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Abstract

Second harmonic (SH) generation (SHG) in plasmonic nanostructures originates from the sur-
face of centrosymmetric metals where inversion symmetry is broken. The interest in that topic
stems from the strong near-field enhancement on the surface of plasmonic nanostructures when
the corresponding surface plasmon resonance is excited under far-field illumination, which can
greatly increase the SH polarization in a deep subwavelength area, the so-called plasmonic hot
spot (an area where the field is enhanced by several orders of magnitude). Therefore, plasmonic
nanoantennas can serve as an efficient SH nanosource with relaxed SH phase-matching condi-
tions. Furthermore, the SH emission is highly sensitive to the geometrical changes in the plas-
monic system. Thus, the emission pattern of SHG can be drastically modified by the size and
shape of plasmonic nanoantennas. In this thesis, different plasmonic effects are investigated and
demonstrated in conjunction with the design of nonlinear metasurfaces to enhance and manip-
ulate SHG.

In the first work reported therein, we study the mechanisms of SH enhancement in double-
resonant aluminum nanoantennas supporting plasmonic dipolar modes at both fundamental
and SH wavelengths. For this purpose, the plasmonic dipolar resonance at the fundamental
wavelength was first optimized by an appropriate length of the long bar of double-resonant an-
tennas (DRAs), while the short bar length was changed in a way such that the supported plas-
monic dipolar mode can be tuned around the SH wavelength. By combining surface integral
equation (SIE) simulations with optimized aluminum nanofabrication and sensitive measure-
ments performed by multi-photon scanning microscope, the maximum SH intensity is clearly
observed in the case when the short bar supports a plasmonic dipolar mode at the SH wave-
length. The SH near-field distribution clearly confirms that the maximum enhancement of SHG
is reached when the near-field coupling between the SH quadrupolar mode and SH dipolar
mode is the strongest. Indeed, with the developed area-selective nonlinearity SIE method, the
energy transfer between the SH quadrupolar mode and SH dipolar mode in such system can be
clearly identified. These results provide a full understanding of the mechanisms of SH en-
hancement in the multi-resonant plasmonic nanoantennas which are important for the design
of efficient SH nanoantennas for coherent extreme-ultraviolet nanosources and ultra-sensitive
nonlinear refractive index sensors.

In the second work, we combine both experiments and SIE simulations to investigate ultra-thin
metasurfaces composed of 3D gold nanopillars, which enable the control of the dependency of
induced nonlinear polarization upon the incident wavevector of excitation light. By changing
the tilted angle of 3D gold nanopillars, the asymmetric nonlinearity of the metasurface is investi-
gated in details using a homebuilt flexible nonlinear Fourier microscope. As expected, the SH
intensity from symmetric nanopillars is identical for negative and positive incidence angles. In
this case, the maximal SH intensity is obtained for the highest incident angles reachable with the
microscope objective. However, as soon as the tilt angle increases, the SH response becomes
asymmetric. In this case, the plasmonic mode can only be excited with negative incident angle,
since, for the positive angle, the incident electric field cannot be parallel to the nanopillar axis.
Consequently, a variation of the SH intensity close to 80 is measured for opposite illumination
angles, revealing a very high asymmetry in the SH response of the nanopillar metasurfaces. The
asymmetry in the SH response comes from a modification in the interaction between the inci-
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dent wave and the tilted nanopillars, modifying the strength of the nonlinear local sources. In-
terestingly, the observed specular reflection of SHG, without nonlinear scattering, emphasizes
the design of homogeneous nonlinear source distributions. This work paves the way for the op-
timal design of directional nonlinear plasmonic meta-mirrors.

Finally, we propose a reflective phase-gradient metasurface that can convert a free-space propa-
gating wave into an unidirectional hybrid surface plasmon wave supported on its silver back-
plate with nearly 80% absorption efficiency at a 800 nm excitation wavelength, leading to a SH
enhancement as high as 235 folds in the measurements. The phase-gradient metasurface is de-
signed and optimized to support an anomalous reflection channel at 800 nm following the gen-
eralized Snell’s law. Interestingly, at specific incident angles, slightly larger than the one turning
the anomalous beam into an evanescent wave, a plasmonic hybrid mode resulting from the in-
teraction between localized and propagating plasmons is observed. The corresponding near-
field distributions exhibit both the characteristics of localized and propagating plasmons, and
the Poynting vector pointing out the unidirectional propagation of the hybrid plasmon mode.
One might relate the hybrid plasmon mode to the spoof surface plasmons propagating along the
corrugated metallic surfaces with periodically arranged subwavelength parallel metal plates due
to the similarity of dispersion relationships. However, spoof surface plasmons are surface-bound
electromagnetic waves at terahertz and microwave frequencies such that metal behaves as per-
fect electric conductor. Therefore, the spoof plasmons has different mechanism of near-field
confinement in comparison of that for the hybrid plasmon wave. Indeed, the former is com-
posed of waveguide modes confined in each parallel metal plate on the corrugated metal surfac-
es. To understand the mechanisms of SH enhancement when the hybrid plasmon wave is excit-
ed, we compare numerically two cases, the nonlinear susceptibility being applied either on the
nanoantenna (case I) or on the silver mirror (case II). A strong SHG is revealed in case II when
the incident angle is such that the hybrid plasmon mode is excited at the fundamental wave-
length, indicating that the strong SH enhancement for the hybrid plasmon mode comes from the
silver backplate. Interestingly, the single-channel SH emission governed by the SH phase-
matching condition reveals the relationship of SH emission channel and excited hybrid plasmon
mode in the designed metasurface. The unidirectional and confined propagation for the hybrid
plasmon mode can boost the light-matter interactions along the in-plane direction, which pro-
vides a new scheme to enhance the SH efficiency by in-plane SH phase matching in the sub-
wavelength-thick nonlinear metasurfaces.

Keywords: Second harmonic generation, localized surface plasmon resonance, hybrid surface
plasmon wave, double resonant antenna, plasmonic coupling, wavevector-selective nonlineari-
ty, nonlinear plasmonic mirrors, generalized Snell’s law, plasmonic metasurfaces, nonlinear
metasurfaces, nonlinear Fourier-plane imaging, near-field enhancement.



Résumeé

La génération de second harmonique (acronyme anglais SHG) dans des nanostructures plas-
moniques émane de la surface des métaux ot la symétrie d’inversion est brisée. L'intérét dans ce
domaine découle de la forte exaltation du champ proche de la surface des nanostructures plas-
moniques lorsque la résonance plasmonique de surface correspondante est excitée par la lu-
miere incidente, ce qui peut augmenter considérablement les sources SHG dans un volume sub-
longueurs d’onde appelé point chaud plasmonique (zone ou le champ est exalté par plusieurs
ordres de grandeur). C'est pourquoi, les nano-antennes plasmoniques peuvent servir comme
nano-sources efficaces de SHG. De plus, '’émission de SH est hautement sensible aux change-
ments géométriques dans le systéme plasmonique. Dés lors, le diagramme d’émission de SHG
peut étre radicalement modifié par la taille et la forme des nano-antennes plasmoniques. Dans
cette these, un large éventail d’effets plasmoniques est analysé et démontré dans les méta-
surfaces non-linéaires congues afin d’améliorer la SHG ainsi que d’introduire des manipulations
avancées de I’émission non linéaire.

Dans un premier temps, nous avons étudié les mécanismes d’amélioration de la SHG pour des
nano-antennes a double résonance en aluminium supportant un mode dipolaire plasmonique a
la fois fondamental et a la longueur d’onde harmonique. A cet effet, la résonance plasmonique
dipolaire a la longueur d’onde fondamentale a, tout d’abord, été optimisée par une longueur
appropriée de la longue barre d'une antenne double résonante (acronyme anglais DRA), tandis
que la longueur de la petite barre a été ajusté de telle sorte que le mode dipolaire plasmonique
supporté puisse étre réglé autour de la longueur d’onde de SH. En combinant des simulations
par équations d’intégrales de surface (acronyme anglais SIE) avec une nanofabrication optimi-
sée en aluminium et des mesures sensibles effectuées a 'aide d'un microscope multi-photons a
balayage, l'intensité maximale SH est clairement observée dans le cas ou la petite barre supporte
le mode dipolaire plasmonique ala longueur d’onde de SH. La distribution SH en champ proche
confirme nettement que I'amélioration maximale de SHG est atteinte lorsque le couplage en
champ proche entre le mode quadrupolaire SH et le mode dipolaire SH est a son maximum. En
effet, avec la méthode SIE de surface sélective, le transfert d’énergie entre le mode quadrupo-
laire SH et le mode dipolaire SH dans un tel systeme peut étre clairement identifié. Ces résultats
fournissent une compréhension compléte des mécanismes d’amélioration de la SHG dans les
nano-antennes plasmoniques multi-résonantes, ceci étant important pour la conception de
nano-antennes SH efficaces pour des nano-sources a ultraviolet extréme cohérentes et des cap-
teurs d’indice non-linéaires ultra-sensibles.

Dans un second temps, nous avons combiné a la fois des approches expérimentales et SIE pour
analyser des méta-surfaces ultrafines composées de nanopiliers 3D en or, qui permettent de
contréler la dépendance des polarisations induites non-linéaires selon le vecteur de I’onde inci-
dente d'une lumiere d’excitation. En changeant I’angle d’inclinaison de nanopiliers 3D en or, la
non-linéarité asymétrique des méta-surfaces est analysée en détail via un microscope flexible
fait maison i.e. un microscope de Fourier non- linéaire. Comme attendu, l'intensité de SH des
nanopiliers symétriques est identique pour des angles d’incidence négatifs et positifs. Dans ce
cas, l'intensité maximale de SH est obtenue pour les plus grands angles d’incidence atteignables
avec 'objectif du microscope. Cependant, des que 'angle d’inclinaison augmente, la réponse
SH devient asymétrique. Dans ce cas, le mode plasmonique peut seulement étre excité avec des
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angles d’incidence négatifs puisque, pour des angles positifs, le champ électrique incident ne
peut pas étre parallele a ’axe des nanopiliers. Par conséquent, une variation de l'intensité SH
proche de 80 est mesurée pour des angles d’illumination opposés, révélant une tres grande asy-
métrie dans la réponse SH des méta-surfaces composées de nanopiliers. L’asymétrie de la ré-
ponse SH vient de la modification de I'interaction entre 'onde incidente et les nanopiliers incli-
nés, ce qui modifie la force des sources locales non-linéaires. Etonnamment, la réflexion spécu-
laire de SHG observée, sans dispersion non-linéaire, accentue la conception des distributions de
sources homogenes non-linéaires. Ce travail ouvre la voie a une conception optimale des méta-
miroirs dirigés plasmoniques non-linéaires.

Enfin, nous proposons une méta-surface réfléchissante a gradient de phase qui peut convertir
une onde se propageant librement dans I'espace en une onde de plasmons de surface hybride et
unidirectionnelle, supportée sur sa plaque arriere en argent avec une efficacité d’absorption
proche de 80% a une longueur d’onde d’excitation de 800 nm, menant a une amélioration de la
SHG de 235 foiss via les mesures. La méta-surface a gradient de phase est congue et optimisée
pour supporter un canal de réflexion anormal a 800 nm suivant la loi généralisée de Snell-
Descartes. Curieusement, a des angles d’incidence spécifiques, légerement plus grands que ce-
lui transformant le faisceau anormal en une onde évanescente, un mode hybride plasmonique
résultant de l'interaction entre les plasmons localisés et se propageant a été observé. Les distri-
butions en champ proche correspondantes montrent aussi bien les caractéristiques de plas-
mons localisés et se propageant, et le vecteur de Poynting montre la propagation unidirection-
nelle du mode de plasmon hydride. Pour comprendre les mécanismes d’amélioration de la SHG,
nous comparons numériquement deux cas, la susceptibilité non-linéaire étant appliqué soit sur
la nano-antenne (cas I) soit sur le miroir en argent (cas II). Une forte SHG est observée dans le
cas II lorsque que I'angle d’incidence est tel que le mode de plasmon hybride vient de la plaque
arriere en argent. L'émission SH en simple canal gouvernée par la condition d’adaptation de
phase SH révele la relation entre le canal d’émission SH et le mode de plasmon hybride excité
dans la méta-surface concue. La propagation unidirectionnelle et confinée pour le mode de
plasmon hybride peut renforcer les interactions lumiére-matiere le long de la direction de pro-
pagation dans le plan, ce qui offre un nouveau schéma pour améliorer 'efficacité de la SHG par
adaptation de phase SH dans le plan dans les méta-surfaces non-linéaires sub-longueurs d’onde.

Mots-clés: Génération de second harmonique, résonance de plasmon de surface localisée,
onde de plasmons de surface hybride, antenne double résonante, couplage plasmonique, non-
linéarité des vecteurs d’onde sélectifs, miroirs plasmoniques non-linéaires, loi généralisée de
Snell-Descartes, méta-surfaces plasmoniques, méta-surfaces non-linéaires, imagerie non-
linéaire par plan de Fourier, champ proche.
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1. Introduction and thesis objectives

1.1 History and origin of nonlinear harmonic generation

In 1960, Maiman et al. built the first laser system using a ruby crystal as the gain medium [1]. The
invention of high power coherent light sources can be applied to enhance light-matter interac-
tion and thus opens up the possibility to modify the optical response of the exposed materials.
Shortly after the first demonstration of an operating laser system, in 1961, Franken et al. reported
the first observation of SHG from a quartz crystal [2]. The generated nonlinear signal from the
quartz crystal exhibits mainly two unique characteristics, distinct from that of the linear optical
response: First, its frequency is twice that of the pump laser. Secondly, its intensity increases
quadratically with the intensity of the pump laser. The underlying physical mechanisms leading
to SHG can be understood by first expressing the wave equation in nonlinear optical media [3, 4]

nz aZENL 1 aZPNL
" - , 1.1
& o gt of (1.1)

VZENL _

where 7 is the refractive index of the medium, ¢ is the speed of light in vacuum, ¢, is the permit-

tivity of vacuum, P is the nonlinear polarization associated with the nonlinear optical response
in the medium and E" is the electric field driven by P" . This means that the oscillating nonlin-

ear polarization generated in the medium acts as a SH source and radiates SH light. In order to

contribute to the radiation, a non-vanishing % term is required in this equation, which is

consistent with Larmor’s theorem of electromagnetism: Accelerated charges can generate elec-
tromagnetic radiation [5]. In addition, this equation clearly shows that the frequency of the radi-
ated light is determined by the oscillation frequency of the nonlinear polarization. Indeed, if we
expand the time-varying polarization P(z) into a power series as a function of the electric field of

—iowt

the pump laser E(r) = E¢™,

P(1) =&, 7B+ x VB () + 7 VB (0) +- ]
— gOZ(l)Ee—i(ul + 801(2)E26—i2(ul + 801(3)E3e—i3w/ 4. (1.2)

=PO(0) + PO(0) + PO (1) + -,

@ and y" are known as the linear, second-order and third-order optical

The quantities y, »
susceptibilities, respectively. The linear polarization, second-order nonlinear polarization and

third-order nonlinear polarization are denoted as P (r), P?(¢) and P (¢), respectively. We can
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notice that the second- and third-order nonlinear polarizations have distinct oscillation fre-
quencies at 2w and 3w when the frequency of the excitation light is @, which explains the rela-
tionship between the wavelength of the generated optical signal and that of the pump laser. Fur-
thermore, the quadratic dependence of the second-order nonlinear polarization on the ampli-
tude of incident electric field, and the third-order dependence for third-order nonlinear polari-
zation are evidenced by this equation.

1.1.1 Practical applications based on nonlinear optics

The birth of the first laser, as well as the discovery of nonlinear optical response, has led to sev-
eral important applications and shaped the evolution of modern optics. The frequency conver-
sion, i.e. harmonic generation, has been commonly applied to convert the output of a fixed-
wavelength laser to a different spectral range. For instance, by the mid-1970s, the second, third
and fourth harmonics from Q-switched Nd:YAG lasers (operating in near infrared, at 1064 nm)
were routinely utilized to generate coherent light at 532 nm, 355 nm and 266 nm ranging from
the visible to the ultraviolet parts of the spectrum with the help of a potassium dideuterium
phosphate (KDP) crystal [6, 7]. Another type of application is relying on the frequency matching
between the nonlinear signal and atomic transitions in an atomic/molecular system. In this case,
the transition between the two energy levels of the material system can be achieved by absorbing
the nonlinear signal generated in the same system, and the relaxation of the excited state can
result in a spontaneous emission. By employing a wavelength-tunable pulsed laser as the excita-
tion source of nonlinear microscope, the energy levels of excited states in atomic systems can be
characterized by nonlinear optical processes such as two-photon absorption [8, 9]. Furthermore,
Doppler broadening of spectral lines due to the motion of analyzed atoms can be eliminated by
sending two laser beams with identical frequency in opposite directions. In this case, for an at-
om moving toward one of the laser beams, the Doppler shift of apparent excitation frequency
can be compensated with another beam illuminated from the opposite direction, which keeps
the same total energy for two-photon transition as that from a rest atom [10]. The two-photon
Doppler-free spectroscopy enables the possibility to probe the atomic transitions with extremely
high precision in ambient temperature [11-13]. Nonlinear spectroscopy, initially developed by
Bloembergen and Schawlow, was acknowledge by the 1981 Nobel Prize in physics [10]. Another
important application in nonlinear optics is nonlinear microscopy [14-17]. The main advantages
of the nonlinear microscope, such as enhanced spatial resolution and background-free imaging
are associated with the nonlinear signal-input power dependence and frequency conversion,
respectively [18, 19]. For example, the transverse and longitudinal resolutions are enhanced
since the nonlinear signals are generated most efficiently in the region of maximum intensity of
a focused laser beam. This provides a powerful tool to acquire three-dimensional images with
subwavelength resolution even for a transparent (phase) object, as the investigation of biological
samples with nonlinear confocal microscopes for example [16, 20].
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1.1.2 Symmetry and second-order nonlinear susceptibility

Although the development of high power laser systems is essential for enhancing the nonlinear
optical signal for practical applications, the exploration of the nonlinear materials/crystals also
plays a key role for mastering various nonlinear optical processes. For example, it is well-
established that SHG is forbidden in crystals with inversion symmetry in the electric dipole ap-
proximation [21-23]. The vanishing second-order nonlinear susceptibility y* inside such a
material can be understood by first expressing the second-order nonlinear polarization as

PO(1) =&, yE(1). (1.3)

Now, if we change the sign of the incident electric field E(7), the sign of the nonlinear polariza-
tion must change accordingly since we consider a centrosymmetric material:

PO =, ?[-ED] . (1.4)

By comparing Eq. (1.4) with Eq. (1.3), one can recognize that the right-hand sides of both equa-
tions are identical. This is due to the fact that SHG is a nonlinear optical process with a quadratic
dependence between the nonlinear polarization and the incident electric field. Consequently,

P?(¢) must equal to —P"”(¢) which can only be satisfied when 7’ =0, demonstrating that the
second-order nonlinear susceptibility y* vanishes in centrosymmetric materials. In contrast,

the third-order nonlinear susceptibility 7, related to third harmonic generation (THG) for ex-

ample, with a third-order dependence between the nonlinear polarization and the incident elec-
tric field, does not vanish in a centrosymmetric medium and possess different symmetry proper-
ties [3].

1.1.3 Phase-matching and quasi-phase-matching conditions

In order to accumulate the nonlinear signal along the propagation direction of the input light,
the phase of the local nonlinear polarizations must be spatially arranged in such a way that the
generated nonlinear signal adds coherently during the propagation. This is known as the phase-
matching condition. To discuss this phase-matching condition in more details, we consider a z-
polarized plane wave propagating along the +x direction in a lossless nonlinear medium. For

simplicity, if we consider at a specific time such that the incident electric field is E_(x=0)=E 2

at the entrance of the nonlinear crystal (x = 0), at the position x = ﬁ—” inside the nonlinear crystal

(k, is the wavevector of input laser in the medium with frequency @), the incident electric field

reaches the same value again as E_(x = i—’f) =E_(x=0)=E _Z. Consequently, the generated non-

linear polarizations at these two positions are in-phase, i.e. P (x = i—”) =P (x=0)=PzZ. At the
2z

position x = ¢*, the electric field induced by the “first” nonlinear polarization (at x =0) must be

in-phase with the “second” nonlinear polarization (at x = 3*) in order to allow the generated
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nonlinear signals adding coherently along the +x direction. Since the electric field induced by
the “first” nonlinear polarization is associated with the spatial dependence e " at x= 4=

(k,, is the wavevector of the generated harmonic wave in the medium with frequency n- ).

Hence the in-phase requirement results in k,, =#nk_ in the nonlinear medium, which leads to
the well-known phase-matching condition where the wavevector mismatch Ak must be zero

N =nk,—k  =0. (1.5)

Please note that 7 depends upon the considered nonlinear harmonic, for example, » =2 for
SHG whereas » =3 for THG. This condition has been found difficult to be satisfied due to the
chromatic dispersion. The variation of the refractive index at the pump and harmonic frequency
in the medium leads to a non-zero wavevector mismatch and limits the overall nonlinear output
signal. The most common solution to achieve the phase-matching condition is to make use of
birefringence [24]. However, the idea to compensate the dispersion with birefringence cannot be
realized if the nonlinear crystal possesses insufficient birefringence. Another promising tech-
nique to compensate the wavevector mismatch, namely nonlinear quasi-phase-matching, was
first demonstrated by Armstrong et al. in 1962 [25]. This method introduced a periodically re-
versed sign of nonlinear susceptibility in the layered nonlinear medium. The sign reversal is
launched at the positions where the wavevector mismatch is sufficiently large to result in a de-
crease of the amplitude of the generated wave. Consequently, reversing the sign of the nonlinear
susceptibility corrects the phase of the newly generated nonlinear polarization and reduces its
phase difference with the harmonic field generated by the previous nonlinear polarizations,
which enables the field to grow continuously along the propagation of input light. The periodici-
ty A of the sign reversal can be designed from the quasi-phase-matching condition given by

Ak =nk,—k ——=0. (1.6)
A
Comparing with the phase-matching requirement shown in Eq. (1.5), quasi-phase-matching

technique introduces a grating momentum 2* to compensate for the wavevector mismatch orig-

inating from the chromatic dispersion of the nonlinear medium.
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1.1.4 Surface properties probed by SHG

SHG is forbidden in the bulk of centrosymmetric objects in the electric dipole approximation.
However, the inversion symmetry is broken at interfaces due to the finite dimension of the atom-
ic lattice, which permits a non-vanishing SH polarization at the surface [26]. This surface contri-
bution of SHG can be understood by the net SH polarization locally induced at the interface due
to the difference between the nonlinear susceptibilities of two mediums. Therefore, SHG was
found to be an extremely versatile tool for studying surface properties with a very high surface
specificity and sensitivity [26-28]. For example, structure discontinuity is dominant at the dan-
gling bonds on a silicon surface [29]. In addition, SHG can be applied to probe the symmetry of a
crystalline structure by recording the SH intensity while varying the incident polarization. For
example, a freshly cleaved Si(111) surface which has a structure characterized by a (2x1) low-

energy electron diffraction (LEED) pattern, and this specific structural symmetry is reflected in
the variation of SHG as a function of incident polarization [30]. In 1973, surface probing by SHG
was found for the first time able to detect a sub-monolayer of metallic atoms deposited on a
semiconductor surface [31]. The SHG intensity due to a single monolayer of Na coverage on the
Ge substrate is about ten times higher than that for the clean Ge surface. Since then, the surface
SH probing has been extensively adopted to study molecule-substrate interactions at various
surfaces [32-37]. Probing the oxygen adsorption on a rhodium surface with monolayer resolu-
tion is a remarkable demonstration of SHG ability for gas sensing [32]. The adsorbed oxygen
molecules tend to localize the free electrons at the rhodium surface and thus reduce the SH non-
linearity. Moreover, surface SH probing also allows in situ mapping of molecule arrangements
and species monitoring thanks to the sensitive detection of the orientation of polar molecules
[38, 39]. For example, it was found that the retinal chromophores adsorbed on membranes tend
to have a certain polar alignment, which leads to a strong SHG signal [40]. Finally, surface SHG is
highly directional with ultra-fast response time as a coherent nonlinear optical process. The em-
ployment of ultrafast laser pulses to generate SHG can further extend the technique to monitor
the dynamics of fast molecule-surface reactions in real time [33, 34, 41, 42]. These advantages,
together with the capability of surface probing in an ambient environment, make surface SH
probing a sensitive and versatile tool for surface studies.
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1.2 SH emission in plasmonic nanostructures

The physical mechanism underlying the first observation of SH enhancement from a sub-
monolayer of metallic Na atoms was unclear at that time. The surface-enhanced nonlinearity in
metals was rediscovered in an experiment comparing the SHG from a smooth and a 50-nm
roughened silver surface [43]. The reflected SHG was enhanced by a factor of 10* as surface
roughness is introduced. This enhancement was found to be correlated with the local field en-
hancement induced by the excitation of surface plasmon polaritons (SPP) propagating on the
surface of a rough silver film. The strong field confinement of SPP on the metal surface is favora-
ble to the enhancement of surface SHG. Furthermore, even higher degree of field confinement
can be yielded in metallic nanoparticles supporting localized surface plasmon resonances
(LSPR), resulting in a stronger near-field than SPP. Therefore, the plasmonic nanoparticles can
be considered as efficient nonlinear sources thanks to the near-field enhancement at the na-
noscale. Significantly, the size and shape of nanoparticles can drastically modify the emission
pattern of SHG due to fascinating symmetry consideration in the SHG from plasmonic
nanostructures.

1.2.1 Surface plasmon polaritons

Surface plasmons are the collective electron plasma oscillations at a metal surface driven by
electromagnetic excitations [44]. These longitudinal oscillations of free electrons can only be
launched at the metal surface due to the fact that no electromagnetic field can propagate in the
metal with a negative dielectric constant when the frequency of light is lower than the plasma
frequency of the metal. If we consider the case of a semi-infinite metal-dielectric interface (lo-
cated at z =0), the electric field distribution of the SPP propagating along +x direction can be

E ( ) E ik‘\,') x—kz ‘Z‘ ( )
sp > ) € N ]. -6

The field expression indicates that the wave is strictly propagating along the interface with the
propagation vector &, :%’ and the field is confined close to the metal surface with the

exponential decay away from the surface determined by the decay constant k_ [45]. The highly

confined electric field at the metal surface leads to a significant field enhancement. Depending
on both the dielectric constant and radiative losses, the maximum intensity at the interface can
reach 2 orders of magnitude higher than that of the illuminated red light for a 60-nm thick silver
film [46]. For a flat metal surface, the non-radiative feature of SPP implies that it cannot be di-
rectly excited by a free-space propagating wave. The dispersion relation of SPP supported on a

smooth metal surface is given by
k(@)= \ /—gmg" ; (1.7)
c\e, +¢,
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where ¢, and ¢, are the dielectric constants of metal and dielectric background, respectively.
Indeed, since the sign of ¢, and ¢, are different, the propagation vector of SPP is always larger

than the maximum in-plane wavevector allowed in the dielectric medium ¢,/¢, for a non-zero

angular frequency @. Therefore, in order to excite a propagating SPP on the surface of a semi-
infinite metal, gratings, optical scatters or sufficient surface roughness either patterned on or
nearby the metal surface are required to provide the required high-k components [46, 47]. On
the other hand, for an optically thin metal film, the SPP can be excited by the evanescent wave
from the total internal reflection in the famous Otto-Kretschmann configuration. In this case, the
incident plane wave impinges on the metal film from a dielectric medium with high refractive
index, and the evanescent wave with sufficiently large in-plane wavevector can launch the SPP
on the other side of metal film surrounded by the dielectric medium with lower refractive index
[48].

The strong near-field enhancement provided by SPP is highly interesting for enhancing the SHG
due to the favorable spatial overlap between plasmonic near-fields and non-vanishing SH polar-
ization on the metal surface, which has played a pivotal role in the birth of plasmonic-enhanced
SHG. In 1974, enhanced SHG was revealed by a propagating SPP excited at the surface of a 56-
nm silver film [49]. Experimentally, the reflected SHG was enhanced by 30 times, in comparison
with the non-resonant optically thick silver film.

In addition to the propagating SPP on a plane metal surface, for the metal objects with bounded
geometries and subwavelength dimensions, localized surface plasmon resonances can be more
prominent. The three-dimensional confinement of LSPRs leads to a higher electromagnetic field
enhancement than the propagating SPP [50]. Besides, it should be noted that the LSPR is a dif-
ferent type of excitation from the SPP. The latter should consider both the in-plane wavevector
and frequency of the excitation wave to satisfy the dispersion relation as discussed previously. In
contrast, LSPRs are only characterized by the frequency which is governed by the size, shape
and dielectric constants of the metal objects due to the deep subwavelength confinement of the
LSPR modes [50].

1.2.2 SHG in plasmonic nanoparticles

When a noble metal nanostructure is excited by light with the appropriate frequency, the excita-
tion of LSPRs can lead to a strong enhancement of the field in the so-called hot spot, which can
enhance the nonlinear optical process in nanostructures with size much smaller than the wave-
length of the excitation light [51]. Indeed, the enhanced SHG in plasmonic hot spots can be
clearly visualized and accurately mapped in nanostructures with SHG microscopy by scanning
the ultrafast pumped laser spot across the plasmonic resonators. Consequently, the enhance-
ment of SH intensity can be clearly observed when the excitation wavelength matches the reso-
nant wavelength of the LSPR [51, 52]. The SHG from plasmonic nanostructures is found to ex-
ceed by 5-orders of magnitude that from the chromophores with a similar size and comparable
to that from the nanoparticles composed of nonlinear materials [53, 54]. In order to choose
plasmonic materials for efficient SHG, the surface nonlinear susceptibility, as well as the optical
properties at both fundamental and SH wavelengths, should be carefully considered. For the



Introduction and thesis objectives

most popular plasmonic materials, gold (Au), silver (Ag) and aluminum (Al), the intrinsic mate-
rial loss associated with the interband transitions will limit the favorable wavelength range of
LSPRs. Indeed, the material loss either at fundamental or SH wavelength can significantly ham-
per the overall enhancement of SHG. For example, since the interband transition of Al is in the
near-infrared region, the plasmonic damping effect will reduce the near-field enhancement in-
duced by LSPRs in this range [55]. Despite that, Al has a low material loss in the visible to ultravi-
olet spectral range, which is favorable in providing an efficient emission channel for SHG
through a near-infrared excitation. In contrast, Au and Ag are good plasmonic materials in the
near-infrared region. However, with near-infrared excitation, the SH emission from the Au
nanostructures will suffer from the interband absorption for SH wavelengths shorter than 500
nm [56]. For Ag, the interband absorption is located at 310 nm and thus the material loss at the
SH wavelength is relatively low in comparison with Au with near-infrared excitation [57]. Addi-

tionally, the surface nonlinear susceptibilities 7'* of these plasmonic materials are also an im-

portant factor for an efficient SHG. In general, the surface nonlinear susceptibility of Al is 1 order
of magnitude higher than the other plasmonic materials at a pump wavelength of 800 nm with

the following values: 3x107"° cm’/statvolt for Al, 3.2x107"° cm’/statvolt for Ag and

2.3x107" cm’/statvolt for Au [58]. The higher surface SH susceptibility for Al is related to the

larger dielectric constant compared to Au and Ag at near-infrared wavelength, which is correlat-
ed with the interband transition of Al in this range [58]. Because of the high surface SH suscepti-
bility and low optical loss in the visible range, Al nanostructures have gained a lot of interest
recently in the enhancement of SHG, despite the resonance of Al nanostructure is hampered by
the interband absorption at the excitation stage [59-61].

To optimize the SHG in the plasmonic nanostructures, in addition to a plasmonic resonance at
the fundamental wavelength, the LSPR modes at the SH wavelength should also be designed in
order to allow an efficient emission channel for SHG. The SH intensity enhancement can be
clearly observed when the SH wavelength matches with the wavelength of dipolar plasmonic
resonance [62]. With all these concepts in mind, an optimal design should consider a plasmonic
system providing mode matching at both fundamental and SH wavelengths in order to obtain
simultaneously a maximal fundamental excitation and an efficient SH emission. Several designs
of multiresonant plasmonic nanostructures have been proved to exhibit a higher SHG than that
from the simple plasmonic nanoantenna with only one resonance at the fundamental wave-
length [63-65]. For instance, the SH intensity from the Al double-resonant antenna (DRA) sup-
porting plasmonic dipolar modes at both fundamental and SH wavelengths is twice of that from
an Al dipolar antenna (DA) supporting only a plasmonic dipolar mode at the fundamental wave-
length [60]. The reason why the enhancement of SHG is only two-fold can be understood by
considering the double-resonant condition in single Al nanorod. It has been experimentally ob-
served that a single Al nanorod can also support a plasmonic dipolar mode and a plasmonic
quadrupolar mode at the fundamental and SH wavelengths, respectively[66, 67]. In the case of
Al dipolar antenna, plasmonic quadrupolar modes can be induced on each long nanorod at the
SH wavelength. Therefore, a double-resonant condition can also be achieved in Al dipolar an-
tenna under near-infrared illumination limiting the relative enhancement provided by the DRA.
As discussed previously, the sources of SHG are situated at the surface of plasmonic nanostruc-

tures due to the centrosymmetric crystalline nature of the material. Particularly, the 7"’ com-

ponent perpendicular to and pointing outward on the surface of a plasmonic nanoparticle is the
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largest component of the nonlinear susceptibility [58, 68, 69]. Therefore, the SH polarization
induced on the plasmonic nanoparticles is essentially determined by both the geometry (shape)
of the nanoparticles and the excited LSPR modes [70]. The latter correlation explains the quad-
rupolar SH emission observed in the SHG from plasmonic nanoparticles with centrosymmetric
shapes, when a plasmonic dipolar mode is excited at the fundamental wavelength [71]. Indeed,
for plasmonic nanostructures with centrosymmetric shape when excited at normal incidence
(e.g. plasmonic nanodisc), the generated SH fields perfectly cancel each other in the plane per-
pendicular to the incident polarization in the electric dipole approximation [72]. To provide an
efficient SH intensity in the backward and forward directions, one convenient method is to de-
sign a nanostructure with non-centrosymmetric shape when viewed in the direction of normal
incidence. Consequently, a net SH dipolar mode can be induced in the plane perpendicular to
the normal incidence. For example, L-shaped gold nanostructures, which have been employed
as one of the basic plasmonic elements for SHG, can support a SH dipolar mode parallel to the
polarization of the incident light [72-76]. Alternatively, plasmonic split-ring resonators (SRRs)
with U-shape permit the generation of SH dipolar mode perpendicular to the polarization of the
incident light [77-79]. The excited plasmonic magnetic dipolar mode in plasmonic SRRs can
achieve a strong near-field enhancement at the fundamental wavelength, establishing the SRRs
as a favorable meta-atom for efficient SHG. To further emphasize the importance of non-
centrosymmetric nanoparticle shapes for efficient SH emission, one good example is the SH
silencing effect observed in the plasmonic dipolar antenna with a narrow gap, although the high
near-field enhancement observed in the gap can indeed result in a strong nonlinear polarization
[80]. Indeed, the nonlinear polarization vectors at each side of the nanogap are out-of-phase due
to the symmetric construction of the nanogaps, which tend to cancel each other out in the far-
field [80, 81]. The SH silencing effect can be suppressed by introducing non-centrosymmetric
construction of nanogaps such as gold nanodimers with T-shape [82], or inducing an amplitude
variation between the nonlinear polarizations at each side of the nanogap by designing an
asymmetric dipolar antenna consisting of two arms with different lengths [83]. The above-
mentioned nanostructures exhibit symmetry-breaking features along the plane perpendicular to
the propagation of excitation light. Thereby, the generated SH dipolar modes are essentially
aligned in this plane. One way to tilt the SH dipolar mode out-of-plane is to introduce three-
dimensional structural orientation such that SH radiation can be tuned into an inclined direc-
tion. For example, three-dimensional gold nanocups have been demonstrated to generate an
oblique SH emission which can be controlled by the axis of the tilted nanocups [84]. However,
single-channel SH emission with high directionality is challenging to achieve due to the multi-
polar nature of the single plasmonic nanoantenna [85]. Most recently, controllable SH emission
with high directionality has been realized by a two-dimensional arrangement of nonlinear plas-
monic meta-atoms, namely nonlinear metasurfaces [86-90]. This fascinating design principle is
based on the universal formulation of wavefronts suggested by the Huygens’s principle [91]. It
was first demonstrated in the plasmonic metasurfaces, which allow extraordinary light manipu-
lation in the linear regime [92-94]. In the following section, we will first describe the universal
design principle of wavefront shaping with plasmonic metasurfaces and then review the state-
of-the-art of the plasmonic metasurfaces in the linear regime.
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1.2.3 Wave-front design and state of the art for linear metasurfaces

According to Huygens's principle, an arbitrary wavefront of an electromagnetic wave in the far-
field can be considered as the result of interference of every spherical sources located at the in-
terface [91]. In other words, arbitrary wavefront control can be achieved by engineering the
phase/amplitude of these secondary spherical sources with subwavelength spatial resolution
[95]. Plasmonic nanostructures supporting LSPRs can serve as artificial secondary sources with
the required subwavelength dimensions [96-102]. Moreover, the highly dispersive characteris-
tics of LSPRs permit a phase variation from 0 to 2 around the resonant wavelength of the plas-
monic meta-atoms. For instance, 27 phase modulation can be fulfilled by a plasmonic system
composed of plasmonic nanoantennas and a metallic backplate spaced by an optically thin die-
lectric layer as shown in Fig 1:1. The induced currents on the nanoantennas and metallic
backplate are antiparallel due to the strong near-field coupling, which leads to a strong magnetic
dipole inside the dielectric spacer and thus allows a 27 phase variation close to the resonant
wavelength [103-106]. Thanks to this high phase modulation at the nanoscale, plasmonic
nanostructures have become popular compounds and building blocks of metasurfaces. Signifi-
cantly, the local phase modulation with subwavelength spatial resolution offered by plasmonic
metasurfaces enables diffraction-free light manipulation in ultra-thin flat metasurfaces [92, 107-
111]. The first demonstration of extraordinary light manipulation in metasurfaces is anomalous
reflection/refraction, where the introduced phase gradient distribution along the interface pro-
vides an additional in-plane momentum and deflects the incident light into an anomalous re-
flection/refraction channel following the generalized Snell’s law [103, 112-114]. Furthermore, as
the in-plane momentum becomes sufficiently large, the free-space propagating wave can be
converted into a unidirectional surface wave supported on a metallic backplate beneath the top
nanoantenna [115-118]. In this case, the light absorption is significantly larger than the one with
the anomalous channels radiated out to the far-field. Besides the ability to direct the incident
plane wave into an anomalous reflection/refraction channel, a much more complex light ma-
nipulation can be achieved with plasmonic metasurfaces. For example, almost all the function-
alities of conventional optical components have been reproduced by metasurfaces with only few
tens of nanometers device thickness such as metalenses [109, 119, 120], meta-holograms gen-
erators [108, 121, 122] and metasurface-based waveplates [123, 124], just to cite a few of the re-
cent achievements. Beyond that, by carefully designing the electromagnetic properties of indi-
vidual plasmonic constituents, novel functionalities such as wavelength-selective color routing
[125] and polarization-selective polarimetry devices [126-128] have been demonstrated. These
works elaborate the design principle of wavefront construction with the exceptional optical
properties of plasmonic meta-atoms.
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Figure 1:1 Plasmonic-induced magnetic resonance in the metal-dielectric-metal (MIM) nanostructure.
The MIM nanostructure is composed of a silver nanorod (length L = 90nm, width and height are both 40
nm) and a silver mirror (200 nm thickness) separated by a thin SiO. layer (30 nm thickness) as shown in
(a). In the simulation, we considered the periodicity of the arrays of nanorods is 200 nm in both x and y
directions. The wavelength of the normal incident light is 800 nm and the polarization is along the nano-
rod axis (x axis). The background index is 1.5, which is the same as that of SiO, spacer. (b) The near-field
distributions of the real part of the x-component electric field (left panel) and y-component magnetic field
(right panel) in the (X, Z) plane of the MIM nanostructure. The induced dipole moments in the silver na-
norod and mirror backplate (red arrows labelled P and P’, respectively) are antiparallel generating a
strong magnetic dipole moment (blue arrow with H label) in the SiO, spacer.

1.2.4 State of the art for the nonlinear metasurfaces

In the above mentioned research on plasmonic metasurfaces in the linear regime, there is no
constraint on the shape of constitutive meta-atoms. In contrast, SHG requires exploiting their
symmetry in order to optimize the emission from individual nonlinear elements. Nevertheless,
to construct a specific wavefront in the far-field, the required spatial phase distributions for line-
ar and SH fields follow the same design principle. Furthermore, as the phase distribution is per-
formed by the phase delay of individual plasmonic constituent, the metasurfaces can then be
equivalent to an optical slab with continuously varying linear/nonlinear material properties
along the plane [129]. Indeed, the linear phase/amplitude response is essentially associated with
the effective refractive index for the plasmonic meta-atoms according to the effective-medium
theory [129-131]; Whereas, the nonlinear phase/amplitude response is governed by the local
effective hyperpolarizability of the nanoantennas [86, 132]. For example, a 7 phase shift of SH
radiation can be induced by reversing the nonlinear polarizability of the local SH sources [86].
This concept had been realized by the electric poling techniques using poled ferroelectric mate-
rials to achieve the quasi-phase-matching condition in nonlinear crystals [133]. Unlike the elec-
tric poling technique which requires applying a voltage to the ferroelectric materials, the artifi-
cial poling in the nonlinear metasurfaces has been performed by simply reversing the orienta-
tion of the SRRs [86]. Binary nonlinear phase engineering along the interface can manipulate the
diffraction angle of SH emission with high directionality [86]. However, the diffraction effect is
inevitable due to the present of phase singularities at the location where the phase of SH field
changes abruptly from 0 to 7 . To achieve diffraction-free SH manipulation, a continuous and
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full 27 phase modulation for SHG is necessary. This requirement can be accomplished by apply-
ing the nonlinear geometric Berry phase approach which works under a circularly polarized
excitation to plasmonic metasurfaces. A full phase control can be acquired by rotating the plas-
monic meta-atoms with identical geometry [89]. In order to understand the nonlinear geometric
Berry phase induced by rotating the nanostructures, we can first look at the geometric Berry
phase in the linear regime as the phase of harmonic waves is related to that of linear response.
For a circularly polarized excitation light propagating along the rotation axis of a meta-atom, the
excitation wave acquires a geometric phase in propagating through the structure. For a
nanostructure with a rotation angle of &, the electric field of fundamental light and the SH po-

(2)

. 2 .
. . 2 200 .
larization can be expressed as E’ =E? ¢ and P} = y! (E ”) e””, respectively. Here, we de-

fine o =+1 for left-handed circular polarization (LCP) and right-handed circular polarization
(RCP) of excitation light, respectively. The SH polarization induced on the structure can be de-

composed into two circular polarization states as P’ = Pffj’,+ Pffj’ﬁ. Please note that till now we

consider the electric field and SH polarization in the local coordinate L with axes rotated by &
with respect to the laboratory coordinate O . After transforming back to the laboratory coordi-
nate, the left- and right-handed components of the SH polarization are given by

PyY =P e oc P’ and Py°, =P? &7 oce®"’, respectively [89]. Therefore, the induced
SH polarization will have the relative phase terms @ and 36 depending only on the rotation

angle @ of the meta-atoms with the rotational axis along the incident propagation, as schemati-
cally shown in Fig. 1:2. Here, the former and latter phase terms present the case of LCP and RCP
of emitted SH light, respectively. The difference of SH phase responses between the two circular
polarizations indicates that for a metasurface composed of meta-atoms with the specific & ar-
rangement, the phase distribution and the resulting SH wavefronts are different for the two cir-
cular polarizations [89]. This fascinating spin-dependent SH emission has been implemented in
nonlinear meta-hologram which shows the crosstalk-free post-selective images for the two
handednesses of SH polarizations [87]. Moreover, by choosing the proper rotational symmetry
for the nanoantenna such as 3-fold rotational symmetry (¢, rotational symmetry group), it is

possible to tune the nonlinear geometric Berry phase from 0 to 27 while leaving the linear
phase and amplitude response essentially homogeneous along the interface [134]. With this
concept, nonlinear optical encryptions have been realized in which the hidden coding images
can only be read out by SHG from the nonlinear metasurfaces [135]. Furthermore, the inde-
pendent manipulation between linear and nonlinear waves is highly desirable for compensating
the phase mismatch induced by the chromatic dispersive effects [3, 4]. The development of nov-
el functionalities in nonlinear metasurfaces has been proven promising for several practical ap-
plications such as holographic multiplexing [136], optical encryption [135], nonlinear plasmonic
sensing [137] and quantum optical communications [138]. Besides the ability of SH wavefront
shaping, the selective response of SHG depending on the handedness of the incident light has
also been realized in the plasmonic metasurfaces composed of chiral nanostructures. The so-
called SH circular dichroism is originated in enantiomerically sensitive plasmonic modes at the
fundamental wavelength by properly arranging the planar chiral nanoantennas, resulting in a
different SH near-fields and thus far-field radiations under LCP and RCP incident light [139-141].
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Figure 1:2 Relative nonlinear geometric phases of the SH waves (blue arrow) depending on the rotation
angle @ of a one-fold rotational symmetric ( C,) meta-atom. The relative phases of the LCP and RCP SH
waves are € and 36 under LCP fundamental excitation (red arrow), respectively. The local coordinate

and laboratory coordinate are denoted as L and O, respectively. This schematic diagram is adapted from
the reference [134].
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1.3 Thesis objectives

This thesis has been driven by the excitement of developing new functionalities for nonlinear
metasurfaces. The aim is to implement different plasmonic effects in the design of nonlinear
metasurfaces in order to boost the SH enhancement and extend the possibility in the manipula-
tion of SH emission. In the second chapter, we introduce different tools and methods used dur-
ing this thesis. For the numerical tools, the physical background of the SIE method is first ad-
dressed followed by its applications to linear, SH and area-selective nonlinearity simulations.
The optimized recipes of nanofabrication for both aluminum and silver nanostructures are then
described. Finally, the home-built nonlinear Fourier-plane imaging setup which enables both
plane-wave and Gaussian-beam illuminations, is discussed. With this Fourier-plane imaging
setup, not only the intensity but also the SH emission pattern in the plasmonic metasurfaces can
be recorded, which is essential for the experimental investigation of wavefront shaping with the
designed nonlinear metasurfaces. Furthermore, the tunability of incident angle with the nonlin-
ear Fourier-imaging setup permits the investigation of SH emission as a function of illumination
angle. In the third chapter, we combine both simulation and experiments to explore the under-
lying physical mechanisms of SH enhancement in aluminum DRAs. Although the comparison of
SHG between the plasmonic nanostructures with and without plasmonic resonance at the SH
wavelength has been performed, the playing roles of each component in a DRA have not been
fully understood yet. By tuning the resonant components around the SH wavelength, we clearly
observe the enhancement of SH emission induced by the strong near-field coupling between the
quadrupolar and dipolar SH modes enabled in such systems. In the fourth chapter, we imple-
ment a novel wavevector-selective nonlinearity function into an ultrathin nonlinear metasurface
by using three-dimensional (3D) tilted gold nanopillars as the constituents. In general, the
wavevector-selective nonlinear response has difficulty in realizing with discrete planar
nanoantennas due to the required retardation effects on a LSPRs mode at the excitation stage.
Here, with 3D gold nanopillars standing out from the substrate, a nonlinear mirror with the
tunable wavevector-selective nonlinear response can be realized by controlling the tilted angle
of the gold nanopillars. In the fifth chapter, we demonstrate a strong SH enhancement accom-
panied with phase-matching SH emission control in reflective phase-gradient metasurfaces
composed of silver-dielectric-silver gap-plasmon meta-atoms. Especially, at the fundamental
wavelength, such a system provides a sufficient in-plane momentum to tailor the incident light
beam into a unique hybrid localized and propagating SPP wave supported on the silver
backplate beneath the nanoantennas. The enhanced optical absorption, as well as the reduction
of local symmetry for such propagating hybrid SPP mode, can lead to a 235-fold SH enhance-
ment in the recorded SH intensity when the hybrid SPP mode is excited. Furthermore, the SH
emission angle is highly restricted to a specific direction, as imposed by the quasi-phase-
matching condition. To the best of our knowledge, most of the nonlinear metasurfaces are solely
relying on LSPRs mode to reconstruct a desired SH wavefront. The main novelty of the proposed
design is the employment of the propagating hybrid SPP mode which greatly facilitates the SH
enhancement and controllable single-channel SH reflection.
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2. Simulation tools, nanofabrications
and experimental setups

In this thesis, we combine both simulations and experiments to design and investigate the SHG
in various plasmonic systems. In order to transfer the initial ideas into final results with physical
understanding, several steps including simulation tools, optimized nanofabrication and various
measurement schemes are required. During my PhD, I have developed the nonlinear Fourier-
plane imaging setup used for the angular-resolved measurement of SH emission from the sys-
tems studied in this thesis. In this chapter, a detailed description of the utilized tools for each
step is provided before presenting the results obtained with these tools in the following chapters.

2.1 Surface integral equation (SIE) method

In this thesis, we use the SIE code developed in our laboratory to design and investigate the opti-
cal properties of plasmonic nanostructures. This method requires first the discretization of
plasmonic objects’ surface with triangular meshes. The size of each mesh should be around 10
times smaller than the incident wavelength for accurate near-field calculations. Also, for the
SHG simulation, the mesh of the opposite two parallel facets in each domain should be identical
to avoid the centrosymmetric breaking induced by the mismatch of mesh distribution as shown
in Fig. 2:1. In the following, we will mainly focus on introducing the fundamental physical back-
ground by presenting the derivation of the surface integral formulation. We will provide a de-
tailed description starting from the linear SIE, SH SIE and area-selective nonlinearity SIE meth-
ods, which have been utilized to engineer the linear and SH responses of plasmonic systems in
this thesis. The schematic diagram of the process of field evaluation for each SIE method is
shown in Fig. 2:2. The main advantage of SIE method is the limited number of discretizing ele-
ments, in comparison with other methods such as finite element method (FEM) and finite dif-
ference time domain (FDTD), which requires volume mesh [142, 143]. Furthermore, the triangu-
lar surface meshes provide a better approximation of complicated geometries without increas-
ing too much the number of mesh elements required for the simulation [142, 144]. Finally, since
the SH polarization is generated by the fundamental electric field very close to the surface of the
plasmonic objects, SIE have been shown to be a suitable method for the accurate SHG simula-
tion as it offers a direct evaluation of the fundamental electric field from the surface currents on
the object’s domains [145, 146].
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Figure 2:1 Mesh of the same DRA from different views (a) and (b) for SIE simulation, respectively. Note
that the areas denoted in red have identical mesh distribution for each domain Q,,, respectively.
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Figure 2:2 Schematic diagrams of simulation methods for the linear, SH and area-selective SH SIE. The
electric surface currents, magnetic surface currents, electric field and magnetic field for fundamental/SH
frequency are denoted as J, M, E and H, respectively. The SH susceptibility and polarization are presented
as J(2w) and P(2w), respectively. And the induced SH electric and magnetic surface currents for the parti-
cle without applying y® are presented as J'(2o) and M’(20), respectively.
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2.1.1 Linear SIE and periodic SIE methods

To obtain the linear optical response of a plasmonic system with the SIE method, a homogene-
ous electric permittivity £, and a homogeneous magnetic permeability 1, should be defined in

each domain Q . For a given incident wavelength range, the dispersion of the material proper-
ties should be also taken into account.

Starting from Maxwell’s equations, we can formulate the wave equation for the electric field with
time-harmonic dependence (¢) as

VXVxEn(r)—kj E (r)=iowj,(r), (2.1)

where k, = w\/¢,1t, is the wavenumber in the medium, and E, and j, are electric field and free
current density, respectively. To solve the equation, we introduce the dyadic Green’s function

G, for homogeneous media [147],

_ _ V_V eik"‘r—r"
G.(r,r)=|1+— |——, 2.2
.7 ( k> J47r|r—r'| (22)
and consider the dyadic Green’s function to solve the equation
V xVxGa(r, -k Gu(r,r)=18(r—r). (2.3)

From Eq. (2.1) and Eq. (2.3), with simple derivation and integrating the obtained correlated
equation over Q) , we can write a volume integral as

j aWV-([V xE,(1]xGu(r, ) +E,(r) x[v x Gu(r, rr)])
, B0 oo, (2.4)

0 : otherwise.

-

Where E'™ is the electric field generated by the incident source upon Q , which can be ex-
pressed as
E)(r) =iou, [ dVj,(r)-G(r,r), (2.5)
Q/Y

Here, the incident electric field in the space is driven by the current density j, situated at the

consider position 7 . Now, the volume integral in Eq. (2.4) can be transformed to a surface inte-
gral using Gauss’ theorem to obtain
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J- dSn, - ([V xE, (r)] x Gy (r,”)+E, (r)x [V X an(r, r’)])
a0,
. E (r): reQ, (26)
()~ |
0: otherwise.
Where 7, is the outward normal vector on the boundary 6Q, . Introducing the equivalent elec-
tric and magnetic surface currents,

J,(r)=n,(r)xH,(r), (2.7)
M, (r) =-n,(r)xE,(r), (2.8)
Eq. (2.6) can be written as

iou, j dS'G,(r,r)- 3 () + j dS'[v' x G (7, r')]-Mn(r')
a0, oQ,

. E (r): reQ, (2.9)

—E()- |
0: otherwise.

Note that here we have swapped » and r' in comparison with Eq. (2.6). Now, we assume that

the current density j, is located outside the domain Q_ such that the incident electric field is

reaching the boundary of the domain 6Q2, from the outside, so » ¢ Q3 . Also, with the tangential

component of the fields at the boundary, we can take the limit and derived the so called electric
field integral equation (EFIE) as [148]

[ia),un j dS'G,(r,r)-j, () + j dS'[v'xEn(r, r')]-Mn(r')J =(E*(n) . (2.10)

/1

With an analogous approach of derivation from the wave equation for the magnetic field, the
magnetic field integral equation (MFIE) is then expressed as

{ia)gn j dS'G.(r, r')-M, () — j dS'[V'x(_;,,(r, r’)]Jﬂ(r’)j =(H*(),. (211)

/1

Please note that the subscript // denotes the tangential boundary values of the integrals. Equa-
tions (2.10) and (2.11) provide a fundamental building block for solving the equivalent surface
currents J, and M, on an object with arbitrary geometry excited by the given incident fields
E™ and M"™ . Once the surface currents are evaluated, the electric and magnetic fields at any
position can be calculated by

E, (1) =E"(r—iou, [ dS'G.(r,7)-3,()~ | dS’[V'x(_}n(r, r')]Mn(r’), (2.12)

O O
oQ, oQ,
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H,(r) = H}*(r) —ioz, [ dS'Gu(r,)-H,(")+ | ds[v'x(_;n(r, r')]- i, (), (213)
oQ, Q,

In the case of two-dimensional (2D) periodic structures, the dyadic Green'’s function must satisfy
the Floquet-periodic condition

Gui(r—t,r)=e ™ Gu(r,r), (2.14)

where k is the Bloch wavevector in the first Brillouin zone and t is the lattice vector. To solving

the equations for the 2D periodic structures, the dyadic G (r,7") is the periodic Green’s func-
tion

an.k(”'_t, r') = Ze"‘“an(r—t, r'), (2.15)
t

Here we have described the physical background and derivation of the EFIE and MFIE, which is
the basis of our SIE method. However, several numerical tools must be applied to find an ap-
proximate solution to the EFIE and MFIE. The detailed procedures for solving the EFIE and
MFIE for the single and period nanostructures can be found in Ref [149] and Ref [150, 151], re-
spectively. First, the equivalent electric and magnetic surface currents are expanded on Rao-
Wilton-Glisson basis functions [152] with the discretized triangular meshes on the surface of
each domain [153]. Next, the expanding coefficients are obtained by enforcing the boundary
conditions on the surfaces using the Galerkin’s method. A Poggio-Miller-Chang-Harrington-
Wu-Tsai (PMCHWT) method is applied to ensure the accuracy of the solutions even at resonant
conditions [151, 154].

2.1.2 SH SIE and area-selective nonlinearity SIE methods

As discussed in the previous chapter, the surface contributions of SHG are the dominant ones in
the plasmonic nanostructures composed of centrosymmetric metals. Considering a met-
al/dielectric interface, the nonlinear polarization is given by

P (r)~ 7 E (ME (). (2.16)

r" and r~ denote the point situated in the sheet positioned just above the metal and just be-
neath the interface, respectively. Therefore, the induced nonlinear polarization sheet is situated
just above the metal and the fundamental electric field is estimated just below the interface [22,

155]. Here we only consider the normal component of surface nonlinear susceptibility >
since it has been proven to be the largest component of surface nonlinear susceptibility in plas-
monic materials [58, 69, 156]. Therefore, in the Eq. (2.16), only the normal components of the
electric field E, (") and the SH polarization E (") are involved. Now, if we consider a plas-
monic system composed of metallic nanoparticles embedded in a homogeneous dielectric me-
dium, the electric field E () at the position just below the metal/dielectric interface of each
nanoparticle O can be evaluated by using the surface electric current density J, (@) and mag-

netic current density M, (@) obtained with the linear SIE method as [157]
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v, J, =—ivgn-E , M =-E xn, (2.17)

where m denotes the domains corresponding to the metallic nanoparticles and 7, is the normal

vector pointing outward on the domain boundary Q2 . Once the electric field is evaluated, the

SH nonlinear polarization at the position just above the surface of nanoparticles can be evaluat-
ed following Eq. (2.16) [22, 155].

The generated SH polarization can be interpreted as a SH source standing just above the surface
of metallic nanoparticles and drive the SH field following the boundary conditions for SHG [158]

(AE™), = (E' (") -E (7)) =——V P, (2.18)
5
(AH™M), = (HJ' (") -H}'(+)) =-20PxAh,, (2.19)

where d denote the dielectric side of a metal/dielectric interface. And &' is the so-called sel-

vedge region permittivity (68, 159]. Please note that (AH"), is vanishing for P, . The surface
integral formulation for the SH field can be derived by replacing the SH electric field Eand and
magnetic field HilHd in Eq. (2.18) and (2.19) with the integrands related to the equivalent SH sur-

face densities J d and Mm e

EY () =i20p,, [ dSGuatr.r)- 30"+ ds'[v'x(_;ifd(r,r')] M (), (2.20)

Q4 Q4

B, (1) =20, [ dSGua(r.r) MI, ()~ | dS'[v'xéiZ(r,r')J.J;f‘d(r’),(2.21)
Q

N
0, 4 Oy a

note that Egs. (2.20) and (2.21) are very similar to the Egs. (2.10) and (2.11) in the linear case.
Here, the homogeneous electric permittivity ¢, , and homogenous magnetic permeability 4, ,
should apply the values at the SH frequency 2w. The solving procedure can be simplified by
considering the equality of SH surface currents standing at both sides (7 and d ) at a given in-
terface. Here, in the case when only the component P, is relevant, the equality J*' =—J%"

stands [68, 69]. Once the SH surface currents are evaluated, the SH electric and magnetic fields
at any position can be calculated by

ES= (1) =20, [ dS'Goa(r,r)- 33~ | dS'[v'in'L(r, r’)} M (), (2.22)

89, 4 Q4

(1) = ~i2we,, | dS'Goa(r,r)- M, () + | dS’[V'x(_;Zf‘d(r,r’)} I (). (2.23)

0, 4 o, 4
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Again, Egs. (2.22) and (2.23) are very similar to the Egs. (2.12) and (2.13) in the linear case. Con-
trary to the linear case, except the frequency here is double of the fundamental frequency (2w)
and the material properties should consider the values at the SH wavelength, the incident elec-

tric and magnetic field (E™ and M) are not presented here as well. This can be understood by

considering the fact that SH emission is originated from the SH surface currents J3,', and M.,

on the metallic objects as a nonlinear optical process, and the frequency of emitted field is twice
of that of incident electric field.

In the case of a 2D periodic nanostructure array, the nonlinear polarization must satisfy the Flo-
quet-periodic condition [160]:

P.(r —t)=e X P.(+), (2.24)

where K = 2Kk is the Bloch vector associated to the SH waves and Kk is the linear Bloch vector
mentioned. The detailed procedure of SIE simulation for SHG can be found in Ref[161].

In order to investigate the SHG contributions from different metallic domains in coupled plas-
monic systems, area-selective nonlinearity SIE method has been developed. This method per-

mits to consider a non-zero nonlinear susceptibility »{* only on the surface of the chosen me-

tallic domains in a multi-domain coupled plasmonic system without removing the near-field
coupling effect at the excitation and emission stages. In other words, although the nonlinear

polarization is vanishing in the metallic domains with zero »'”, according to Eq. (2.17), it can
still be polarized by the SH field generated by the other constitutive parts of the coupled plas-
monic system with non-zero y\* , as schematically depicted in Fig. 2:2. As in the case of linear

and SH SIE methods, once the equivalent SH surface currents are evaluated, the SH electric field
and magnetic field at any position can be calculated by the Egs. (2.22) and (2.23). The detailed
information of area-selective nonlinearity SIE method can be found in Ref [162].
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2.1.3 Fourier transform method

In this thesis, discrete Fourier transform (DFT) has been performed to analyze the radiation pat-
tern from a 2D plasmonic array under plane-wave illumination. This method requires first eval-
uating the electric and magnetic field in a plane with an area defined by the unit cell of
plasmonic array and positioned in the far-field region (e.g. 10 um away from the structure plane).
The electric field in this plane evaluated with the SIE simulation can be considered as a linear
combination of the electric fields of different diffraction orders supported by the plasmonic array.
For each i th diffraction order, one can discribe the electric field distribution in this plane as e

associated with the wavevector k,. Therefore, the DFT method is achieved by expanding the

evaluated electric field E(7) on the field distributions corresponding to various diffraction or-
ders and expressing in a Fourier series as:

E(r)=) E, -“". (2.25)
i=0

The amplitude coefficient of each diffraction order E, can be analyzed via the discrete Fourier

transform of E(r). In other words, the evaluated field with a complex spatial distribution in this

plane can be decomposed into that from different diffraction orders sustained in the considered
array. Please note that the existing wavevectors are determined by the lattice constants of plas-
monic array following the grating equation. For example, if we consider a plasmonic array with
the periodicity L along the x direction, the in-plane wavevectors of diffraction channels at nor-
mal incidence (along +z direction) are given by:

k, =i, (2.26)

One can easily find the diffraction angle since the in-plane wavevector is related to the wavevec-
tor k, in the medium as:

k, =k,sing,, (2.27)
and 6 is the diffraction angle corresponding to the i th diffraction order.

The main idea of DFT method is to sort out the contribution of the different diffraction orders by
expressing the evaluated electric field into a Fourier series composed of spatial functions deter-
mined by the periodicity. Figure 2:3 gives an example of transforming an electric field distribu-
tion in the real space to the corresponding Fourier-space distribution with the DFT method.
Here, we present the emission pattern of SHG from a plasmonic gold nanorod (with nanorod
length 90 nm) array (with periodicity L = L, = 246.6 nm) under 720-nm illumination at normal
incidence. In this case, the whole system is embedded in a homogeneous medium with refrac-
tive index n=1.5.
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Figure 2:3 Applying the discrete Fourier transformation to transform an evaluated electric field distribu-
tion in (a) real space to the (b) corresponding Fourier space.

2.2 Nanofabrication of plasmonic structures

In our laboratory, nanofabrications with several plasmonic materials have been optimized to
realize nanostructures with well-defined geometries. This is essential especially for the SH emis-
sion, which has a high sensitivity to the surface morphology of plasmonic nanostructures [163,
164]. For the fabrication of aluminum nanostructures, it has been observed that the residual
gases, especially H,O and O, have a strong dissociative absorption leading to the formation of
the oxide-hydroxide phase of aluminum and thus modifying the surface morphology of alumi-
num nanostructures [56, 165]. Therefore, H,O present in the glass substrate, spin-coated
photoresist, and the evaporation environment should be eliminated. Thus, the optimized recipe
of aluminum nanostructures is developed and processed in the following: First, the water from
glass substrate is removed by baking 24 hours at 120°C. Following, two PMMA layers with differ-
ent weights are spin coated on the glass substrate in order to generate undercut and facilitate the
lift-off. To minimize the water inside the coated photoresists, the sample is baked 10 hours at
80°C with periodic introduction of nitrogen. The conductive layer to prevent the charging effect
during e-beam writing is the thermal evaporated 20-nm Cr layer on top of PMMA (Leybold-
Optics LAB600 H). Afterward, we process e-beam writing directly with a 100 keV electron gun
(Vistec EBPG5000), and the optimized dose is 800 uC/cm? After exposure, the Cr wet etching
and the PMMA develop are done frequently. To minimize the water during the above processes,
the sample is again baked for 10 hours at 80°C with periodic introduction of nitrogen. Next, the
sample is immediately placed in the thermal evaporator (Leybold-Optics LAB600 H) and initially
coated with 1-nm silver oxide as the adhesion layer. After initial evaporation, the chamber is
pumped out for 9 hours before conducting the aluminum evaporation, to ensure that the water
inside the chamber is nearly completely removed. Thereafter, 40 nm of aluminum is evaporated
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at 0.1 A/s. Finally, the sample is carefully lift-off with acetone solution, followed by the IPA
cleaning and nitrogen drying. The whole fabrication process of aluminum nanostructures is
schematically exhibited in Fig. 2:4. Figure 2:5 shows the SEM images of fabricated aluminum
nanoantennas revealing high-quality nanostructures.

T=80°C

T=120°C W
— —)

Fused silica (substrate)

m PMMA 495k
resist spin coating resist heating m PMMA 950k
& baking Cr

evaporaton M Cr
m AgO,
Al
— —
Cr etching e-beam exposure
development T=80°C P <1.5%108 mbar
N, flow
develop resist metal evaporation lift-off in acetone
heating

Figure 2:4 Process flow for the fabrication of the aluminum nanostructures.

Figure 2:5 SEM images of the fabricated aluminum nanoantennas.
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For the fabrication of the reflective silver-dielectric-silver metasurfaces, a float glass substrate
was first prepared by depositing a 1 nm silver oxide adhesion layer and 200 nm-thick silver
backplane followed by a 30 nm-thick SiO, spacer within a single thermal evaporation run at a
rate of 4 A/s to ensure a uniform thin film surface (Leybold-Optics LAB600 H). Silver nanostruc-
tures were then fabricated on top of the SiO, spacer using the electron beam lithography method
mentioned previously. In brief, a double-layer PMMA photoresist with a 20-nm Cr conducting
layer was exposed via electron beam lithography (Vistec EBPG5000 system) using a 100 keV and
200 pA electron beam. The nanostructures were obtained through the development of the
exposed resist, thermal evaporation of a 1 nm silver oxide adhesion layer and 39 nm of Ag fol-
lowed by a lift-off process. The whole fabrication process of the reflective silver-dielectric-silver
metasurfaces is schematically presented in Fig. 2:6. Figure 2:7 shows the SEM images of fabricat-
ed reflective silver metasurfaces revealing high-quality nanostructures. Two different types of
reflective metasurfaces have been fabricated during this thesis. They are made of different kinds
of constituted meta-atoms, either silver nanorods or dolmen nanostructures.

—) —)
AgO, &Ag resist spin coating
evaporation & baking
Cr evaporation
Glass (substrate)
m AgO,
. B
S— S m SiO,
m PMMA 495k
Cr etching e-beam m PMMA 950k
& development exposure
AgO, & Ag m Cr
evaporation

LR,

lift-off in acetone

Figure 2:6 Process flow for the fabrication of the reflective metasurfaces with silver nanostructures and
silver mirror spaced by a SiO. spacer.
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Figure 2:7 SEM images of the fabricated reflective phase-gradient metasurfaces with silver nanostructures
and silver mirror spaced by a 30-nm SiO, spacer. The yellow dashed box depicts the supercell of the
metasurface constituted by geometric varied (a) nanorods and (b) Dolmen meta-atoms, respectively.

2.3 Multiphoton confocal scanning microscope

In this thesis, we used various measurement configurations to record the images/radiation pat-
terns of SHG from the studied plasmonic systems. For the SHG images measurements, we use a
multi-photon scanning microscopy (LEICA SP5 MULTI-PHOTON) combined with a 20x/1.00
water-immersion objective (HCX PL APO), and a Ti:Sapphire femtosecond laser (Chameleon
ultra laser with a 80 MHz repetition rate) operating at 800 nm with a 140 fs pulse duration com-
bined with an electro-optical modulator (EOM) to adjust the input power. The backward scat-
tered SHG from the structures is collected by the same objective followed by a beam splitter, a
band-pass filter (400/15 BrightLine® fluorescence filter) and a non-descanned (external) detector
photomultiplier tube (NDD PMT) to increase the amount of SH emission collected. The XY res-
onance scanner (400 Hz scanning speed) of the microscopy enables a 387.5 um x 387.5 um field
range with 758.32 nm pixel resolution. Figure 2:8 shows the setup configuration of the multi-
photon scanning microscope used for recording SHG images.
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Figure 2:8 The experimental setup for the nonlinear optical measurements corresponds to a multi-photon
scanning microscope with galvanometer resonant mirrors (400 Hz scanning speed), scan lens and 20x/NA
1.00 water-immersion objective, which enable a 387.5 uym x 387.5 um scanning field with a 758.32 nm
pixel resolution for a Ti:Sapphire 140-fs laser working at 800 nm. The backward SH scattering is collected
with the same objective, a dichroic beam splitter (reflecting the wavelength below 700 nm), a collection
lens, a bandpass filter (400/15 nm) and a photomultiplier tube (NDD PMT).

2.4 Angular-resolved setup with Fourier-plane imaging method

2.4.1 Plane-wave illumination

I have implemented an angular-resolved nonlinear setup based on Fourier imaging method
incorporated with a tunable plane-wave illumination scheme. The plane-wave illumination is
realized by focusing a Ti-Sapphire pumped laser beam (Coherent Mira 900, 80 MHz, 180 fs, 800
nm, average power 10 mW) on the back focal plane (BFP) of a 60x oil-immersion objective (NA
1.45) with a focusing lens Lo (focus length f = 28 cm), leading to a spot size of ~20 pm on the sam-
ple. Please note that the advantage of this configuration is that the incident angle can be con-
trolled by moving the laser spot in the BFP of objective with two mirrors mounted on translation
stages. The nonlinear radiation patterns of our reflective sample are acquired by recording the
BFP images collected with the same objective. For the measurement of SH radiation, in order to
eliminate the near-infrared excitation and record the BFP images on a back-illuminated camera
(iDus 420), a longpass dichroic mirror (DMLP550R), a tube lens L; (focus length f = 18 cm), an
imaging lens L, (focus length f = 5 cm) and a set of 3 narrow bandpass filters (BP, 400/20 nm)
transmits only the SH at 400 nm are placed in front of the spectrograph (Andor SR303i-B), as
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shown in Fig. 2:9(a). The blazed grating (300 1/mm) inside the spectrograph is also used to fur-
ther remove the possible background and excitation light by dispersing different wavelengths
into the horizontal direction of the camera pixels (1024 pixels). In this case, we can select the
signal corresponding to the SH wavelength along the horizontal pixels, and the intensity distri-
bution along the vertical direction of camera pixels (255 pixels) provides the angular distribution
of SH emission. Figure 2:9(b) presents the recorded SH intensity as a function of both illumina-
tion angle and SH emission angle for a symmetric three-dimensional (3D) gold nanopillars
sample. Besides, in order to bring the sample into focus and align its position with the laser illu-
mination, a dark-field illumination system (with a halogen lamp) was implemented, which ena-
bles the imaging of sample and laser-illuminated spot simultaneously by a charge-coupled cam-
era installed at the imaging plane of tube lens L.
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Figure 2:9(a) Schematic diagram of the Fourier-plane imaging setup for SH emission with plane-wave
illuminations. (b) Measured SH emission as a function of the angle of illumination from a symmetric gold
nanopillars sample with the base diameter 100 nm and height 130 nm. The SEM image of the sample is
shown in the top panel. The scale bar corresponds to 500 nm.

2.4.2 Gaussian-beam illumination

Although the tunable plane-wave illumination scheme is favorable for the investigation of the
SH radiation as a function of incident angle, scanning the incident angle to achieve a most effi-
cient SHG could be sometimes time-consuming especially when very precise incident angles are
required (e.g. a plasmonic thin film supporting SPPs). In contrast, for a given excitation wave-
length, a Gaussian-beam illumination scheme simultaneously provides a broad range of inci-
dent wavevectors depending on the NA of microscope objective. This can be done by introduc-
ing a laser beam expander consisted of a lens Ly, (focus length f=5 cm), a 100-pum pinhole and a
lens Lo, (focus length f = 10 cm) to fulfill the whole back aperture of the microscope objective
with an expanded laser beam as shown in Fig. 2:9. In this case, the size of laser-illuminated spot
on the sample is reduced to only a few micrometers. With this approach, the wavevector-
selective plasmonic mode can still be resonantly excited by a Gaussian focused beam providing
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a broad range of incident wavevectors. Therefore, the excitation of the plasmonic mode in the
linear regime results in an efficient SH emission, which is favorable for recording the SH signal
without repeatedly tuning and optimizing the illumination angle [166]. Please note that in this
case, the grating inside the spectrograph is replaced by a mirror to provide the angular-resolved
information of SH emission along both horizontal rows and vertical columns of camera pixels.
Figure 2:10(b) presents the recorded SH radiation pattern of a 200-nm silver film under y-
polarized Gaussian-beam illumination. The photograph exhibits different parts of the Fourier-

plane imaging setup is presented in Fig. 2:11.
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Figure 2:10 (a) Schematic diagram of the Fourier-plane imaging setup for SH emission with a Gaussian-
beam illumination. (b) Measured SH emission from a silver mirror with y-polarized Gaussian-beam illu-

mination.
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Figure 2:11 Photographs showing different parts of the nonlinear Fourier-plane imaging setup.

For a Gaussian-beam illumination, the intensity profile of the expanded laser beam in the BFP of
objective is associated with the intensity contribution for various incident wavevectors in the
focused laser beam. To obtain the intensity profile of the illumination, the reflection of a 200-nm
silver film in the Fourier plane was measured as shown in Fig. 2:12(a). Note that the SH band-
pass filters set is removed during the measurement. The recorded intensity profile is then fitted
with a Gaussian distribution and the obtained fitting profile in the Fourier plane is presented in
Fig. 2:12(b). Now, the Gaussian fitting of recorded intensity distribution in the Fourier plane is
associated with the intensity distribution of various incident wavevectors provided by the 800-
nm Gaussian-beam illumination. Therefore, due to the quadratic power dependence of SHG,
the intensity squared profile of the Gaussian fitting should be considered in the normalization of
the recorded SH radiation pattern as shown in Fig. 2:10(b). Figure 2:12(c) exhibits the intensity
squared profile of Gaussian fitting in the Fourier plane.
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Figure 2:12 Intensity profile fitting of the Fourier-plane image corresponding to the reflection of a 200-nm
silver mirror with 800-nm Gaussian-beam illumination. (a) The recorded intensity distribution, (b) the
Gaussian fitting of recorded intensity distribution and (c) the intensity squared profile of the Gaussian
fitting for the reflection of a 200-nm silver mirror.

The measurement of the linear spectrum is performed with another Fourier-imaging microscop-
ic setup developed in our laboratory [167]. The tuning of the incident angle is achieved by scan-
ning the laser spot in the BFP of microscopic objective as in the nonlinear Fourier-imaging setup.
However, instead of Ti-Sapphire oscillator, the linear optical setup utilizes a supercontinuum
light source (Fianium FemtoPower 1060) combined with an 8-channel acousto-optical tunable
filter (AOTF) in order to control the incident wavelength from visible to near-infrared region.
Therefore, the linear spectrum as a function of incident angle can be measured and analyzed.
Also, the dichroic mirror is replaced by a 50/50 beam splitter and also the set of bandpass filters
in front of spectrograph is removed.

2.5 Summary

In this chapter, all the tools utilized to lead to the results in this thesis are described in detail. The
simulations of both linear and SH responses in a plasmonic system are performed by the linear
and SH SIE methods developed in our laboratory, respectively. This method is based on the sur-
face integral equation of Maxwell’s equations to solve the equivalent surface currents of plas-
monic objects in the presence of excitation source. In the case of linear SIE method, the incident
electric field generated by the current density located at the considered position is the excitation
source of surface currents. By considering the excitation source as well as a homogeneous elec-
tric permittivity and magnetic permeability in each domain of a plasmonic object, we can evalu-
ate the surface currents by solving the SIE equations with the introduced Green's function. Once
the surface currents are evaluated, the SH polarization standing at the surface of metallic do-
mains can be calculated by considering the normal component of surface nonlinear susceptibil-

ity 71>, . Please note that in this case, the SH polarization acts as an excitation source to locally

driven SH surface currents on a plasmonic object. Indeed, the non-vanishing SH polarization at
the metal/dielectric interface can induce the SH surface currents following the boundary condi-
tions for SHG. After acquiring the linear/SH surface currents by solving the corresponding sur-
face integral equations, electric and magnetic fields at any location can be computed. Further-
more, the area-selective nonlinearity method enables the possibility of applying the nonlinear
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susceptibility in the chosen metallic domains, resulting in a non-zero nonlinear polarization in
these domains. Noted that this method considers the near-field coupling between constitutive
elements of a coupled plasmonic system for both the linear and SH responses. Therefore, the SH
surface currents can still be polarized on the domains with zero nonlinear susceptibility, permit-
ting the study of SH mode coupling in a coupled plasmonic nanoantenna. The discrete Fourier
transform has been shown as a useful method to analyze the radiation pattern of 2D plasmonic
arrays from the evaluated electric field distribution in the far-field. For the fabrication of plas-
monic nanostructures, the optimized recipes for the fabrication of aluminum and silver
nanostructures with well-defined morphologies are introduced, which is essentially, especially
for SHG. Finally, the SH images and the corresponding radiation patterns from plasmonic
nanostructures can be recorded with a multiphoton scanning microscope and a homebuilt non-
linear Fourier-imaging setup, respectively. I have implemented the nonlinear Fourier-plane
imaging setup which can be worked with both plane-wave and focused-beam illuminations dur-
ing my PhD. The plane-wave illumination is realized by focusing the excitation laser beam on
the back focal plane of the microscopic objective, and the illumination angle can be tuned by
moving the focused laser spot in the back focal plane. By incorporating with the nonlinear Fou-
rier-plane imaging method to record SH reflection with the same objective for illumination, this
scheme allows one to study the SH emission as a function of illumination angle. In contrast,
Gaussian-beam illumination is acquired by expanding the laser beam to fulfill the whole aper-
ture of microscopic objective, providing a broad range of incident wavevectors simultaneously
depending on the NA of microscope objective. The Gaussian-beam illumination scheme is use-
ful for characterizing the SH radiation pattern from the wavevector-selective plasmonic systems.
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3. Mechanism of SH enhancement in
double-resonant antennas

Multiresonant plasmonic nanoantennas have recently gained a lot of attention due to their abil-
ity to enhance nonlinear optical processes at the nanoscale [168-175]. For SHG in multiresonant
plasmonic nanoantennas, the nonlinear polarization is mainly induced on the surface of plas-
monic components possessing a strong dipolar resonance with enhanced near-field at the fun-
damental wavelength. However, due to the symmetry, the SH modes induced over the plas-
monic components usually is corresponding to a high-order SH mode, resulting in an inefficient
SH emission [70]. By implementing an additional plasmonic dipolar mode at the SH wavelength
such that it can be efficiently excited by the SH near-field generated by the fundamental dipolar
mode, the enhancement of SH emission has been clearly demonstrated in multiresonant plas-
monic nanoantennas with geometries including, for example, a V-shaped nanoantenna and a
single nanorod [64], a nanorod and small nanodiscs [175], Fano-resonant plasmonic heptamers
[171] and multiresonant log-period optical antennas [63]. The first nanostructure designed for
this purpose was the aluminum DRAs [169]. It was demonstrated that SHG resulting from its
resonances at both the fundamental and SH wavelengths is higher than the one from a simple
dipolar nanoantenna (DA) supporting a resonance at the fundamental wavelength only [169].
However, the underlying mechanisms leading to a strong nonlinear signal in multiresonant
plasmonic nanostructures are still unknown. In this chapter, we combine both simulations and
experiments in order to investigate in details the role of the mode coupling in the enhancement
of SHG. By varying the length of the aluminum DRAEs, it is clearly demonstrated that the maxi-
mum enhancement of SHG is reached when the coupling between the quadrupolar and the di-
polar modes is the strongest. Indeed, using the developed area-selective nonlinearity SIE meth-
od, it is shown that the SH quadrupolar mode, which is directly excited by the fundamental
pump [51, 176], can resonantly transfer its energy to the SH dipolar mode supported by another
part of the DRA. This resonant energy transfer results from the symmetry breaking in the DRA
and the near-field coupling at the SH wavelength. In comparison, the SH quadrupole-
quadrupole mode coupling is found to generate a small SH signal despite a higher fundamental
near-field enhancement. The study of the SHG mechanisms of double resonant plasmonic sys-
tems is important for the design of efficient SH meta-devices such as coherent extreme-
ultraviolet (EUV) source, ultra-sensitive index and chiral plasmonic sensors [141, 177-184]. Parts
of this chapter have been published in Ref. [185]. In this study, I have done the nanofabrication,
nonlinear measurements, as well as the linear and SH SIE simulations of the aluminum DRAs.
The multipolar analysis of the SH emission were made by G.D. Bernasconi from the NAM-EPFL.
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3.1 Introduction

So far, most of the previous research works focus on the SHG with a single engineered plasmonic
resonance at either the fundamental or SH wavelength. In both cases, it was clearly shown that
the SHG can be enhanced by an order of magnitude in comparison with off-resonance excitation
and emission [51, 52, 61]. In general, the SH radiation pattern from the plasmonic nanoparticles
is similar to that of a quadrupole or a dipole [51]. To further improve the SHG, the plasmonic
nanostructures supporting resonances at both the fundamental and SH wavelengths have been
recently designed in various novel nanostructures such as DRA supporting plasmonic bright
modes at both wavelengths [83, 169] and plasmonic Fano structures with a plasmonic dark
mode at fundamental wavelength and a bright mode at SH wavelength [171, 186]. Interestingly,
for the DRA, even though the fundamental near-field intensity is lower than that of the DA reso-
nating only at the fundamental wavelength, the SH scattering intensity is still enhanced by sev-
eral times [83]. Yet, the physical mechanisms leading to the enhancement of SHG in these
nanostructures are still unknown but are an essential basis for the design of efficient SHG plas-
monic devices.

In this chapter, we use a SIE method [149, 187] and nonlinear optical experiments to study the
SHG mechanism in DRAs by detuning the resonance close to the SH wavelength while the fun-
damental resonance is fixed. The enhancement of SHG in the double-resonance plasmonic
nanostructures can be simply understood by the near-field coupling between SH non-radiative
mode, directly driven by fundamental excitation, and SH radiative mode, as schematically illus-
trated in Fig. 3:1(a). In the case of DRA supporting both fundamental and SH resonances, a fun-
damental dipolar mode is excited on the long bar of DRA under illumination, which generates a
SH quadrupolar mode with an inefficient radiation of the SH signal to the far-field (indicated by
the blue dashed arrow). However, when a short bar supporting a dipolar mode at the SH wave-
length is placed in proximity, the non-radiative SH quadrupolar mode can transfer its energy to
the SH dipolar mode in the near-field, opening a new radiative channel (indicated by the blue
arrow). This energy transfer between different parts of DRAs is confirmed with an area-selected
SH nonlinearity method. As the resonance close to the SH wavelength is gradually tuned by
changing geometry parameters, the variation of the SH signal is analyzed revealing the relation-
ship between the near-field and far-field responses (schematic diagram in Fig. 3:1(b)). The DRAs
samples are fabricated with aluminum following a recipe permitting to reduce the defects
caused by oxidation as discussed in section 2.2. These theoretical predictions are confirmed by
experimental results which are in excellent agreement with the numerical results.
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Figure 3:1 (a) Mechanisms of the SHG enhancement in DRA with both fundamental (long bar) and SH
(short bar) resonances. The fundamental excitation, the direct SH quadrupolar emission (long bar) and
SH dipolar mode (short bar) are depicted as a red arrow, a blue dashed arrow and a blue arrow, respec-
tively. Note that the near-field coupling occurs when the short bar supports a dipolar mode at the SH
wavelength. (b) Calculated 3-dimensional SH near-field distributions for three different aluminum DRAs
with short bar length L; = 47 nm, 123.5 nm and 157.5 nm (from top to bottom) corresponding to different
coupling regimes. The DRAs are driven by a planewave (A = 800 nm) propagating along the z-axis and
polarized along x-axis (along the antenna arms). The thickness and width of the DRAs are 40 and 60 nm,
respectively. The lengths of middle bar and long bar of DRAs are optimized and fixed at 60 and 160 nm,
respectively. The refractive index of the surrounding medium is n = 1.45.

3.2 Simulation

3.2.1 Excited plasmonic mode at linear and SH wavelength

The DRAs studied in this work consist of three aluminum nanorods aligned along the x-axis sep-
arated with 20 nm gaps. The small gap dimension facilitates a strong near-field coupling in both
the linear and SHG regimes. Other geometric parameters, namely the width and thickness of the
DRAs, are set to 60 nm and 40 nm, respectively (Figure 3:1(b)). The simulations were performed
considering isolated structures in a homogenous background with a refractive index n = 1.45,
corresponding to the averaged value between the refractive index of water and of the glass sub-
strate. In order to design the DRAs with plasmonic resonances at both fundamental excitation
(800 nm) and the corresponding SH wavelength (400 nm), the length L,of long rod a is first op-
timized using the linear SIE simulation. Figure 3:2(a) shows the scattered intensity as a function
of the length L, for an incoming planewave with a wavelength A = 800 nm. The incident
planewave comes at normal incidence and is polarized along the antenna arms. Please, note
that the lengths of the two short rods are fixed to 60 nm and that the two short bars are off-
resonant parts of the system for the moment. A maximum of the scattered intensity is observed
when the length L, is about 160 nm corresponding to a strong resonant excitation at the funda-
mental wavelength (800 nm). In a second step, the length L, is fixed at 160 nm in order to gener-
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ate the maximum fundamental near-field intensity close to the long bar a and only the length L,
of short bar c is changed for tuning the second resonance close to the SH wavelength (400 nm).
Figure 3:2(b) presents the scattering intensity for different lengths L; ranging from 20 nm to 200
nm. The blue and red curves represent the variation of the scattering intensity with the length L,
for a planewave excitation with a wavelength A = 800 nm and 400 nm, respectively. The red curve
clearly indicates that a maximum enhancement at 400 nm can be yielded for length L; close to
70 nm. On the other hand, the blue curve shows that a small decrease of the scattering at 800 nm
is observed in this case. However, this decreasing is small (~30%) and the DRA is still considered
to be resonant at 800 nm.

In order to determine which part of the DRAs is active under 400 nm and 800 nm planewave
excitation, the near-field intensity distributions are computed in the Oxz plane and are plotted
in Figs. 3:2(c) and 3:2(d), respectively, for 6 interesting length L; = 21.5 nm, 30 nm, 47 nm, 98 nm,
123.5 nm and 157.5 nm. For an illumination with a wavelength A = 400 nm, a weakly excited
quadrupolar plasmonic mode supported by the long bar a is observed in all the cases and a di-
polar plasmonic mode with a strongly enhanced electric field is observed on the short bar ¢
when L; = 47 nm. Please note that the small deviation between the cases of maximal scattering
and maximal near-field enhancement could be understood as the result of damping from the
radiative decay of LSPR modes [188]. In contrast, considering a 800 nm planewave excitation, a
strong dipolar plasmonic mode is excited inducing a large electric field on the long bar a. Fur-
thermore, the off-resonance behavior of the short bar c at this wavelength is confirmed for the
asymmetric cases (short L;).
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Figure 3:2 Linear scattering and near-field intensity distributions for different DRAs geometries. (a) Linear
scattering as a function of the length L; of the long rod c for an incident wavelength of 800 nm. The lengths
of the middle bar b and of the short bar a are fixed to 60 nm. (b) Linear scattering as a function of the
length L; of the short bar a for an incident wavelength of 400 nm (red curve) and 800 nm (blue curve).
Linear near-field intensity (in logarithmic scale) distributions close to the DRAs for 6 lengths L; consider-
ing an incoming planewave with a wavelength of (c) 400 nm and of (d) 800 nm. From the top to the bottom:
L; =21.5 nm, 30 nm, 47 nm, 98 nm, 123.5 nm and 157.5 nm.

3.2.2 SH enhancement versus plasmonic resonance

Figure 3:3(a) presents the SH intensity as a function of the length L, with a non-zero SH suscep-

tibility x® at the surface of the total structure (gray dashed curve), long bar a (red curve), middle
bar b (blue curve) and short bar ¢ (green curve). The main purpose of the study is to reveal the
mechanisms leading to a strong enhancement of SHG in coupled plasmonic structures support-
ing resonances at both the fundamental and SH wavelengths. The SH sources are generated at
the edges and surface of plasmonic nanoantennas where the inversion symmetry is locally bro-
ken. Although the SH sources originate from the surface of plasmonic nanostructures, which is
physically different from a far-field excitation at 400 nm, it is appealing that the enhancement of
SHG in DRAs can be analyzed with far-field excitation. For instance, the SH intensity as a func-
tion of the short bar length reveals a maximum intensity when L; = 47 nm, which is matching
well with the linear scattering peak under 400 nm plane-wave illumination (compare the gray
dashed curve in Fig. 3:3(a) with the red curve in Fig. 3:2(b)). As the length L, increases, the DRA
becomes off-resonance at 400 nm and the SH intensity decreases dramatically. SHG increases
again when L, is above 130 nm since that increases the linear scattering intensity at 800 nm as
shown in Fig. 3:2(b). Close to the symmetric case, the SH far-field scattering is partially sup-
pressed due to the symmetric SH sources distribution inherent to centrosymmetric nanostruc-
tures [51, 176]. Although the linear scattering of the symmetric antenna is around 1.5 times high-
er than that with L; = 47 nm for an incident wavelength of 800 nm (see Fig. 3:2(b)).
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Figure 3:3 SH generation. (a) SH intensity from the total structure (gray dashed curve), long bar a (red
curve), middle bar b (blue curve) and short bar ¢ (green curve) as functions of L;. (b) The real part of the x-
component of the SH electric fields evaluated at four interesting positions as a function of the length L;.
The four considered positions are indicated in the inset with two points located at the center of the
nanogaps (red and green dots) and two points situated 10 nm away from both sides of the DRAs (blue and
yellow dots). The colored curves indicate the SH field at each position as a function of the length L;.
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Figure 3:4 schematically illustrates the SHG mechanism in the symmetric DRA case with both
bars supporting dipolar modes at fundamental excitation. In Comparison with the DRA with one
bar supporting a SH dipolar mode as shown in Fig, 3:1(b), there are mainly two differences: First
of all, in the symmetric case, both bars support a dipolar resonance at the fundamental wave-
length, which increases the total fundamental near-field enhancement. Second, there is no SH
radiative channel (SH dipolar mode) coupled to the weakly radiative SH quadrupolar mode.
Considering these factors, one can realize the reasons of higher SH intensity for DRA with L; =47
nm than the symmetric case (shown in Fig. 3:3(a)), despite having a lower fundamental field
enhancement for the prior (shown in Fig. 3:2(b)). At this stage, it is also interesting to study the
SHG for aluminum nanoantenna composed of three rods resonantly coupled and each rod is
resonant at the SH wavelength. In this case, the two bars on both sides of nanoantenna with a
length of 47 nm can support plasmonic dipolar modes at the SH wavelength, and the gap size,
the length of middle bar, width and height of the nanoantenna are remained the same as that of
the DRAs, as shown in Fig. 3:5(b). First of all, we have observed that the ratio between the total
SH intensity scattering by such nanoantenna and that scattered by the DRA with L; = 47 nm is
0.057. The weak SHG for the nanoantenna can be understand by the fact that a strong near-field
enhancement at the fundamental wavelength is essential for an efficient SHG. Indeed, the
strength of SH polarization grows quadratically with the amplitude of electric field in the linear
regime due to the quadratic power dependency for SHG. Second, the near-field distribution of
SH field reveals that the two bars with identical size can support the SH dipolar modes, and the
two SH dipolar modes have opposite phases due to the symmetry. Therefore, the total structure
can support a SH quadrupolar mode and exhibit a SH multipolar radiation as shown in Fig.
3:5(a).

To understand the influence of the length L; on the SH modes supported by the bars a and c, the
real part of the x-component of the SH electric field E; sy at 4 interesting points, two at the center
of the nanogaps and two at 10 nm away from both sides of the DRA, was evaluated as a function
of short bar length L, as shown in Fig. 3:3(b). The top figure presents the variation of E; su close to
the short bar ¢. The amplitude of the SH electric fields at these points reach a maximum of am-
plitude around L; = 47 nm. The phase indicates that a SH dipolar mode is supported by the short
bar ¢ which induces a maximum of the SH scattering as shown in Fig. 3:3(a). The maximal exci-
tation of the SH quadrupolar mode on the long bar a is also observed when L; = 47 nm (see the
bottom panel in Fig. 3:3(b)). Two important observations can be made comparing the top and
bottom panels of Fig. 3:3(b). First, as L, increases, the SH mode supported by the short bar ¢
gradually vary from a dipolar nature (L, = 47 nm) to a quadrupolar nature which reaches its max-
imum in the symmetric case (L; = 160 nm) with no excitation for intermediate lengths (L, = 98
nm). Second, the intensity variations of SH modes on the short bar c (top panel) and the long bar
a (bottom panel) indicate a coupling effect. At this point, one can suspect that the SH dipolar
mode on the short bar cis excited by near-field coupling with the SH quadrupolar mode on long
bar a through the passive middle bar b. Indeed, close to L, = 47 nm, the SH dipolar mode of bar ¢
and the quadrupolar mode of bar a are maximal, indicating a strong dipole-quadrupole mode
coupling. These two modes become weaker in the off resonance regime and increase again close
to the symmetric case (when L; = L,).
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Figure 3:4 Schematic diagram of the SHG mechanism in the symmetric DRA with both bars supporting a
dipolar mode under the fundamental illumination. Both of the dipolar fundamental modes generate a
quadrupolar mode at the SH wavelength. The fundamental excitation and SH radiation are depicted as a
red arrow and a blue dashed arrow, respectively.
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Figure 3:5 (a) Emission pattern and (b) SH near-field distribution of nanoantenna supports two plasmonic
dipolar modes at the SH wavelength. The SH intensity in the near-field plot has been multiplied by 5 for
viewing.
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3.2.3 Roles of the different elements in double-resonant antenna

In order to confirm the importance of the mode coupling in SHG, the area-selective nonlinearity
SIE method is applied to evaluate the contribution of each constituting part of DRAs. As men-
tioned in the previous section, the red, blue and green curves in Fig. 3:3(a) show the SH far-field
scattering intensity as a function of the length L; considering only the nonlinear signal from the
bar a, b and c, respectively. Note that each curve can be considered as the contribution of the SH
sources standing on the surface of a given bar of the DRA. The comparison between the total SH
intensity (gray dashed curve) with the SH signal from the long bar a (red curve) and the coinci-
dence of the SH intensity peaks around L; = 47 nm reveals the mechanism of SHG enhancement
in DRA: the near-field SH intensity from the active bar a excites the dipolar mode of the short bar
c increasing the scattering of the SH intensity in the far-field. In addition, the long bar a is found
to be the main contribution of the SHG from the DRAs due to its strong resonance at 800 nm.
The contribution of the other constituting elements of the DRA was also evaluated. For the short
bar c (green curve), the SH intensity is gradually increased with the bar length L; and reach a
maximum value in the symmetric case, which is due to the resonance standing on bar c at the
fundamental wavelength. For the middle bar b (blue curve), a weak SH intensity is always ob-
served due to the off-resonance behavior at both fundamental and SH regimes. The middle bar b
serve as a plasmonic bridge transferring the energy between bar a and c through the plasmonic
near-field coupling at the SH wavelength.

To further confirm the importance of the mode coupling in the enhancement of the SHG from
DRA, the SH near-field intensity has been evaluated using the SIE method with partial nonlinear
source. The SH near-field distributions for 6 interesting lengths (L; = 21.5 nm, 30 nm, 47 nm, 98
nm, 123.5 nm and 157.5 nm) considering a non-zero surface susceptibility y® only for the long
bar a and for the total antenna are presented in Figs. 3:6(a) and 3:6(b), respectively. From Fig.
3:4(a), one can deduce that the SH quadrupolar mode of long bar a transfers more energy to the
short bar c when the small bar supports a dipolar mode than a quadrupolar mode (large L;). The
strongest dipolar mode is observed when L; = 47 nm generating a very strong SH signal (see the
red curve in Fig. 3:3(a)). Interestingly, the SH near-field intensity close to the long bar a is also
enhanced when the energy transfer occurs due to constructive interferences.
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Figure 3:6 Near-field distributions of the SH intensity. 6 interesting lengths L, cases (L; = 21.5 nm, 30 nm,
47 nm, 98 nm, 123.5 nm and 157.5 nm) are considered. (a) Partial SHG from the bar a and (b) total SHG
from the whole structure.

Figures 3:7 shows the SH near-field intensity and the real part of the electric field Ex su for 6 for 6
interesting lengths L; (L; = 21.5 nm, 30 nm, 47 nm, 98 nm, 123.5 nm and 157.5 nm) considering
only a non-zero SH susceptibility y® at the surface of the short bar c (Figs. 3:7(a) and 3:7(d)), the
middle bar b (Figs. 3:7(b) and 3:7(e)) and the long bar a (Figs. 3:7(c) and 3:7(f)). Figures 3:7(b)
and 3:7(e) confirm the relatively weak SHG from the middle bar b and insufficient coupling
strength to the other parts of the DRA due to its off-resonance properties at both fundamental
and SH wavelengths. In contrast, the quadrupolar mode on the long bar a induces a strong near-
field intensity for all the length L, and a strong coupling to the other parts of the DRA is observed
(Figs. 3:7(c) and 3:7(f)). Thus, inducing a strong dipolar mode supported by the short bar ¢ (L; =
47 nm) yields to the maximum SHG. When L, is such that the structure becomes symmetric, one
can observe that the field E, su of the quadrupolar mode supported by the bar c is symmetric
with the field supported by the long bar a. The symmetry plane is defined by x= 130 nm.
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Figure 3:7 SH near-field intensity distributions for 6 interesting lengths L; (L; = 21.5 nm, 30 nm, 47 nm, 98
nm, 123.5 nm, and 157.5 nm) with a non-zero SH susceptibility ¥ at the surface of (a) the long bar c, (b)
the middle bar b and (c) the short bar a, respectively. The corresponding near-field distributions of the
real part of the x-component SH electric fields are presented in the bottom panel with non-zero suscepti-

bility ¥® on the surface of the (d) short bar ¢, (e) the middle bar b and (f) the long bar a, respectively.

The different coupling regimes induce various SH near-field distributions resulting in various SH
radiation patterns (Fig. 3:8). First, the symmetry is broken along z direction i. e. the emission
patterns in the forward and backward directions are different. This fact is due to the retardation
effects in SHG although the structure is 40 nm thick. The SH intensity is higher in the backward
direction (bottom part of the polar plots) than in the forward direction (top part of the polar
plots). Second, the SH emission pattern is different in the +x and -x directions due to the differ-
ent scattering intensity from the SH mode supported by the bar ¢ and the SH quadrupolar mode
of long bar a. For the top three cases (L; = 21.5 nm, 30 nm, and 47 nm), the radiation patterns are
found very similar since all correspond to a strong dipole-quadrupole mode coupling. In the
case of L; = 47 nm, the strongest SH intensity is observed (Fig. 3:3). For the cases with L; = 98 nm
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and 123.5 nm, the SH scattering intensities are reduced by the off-resonant behavior of the short
bar c. A symmetric emission pattern is observed when L; = 157.5 nm as expected for a symmetric
nanostructures. The right panel in Fig. 3:7 shows the evolution of SH near-field distributions
depends on the length of L, for the case where %@ is applied to the whole nanoantennas. Indeed,
on the short bar ¢, the near-field distributions corresponding to a pronounced SH dipolar mode
and a SH quadrupolar mode can be clearly recognized in the case of L; = 47 nm and 157.5 nm,
respectively.

Except the study of SH near-field distributions and SH radiation patterns, the multipolar analysis
of the SH emission also provides a clear information of the contribution of SH modes supported
on the subwavelength plasmonic nanoantennas. To further understand the role of the energy
transfer occurring at the SH wavelength in the enhancement of the SHG from the DRA, a multi-
polar analysis of the SH emission has been performed for a single Al nanorod (L = 160 nm), the
DRA (L; = 47 nm), and the symmetric antenna (L; = 160 nm) as shown in Fig. 3:9. Here, the ap-
proach used is similar to the one developed by S. Miihlig et al. [189], excepted that the SH emis-
sion is considered instead of the linear scattering. The case of SHG from a single Al nanorod is
considered first, in order to emphasize the specificity of the DRA. The multipolar analysis reveals
that the SH emission corresponds to a quadrupolar emission associated with a dipolar one. Note
that the dipole moment is aligned along the propagation direction and is due to the retardation
effect at the fundamental wavelength as intensively discussed in the past [190-193]. These obser-
vations are then characteristic of the SHG from a centrosymmetric object with a small size
(shorter than the wavelength) [190-193]. Indeed, for this class of nano-objects, the centrosym-
metry must be broken by the field properties and SHG is not possible in the electric dipole ap-
proximation [190-193]. In comparison with a single nanorod, the SHG from the DRA and the
symmetric antenna involves high order modes, starting with the octupolar one. However, two
main differences are observed. First, the SHG from the symmetric antenna has higher contribu-
tions from higher multipolar moments. For example, the octupolar contribution is higher in the
case of the symmetric antenna. Second, the orientation of the SH dipolar moment is not the
same for the two antennas. For the symmetric antenna, the SH dipolar moment is along the
propagation direction of the incident wave, as observed for the single nanorod, meaning that
this excitation of this mode comes from the retardation effects at the fundamental wavelength.
On the contrary, the SH dipolar moment supported by the DRA is mainly along the antenna
arms (only a small component is induced by the field variation at the pump wavelength). The
new orientation of the SH dipolar moment is a direct consequence of the energy transfer occur-
ring at the SH wavelength. Indeed, as discussed in the previous section, the nonlinear sources
standing at the surface of the long nanorod resonantly drive the dipolar mode of the short nano-
rod at the SH wavelength, resulting into a dipolar SH far-field radiation polarized along the an-
tenna axis. Although the DRA gives the highest SHG, it should be mentioned that the ratio be-
tween the total SH intensity scattered by the DRA and that scattered by the single nanorod is 1.6
and that the ratio between the total SH intensity scattered by the DRA and that scattered by the
symmetric antenna is 1.4 in the simulation.
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Figure 3:8 Simulated SH radiation patterns in the Oxz plane (y = 0) of 6 interesting length L; (L; = 21.5 nm,
30 nm, 47 nm, 98 nm, 123.5 nm and 157.5 nm). The 800 nm incident plane wave is linearly polarized along
the antennas arms and propagates along the z-axis. The corresponding near-field distributions of the real
part of the x-component of the SH electric fields is presented in the right panel with non-zero ¥® on the
surface of the whole nanostructures.
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Figure 3:9 SH emission patterns for (a) a single Al nanorod (L = 160 nm), (b) the DRA (L; = 47 nm), and (c)
the symmetric antenna (L; = 160 nm). The corresponding emission patterns have been decomposed into
the vector spherical harmonics and the weights of the different orders are shown as histograms. The cal-
culations were made by G.D. Bernasconi from the NAM-EPFL.

To clarify the choice of DRA for enhancing the SH emission, it is worth to study the SHG in a
double-resonant aluminum dimer composed of a long rod (160 nm) and a short rod (47 nm)
resonant at the fundamental and SH wavelength, respectively. Similarly to the DRA with L, = 47
nm, the SH dipole-quadrupole coupling can also be clearly identified in the double-resonant
dimer as shown in Fig. 3:10(d). However, we observed that the ratio between the total SH inten-
sity scattered by the double-resonant aluminum dimer and that scattered by a single aluminum
nanorod (160 nm) supports plasmonic dipolar resonance at the fundamental wavelength is only
1.1, which is much smaller than the value (1.6) for the DRA as mentioned before. Please note
that the ratio between the linear scattering intensity at 800 nm for the double-resonant dimer
and that for the DRA is 0.9, which shows a very close strength of plasmonic resonance at the
fundamental wavelength between both systems. Therefore, the weaker SH enhancement for the
double-resonant aluminum dimer might be related to a lower surface area of elements resonant
at the SH wavelength, which results in a reduced coupling with the SH quadrupolar mode sup-
ported on the long bar. Indeed, the SH near-field distribution clearly reveals that the SH field is
stronger nearby the middle bar and short bar for the DRA than that around the short bar of the
double-resonant dimer as exhibited in Fig. 3:10.
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Figure 3:10 The comparison between the SHG in the aluminum DRA and double-resonant dimer. The
fundamental near field distributions of the (a) DRA and (b) double-resonant dimer, respectively. (c) The
near-field distributions of the real part of the x-component SH electric fields for the DRA when the non-
zero susceptibility x® is applied on the surface of the total structure (top), long bar (middle) and short bar
(bottom), respectively. (d) The same simulation as (c) for the double-resonant dimer.
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3.3 Experimental results

To experimentally investigate the SHG from DRAs, samples were fabricated on a glass substrate
with electron beam writer with 100keV electron gun (Vistec EBPG5000) followed by a lift-off. In
order to improve the morphologic uniformity of aluminum nanoantennas, the oxidation of alu-
minum was carefully prevented during the electron beam lithography (EBL). We have fabricated
line arrays of DRAs with 17 different lengths L; ranging from 39 nm to 175 nm. The DRAs are
arranged in single line array with 300 nm period.

For the nonlinear optical measurements, a multi-photon scanning microscopy (LEICA SP5
MULTI-PHOTON) combined with a Ti:Sapphire femtosecond laser working at 800 nm with 140
fs pulse duration (Fig. 3:11(a)) [194, 195]. As the length L, increases, the signal intensity de-
creased to one-half when L; = 115 nm and rises again close to the symmetry case due to the
strong resonance at the fundamental wavelength. The experimental results are in excellent
agreement with SIE simulation (Fig. 3:11(b)). The slight shift of the short bar length correspond-
ing to a maximal SH intensity between the measurement and simulation could be induced by
geometric defects in the fabricated nanoantennas. Indeed, it has been shown that the SH far-
field distribution is extremely sensitive to the nanoantenna morphology [145]. Therefore, the
difference of the SH emission patterns for ideal and realistic nanoantenna shapes can lead to
variations in SH intensity collected by the objective. Please note that in order to confirm the ex-
perimental observation with simulation, the calculated SH intensity for each case is obtained by
collecting the backward SH scattering field within the reflection cone 48.8° with the normal. This
can be done simply by evaluating the SH electromagnetic field on the surface of a sphere of 10
pm around the nanostructure and integrating the field over the surface area defined by the inter-
section of the reflection cone and the sphere. Figure 3:12(a) shows the SH backward intensity
image. Each bright line corresponds to the SH signal from a line array with a given value of L;. As
expected, the intensity is maximum when the SH dipolar mode on the short bar c is excited. Fig-
ure 3:12(b) shows the SEM images of DRA line arrays with 6 different length L, revealing high-
quality nanostructures.
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Figure 3:11 Experimental results of the SH generation for different length L;. (a) The overall system config-
uration for the nonlinear optical measurements. The multi-photon scanning microscopy with galvanome-
ter resonant mirrors (400 Hz scanning speed), scan lens and 20x/1.00 water-immersion objective enable a
387.5 um x 387.5 um scanning field with 758.32 nm pixel resolution for a Ti:Sapphire 140-fs laser working
at 800 nm. The backward SH scattering is collected with the same objective, a dichroic beam splitter (re-
flecting the wavelength below 700nm), a collection lens, a bandpass filter (400/15 nm) and a photomulti-
plier tube (NDD PMT). (b) Measured and SIE simulated SH scattering intensity as functions of the length
L;. In the SIE simulation, the colleting angle is adjusted to fit the experimental one (angle of 48.8" with the

normal).

(a)
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Figure 3:12 (a) SH image showing the signal from 17 line arrays with different length L;. (b) Scanning elec-
tron microscopy (SEM) images of line arrays for 6 selected length L; are shown (L; = 39 nm, 47 nm, 64 nm,
124 nm, 158 nm and 175nm). The scale bar at the right bottom corner corresponds to 200 nm.
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Figure 3:13 presents the experimental power dependence of the SH intensity of three DRAs with
L; = 47 nm, 115 nm, 158 nm. The measurements fit well with a quadratic dependence. Clearly,
the SHG from the optimized DRAs L; = 47 nm is around 2 times stronger than the off-resonance
case (L; = 115 nm) and also higher than the case close to symmetric configuration (L; = 158 nm).

4k —L,=47nm

—L,=115nm
| ——L =158 nm

SH intensity (arb. units)

Excitation power (mW)

Figure 3:13 SH intensity as a function of the excitation power for three lengths L; =47 nm, 115 nm, and 158
nm.

3.4 Conclusions

In summary, we provide a full understanding of the mechanisms that lead to enhancement of
SHG in double-resonant plasmonic nanoantennas. By combining SIE simulations with up-to-
date fabrication techniques and sensitive nonlinear optical experiments on aluminum plas-
monic nanostructures, the modulation of SHG from DRAs was studied for a broad variety of ge-
ometries. For this purpose, the length L, of the long bar a of DRAs was first optimized and fixed
at 160 nm, while the short bar length L, is varied from 20 to 200 nm. We clearly observe that the
SH intensity is maximum when the short bar c exhibits a maximum scattering cross section in
the linear regime at 400 nm. The SH intensity observed in this case is twice the value obtained
when the short bar ¢ does not have any resonant behavior at 400nm. The corresponding SH
near-field distribution confirms the presence of a quadrupolar SH supported by the long bar a
exciting a dipolar mode on the short bar c. This energy transfer is revealed for the first time in
frequency conversion in plasmonic nanostructure and represents a new way for increasing non-
linear optical conversion at the nanoscale. These results provide a clear physical insight of the
physical mechanisms of the SHG enhancement in multi-resonant plasmonic structures which
are promising for the design efficient EUV sources and SH index sensor [177-179, 184].
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4. Wavevector-selective nonlinearity
with three-dimensional nanostruc-
tures

Nonlinear metasurfaces combine their extraordinary electromagnetic properties with the non-
linear response of their constituting elements. In this chapter, the optical SH generation from
plasmonic metasurfaces composed of extended 3D gold nanopillars with different out-of-plane
orientations is investigated in detail using the tunable plane-wave illumination scheme with
Fourier-plane imaging method. The experimental results demonstrate that, thanks to their 3D
nature, the fabricated assemblies act as wavevector selective nonlinear plasmonic metasurfaces
beyond the nonlinear response expected for single and isolated nanopillars. Interestingly,
specular SH reflection is observed, although the average inter-particle distance is larger than the
diffraction limit at the SH wavelength. Nanopillars with various tilt angles and heights are con-
sidered, demonstrating how the asymmetry of the SH response can be controlled and emphasiz-
ing the importance of both the nanostructure shape and plasmonic enhancement. Indeed, a
variation of the SH intensity as high as 80 times is measured for incident waves with opposite
illumination angles (see Fig. 4:1), paving the way for an optimal design of directional nonlinear
plasmonic meta-mirrors. Parts of this chapter have been published in Ref. [196] and the
nanostructures were realized in the group of M. Kéll at Chalmers University of Technology. In
this study, I have implemented the nonlinear Fourier-plane imaging setup to characterize the
SH emission from the metasurfaces. The SH SIE simulation was made by J. Butet from the NAM-
EPFL.
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Figure 4:1 Schematic diagram of wavevector-selective nonlinearity in tilted 3D gold nanopillars.
The fundamental illumination and SH emission are shown as red and blue arrows, respectively.

4.1 Introduction

Metasurfaces have become an important topic of research in optics during the last year [92, 93,
197, 198]. This interest was triggered by the possibility to observe new optical phenomena, such
as negative refraction [199, 200]. The specific control of light offered by metasurfaces enables the
design of ultra-thin planar lenses [109], Gaussian-to-Bessel beam transformers [201], broadband
optical filters [202], quarter-wave plates [114], and sensitive biosensors [203-205], complex color
routing devices [206] to name a few typical examples of the new possibilities they offer. Further-
more, the elements constituting a metasurface, the “meta-atoms”, do not only exhibit unex-
pected linear responses, but also possess an intrinsic nonlinearity [70, 160, 207]. Indeed, when
metasurfaces interact with an intense light beam, as that produced by laser systems, various
nonlinear optical processes can be observed, such as nonlinear optical conversion, correspond-
ing to the generation of light at a new frequency [70, 160, 207]. However, nonlinear studies of
metasurfaces are still rare, in comparison with those reporting observations made in the linear
regime. This is probably due to the lack of knowledge about the nonlinear responses of their
meta-atoms (dielectric and plasmonic nanoparticles), despite recent important advances in that
field [70, 160, 207], that have revealed the enhancement of the nonlinear responses by different
mechanisms, including the spatial organization of the meta-molecules [72, 208] or the excitation
of magnetic modes [77, 209]. While optimizing the overall nonlinear optical conversion is im-
portant for the realization of practical applications, a subtle design of the coupling between the
pump laser and the metasurface is also essential for the control of its nonlinear response. In this
context, in-plane meta-atoms have only been considered so far, meaning that the best coupling
with the incident wave is in general reached at normal incidence and at the resonance wave-
length [88, 89, 210-212]. However, simultaneous control of the angular and spectral dependen-
cies of nonlinear metasurfaces, extending the concept of wavevector filtering [213] to the nonlin-
ear regime has not yet been reported, despite possible applications beyond those offered by dif-
fractive optics [214].

In this chapter, the SHG from arrays of tilted gold nanopillars, made using a hole-mask colloidal
lithography technique, see Fig. 4:2, are investigated in details. The SHG signal is measured using
a nonlinear Fourier microscope permitting recording the angular dependence of the SH intensi-
ty for a wide range of illumination angles. The experimental observations are compared with
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computations done for single nanostructures. Due to the specific geometry of the plasmonic
nanopillars, it has been reported that a strongly enhanced SH field can be induced around the
tips when the incident electric field is polarized along the nanocone axis [215, 216]. However,
these works only studied the plasmonic-enhanced SHG in a symmetril 3D nanocones. Here,
nanocones with various tilt angles and heights are considered in order to determine how the
asymmetry in the SH response can be controlled.
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Figure 4:2 (a) Definition of the different parameters used in this chapter. The nanopillars are defined by
their tilt angle &, their height h, and the diameter of their basis d. The angle 0 corresponds to the illumina-

tion angle and the angle ¢ corresponds to the collection angle. (b) Extinction as a function of the incident

wavelength for deposition angle ranging from 0° to 30°. The height h is 170 nm and the diameter d is 100
nm. The measurements are performed in air.
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4.2 Experimental realization

Several samples, homogeneous over a few cm? with a density of ~4 nanocones/um? were pro-
duced using a modified version of the hole mask colloidal lithography method [217]. In brief, 100
nm polystyrene beads were dispersed on top of a resist and a 10 nm Au mask was evaporated.
After removal of the beads by tape stripping, the resist underneath the hole was etched by oxy-
gen plasma in order to produce a large undercut and Ti and Au layers were deposited at glancing
angles followed by lift-off in acetone. During evaporation, the hole of the mask progressively
shrinks, resulting in a tapering of the deposited structures. Scanning electron microscope (SEM)
measurements confirm that the tilt angle & is equal to the deposition angle. Figure 4:4 shows
SEM images of the metasurfaces fabricated by deposition of 170 nm of gold with different depo-
sition angles. The surface is covered by short range ordered titled nanoparticles, conical in shape
due to complete closing of the holed mask at the end of the evaporation process.

4.2.1 Wavevector-selective response in tilted Au nanopillars

The samples were first characterized by standard transmission spectroscopy in air at normal
incidence in Fig. 4:2(b) using linearly polarized light along the x-direction, as well as dipole mo-
ment calculations (Fig. 4:3). While the vertical nanocones exhibit a single resonance at 600 nm,
by progressively tilting the particles, an additional resonance appears at a longer wavelength.
The behavior can be related to a lower symmetry of the system: in the case of the tilted nano-
cones, the in-plane and out-of-plane resonances start to hybridize, resulting in a tilting of the net
dipole moment of the structure even for normal incidence illumination, although in contrast to
previous work [217], here the two resonances are spectrally well separated. In particular, from
numerical simulations we extracted the net induced dipole moments p along the x- and z-
directions and calculated the net tilt angle of the resulting dipole moments for normal illumina-
tion. For the non-tilted structure (¢ = 0°) the induced dipole is, evidently, parallel to the substrate.
However, due to mode hybridization for & # 0’, the dipolar orientation angle changes from close

to horizontal to 60° as the wavelength increases, this evolution being related to the deposition
angle. Close to the high energy resonance, the dipolar angle is small, indicating an almost in-
plane resonance with a small phase offset between the dipole moment in the x- and z-directions.
For the long wavelength resonance, the induced dipole is more vertical and, due to the hybridi-
zation of the modes, it does not align perfectly with the tilt of the nanostructure. The normal
incidence illumination indicates that for tilted nanostructures the main axis of the system does
not coincide with the experimental reference frame. As a consequence, for these tilted nanopil-
lars, we can expect a strong asymmetry linear/SHG response on the illumination angle for TM
polarized light along the x-direction.
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Figure 4:3 Induced dipolar tilt orientation angle with respect to the substrate for normal illumination and
different nanopillar tilt angles &.

Having characterized the extinction spectra and the excited dipolar orientations under normal
incidence for nanopillars with various tilt angles, we now turn our attention to the case with
tunable planewave illumination. To do so, the home built plane-wave illumination microscope
based on a Fourier-imaging method with an oil immersion objective is utilized (see the method
in chapter 2). This home built nonlinear microscope permits recording the angular dependence
of the SH intensity in the (O, x, z) plane as a function of the illumination angle. Note that the in-
cident wave propagates in the same plane. The second-row pannels in Fig. 4:4 present the
scattering intensity as functions of both illumination angle and wavelength for nanopillars with
different tilt angles from 0° to 40°, respectively. First, two strong resonances corresponding to the
excited x- and z-directional dipoles can be clearly identified at the wavelength around 650 nm
and 810 nm, respectively. Second, the plasmonic resonance corresponding to the z-directional
dipole moment can only be sufficiently excited with off-normal light illumination, which is due
to the standing features of nanopillars. Finally, as expected, the asymmetry linear scattering on
the illumination angle increased gradually with the tilt angle. Please note that the scattering
spectra are obtained by removing the specular reflection in the recorded Fourier images.
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Figure 4:4 SEM images (Top panels), Scattering spectra, SH emission as a function of illumination angle,
and angular dependences of the specular SH intensity an incident wave in the (O, x, z) plane with a TM
polarization (red circles) and a TE polarization (blue crosses) (Bottom panels). The tilt angle is (a) 0°, (b)
10°, (c) 20° and (d) 30°. The nanopillars height is 170 nm. For the measurement of the SHG, the wave-
length of the incident laser beam is 780 nm. The scale bar in the SEM image corresponds to 500 nm.

After characterized the linear response, the SH signal of the nanopillar metasurfaces with tilt
angles ranging from 0° to 30° are investigated for an incident wavelength A = 780 nm and differ-
ent illumination directions 6. As anticipated from simple symmetry considerations, the SH sig-
nal from non-tilted nanopillars (with a vanishing tilt angle) is identical for negative and positive
illumination angles. In this case, the maximal SH intensity is obtained for the highest illumina-
tion angles reachable with the microscope objective (+ 60°). However, as soon as the tilt angle
increases, the SH response is not the same for positive and negative illumination angles and the
SH intensity is high when the incident electric field is parallel to the nanopillars axis. The same
effect has already been observed in SHG from gold nanotips [218-220] and nanocones [216, 221].
It is interesting to note that, contrary to the linear regime [222], a tilt angle as small as 10° already
results in a significant asymmetry in the SH response. In this case, there is a factor 3-difference
between the maximal SH intensity obtained for positive illumination angles and that for negative
ones. To confirm that the wavevector dependency is solely due to the optical properties of the
nanopillars, the SHG signal using TE illumination was also recorded and a small symmetric sig-
nal was collected in this case, Fig. 4:4. Note that since the lattice of the fabricated nanopillars
sample is disordered, the only SH radiation recorded is along the direction of specular reflection
[223]. In other words, the SH wave corresponds to a very narrow light beam oscillating at the SH

56



Wavevector-selective nonlinearity with three-dimensional nanostructures

frequency, and no diffuse SHG is observed [224, 225]. The divergence of the reflected SH beam is
estimated to be smaller than 3°, see Fig. 4:5. This is a very important experimental observation,
indicating that the studied arrays of gold nanopillars actually act as nonlinear metasurfaces and
that the rules derived for the SHG from surfaces and interfaces are also valid in this study. How-
ever, contrary to a flat metal surface, the wavevector-selective SH response can be controlled by
the out-of-plane plasmonic modes supported by the individual 3D tilted Au nanopillars. The SH
polarizations on each nanopillar can interfere constructively along the specular reflection and
provide a high directionality of SH emission thanks to the homogeneity of nanopillar shape in
the metasurfaces. The SH polarizations can be enhanced by the excitation of out-of-plane plas-
monic modes under a proper angle of illumination. Therefore, the metasurface can be served as
a wavevector-selective SH mirror. Actually, this behavior dramatically differs from the common
observations made for the SHG from isolated plasmonic nanostructures [71, 84]. In this case of
single nanostructures, the SH response is generally described using a multipolar expansion [70,
226), providing a suitable framework for the description of the nonlinear scattering problem.
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Figure 4:5 SH intensity as a function of the emission angle for the nanopillar array with h = 130 nm and a
tilt angle & = 30°. The excitation angle is 6 = 5°. The divergence of the SH beam is estimated at 3°.
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To further investigate the influence of the nanopillar resonant wavelength on the SH responses
of the metasurfaces, nanopillars with different heights (h = 50 nm, 90 nm, and 130 nm) but with
constant base diameter (100 nm) and tilt angle (30°) have been fabricated and characterized as
for the previous samples, see Fig. 4:6. The out of plane resonance in these nanostructures pro-
gressively shift from 650 nm to 850 nm for increasing heights. As the dipolar effective tilt angle is
comparable for all the nanopillars, it is hence easier to investigate the influence of the resonance
wavelength on the SH response. While for the thinnest nanopillar the SH response is within the
noise level, it increases progressively once the resonance overlaps with the pump wavelength.

0.8
e 60

0.6
| 0.6
04 O
0.2 0.2
0 6

.gOO 650 700 750 800 L 00 650 700 750 800 00 650 700 750 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)

(@)

N oo
© S o o

o
o

lllumination angle, 6 (°)

o b
S

e 60
i 40
e 20
0
-2
4
- -6
60 40 20 0 20 40 60 ° 60 40 20 0 20 40 60 ° 60 -40 -20 0 20 40 60 °
Illumination angle, 0 (°) lllumination angle 0(°) lllumination angle (¢} (°
300 - i - 300y 100
£ s TM TM Lo *TM
3 +TE +TE 800 Qou’u o +TE
L2 2
=0 00 600{ .
i 0°
& ° oo 400} = %
S100 SRS B - S O
= R .‘ " o 200
B e g - T "
260" -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60 -60 40 -20 0 20 40 60
lllumination angle, 6 (%) lllumination angle, 6(°) lllumination angle, 6(°)

Figure 4:6 SEM images (Top panels), Scattering spectra, SH emission as a function of illumination angle,
and angular dependences of the specular SH intensity an incident wave in the (O, x, z) plane with a TM
polarization (red circles) and a TE polarization (blue crosses) (Bottom panels). The tilt angle is 30°. The
nanopillars height is (a) 50 nm, (b) 90 nm, (c) 130 nm. For the measurement of the SHG, the wavelength of
the incident laser beam is 780 nm. The scale bar in the SEM image corresponds to 500 nm.
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4.2.2 Wavevector-selective nonlinearity

In any linear experiment, due to time reversal symmetry, exchanging the source and detector positions
will leave the reflections from any metasurface unchanged. This is not the case in the SHG measurements,
where the signal is generated by the near-field at the fundamental frequency which is wavevector-
dependent. Consequently, the large asymmetry parameter observed implies also that the nanopillar ar-
rays can indeed work as directional nonlinear mirrors. To demonstrate the effect, a focused Gaussian
beam is used for illumination, see Fig. 4:7(a). Indeed, such a laser beam can be decomposed into the sum
of incident planewaves with different wavevectors [227]. When the incoming beam is focused by the ob-
jective lens with a high numerical aperture (NA), the paraxial approximation is no longer valid for a tightly
focused Gaussian beam. In this case, the electric field distribution in the focal plane of the Gaussian beam
exhibits field components polarized in direction of propagation [227]. In our experiment, the beam diame-
ter has been reduced to a few micrometers by enlarging the laser beam to fill the whole back aperture of
the microscope objective. The same incident power is used as previously (10 mW). The SH far-field emis-
sion has been recorded in the Fourier plane for gold nanopillars with d = 100 nm, height h = 130 nm, and
tilt angle & = 30°, see Fig. 4:7. An asymmetry in the nonlinear emission is clearly observed in Fig. 4:7(b),
although a symmetric incident beam is used. To prove that this asymmetry is due to the sample properties,
not to an experimental bias, the sample has been flipped and measured again in Fig. 4:7(c). In this case,
the nonlinear emission pattern also flips, demonstrating the validity of the measurement. The asymmetry
of the nonlinear emission pattern is explained by the wavevector selection occurring at the fundamental
wavelength. Indeed, as demonstrated previously using a planewave excitation, only the incident condi-
tions able to drive the surface plasmon resonances in the nanopillars give a significant SH emission. In the
present case, only a given part of the wavevectors composing the focused Gaussian beam indeed interacts
with the sample, explaining the asymmetry in the SH emission. It is worth noting that, due to the beam
size reduction, fewer nanopillars are illuminated and the nonlinear response is somehow between that of
metasurface (specular reflection) and that of a single nanopillar (nonlinear scattering), explaining the
observed two-lobe pattern in Fig. 4:7. Interestingly, in the nonlinear regime, the nanopillars arrays act as
optical diodes, filtering the incident light and interacting only with the components propagating in the
correct direction.
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Figure 4:7 (a) Experimental configuration with a focused beam illumination. SH far-field emission record-
ed in the Fourier plane for gold nanopillars with d = 100 nm, height h = 130 nm, and tilt angle & = 30°. The
focused incident beam is obtained by enlarging the laser beam to fulfill the whole back aperture of the
microscope objective. In panel (b), the sample is oriented as described in Fig. 4:2, while, in panel (c), the
nanopillars are pointing along the -x-direction.
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Figure 4:8 SH intensity as a function of the pump power, showing the second order nonlinearity of the
recorded signal.
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4.3 Simulation

To investigate the detailed properties of the asymmetry in the SH response, simulations of SHG
from gold nanopillars with a tilt angle ranging from 0° to 30° have been performed using a SIE
method [157, 228], see Fig. 4:9. Single nanopillars embedded in an effective surrounding medi-
um (effective refractive index n = 1.4) are considered for all the computations. In the case of na-
nopillars with a vanishing tilt angle, the total SH intensity is identical for incident waves propa-
gating in the +x- and -x-directions, as expected from symmetry consideration. However, the
near-field distributions of the SH intensity are not symmetric. This reveals that retardation plays
an important role in the nonlinear response, despite the non-centrosymmetric shape of the
studied nanostructures. As a consequence of retardation, SH emission does not correspond to
emission of a pure electric dipole but is multipolar in nature, see Fig. 4:10. This point underlines
that full-wave computations are essential for the full understanding of SHG from plasmonic
nanostructures [229]. In this framework, it is important to identify the position of the nonlinear
sources over the nanopillar surface. The SH intensity is the highest at the nanopillar apex, indi-
cating that the strongest sources of SHG are localized in this area. The strong nonlinear polariza-
tion at the nanopillar apex is a direct consequence of the strong fundamental field enhancement,
as discussed previously in Refs. [218-221, 226]. For all the gold nanopillars, the SH intensity is
higher for an incident wave polarized along the nanopillar axis than for an incident wave polar-
ized along the y- or z-axis. The SH intensity is maximal when the fundamental wavelength
matches the resonant wavelength of the longitudinal mode. As the tilt angle increases, the effec-
tive length of the nanopillars increases, resulting in a redshift of the longitudinal mode. The
computations reveal that the resonant wavelength is an important parameter for designing non-
linear plasmonic metasurfaces sensitive to the illumination condition. Indeed, away from the
resonant wavelength, the SH intensity obtained for positive and negative angles is almost the
same, see Fig. 4:9.
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SH intensity (arb. units)

Figure 4:9 Calculated SH intensity for single gold nanopillars with a tilt angle of (a), (b) 0°, (c), (d) 10°, (e),
(f) 20°, and (g), (h) 30°. The results for negative and positive illumination angles are shown in the left and
right columns, respectively. The dashed lines show the SH intensity for a normal incident wave. The dot-
ted lines show the SH intensity for an incident wave propagating along the x-axis. The full lines show the
SH intensity for an incident wave polarized along the nanopillar axis (left column) or for illumination an-
gles with the same norm and negative value (right column). The maps show the SH intensity close to the
nanopillars for the denoted illumination angle, corresponding to the full lines, and a fundamental wave-
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Figure 4:10 SH emission patterns for single nanopillars embedded in a homogenous medium with a re-
fractive index n = 1.4. The fundamental wavelength is 780 nm.

To quantify the action of the nanopillar metasurfaces as nonlinear wavevector filters, an asym-
metry parameter  is introduced as the ratio between the SH intensities obtained for negative
and positive illumination angles: { = Isuc(-6) / Isug(+6). Since measurements are performed in a
reflection geometry, the asymmetry parameter hence permits us to assess the influence of the
nanopillar tilt £ on the asymmetry of the nonlinear response both experimentally (as a function
of the illumination angle 0) and in simulations (as a function of the fundamental wavelength),
see Fig. 4:11. Interestingly, it is observed that the asymmetry parameter ( is not necessary the
highest for the largest tilt angle. Indeed, experimentally, the asymmetry parameter { reaches
about 30 for nanopillar tilt angles & = 20° and 30°. Note that the illumination angle is limited by
the numerical aperture of the microscope objective (NA 1.45) and that the asymmetry parameter
€ may reach higher values for an incident condition beyond those accessible here. This limita-
tion does not stand for the numerical results. In this case, the asymmetry parameter ( is indeed
the highest for the largest nanopillar tilt angle & However, this depends on the fundamental
wavelength. For a fundamental wavelength close to 750 nm, the asymmetry parameter  is max-
imal for a nanopillar tilt angle & = 20° and, for a wavelength close to 710 nm, the asymmetry pa-
rameter ( is maximal for a nanopillar tilt angle & = 10°, Fig. 4:11(b). Similarly, the symmetry pa-
rameter ( progressively increases with the nanopillar height, reaching a value close to 80 for il-
lumination angles close to 35° and for the nanopillar (h= 130nm) whose resonance best overlaps
with the excitation wavelength. The asymmetry parameter ( has also been evaluated for nanopil-
lars with fixed tilt angle and varying heights: it is higher than 20 for illumination angles ranging
from 25° to 50° for nanopillars with height h = 130 nm. Even more interestingly, for such a height,
the asymmetry parameter ( is close to 80 for illumination angles close to 35°, pointing out a very
high asymmetry in the nonlinear properties of the nanopillar metasurfaces, Fig. 4:11(c). This is

63



Wavevector-selective nonlinearity with three-dimensional nanostructures

due to the spectral proximity between the pump wavelength and the resonant wavelength of the
longitudinal mode; see the extinction spectra in Fig. 4:6.
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Figure 4:11 Asymmetry parameter {, defined as Isuc(-0) / Isuc(+0), for tilted gold nanopillars with basis
diameter d = 100 nm and height h = 170 nm as a function of (a) the illumination angle (Experimental data,
Fig. 4:4) and (b) as a function of the wavelength (numerical data, Fig. 4:9). In the first case, the incident
wavelength is fixed at 780 nm and, in the second case, the illumination angle giving the highest asymmetry
parameter has been selected. (c) Asymmetry parameter (, for tilted gold nanopillars with basis diameter d
=100 nm and tilt angle & = 30 ° as a function of the illumination angle (Experimental data, Fig. 4:6).
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4.4 Conclusions

In conclusion, SHG from arrays of tilted gold nanopillars has been investigated in details using a
flexible nonlinear Fourier microscope. The experimental results demonstrate that the fabricated
assemblies of gold nanopillars act indeed as wavevector-selective nonlinear plasmonic metasur-
faces, beyond the nonlinear response expected for single and isolated nanostructures, but fol-
lowing the nonlinear reflection laws derived for nonlinear planar surfaces and interfaces. Nano-
cones with various tilt angles and heights have been considered, demonstrating how the illumi-
nation angle selectivity and the asymmetry in the SH response can be controlled, emphasizing
the importance of both the nanostructure shape and plasmon enhancement. These observa-
tions pave the way for an optimal design of directional nonlinear plasmonic meta-mirrors.
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5. Enhanced SH emission in phase-
gradient metasurface

Optical SHG in plasmonic metasurfaces has gained lots of interest as a possibility to take ad-
vantage of the strong near-field enhancement in meta-atoms. This interest was triggered by fas-
cinating symmetry properties ruling the nonlinear optical conversion at the subwavelength scale.
However, despite the excitation of highly localized plasmonic modes enhancing the fundamen-
tal electric field, the SH light generated by plasmonic metasurfaces is relatively weak due to the
intrinsic symmetry properties of SH generation. For example, as shown in Chapter 3, a linearly
resonant aluminum nanorod will support a fundamental electric dipole under illumination,
while for the SHG an electric quadrupolar mode is dominating and thus limited the SH radiation
in the far-field. In this work, we propose a new approach to enhance the SH generation by com-
bining a localized and a propagating plasmon modes in a reflective phase-gradient metasurface
composed of silver nanorods on the top of a silver mirror. The SH generation is observed using
our nonlinear Fourier microscope and the underlying mechanisms of the SH enhancement are
revealed using nonlinear SIE simulations. Interestingly, with the area-selective nonlinearity SIE
methods, the SH light is found mainly generated by the silver plate and corresponds to anoma-
lous nonlinear reflection satisfying the phase-matching condition. These results provide a new
platform for the design of ultrathin nonlinear mirrors, wavevector-selective nonlinear metasur-
faces, and nonlinear metaholograms. In this study, I have done the linear and SH SIE simulation,
nanofabrication, and the nonlinear measurement with the homebuilt nonlinear Fourier-plane
imaging setup.
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5.1 Introduction

Recently, nonlinear metasurfaces enabling the coherent control of SHG have demonstrated the
importance of engineering the SH phase [86-90, 230]. These devices are achieved by simply tun-
ing the symmetry of plasmonic constituents and leaving their linear phase and amplitude re-
sponses essentially homogeneous along the interfaces. With this design concept, nonlinear im-
age encoding has been demonstrated in metasurfaces for which the hidden images can be only
read out by SHG [135]. However, the homogeneous optical response in the linear regime inevi-
tably leads to the radiation losses through the specular reflection and transmission in the linear
regime and limits their overall SHG efficiency. On the other hand, since the symmetry of plas-
monic resonant systems play an important role in the SH emission [72, 77, 82, 84, 175, 231-233],
non-centrosymmetric meta-atoms are usually considered to allow the SH radiation in the for-
ward/backward directions. It is then important to simultaneously reduce the linear radiation
losses and control the nonlinear emission for the design of efficient nonlinear metasurfaces [81,
234, 235).

In this chapter, we propose a phase-gradient metasurface that can convert free-space propagat-
ing light into a unidirectional hybrid surface plasmon wave in the linear regime, which results in
a strong near-field enhancement. We combine both experiments and simulation to demonstrate
that the observed SH enhancement is due not only to the field enhancement but also to the
near-field energy transfer from the nanostructures to the metallic backplate as the hybrid sur-
face plasmon wave is excited. Interestingly, the single-channel SH emission governed by the SH
phase-matching condition reveals the relationship of SH emission channel and excited hybrid
surface plasmon wave in the phase-gradient metasurface as schematically shown in Fig. 5:1.
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Figure 5:1 Mechanism of SHG from a phase-gradient metasurface. The unit cell of the metasurface is
composed of 6 silver nanorods with different lengths (60, 70, 85, 90, 100, 130 nm) and fixed width and
height (40 nm) on the top of a silver mirror with a 30-nm SiO.. The in-plane momentum provided by the
metasurface (yellow arrow), the wavevector of anomalous reflection (red arrow), the in-plane wavevector
of incident light (red dashed arrow), the wavevector of the hybrid surface plasmon mode (long red arrow),
the grating momentum (green arrow toward left), the in-plane wavevector of SH emission (blue arrow)

.. . 2
and the wavevector of SH emission (blue arrow with glow) are denoted as % N AT S S A—” ko

and k(sz) , respectively. The SEM image of the top view of the fabricated sample is also exhibited in the

upper-right corner.

69



Enhanced SH emission in phase-gradient metasurface

5.2 Anomalous reflection in the linear regime

5.2.1 Phase design and far-field response

A reflective phase-gradient metasurface that works under TM-polarized illumination at 800 nm
wavelength has been designed. The investigated metasurface is composed of silver nanorods
with 6 different sizes located on the top of a silver mirror with a 30-nm SiO, spacer. In order to
provide the desired phase distribution along the x direction, the lengths of the nanorods have
been carefully chosen to procure a phase evolution between 0 and 2= for 800 nm illuminations.

The constant phase-gradient along the interface provides an in-plane momentum % following

the generalized Snell’s law [112], which deflects a normal incident beam into an anomalous re-
flection channel (+1 diffraction order), as sketched in Fig 5:1. The periodicities of the supercell

are A, =1200 nm and Ay =200 nm along the x and y directions, respectively. Now, if the incom-

ing light is oblique, in such a way that the in-plane incident wavevector is along the direction of
the momentum provided by the metasurface, then the anomalous reflection beam will be de-
flected with an angle higher than the specular reflection [103, 112, 113]. This anomalous reflec-
tion channel can then be tailored into an evanescent wave when the incident angle is sufficiently
large [115]. Interestingly, with the proper incident angle, an unidirectional hybrid surface plas-
mon (hybrid SPP(+)) mode supported by the phase-gradient metasurface is excited when its
dispersion is satisfied as shown in Fig. 5:1. The excitation of the hybrid surface plasmon mode is
defined by the in-plane wavevector conservation:

[2] d® [0}
k// + E = k»\'pp(ﬂ > (5-1)

where &/ and k., are the in-plane component of the wavevectors of incident light and of

wavevectors of the hybrid SPP(+) mode, respectively. It is worth to mention that, besides the
excitation of unidirectional surface plasmon wave thanks to the LSPR-induced gradient phase
distribution, the asymmetric SPP excitation can also be achieved by introducing a gradient local
filling factor of metal in the supercell of a binary two-dimensional grating pattern, so-called
blazed coded effective medium structures [236]. In their proposed structures, the blazing effect
is solely induced by the gradient effective dielectric constant without utilizing the LSPRs [237]. In
the following, we combine both experiments and SIE computations to investigate the linear re-
sponse of the designed phase-gradient metasurface.
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Figure 5:2 (a) simulated and (b) measured linear reflection as a function of both incident angle and reflec-
tion angle at 800 nm illumination wavelength for the phase-gradient metasurface. The green, yellow, and
white dashed curves show the angular distributions of zero order, +1 order and higher diffraction orders,
respectively. The yellow dashed line show the critical incident angle 6, , for which the anomalous channel

(+1 order) becomes evanescent. (c) The absorption measured as a function of incident angle. The absorp-
tion is evaluated as 1 minus the normalized reflection as there is no transmission through the metasurface.

To characterize the linear reflection as a function of the incident angle and reflection angle, we
developed a linear Fourier imaging system combined with a supercontinuum light source (Fi-
anium FemtoPower 1060) with a 60x oil immersion objective (NA is 1.45). Note that, during the
measurements, the silver nanostructures face the objective and are immersed into an index-
matching oil. More information on the linear measurement method can be found in section
2.4.1. The linear reflection was recorded at 800 nm wavelength as a function of the incident an-
gle. The anomalous reflection channel corresponding to +1 diffraction order with an efficiency
up to 60% can be yield under normal incidence. This channel remains the dominant contribu-
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tion to the reflection until turning into an evanescent wave when the critical angle is reached as
shown in Fig. 5:2. It is worth to mention that, in the phase-gradient metasurface, all the other
diffraction channels are suppressed thanks to the phase distribution [103, 113, 115, 206, 238].
The weak zero order observed in the measurement might be due to small defects in the nanofab-
rication. For the present metasurface with a periodicity A =1200 »m and an operating wave-

length 800 nm, the critical incident angle is found to be 6. =34°. The anomalous channel does
not contribute to the reflection when the incident angle is greater than .. At the same time, the
absorption is higher when the incident angle is beyond the critical angle 6. as shown in Fig.

5:2(c). The absorption is evaluated by 1 minus the normalized reflection collected by the objec-
tive as there is no transmission in our system. Figure 5:2(b) presents the linear reflection calcu-
lated as a function of the incident angle and the reflection angle for the phase-gradient metasur-
face under study. The numerical results are in very good agreement with the experimental data
and illustrate again that in the linear regime, reflection corresponds to the anomalous reflection
(+1 order) for illumination angles below the critical angle .. For larger illumination angles, the

anomalous reflection becomes evanescent and does not contribute to the far-field radiation.
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5.2.2 Dispersion of excited hybrid surface plasmon wave

To study the mechanisms of the absorption enhancement in the phase-gradient metasurface,
both reflection and absorption spectra associated to the anomalous channel have been calculat-
ed for incident angles between 0° and 60°, as shown in Figs. 5:3(a) and 5:3(b). First, the reflection
spectrum of the anomalous channel reveals a broadband response with an optimal efficiency at
the desired wavelength of 800 nm. As expected, the contribution of the anomalous beam to the
far-field radiation vanishes when the incident angle becomes larger than the critical angle 6.

associated with the Wood's anomaly. Second, the absorption increases dramatically when the
incident angle is beyond the Wood's anomaly line, especially within the working spectral band
of the metasurface (between 750 nm and 850 nm). Third, we clearly observe that there are cross-
ing curves with high absorption in the absorption spectrum diagram. These curves with positive
and negative slopes correspond, respectively, to the dispersion of the hybrid SPP(+) and SPP(-)
modes in the phase-gradient metasurface, which are well fitted with the dispersion of surface
plasmon polariton (SPP) propagating along +x and -x directions on a semi-infinite sil-
ver/dielectric interface [239]. The effective refractive index of hybrid SPP(+) and SPP(-) modes
are found to be 1.61, which is slightly higher than the refractive index of the background index
(1.5) due to the presence of the nanostructures layer. Fourth, at 800 nm excitation wavelength, a
maximum of absorption can be observed close to the dispersion curve of the hybrid SPP(+)
mode owing to the resonant excitation of the anomalous reflection channel. Finally, although
not expected in the case of a continuous phase gradient surface, the observation of the hybrid
SPP(-) mode can be understood by considering that minor grating effects are inevitable due to
the discontinuity induced by the 6-level phase distribution in the designed metasurface. In this
case, the hybrid SPP(-) mode can be excited by high diffraction orders with in-plane wavevectors
pointing toward the -x direction, although that backward propagating mode should be much
weaker than the hybrid SPP(+) mode. For example, while the hybrid SPP(+) mode is resonantly
excited by the +1 order anomalous reflection channel under 42° illumination, with slightly lower
incident angle, the hybrid SPP(-) mode can be weakly excited at 800 nm by the weak -4 order
diffraction channel for an incident angle around 40°, see Fig. 5:3(b).

Figures 5:3(c) and 5:3(d) show the near-field distributions in the supercell of the metasurface for
illumination angles ranging from 0° to 48°. At normal incidence, the near-field intensity varies
within the supercell from one nanorod to the other due to the influence of the nanorod length
on the LSPRs. The near-field intensity is the highest close to the nanorods at the center of the
supercell since their LSPRs are close to the pump wavelength (800 nm), see Fig. 5:4. When the
hybrid SPP(+) modeis excited (illumination angle of 42°), the near-field intensity becomes more
delocalized over the entire supercell, which is a clear fingerprint of a surface mode. At the same
time, the near-field intensity is still the highest close to the nanorods owing to the excitation of
LSPRs. These observations emphasize the hybrid nature of the excited mode [240]. The near-
field distributions are in agreement with the effective wavelength of the hybrid SPP(+) mode (Aes
= 479 nm) calculated using Eq. (5.1). This fact indicates that, when the illumination is such that the

in-plane component of the anomalous reflection wavevector k', is matched with the one for the hy-

brid SPP(+) mode k_,

op(+) > the anomalous channel cannot radiate to the far-field but couple to the uni-

directional hybrid SPP(+) wave propagating on the metasurface. For an illumination angle of 48°,
although the anomalous reflection channel remains evanescent, the near-field features of the
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hybrid mode are strongly altered due to the mismatch between excitation and hybrid SPP(+)
mode dispersion. In this case, the near-field enhancement is again mainly due to the excitation
of LSPRs. Note that the near-field intensity is higher than the one observed at normal incidence
(compare the top and bottom panels in Fig. 5:3(c)). Having characterized the linear properties of
the hybrid plasmon modes, we now turn our attention to the SHG from the phase-gradient
metasurface.
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Figure 5:3 Simulated linear dispersion diagrams of (a) reflection and (b) absorption associated with the
anomalous channel (+1 order). The intensity is normalized by the illumination. The Wood's anomaly line
(white solid line) indicates the relation between the critical incident angle 6, and the wavelength. The
dispersion curves of the hybrid surface plasmon modes propagating along +x and -x directions are shown
as red and blue dashed lines, respectively. The white arrow in the absorption diagram depicts the excita-
tion condition of the hybrid SPP(+) under 800 nm illumination. The near-field distributions of (c) the in-
tensity and (d) the real part of the y component of the magnetic field are shown in the (X,Z) plane of a
supercell for illumination angle ranging from 0° to 48°. The near-field intensity and magnetic field are

normalized to the intensity of electric field |E0 |2 and the amplitude of magnetic field [H,| for incident

light, respectively. The near-field intensity is shown in logarithmic scale. The effective wavelength of the
hybrid surface plasmon mode is A = 479 nm, as observed for a 42° incident angle.
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Figure 5:4 Reflection phase and intensity as functions of the nanorod length. The selected 6 different
lengths: 60 nm, 70 nm, 85 nm, 90 nm, 100 nm, 130 nm are marked with red square boxes on the phase
curve. In the simulation, the width and thickness of nanorod are both 40 nm. The periodicity of the square
arrays of nanorods is fixed to 200 nm for both x and y directions. The refractive index of both the back-

ground and the SiO, spacer is 1.5.
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5.3 SH emission

5.3.1 Second harmonic enhancement

To measure the SH emission as a function of the illumination angle, the home built nonlinear
Fourier-plane imaging setup was used with a tunable plane-wave illumination scheme (see the
method in Chapter 2). The SH intensity was measured for the same metasurface and is shown as
a function of both the incident angle and the reflection angle in Fig. 5:5(a). The highest SH inten-
sity is obtained for an illumination angle of 42°. Interestingly, in this case, the main SH emission
channel is also the +1 diffraction order computed for the SH frequency. Experimentally, Fig.
5:5(c) indicates that this excitation channel produces an up to 235 fold SH intensity enhance-
ment for incident angles close to 42°, compared with the lowest SH intensity of +1 diffraction
order obtained at around 39° incidence.

As for the linear response, the computed angle dependence of the SHG is in excellent agreement
with the experimental results. Indeed, a strong SH intensity is observed for the +1 SH diffraction
order for illumination angles around 42°, Fig. 5:5(b). Note that, contrary to the experiments
where a weak excitation of the other SH orders is observed, only the +1 order gives a significant
SH intensity in the simulations. This difference is probably due to small nanofabrication defects
[145]. According to the simulation, a SH enhancement up to 6 orders of magnitude is achieved
when the incident angle is such that the linear hybrid SPP(+) is excited, see Fig. 5:5(d).
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Figure 5:5 (a) measured and (b) simulated SH reflection as a function of both incident angle and reflection
angle at 800 nm illumination wavelength, respectively. The green, yellow, and red dashed curve shows the
angular distribution of zero order, +1 order, and higher diffraction orders, respectively. The (c) measured
and (d) simulated SH enhancement as a function of incident angle for the +1-order SH emission, respec-
tively. The SH enhancement is obtained by normalized with the lowest intensity in the corresponding plot.
For the plot for the measurement (c), the left and right dashed lines show the incident angles for which the
hybrid SPP(+) mode is excited by the anomalous +1 order reflection channel and the weak +2 order dif-
fraction channels deriving from the dispersion of the hybrid SPP(+) modes. The SH emission recorded in
the Fourier plane images under 6° and 42° incidences are shown in the insets. The number in the images
denotes the diffraction orders at SH wavelength. In the case of 6° incident angle, the SH intensity is multi-
plied by 3 for visualization.
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Figure 5:6 SH intensity as a function of the pump power, showing the second order nonlinearity of the
recorded signal. The SH power dependence is acquired under 42° incidence.

5.3.2 Second-harmonic phase matching

To explain the observation of dominant +1-order SH emission when the hybrid SPP(+) wave is excit-
ed, it is necessary to consider the conservation of the in-plane momentum wavevector during SHG, as
for the case of nonlinear reflection from flat interfaces[224, 225]. For a phase-gradient metasurface,

we need to establish the relationship between the in-plane wavevector component kg . of the fun-

spp(+

damental hybrid SPP(+) mode, the metasurface phase gradient i—” and the wavevector of the SH +1

diffraction order x2°(+1). Here, the wavevector of the linear hybrid SPP(+) mode £, ., is considered
instead of that of the incident wave, since the excitation of plasmonic modes is known to dramatically
enhance the SHG. The linear hybrid SPP(+) mode is involved twice in the generation of the nonlinear

polarization — the SH source — leading to a 2k

o) term. However, this 2k{ ) term is larger than the

S

free-space wavevector at the SH wavelength &, :

S,

2k > ke =2k (5.2)

where k;, denotes the free-space wavevector at the excitation wavelength 800 nm. This is due to the

additional momentum provided by the phase-gradient metasurface and it prevents momentums con-
servation between the fundamental and SH waves. However, momentum conservation can still be

satisfied by reducing the momentum by subtracting one grating momentum f\—” , leading to:
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spp(+) A

2k8,,, — 2= = k1O (+D), (5.3)

The validity of this equation is numerically confirmed for a 42° illumination angle, as presented in Fig.

5:7. Please note that although the in-plane momentum ‘% and grating momentum i—”have the same

quantity in our system, comparing with in-plane momentum which only has +x direction defined by
the phase gradient distribution, the grating momentum can be multiplied by any integral. In summary,
while the phase-gradient metasurface provides an in-plane momentum to transfer the incoming light
into a hybrid plasmonic surface wave, it also plays a key role in the control of the SH emission, since
the SH reflection angle also depends on the metasurface periodicity. It is worth to mention that, most
of the nonlinear plasmonic metasurfaces reported so far have achieved the manipulation of nonlinear
scattering light by solely applying the phase modulation at the nonlinear frequency [86-90, 241, 242].
Here, we have realized anomalous SH reflection by introducing the phase-gradient distribution at the
fundamental wavelength, which can provide an efficient coupling of a unidirectional hybrid plasmon
wave and result in an anomalous in-plane phase-matching condition for SHG.

42° incidence
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Figure 5:7 The in-plane momentum conservation condition for the linear hybrid surface plasmon mode
for an illumination angle of 42°. The in-plane component of the wavevector of the hybrid surface plasmon

mode is indicated as £°

() - The SH in-plane component of wavevector of +1 diffraction order are labelled

as k. “(+1 order) . The in-plane grating momentum is denoted as i—” .
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5.4 Origin of the strong SH enhancement

The phase-gradient metasurface is composed of metallic elements with different natures - the
silver backplate and the silver nanorods - and it is important to determine the relative roles
played by the localized and propagating plasmon modes in the SH emission. To this end, let us
consider separately the linear and nonlinear responses of the nanorods and the backplate. Fig-
ure 5:8 presents the absorption in the nanorods and in the silver backplate for incident angles
between 30° and 50°. For illumination angles close to 42°, a minimum of the absorption in the
nanorod, as well as a maximum of the absorption in the backplate, are observed. This is the evi-
dence of an energy transfer from the nanorods to the silver backplate induced by the excitation
of the hybrid SPP(+) mode. To understand the role of this energy transfer in the nonlinear re-
sponse of the phase-gradient metasurfaces, the SHG is computed using an area-selective non-
linear polarizability method, recently introduced to investigate the energy transfer occurring in
DRAs [185]. In this approach, the surface nonlinear susceptibility x® is set to 0, except for the
area of interest, either the nanorods or the backplate in the present case. Comparing the SH in-
tensity from each constituting elements of the metasurface reveals that the silver backplate gen-
erates nearly 70% of the SH intensity as the hybrid SPP(+) mode is excited as shown in Figs. 5:8(b)
and 5:8(c). This difference in the SH intensity can be explained by the symmetry of the elements.
The nanorods are centrosymmetric and the SH sources standing on the nanorod surfaces tend
to destructively interfere, thus limiting the nonlinear far-field radiation. At the same time, the
centrosymmetry is broken over the entire backplate surface, resulting in an efficient SH emission.
Furthermore, the SH sources distributed over the silver backplate surface provide a single SH
emission channel corresponding to the +1 diffraction order; on the other hand, the SHG from
the nanorods is spatially broad and distributed over several emission channels. This point is
further emphasized in the SH near-field intensity distributions. Indeed, regular fringes can be
observed in Fig. 5:8(b) for the case of SHG from the backplate, emphasizing the unidirectional
nonlinear emission. These results underline the role of the fundamental hybrid SPP(+) mode in
the SHG, helping to transfer the incident energy to the silver backplate, which induces a more
favorable distribution of the SH sources.
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Figure 5:8 The relative roles played by the silver nanostructures and the mirror backplate in the SH emis-
sion. (a) Calculated linear absorption in the nanorods (top panel) and in the silver backplate (bottom
panel) as a function of the incident angle. The energy transfer from the nanostructures to the backplate is
clearly observed for incident angles leading to the excitation of the hybrid surface plasmon mode. The
insets show the near-field intensity distributions in the (X,Y) plane of the supercell for incident angle rang-
ing from 0° to 48°. (b) SH emission as a function of both the incident angle and the reflection angle (top
panel) and SH near-field distribution in the (X,Z) plane for an incident angle of 42° (bottom panel) con-
sidering only the SH sources standing on the surface of the silver backplate. The nonlinear susceptibility
¥@is set to 0 at the nanorod surfaces. (c) SH emission as a function of both the incident angle and the
reflection angle (top panel) and SH near-field distribution in the (X,Z) plane for an incident angle of 42°
(bottom panel) considering only the SH sources standing on the surface of the silver nanorods. The non-
linear susceptibility %?is set to 0 at the plate surface. The near-field SH intensity distributions are present-
ed in a logarithmic scale for clarity.
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5.5 Comparison between the phase-gradient metasurface and binary-
phase grating

In order to emphasize the role of the phase design in the excitation of the hybrid surface plas-
mon and in the strong SH generation, the optical response of the phase-gradient metasurface is
compared to that of a binary-phase grating. The binary-phase grating has indeed a 2-level phase
design (0 and ©) and the supercell is composed of 6 silver nanorods with lengths of 80 nm, 80
nm, 80 nm, 110 nm, 110 nm, and 110 nm arranged along the x direction. Note that others geo-
metric parameters, such as the thicknesses of the SiO, spacer and of the silver backplate, the
height and width of the silver nanorods are kept the same as in the phase-gradient metasurface.
In Figure 5:9, the simulation reveals that the reflection from the binary-phase grating corre-
sponds to several diffraction orders, due to the phase singularity points located at the middle
and at the extremities of the supercell. Anomalous reflection in the phase-gradient metasurface
can efficiently excite the hybrid surface plasmon mode in the linear regime. As a result, the ab-
sorption and the near-field enhancement induced by the hybrid plasmon mode are both higher
in the phase-gradient metasurface as shown in Fig. 5:9(c) and 5:9(d).

The distinct linear optical responses of the two systems results in distinct SH properties. The SH
intensity is shown as a function of both the incident and the reflection angles in Fig. 5:10,
demonstrating that the two metasurfaces have indeed distinct nonlinear properties. Interesting-
ly, the SH intensity from the binary-phase grating is lower than that from the phase-gradient
metasurface. Furthermore, in the binary-phase grating, the SHG is spread into several channels,
in opposition to the single-channel SH emission from the phase-gradient metasurface. This is a
consequence of the diffraction effect in the linear regime. In the phase-gradient metasurface, the
dominant hybrid plasmon mode for an illumination angle of 42° results in +1-order SH emission
as described in Fig. 5:10(c). In contrast, the binary-phase grating reveals a strong -3-order dif-
fraction in the linear regime and then generates an additional -6-order SH emission as described
in Fig. 5:10(d). In summary, the phase-gradient design in the metasurface is crucial not only for
an efficient excitation of the hybrid surface plasmon wave through single-channel excitation in
the linear regime, but also permits a single-channel SH emission with large enhancement.
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Figure 5:9 Comparison between the linear response of the phase-gradient metasurface and the binary-
phase grating. The binary-phase grating is composed of 6 silver nanorods with 2 different lengths. The
lengths of silver nanorods are 80 nm, 80 nm, 80nm, 110 nm, 110nm, and 110 nm along the x direction in
order to generate a n phase shifts at 800 nm wavelength. The reflection calculated as a function of both
incident angle and reflection angle for (a) the phase-gradient metasurface and (b) the grating metasurface.
(c) Near-field intensity distributions, as well as the Poynting vectors (black arrows), in the (X, Z) plane for
an illumination angle of 42° for both metasurfaces. (d)The absorption as a function of incident angle for

both metasurfaces. The gray zone shows the incident angles beyond the critical angle 6, .
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Figure 5:10 Comparison between the SHG from the phase-gradient and the binary-phase grating metasur-
faces. The SH emission calculated as a function of both the incident and reflection angles for the (a)
phase-gradient metasurface and (b) the grating metasurface. The in-plane momentum conservation con-
dition for (c) the linear hybrid surface plasmon mode and (d) -3-order diffraction for an illumination angle
of 42°. The in-plane component of the wavevector of the -3 diffraction order and hybrid surface plasmon

mode is indicated as k(-3 order) and k° respectively. The SH in-plane component of wavevector of -

spp(+) !
6 diffraction order and +1 diffraction order are labelled as k’°(—6 order) and k_°(+1 order) , respectively.

The in-plane grating momentum is denoted as 3= .
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5.6 Comparison between the phase-gradient metasurface and a thin
silver film

In order to emphasize the giant SHG obtained with our design metasurfaces, we experimentally
compare with the SHG from a 40-nm silver film supporting propagating surface plamons at 800
nm. Impressively, with the identical measurement parameters, we observe the gradient-phase
metasurface exhibits more than 80-times of SH in the reflection geometry than that from the 40-
nm silver film when propagating surface plasmons are excited at 42° incidence as shown in Fig.
5:11.
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Figure 5:11 Comparison between the SHG from the phase-gradient metasurface and a 40-nm silver film.
In order to excite the propagating surface plasmons on the silver thin film, the Kretschmann configuration
is employed. The 40-nm silver film is illuminated by a TM-polarized illumination at 800 nm wavelength
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from the side of index-matching oil with 1.5 refractive index, and an evanescent wave penetrates through
the silver film can excite the surface plasmons at the air side of the film. (a) Calculated absorption as a
function of incident angle for the 40-nm silver film. The inset shows the near-field distribution of the ex-
cited surface plasmons at 42° incidence. Noted that the maximum and minimum values of the color bar
are set to be identical with that in others near-field plots in this work. (b) Measured SH intensity as a func-
tion of incident angle for the 40-nm silver film (blue line) and the gradient-phase metasurface (red line),
respectively. The SH signal is collected by the objective. Please note that we have applied the same meas-
urement parameters for both systems, and the obtained SH reflection for the 40-nm silver film is multi-
plied by 80 for comparison.

5.7 Conclusions

In this chapter, a reflective phase-gradient metasurface has been designed to convert a free
propagating wave to an unidirectional hybrid SPP(+) mode supported on its silver backplate
with 80% absorption efficiency under 800 nm illumination, resulting in a SHG enhancement of
235 folds in the measurement in comparison with the SH intensity obtained at an illumination
angle such that only the LSPRs is excited. The mechanisms leading to this strong SH enhance-
ment have been identified. The excitation of the fundamental hybrid SPP(+) mode was found to
be important, in order to transfer the pump energy into the silver backplate. The unidirectional
and confined propagation along the silver plate interface indeed boosts the in-plane light-matter
interactions. At the same time, the backplate induces a favorable SH sources distribution over its
surface, resulting in a single-channel nonlinear emission.

Interestingly, this nonlinear metasurface goes beyond previous works about the SH enhance-
ment considering only LSPRs [86-90, 230]. In addition, the wavevector-selective nonlinear re-
sponse in the designed phase-gradient metasurface opens up a new direction for the design of
chromatic-aberration-free nonlinear metalens and metahologram by well-chosen arrangements
of supercells in two in-plane directions. By loading the phase-gradient metasurface with a non-
linear medium [243, 244] or adding a quantum wells coating [210, 245], the fabrication of ul-
trathin nonlinear mirror with high nonlinear conversion efficiency is foreseen.
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In this thesis, several plasmonic effects have been utilized in order to develop novel functionali-
ties for light manipulation as well as to enhance the conversion efficiency for SHG using DRAs
and subwavelength-thick nonlinear metasurfaces. The reported light manipulations are essen-
tially linked to controlling of SH phase/amplitude modulation with the subwavelength spatial
resolution provided by plasmonic meta-atoms. Importantly, we found that the SH response can
be dramatically modified by engineering the mode dispersion at either the fundamental or SH
wavelengths. Furthermore, the symmetry plays a central role for the observed SH response in all
the investigated plasmonic systems.

In Chapter 3, we combine simulations and experiments to investigate in detail the role of the
modes coupling in the enhancement of SHG from aluminum DRAs. By performing a compre-
hensive parametric study, where the geometry of the nanostructure varies, we demonstrate that
SHG is enhanced when the coupling between the quadrupolar and the dipolar modes at the SH
wavelength is significant. Since the quadrupolar SH mode generally found in the centrosymmet-
ric plasmonic nanoantenna cannot efficiently couple to the far-field, the near-field plasmonic
coupling effect at the SH wavelength is found critical for an efficient SH emission. Indeed, the
strengthened SH near-field coupling together with enhanced SH emission has been clearly ob-
served in the DRAs when the length of the short bar is such that the dipolar mode can be excited
at the SH wavelength. In contrast, the SH field is mainly confined in the near-field when the di-
polar mode is detuned from the SH wavelength by varying the short bar length. The presented
tunability of the ratio of near-field to far-field intensity for SHG has great potential for practical
applications such as tunable EUV nanosources, nonlinear plasmonic nanorulers, nonlinear
sensing and nonlinear optical encryption.

The results reported in Chapter 3 reveal the underlying mechanisms for the enhancement of
SHG from plasmonic nanostructures and establish new routes for the design of SH
phase/amplitude modulation with efficient multiple resonant nanostructures. The latter is es-
sential for the design of nonlinear metasurfaces due to the fact that the exploration of the non-
linear response meta-atoms usually plays a key role in the realization of advanced SH light ma-
nipulations. For instance, the modulation of SH emission performed by the DRAs can be useful
for the phase/amplitude design of nonlinear metasurfaces capable to work under linear-
polarized light illumination. Beside the required circular-polarized incident light for the nonlin-
ear geometric Berry phase method as discussed in section 1.2.4, our system provides an alterna-
tive approach to engineering the SH phase/amplitude response under the linear-polarized inci-
dent light.
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For a few decades, we are witnessing tremendous progress in nanotechnology and plasmonics is
certainly a playground of choice for exploring remarkable optical phenomena enabled by the
nanoscopic nature of the sample under study. Indeed, plasmonic metasurfaces have provided a
framework to control light in different manners based on the wavelength, polarization, and even
orbital angular momentum of incident light. While the selective response depend on the
wavevector of incident light has barely been explored due to the planar configurations with a
subwavelength thickness, In Chapter 4, we demonstrate experimentally a unique nonlinear
three-dimensional plasmonic metasurface with a controllable wavevector-selective response for
SHG, that is, the nonlinear response is highly anisotropic for various impinging directions and
wavelengths of the excitation light. This truly 3D metasurface is composed of gold nanocones
supporting out-of-plane plasmonic modes. The wavevector-selective coupling between the il-
lumination field and these modes produce a nonlinear response that depends on the illumina-
tion direction, thus providing directionality control over the SH emission. Let us note that this
wavevector-selective nonlinear response cannot be realized in purely planar nanostructures,
which generally do not exhibit inhomogeneous reflection with respect to the wavevector (i.e. the
incident angle) of the incoming light. Here, we combine both experiments and simulations to
reveal the mechanisms that lead to a wavevector-selective nonlinear response and discuss in
detail how the corresponding selection rule can be engineered by controlling the tilt angle of the
gold nanocones on the surface. Remarkably, although the response of the system is determined
by its individual components (the nanocones), the overall system behaves as a homogeneous
metasurface with only specular SH reflection.

A key innovation in the presented work is the utilization of a particular type of 3D plasmonic
nanostructures to provide out-of-plane nonlinear polarizability, such that different SH polariza-
tions are generated for different incident wavevectors at the fundamental wavelength. Particu-
larly, this wavevector-selective response is realized in the homogeneous plasmonic arrays with
subwavelength device thickness, which can hardly be achieved by conventional optical compo-
nents due to the requirement of a sufficient phase accumulation. Together, this work paves the
way for an optimal design of directional nonlinear plasmonic meta-mirrors.

In order to generate an arbitrary wavefront of light, the continuous and spatially varying
phase/amplitude modulation with the subwavelength resolution along the artificial interface is
required according to the Huygens's principle. With the design principle of wavefront construc-
tion, plasmonic metasurfaces have opened up a revolutionary way to freely manipulate light
with accessible phase/amplitude control of electromagnetic wave with subwavelength domains.
This advanced diffraction-free light manipulation permits a high-efficiency tailoring of a propa-
gating wave into a hybrid surface plasmon wave supported on the metallic backplate of metasur-
face, resulting in a strongly enhanced near-field. The enhanced near-field and the variation of
local symmetry from that of LSPR modes are per se interesting for SHG. Yet, most nonlinear
metasurfaces reported so far are solely relied on the LSPRs to coherently shaping the wavefront
of SH emission. Despite that, the limited light harvesting from the radiation loss of LSPR modes
at the excitation stage will hamper the overall efficiency of SHG.

In Chapter 5, we experimentally demonstrate the first observation of giant enhancement and
high directionality of SH emission from an excited hybrid localized and propagating surface
wave in a reflective phase-gradient metasurface. The gradient-phase design provides an in-
plane momentum to the incoming light and thus enables to direct the reflected beam into an
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anomalous channel following the generalized Snell’s law. The anomalous refection in the far-
field is contributed by the overall radiation loss of LSPR modes in the metasurface. This radia-
tion loss can be significantly reduced when the incident angle is such that the anomalous reflec-
tion channel can be tailored into a hybrid surface plasmon wave confined and in-plane propa-
gating on the metallic backplate of the designed metasurface. This fact emphasizes the novelty
of our designed metasurface which enables the possibility to tailor the incident plane wave into
a non-radiative hybrid SPP(+) channel supported by the implemented metallic backplate (30-
nm beneath the nanorod layer). Indeed, with an appropriated incident angle, the anomalous
channel can be tailored into the hybrid surface plasmon wave propagating along the phase-
gradient direction on the metasurface. In this case, we experimentally observed a maximum
absorption peak with nearly 80% absorption efficiency at 800 nm illumination, almost twice the
value at normal incidence. Impressively, a SHG enhancement of 235 folds is experimentally ob-
served with respect to that when only the LSPRs are excited. Interestingly, the single-channel SH
emission with high directionality can be clearly observed when the hybrid surface plasmon wave
is excited. Importantly, this well-defined SH emission is facilitated by the SH quasi-phase-
matching between the SH emission channel and the excited hybrid surface plasmon wave. Be-
sides, the role of the nanorods and metallic backplate for SHG has been carefully addressed
thanks to the area-selective nonlinearity method in SIE simulation. When the hybrid surface
plasmon wave is excited, the observed energy transfer from the nanoantenna to the metallic
backplate at the fundamental wavelength, together with the dominant contribution of SHG from
the metallic backplate, indicates that the propagating SPP component plays a key role in the
leading giant SH enhancement as well as the high directionality of SH emission.

The key innovation in Chapter 5 is the utilization of a unidirectional hybrid surface plasmon
wave as a fundamental driven source of SHG. In comparison with the conventional nonlinear
metasurfaces using only LSPR elements, the excitation of non-radiative hybrid surface plasmon
mode can further improve the light harvesting by confining the anomalous reflection light on the
metallic backplate of the designed metasurface. Moreover, the excited unidirectional propagat-
ing surface wave is certainly favorable for various kinds of light-matter interactions at the inter-
face, since this scheme allows the optical response to gradually build up with the in-plane dis-
tance along the propagating direction of the hybrid surface wave. For example, if there is a
properly designed metasurface supports a unidirectional hybrid surface plasmon modes at both
the fundamental and SH wavelengths in the way such that the SH phase-matching condition
between these two surface propagating modes can be satisfied, the linear growth of SH intensity
for the SH surface waves along the in-plane propagating direction can be foreseen. The idea of
in-plane phase matching with the two propagating surface-plasmon waves has been proposed
in a nonlinear plasmonic waveguide which exhibits an intriguing backward phase-matching
condition for SHG [246]. However, in this proposed system, the quadratic SH intensity growth
along the planar plasmonic device has not yet been clearly demonstrated due to the high loss of
the supported SH surface mode. In their design, the excitation of propagating surface plasmon is
achieved by focusing the illumination light on an open slit in the metal-dielectric-metal plas-
monic waveguides. In contrast, our designed metasurface can excite the unidirectional hybrid
surface waves in the whole illuminated area and thus provide better light harvesting. Conse-
quently, with the further investigation of mode dispersion for the hybrid surface waves at the SH
wavelength, we expect an emergence of the novel in-plane phase-matching device to boost the
SH efficiency along the surface in the subwavelength-thick nonlinear metasurfaces. On the other
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hand, the excited hybrid surface plasmon wave provides a strongly enhanced and delocalized
near-field distributed over the entire plasmonic metasurfaces. This unique characteristic is high-
ly desirable for the enlargement of the optical response of molecules approaching the metasur-
faces, facilitating the light-matter interaction [247]. Therefore, besides the efficiency enhance-
ment of nonlinear optical processes, this work also paves a way for the optimal design for practi-
cal applications in plasmonic sensing [248], photochemical reactions [249], catalytic reaction
[250] and light trapping in thin-film solar cells [251-253].

In this thesis, we mainly focused on the SHG from nanostructures made of noble plasmonic
metals due to the interests of strong near-field enhancement and fascinating symmetry selection
rules with plasmonic effects involved. Due to the LSPR enhancement plasmonic nanoparticles
can indeed generate relatively efficient SH emission with deep subwavelength dimensions.
However, due to the loss issues in the metals, the resulting heating effects will eventually con-
strain the optical damage threshold for the plasmonic systems. These effects will limit the overall
conversion efficiency of SHG which should be scaled up with the pump power like a second-
order nonlinear process. To overcome this issue, dielectric/semiconductor nonlinear materials
with a high refractive index will be highly desirable to sustain a higher damage threshold while
remaining the ultrathin device thickness [254, 255]. In comparison with plasmonic nanoparticles,
dielectric/semiconductor nanoparticles can support magnetic dipole modes with field mainly
confined in the bulk instead of the surface of the nanoparticles, thus noncentrosymmetric mate-
rials are required for SHG from the bulk [256, 257]. By replacing the materials from noble metals
to nonlinear materials while employing the design principle of phase-gradient metasurfaces
proposed in this thesis, further improvements of SH conversion efficiency can be foreseen
thanks to a higher input-power tolerance for such all-dielectric nonlinear metasurfaces.
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