated
antenna near fields reveals that, for the centealelength of 800 nm, the antenna apexes are
not exactlyr out of phase, and they are in fact about @day from that theoretical ideal, and
neither are their amplitudes identical. This asyrmynis a result of one apex being exactly
under our excitation field, and thus the fieldsa@mplex sum of the plasmon resonance and
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the incident field, whereas the field on the opf@end is entirely induced. In Chapter 3 we
discussed why there is little-to-no crosstalk tigtothe antenna between the second fields, and
this reasoning is doubly true for an antenna mioaa twice as long. However, as the central
second harmonic wavelength is 400 nm, the fact ttiatapex dipoles (which we typically
modelled as a linear quadrupole) are not exactiyt of phase and are more thaps/2 apart,
means that their interference with each other txynde a theoretical quadrupole. Thus, their
interference with other elements can no longer dmlye explained with a simple dipole-
guadrupole interference model as any interfereacenow only by physically explained by
multiple electric dipoles with various positiongdgrhases. This interference between multiple
parallel dipoles is the mode of operation of a m@r® though the local phase and amplitude
difference have different origins, and this anteshares a common trait with wire antennas,
namely their unmoving emission minimum across thater of their BFP image. While it is
beyond the scope of this work to model exactly moany dipoles are required to precisely fit
the radiation pattern, the mode of operation of threctional second harmonic antenna and
the reason for it remains qualitatively explainlesbtigh both simulations and experiment.

Ik (El?,“{)-v)El(;”dv]z ~ 04|/ i’gz):E(W)(r)E(W)(r)dS]z (5.5)

Figure 5.9 Fitted radiation patternswith a point sour ce multipole model. (a) Directional emission
when excited from the upper apex of the ante(bal he fit of a.(c) Directional emission when excited
from the lower apex of the antenifd) The fit of c. The phases of the electric dipolédiand d are -
n/2 andn/2, respectively, while their relative amplitudes about 0.4 (where 1 is the total intensity
radiated by the quadrupole). THevalues for b and d are 0.75 and 0.67, respectively
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In summary, numerical simulations and theoretital of experimental data both
support the mode of operation of 3 parallel dipatesrfering to give a directed emission of
light from a sub-diffraction-limited single-elemenanoantenna, with a possible orthogonal
dipole and/or an incoherent contribution from plhatonescence.

5.5 Conclusions

We have discussed in detail different modes of atpmrs for directional antennas and how
they might work for nonlinear antennas. We alsdyaseal the different® transitions possible
beyond the electric dipole approximation and de=iggm antenna to maximize the contribution
of the bulk contribution with respect to the suddxy using an antenna dark mode. With this
design, we demonstrated the switchable unidireati@mission of SHG from a single
nanoantenna, which would not have been possiblewithe bulk contribution that is so often
neglected in plasmonics. With both theoretical ni®@ad FDTD simulations, we provided
evidence that its method of operation is due tarttexference of two simultaneous but distinct
nonlinear processes, and qualitatively explained rttain radiative features of the angular
emission. Remarkably, this functionality comes framobject whose footprint is 1/12)af:c.
Further optimization of the antenna size parametedspulse shaping of the excitation beam
may give a brighter signal and/or more directionredponse. This nonlinear directional
nanoantenna might not beat the efficiency with eespo the U-shaped split-ring resonator
antenna studied in chapter 2, but we have gaikeg advantage over the SSR, coherence, and
thus the ability to dynamically control the intedace and thus the emission direction.
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