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Abstract

Modern plasmonics strives to meet the demands of next-generation quantum technologies
while opening new research frontiers in mesoscopic solid-state physics. However, the success
of these advancements largely depends on the reduction of electromagnetic losses in metallic
materials, which constitutes the most ubiquitous problem of current nanoplasmonic devices.

This thesis presents experimental investigations of the plasmonic properties of (quasi-)
monocrystalline gold flakes, which emerged recently as a material platform to supersede
the traditionally-used polycrystalline gold films. First, the optical response in the linear
regime, including nonlocal effects, is discussed in detail, and prospective functionalities
for advanced plasmonic devices are experimentally demonstrated. Second, the nonlinear
response arising from the interaction of crystalline gold with intense ultrashort light pulses
is considered, with experiments revealing that monocrystalline flakes produce a strong
anisotropic second-order nonlinear response which is markedly absent in polycrystalline
films. In addition, two-photon luminescence microscopy is used to study the nonlinear
absorption dynamics in gold flakes that are few tens of nanometers in thickness, exploiting
their strong intrinsic third-order susceptibility. Preliminary results indicate that hot
carrier excitation and relaxation dynamics is significantly altered when the gold thickness
approaches mesoscopic dimensions.

The results presented in this thesis confirm that monocrystalline gold flakes are among
the best candidates for the experimental exploration of nonlocal and nonlinear plasmonic
phenomena, and can be used for substantial improvement of existing plasmonic devices.
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Resumé

Moderne plasmonik straeber efter at imgdekomme behovene i den naeste generations
kvanteteknologier og abne nye grenser inden for forskning i mesoskopisk faststoffysik.
Imidlertid afhesenger succesen af disse fremskridt stort set af evnen til at reducere de
elektromagnetiske tab i metalliske materialer, hvilket ggr det mest allestedsnaervaerende
problem med de nuveerende nanoplasmoniske enheder.

Denne ph.d.- afhandling praesenterer en eksperimentel undersggelse af de plasmoniske
egenskaber af (kvasi-) monokrystallinske guldflager, som for nylig opstod som en mate-
rialeplatform til at erstatte de traditionelt anvendte polykrystallinske guldfilm. For det
fgrste diskuteres den optiske respons i det linesere regime, inklusive ikke-lokale effekter, og
potentielle anvendelser i de avancerede plasmoniske enheder demonstreres eksperimentelt.
For det andet overvejes det ikke-linesere respons, der opstar som fglge af interaktionen
mellem krystallinsk guld og ultrakorte lysimpulser. Udfgrte eksperimenter viser, at mo-
nokrystallinske flager producerer en steerk, anisotrop anden ordens ikke-linezer respons,
som er markant fravaerende i polykrystallinske film. Derudover anvendes to-foton lumines-
censmikroskopi til at studere den ikke-linezere absorptionsdynamik i guldflager, der har
fa snesevis af nanometer i tykkelse og udnytter deres steerke fglsomhed af tredje orden.
Forelgbige resultater indikerer, at varmebsererens excitation og afslapningsdynamik er
signifikant sendret, nar guldtykkelsen nsermer sig mesoskopiske dimensioner.

Resultaterne praesenteret i denne afthandling bekraefter, at de monokrystallinske guldflager
er blandt de bedste kandidater til den eksperimentelle udforskning af ikke-lokale og ikke-
linezere plasmoniske faeenomener og kan bruges til vaesentlig forbedring af de eksisterende
plasmoniske enheder.
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1 Introduction

“There’s Plenty of Room at the Bottom”

Richard Feynman

Plasmonic nanostructures offer unique possibilities to concentrate light in regions of
space that are much smaller than the conventional diffraction limit [1]. This is possible
because light can couple to collective oscillations of free carriers in metals, giving rise to
electromagnetic surface waves, known as surface plasmons polaritons (SPP). SPPs can
be either propagating along the metal-dielectric interfaces or localized at the surfaces of
metallic nanostructures, but in both cases they are evanescently confined at the surfaces
and have effective wavelengths shorter than light of the same frequency in homogeneous
dielectric media. Such optical confinement is associated with the local enhancement of the
electromagnetic field, a feature desired in many areas of physics, chemistry, engineering
and others, as it allows controllable amplification of linear and nonlinear optical processes
at nanometer and even sub-nanometer length scales [2].

The significant progress in plasmonics over the last decades owes a great deal to the
development of various nanofabrication methods that made possible creation of metallic
nanostructures with unprecedented tolerances and reproducibility. Utilitarian design of
these nanostructures facilitates engineering of their optical properties to achieve controllable
localization of strong electromagnetic fields.

However, the confinement and enhancement of electromagnetic fields enabled by plasmons
is not available for free, but rather comes at the expense of losses, caused by various inelastic
scattering mechanisms of free carriers in metals. Intuitively, such losses are inevitable,
as they prevent plasmons from oscillating faster than is allowed by the underlying sea
of electrons, which actually make up the plasmons themselves. Losses place a serious
constraint on the practical application of plasmonic components as subwavelength-sized
optical interconnects, which seemed to be a promising prospect in the trend of optics
miniaturization at the end of the 20" century. As outlined by Jacob B. Khurgin in his
commentary article entitled “How to deal with the loss in plasmonics and metamaterials”,
“.. even in the noblest of metals, losses in the optical range are still too high to make most,
if not all, practical devices...” [3]. Indeed, the SPP propagation lengths at the interfaces of
traditional plasmonic materials — gold and silver — do not exceed hundreds of micrometers
at optical wavelengths, and it is very hard to create plasmonic resonators with quality
factor greater than 100. Therefore, a lot of research is striving to minimize the dissipative
losses in plasmonic systems by improving the materials and their structuring methods.

Yet, even if the material scientists came up with the ideal, lossless metal [4], it would not
solve all the problems associated with losses in plasmonics: confinement of electromag-
netic fields has a fundamental limit which stems from quantum-mechanical phenomena in
mesoscopic physics. Effects such as quantum pressure waves, Landau damping, quantum
spill-out and tunneling lead to nonlocal response, which imposes a constraint on maximum
achievable confinement and creates additional loss channels.

Hence, a natural question arises: after all, should we bother about the superficial improve-
ment of plasmonic materials if there exists an ultimate restriction, which at present seems
to be fundamentally overwhelming. In this thesis, I will try to persuade the reader that
“the game is worth the candle”.



First of all, the limit will be never overcome if no one tries to push or at least reach it.
Luckily, the author of this work and his supervisors are not the only people who share this
opinion. Many research groups all over the world make collaborative efforts in exploring
this limit and if not solving the problem, then at least learning how to deal with it [5].
Secondly, plasmonic nanostructures have already found applications and advanced the
state of the art in many areas of technology and research. Even though some of the
proof-of-concept publications are speculative and the proposed devices are at the moment
not fully functional outside laboratories, the overall progress is evident.

Among the noticeable examples are single-molecule detection using surface-enhanced Raman
spectroscopy (SERS) [6] and other biomedical applications, including cancer therapy [7] and
even accurate detection of the notorious SARS-CoV-2 virus [8]. While the use of plasmonic
interconnects in optical integrated circuits mostly remains impractical, ultra-compact and
high-speed electro-optic modulators employing plasmonic elements have been demonstrated
[9, 10]. Enhancement of the emission rate of single-photon sources in plasmonic cavities,
which was considered only as a perspective possibility just a few years ago [11-14], recently
became if not a routine, but certainly a widespread procedure [15, 16]. Last but not least,
the quality of plasmonic metamaterials and metasurfaces is being steadily improved to be
used in flat optical components [17-19] and in structural coloring [20, 21]. Of course, this
list of examples is very far from being exhaustive, as new developments and discoveries are
published at an exponentially growing frequency [22].

This PhD thesis presents a study of (quasi-) monocrystalline gold flakes, which emerged
recently as a possible replacement for the conventional polycrystalline gold thin films.
Gold flakes appear as flat and smooth crystals with high aspect ratios and hundreds of
micrometers in lateral sizes. The well-defined crystal structure and nearly atomic flatness
of these surfaces makes them an ideal material platform for the fabrication of plasmonic
devices with the ultimate quality [23] and conducting the cleanest experiments on plasmonic
phenomena [24-27]. In fact, crystalline gold possesses some properties that are markedly
absent in its polycrystalline counterpart: for example, appendix C contains a study of
anisotropy in the second-order nonlinear response from the monocrystalline gold flakes
which is not observed from the evaporated gold.

However, a direct substitution of the evaporated or sputtered gold films is not always
straightforward and beneficial. Appendix B presents such an example: employing monocrys-
talline gold as a substrate in the well-established gap surface plasmon (GSP) metasurfaces
results only in a modest performance improvement and is complicated by fabrication con-
straints. Nevertheless, devices which do not require fabrication of stratified structures on
top do benefit substantially from the crystalline quality of the gold flakes, as demonstrated
in experiments on plasmonic enhancement of emission from single-photon sources in which
I was proud to collaborate. [15, 16].

Finally, and perhaps a bit frivolously for a scientific text, I would like to mention that gold
crystals are inexplicably aesthetically pleasing. I remember my genuine astonishment three
years ago, when I saw for the first time a batch of gold flakes that I had synthesized in an
optical dark-field microscope. This fascination let to curiosity that ultimately stimulated
the work presented in appendix A.

Outline

The remainder of this thesis is structured in the following way: chapter 2 provides a
summary of the theoretical foundations of nanoscale light-matter interaction in the linear
regime. Chapter 3 describes the employed gold flake synthesis methods and discusses
aspects of their crystal structure. Chapter 4 reports an experimental investigation of
nonlocal effects in GSP waveguides which were designed and fabricated during my research
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stay in the group of Dr. Jer-Shing Huang at the Leibniz Institute of Photonic Technology
in Jena, Germany. Chapter 5 summarizes the basic concepts in nonlinear optics and
nonlinear optical response of gold. Chapter 6 presents some unpublished results on
nonlinear microscopy of monocrystalline gold flakes and two-photon absorption dynamics
measurements. Finally, chapter 7 provides a summary of the thesis and a brief outlook on
future perspectives.

Publications with the first-author contribution to the research work (papers A-C) which
was carried out during the three years of this PhD project can be found in appendix.






2 Light-matter interaction at the nanoscale

In this chapter the theoretical foundations of electromagnetism, linear optics and plasmonics
are reviewed, primarily with the aim to introduce the notation and conventions to be used
in this thesis. With the exception of section 2.5, which deals with the nonlocal effects in
plasmonics, this chapter was written based on several excellent textbooks [28-33] that
provide thorough derivations and comprehensive explanations of the facts briefly stated in
the following pages.

2.1 Fundamentals of Electromagnetism

Modern theoretical description of the light-metal interaction begins with the macroscopic
Mazxwell equations. In terms of external charge density p. and external current density je,
in differential form and in SI units they are formulated as

V-D=p. (Gauss’s law), (2.1a)

V-B=0 (Gauss’s law for magnetism), (2.1b)
_ oB

VxE= 5 (Faraday’s law), (2.1c)
_ D -

V xH = 88t + Je (Ampere’s law), (2.1d)

where FE is the electric field, H is the magnetic field, D is the electric displacement, and
B is the magnetic induction. All of these quantities are real-valued, position r and time
t dependent vectors. The relations between electric field and displacement, as well as

magnetic field and induction are given by the constitutive relations:

D =¢E+ P, (2.2a)

_ B _

A== _M, (2.2b)
Ho

where g9 ~ 8.854 - 107!2 F/m is the permittivity of free space, g ~ 47 - 1077 H/m is the
permeability of free space, P is the polarization of the medium and M is the magnetization
of the medium.

An implicit consequence of Maxwell’s equations is the existence of electromagnetic waves.
In non-magnetic media (M = 0), in the absence of external charges (p. = 0) and currents
(Je = 0), the inhomogeneous wave equation can be derived by combining Faraday’s and
Ampere’s laws:
2 77 2p
VxVxE — oE op
ot?

= MOW? (2.3)

1
2
with ¢ = 1/,/Zofio ~ 2.998 - 10% m/s being the speed of light in vacuum.

One of the ansatz solutions of this partial differential equation represents transverse plane
waves, which are conveniently written in a complex form:

E(r,t) = Re {E(k:, w)ei(’”*‘”t)} = Re {Eoei(’“”m*d’)}
1
T2

(Eei(’ﬂ“*wt) + E*e—i(krwt)> 7 (2.4)
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where E is a complex field, E = Ege™ is its complex amplitude (with magnitude Egy and
phase ¢), w and k are frequency and wavevector of the wave, respectively.

The magnitude of the wavevector, k = |k|, is related to the wavelength A = 2x /k. In free
space (implying P = 0), the expression ky = w/c = 27/ holds, and thus the free space
wavelength )\ is a customary quantity in optics.

The frequency of the electromagnetic wave is directly proportional to the energy of its
quantum — the photon: Ep,, = hw (known as Planck—Einstein relation) where i ~
6.582 - 10716 ¢Vs is the reduced Planck’s constant. It is also customary to describe light in
terms of its photon energy.

Finally, the intensity of a monochromatic plane wave in free-space is proportional to the
square of the magnitude of the electric field: I = cgo| E|%/2.

2.2 Electromagnetic waves in linear media

The definition of a linear and nonmagnetic medium assumes that relations between D, P
and E, as well as between H and B are linear:

D =¢pe (2.5a)

P=c )_(E (2.5b)

_ 1 -

H= "B, (2.5¢)
Ho

where the proportionality constants £ and y are called relative electric permittivity (also
commonly referred to as dielectric function of the metal) and relative electric susceptibility
respectively, being related as € = 1 4 ¥. In general, ¥ and & are tensors, however in the
case of isotropic media they have only diagonal elements, all of which are equal, and thus
can be described by scalar quantities.

However, these simplified constitutive relations do not describe temporal and spatial
dispersion, which is clearly an important aspect for metals, as will be shown in the
following sections. In order to take dispersion into account, the relationships may be
generalized as

D(r —80// E(r' E(r — vt —t')d3'dt, (2.6a)

// (' AE(r — 't —t')d3 dt, (2.6b)

where the integral in space is carried out over all space V. In this equation, £ and Y satisfy
the physical causality principle (i.e. displacement field and polarization at time ¢ do not
respond to an electric field applied in future time ') and allow nonlocal interaction (i.e. the
electric field at point » may also cause response at another point in space r’). By virtue
of Fourier transformation, the constitutive relationships eq. 2.6 are cast to the frequency
(k,w) space:

D(k,w
Pk,w

~—

= epe(k,w)E(k,w), (2.7a
= on(k,W)E(k,w), (27b)

~—
~—

where € and y are complez relative permittivity and susceptibility: ¢ = & + ie” and
x =X +ix".

For many linear problems in optics and plasmonics, the so-called local response approxima-
tion (LRA) is valid even at the nanoscale. It assumes a spatially non-dispersive medium,
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i.e. the spatial dependence of the permittivity is represented by Dirac delta function:
E(r—r';t —t') =6(r —r")&(t — ¢') and thus the Fourier transformed ¢ is only dependent
on the frequency w. The classical Drude model for the optical response of metals, which is
discussed in the next section, is a model hinging on LRA. The nonlocal considerations in
plasmonics are discussed in section 2.5.

With these assumptions, as well as assumption of non-magnetic medium, the homogeneous
wave equation can be derived:

V2E + Tz =0 (2.8)

where n = /e is the refractive index of the medium, and solution is assumed to be of the
form of the transverse plane wave (which are divergence-free fields, which allows to replace
the V x Vx with the Laplacian operator). Inserting the ansatz solution (eq. 2.4) into the
eq. 2.8 or realizing that Fourier transform yields 0/9t — —iw, the Helmholtz equation is
obtained: .
2 2

V°E = — v E. (2.9)
It should be also noted that the D and P fields can be equally well described in terms of
the internal current density j (not to be confused with the external current density je),

which is the time derivative of polarization:

)

with the proportionality constant o = iegw) being the complex conductivity of the medium.

2.2.1 Linear absorption and polarization of the medium

An instructive way to describe linear light-matter interaction is to consider it from the
polarization perspective, which is especially useful for understanding linear absorption as a
consequence of energy exchange between the optical fields and polarization of the medium.

Omitting spatial dependence, the induced polarization in the material can be written as
P =Re {5oxEoei(_“t+¢)} = e0Eo (X' cos(—wt + ¢) — X" sin(—wt + ¢)) . (2.11)

From this follows that x yields a phase shift between the electric field and polarization
depending on the magnitudes of the values of its real and imaginary parts. Then, the rate
of work done by the electromagnetic field on the medium is given by

_ QP ¢y Ep)?
B = "'2""" (X' sin(2(¢ — wt)) + X" cos(2(¢ — wt)) + X", (2.12)
The two periodic contributions average over time to a net zero exchange of energy, but the
constant term remains, resulting in a nonzero time-average:

_ 9P ol Eol*w
E —)=""7T"-— 2.1
< 5 > 5 X (2.13)

which describes linear absorption or gain, depending on the sign of x”. Since y =¢ — 1, in
the linear regime, absorption can be equally well described by the imaginary part of the
complex permittivity, however the description above is useful for further understanding of
nonlinear absorption which is discussed in chapter 5.
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2.3 Linear optical properties of gold
In a wide wavelength range, the linear optical response of noble metals, and in particular
of gold, is well described with a so-called plasma model, also commonly referred to as
the Drude model. This classical model depicts the metal as an electron gas of density
n that is quasi-free to move in front of a background of heavy nuclei and core electrons,
which, in turn, are assumed to be stationary, as schematically illustrated in fig. 2.1a. The
damping, which is caused by various electron scattering mechanisms, is included in the
model via a phenomenological constant v = 1/7, with 7 being the mean free time between
the scattering events. With the assumption of a harmonic driving field (eq. 2.4), the
equation of the free electron motion reads as
2~ ~

gt; + 72: = —n:* Ee !, (2.14)
where 7 is displacement of the electrons, e is the elementary charge and m™* is the effective
electron mass. The equation of motion has a solution of the form

e .
e — Pl 2.15
m*(w? + iyw) (2.15)
which can be used to derive an expression for the relative permittivity. The displacement of
every electron contributes to the macroscopic polarization P = ne#, so invoking eq. 2.7 and
taking into account residual polarization due to the ionic background Py, = (6o — 1) E
gives an expression for the dielectric function:

w2

P
ep(W) = €0 — 55—, 2.16
p(w) w2 + iyw ( )
with wp = y/ne?/epm* being the characteristic frequency of the electron motion, known as
the plasma frequency.

Figure 2.1b shows a comparison between the Drude model and an experimentally obtained
dielectric function of the monocrystalline gold by Olmon et al. [34] in the visible and
near-infrared (NIR) wavelength range. This data set is claimed to be more accurate than
the widely used data from Johnson and Christy [35] or Palik [36], which were acquired
more than 30 years earlier. Besides, it also presents a systematic study of the optical
properties of evaporated and template-stripped gold samples. However, the data shown
in fig. 2.1b was claimed to be the most appropriate for monocrystalline gold flakes [26,
37]. The parameters of the Drude dielectric function in fig. 2.1b were obtained by fitting
eq. 2.16 to the experimental data with the least square method, resulting in following
values: €5, = 4.69, hiwp, = 8.33eV and hy = 0.047eV.

The validity of the free electron model breaks down at short wavelengths and strong
optical fields due to the occurrence of interband transitions, which require quantum
mechanical treatment and are described within the band theory of solids (briefly discussed
in section 2.3.2). As can be seen from fig. 2.1b, the Drude model indeed deviates from the
experimental observations at wavelengths shorter then Ay ~ 700 nm. This discrepancy in
the visible range can be reduced by adding a Lorentz oscillator term to the model of the
dielectric function [38, 39], which mimics the interband transitions:

aw? w2
=y — _ , 2.17
epL(w) = Eoo w2 —wl—mw  w?+iyw ( )

where w;, is the resonance frequency of the oscillator, ~; is the damping and a is the
oscillator strength. As can be seen from fig. 2.1b, adding a Lorentzian term extends the
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Figure 2.1: (a) Schematic illustration of the Drude metal model. (b) Real (&’, blue plots, left vertical
axis) and imaginary (¢”, orange plots, right vertical axis) parts of the experimentally obtained
complex dielectric function of monocrystalline gold in the visible and NIR wavelength range from
ref. [34]. The solid and dotted lines are Drude and Drude—Lorentz model fits to the experimental
data.

validity of the model significantly into the visible range, down to approximately 550 nm.
The parameters of the Lorentz oscillator, also obtained by least squares fit, are a = 0.17,
hw, = 3.07eV and v, = 0.8eV. In fact, adding multiple Lorentz oscillators to the model of
the dielectric function allows to obtain a nearly perfect fit in the whole visible range [40],
which may be useful in Finite-Difference Time-Domain (FDTD) simulations, however, it
does not provide any new physical insight.

2.3.1 Sommerfeld theory of metals

Despite the success of the Drude model, it has limitations not only in the description
of the optical properties of metals at high frequencies, but also in the description of its
thermodynamic properties. Some of the discrepancies with experimental observations were
resolved with the development of quantum theory and application of the Pauli exclusion
principle to the free electron gas, implying that every electron occupies a single electron
level.

The free electron gas in the Drude model is classical, and the distribution of electron velocity
v is described by the Maxwell-Boltzman statistics: fyg(v) = n(m*/2rkgT)3/2e—m*/2ksT
where kp ~ 1.381-1072J /K is the Boltzmann constant and 7 is the absolute temperature.
In the Sommerfeld free electron model, it is replaced with the Fermi—Dirac statistics:

m*3 1

= 473K o(m 2 2—kpTo)/keT § |’

fep(v)

(2.18)

which implies (to some extent surprisingly) that in a Fermi gas, some electrons have a
nonzero momentum even at zero temperature. As will be shown in the following, it has
important consequences also for the optical response of metals. Within Sommerfeld’s model,
the state of an electron, described by the wavefunction ¢ (r), satisfies the time-independent
Schrédinger equation:

2m*

2
Hip(r) = <— LRV U(r)> Y(r) = EP(r). (2.19)

The free electron model assumes that the potential U(r) is zero: all electron—electron
and electron—nuclei interactions are neglected. Imposing periodic boundary conditions
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[¢(r; + R) = 1(r;) for all r;], the equation has a solution of the form

1
wn = ﬁem s (220)

where K is the electron’s wavevector. This eigenstate has a k-dependent energy eigenvalue:

h2 k2

om*’

(k)

(2.21)

The state 1), (7) is also an eigenstate of the momentum operator p = %V with an eigenvalue
p = hk. Furthermore, periodic boundary conditions impose the quantization condition:
ki = 2mn;/ R, with n; being an integer. This implies that electrons can only occupy discrete
states which correspond to discrete values of energy. The state with the lowest energy is
known as the ground state.

This treatment can be expanded to a system of N electrons (which are, though, still
non-interacting) by successively adding electrons to unoccupied states starting from k = 0.
In the case of large N, the occupied region in k-space becomes indistinguishable from a
sphere with radius ky, which corresponds to the wavevector of the state with the highest
& = h?k2/2m*, known as the Fermi energy. Furthermore, the electron corresponding
to this state has momentum pp = hky (the Fermi momentum), velocity vy = pp/m* (the
Fermi velocity), and wavelength \y = 27/kp (the Fermi wavelength). This quantities are
ubiquitous in solid state physics and will be used in section 2.5 for the description of
nonlocal effects in plasmonics. For gold, experimentally measured values these quantities
are kp ~ 12.1nm ™!, & ~ 5.53eV, vy ~ 1.4-10°m/s and A\ ~ 0.5 nm.

2.3.2 Electronic band theory

Even though the free electron model is relatively successful in describing the optical proper-
ties of gold in the NIR, it clearly has its limitations due to oversimplified approximations. In
order to get deeper insight into the physical mechanisms of light-metal interaction, a more
detailed description is required, which does not neglect electron-ion and electron—electron
interactions. Since gold has atomic number 79 and [Xe] 414 5d10 6s! electron configuration,
an exact quantum mechanical description of just a single gold atom is a complex many-body
problem. An exact treatment of a macroscopic solid which consists of N atoms is obviously
even more complicated and falls far beyond the scope of this thesis.

However, a brief intuitive understanding can be obtained by considering that electrons
in a crystalline solid are subjected to a periodic potential U(r) = U(r + R). Such a
periodic potential leads to periodic solutions of the Schrédinger equation, which, according
to Bloch’s theorem, are of the form

U (1) 0 € e (7). (2.22)

Here, upn.(r) is a function with the same periodicity as U(r) and n is the band index. It
appears because for a given k there are many independent solutions of eq. 2.19, which
correspond to different energies, i.e. the eigenstates ¢, (r) have a set of the corresponding
energy eigenvalues &,(k). Due to the periodicity of the problem, the wavevector k is
confined to the first Brillouin zome, which is a uniquely defined primitive cell of the
crystal in the reciprocal space (i.e. k-space). A wavevector k’ which lies outside the first
Brillouin zone corresponds to the physically identical state inside the first Brillouin zone
as k' = k + K (with K being a reciprocal lattice vector). This leads to a description of
the allowed electron energy levels in a periodic crystal in terms of the energy bands, which
constitute the electronic band structure of a solid.
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Figure 2.2 shows the electronic band structure of gold, calculated using ab initio density-
functional theory (DFT) [41], in the vicinity the Fermi level and across the important
symmetry points in the first Brillouin zone. Gold has the first Brillouin zone in a shape
of a truncated octahedron, as it is a face-centered cubic (FCC) crystal. The upper band,
which is parabolic in a first approximation, corresponds to the conduction band. It is also
referred to as the sp-band, as it arises due to the overlap of atomic 6s orbitals hybridize
with 6p orbitals. The lower bands are known as valence bands or d-bands.
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Figure 2.2: Density of states (left), electronic band structure (middle), First Brillouin zone (top right)
and contour of the Fermi surface (right bottom) of gold calculated using density-funtional-theory.
Adapted with permission from refs. [41, 42].

Absorption of a photon leads to a transfer of its energy and momentum to an electron. Since
photons do not carry a lot of momentum, their absorption corresponds to approximately
vertical transitions of electrons in the energy band structure. In other words, conservation
of momentum requires that the absorption of a photon happens along the light-line, which
would appear nearly vertical if plotted next to the band structure in fig. 2.2. Therefore,
transitions within the sp-band (called intraband transitions) are not possible in the vicinity
of the Fermi energy due to large momentum mismatch between the allowed electronic states.
However, intraband transition may occur when the momentum mismatch is compensated
by a three-body scattering, for example when an electron simultaneously with the photon
absorption scatters on a a phonon or impurity.

In turn, the interband transitions (e.g. from d-band to an unoccupied state in sp-band)
can happen due to absorption of a single photon. In fact, their occurrence in gold explains
its characteristic color and behavior of the dielectric function. As shown in fig. 2.2, due
to the anisotropy of the electronic potential, the Fermi surface of gold deviates from a
free-electron-like spherical shape near the X and L symmetry points. It implies that the
energy difference between the electrons in the d-band and unoccupied states in the sp-band
is smallest at these points — approx. 1.9eV near X and 2.4eV near L. Since these energies
are close to the photon energy of the visible light, the interband transitions are likely to
happen these points. This explains why the imaginary part of gold’s dielectric function in
fig. 2.1b has a turning point at approx. 650 nm and a sharp increases at approx. 515 nm.

2.4 Surface plasmon polaritons

It is well known that metal-dielectric interfaces support guided electromagnetic surface
waves that are evanescent in the surface-normal direction. These coupled oscillations of
free electrons in the metal and electromagnetic waves are called surface plasmon polaritons
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(SPP’s). If the interface is assumed to be aligned in the zy plane at z = 0 (i.e. the
permittivity of the medium changes only along z-axis), the solution of the wave equation
(2.9) with the boundary conditions stemming from the Maxwell equations — continuity
of the tangential component of E and normal component of D — results in the following
solution, corresponding to the waves which are evanescent along z-axis and propagate
along z-axis:

Ey(z,z>0) = ik.qEge k=% ethspp® Ey(z,z2<0) = — ik ym Eoe=m#etksop® (2.23a)
EZ($, 2> 0) _ _k,sppEoe_kzdzeiksppx7 EZ(.%‘, 2 < 0) _ _ksppEoekzmzeikspp:c’ (2.23b)
H,(x,2z > 0) = wegeq Ege F=a?ethepr® Hy,(x,2 < 0) = wegeq EgeF=m7eiFer®  (2.23¢)

A typical SPP field distribution, shown in fig. 2.3a, illustrates evanescent character in the
surface-normal direction and the propagating wave behavior in the z-axis direction. It
should be noted, that other components of the electric and magnetic fields (namely E,),
H, and H,) are equal to zero and thus SPP’s are transverse magnetic (TM) modes. No
surface modes exist for transverse electric (TE) polarization, since such fields do not satisfy
the imposed boundary conditions. Furthermore, the boundary conditions result in the
dispersion relation for the SPP propagation constant:

Emé&d
k =k A | ——— 2.24
Spp 0 5m+5d’ ( )

with ey, being the dielectric function of metal and €4 being that of dielectric medium. The
surface-normal components of the wavevector in dielectric (k,q) and metal (k.p):

kzd = \/k:gpp - k%sd, (2.258,)
kem = \/ k2 — kiem- (2.25b)

Several important characteristics of the SPP’s, which are widely used in the literature as
well as in the following sections of this thesis, are their wavelength Aspp = 27 /Re{kspp },
skin depth Z = 1/|Im{k.}|, propagation length Lgs,, = 1/2Im{kspp} and effective mode
index ngpp = kspp/ko-

It is instructive to first consider the SPP dispersion relation with the dielectric function
of the metal described by an idealized Drude model (eq. 2.16), as shown in fig. 2.3b. In
the absence of damping (v = 0), the dispersion curves splits into two branches: at the
frequencies above wp, the metal becomes effectively transparent and thus the curve on the
left from the light line corresponds to the dispersion of light in the metal, which is defined
by coupling of electromagnetic waves to bulk plasmons. The second branch, on the right
from the light line, corresponds to the dispersion of the surface plasmon polaritons. As the
SPP dispersion never crosses the light line, a direct coupling of free-space light to these
modes is not possible, but this obstacle can be circumvented with various phase-matching
methods (e.g. grating or prism coupling).

At small wavenumbers the SPP curve asymptotically approaches the light line with the
slope ¢/\/gq, which is known as the nonretarded limit. On the other hand, in the retarded
limit, the dispersion curve approaches the SPP resonance ws = wp/v/1 + 4.

Furhtermore, fig. 2.3b demonstrates the influence of the damping parameter ~1, on the
dispersion relation. In contrast to the losless case, the SPP dispersion curve bends back
to connect the two branches. This ”back-bent” part of the curve corresponds to the
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Figure 2.3: (a) Typical field distribution of a SPP at a gold-air interface: the color plot shows the
amplitude of the H. field, the arrows indicate the E-field vector. (b) Dispersion curves of SPPs
at metal-air interface (¢4 = 1 and &, is described by the Drude model with 3 different damping
coefficient values). Solid lines correspond to the real part of the normalized propagation constant,
dotted lines correspond to the imaginary part. The black solid line indicates the light line.

quasibound or leaky modes and limits the maximum achievable confinement of the mode in
the perpendicular direction.

Next, it is interesting to investigate SPP dispersion curves obtained with the dielectric
function of a real metal, rather than an idealized Drude model. Following the core interest
of this thesis, fig. 2.4a shows the SPP dispersion curves at visible and NIR frequencies for
monocrystalline gold-air (4 = 1) and monocrystalline gold-glass (eq = 1.45%) interfaces
(with ey, described by interpolated experimental data from Olmon [34]). In the first
case, the surface plasmon resonance occurs at the energy approx. 2.43eV (corresponding
to the free-space photon wavelength 510 nm), whereas in the latter case the resonance
frequency is decreased to approx. 2.407eV (approx. 515nm). Both curves demonstrate
strongly damped behavior, which imposes a limit on the SPP propagation length (plotted
in fig. 2.4b). A propos: a comparison between SPP propagation length on the surface of
monocrystalline and polycrystalline gold samples is provided in appendix B.
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Figure 2.4: (a) Dispersion curves (solid) of the SPPs at gold-air and gold-glass interfaces and
corresponding light lines (dashed) in the respective dielectric medium. (b) SPP propagation length
at the corresponding interfaces.

2.4.1 Gap Surface Plasmons

In a system with two or more metal-dielectric interfaces that are separated by the distance
on the order of skin depth Z, interaction of the individual SPPs gives rise to the coupled
modes. In particular, a metal-insulator-metal (MIM) structure supports gap surface
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plasmon (GSP) modes. The dispersion relation of the fundamental GSP mode is given

implicitly by . .
z td zm&d
tanh 2244 ) = 2.2
an ( 5 > [ (2.26)

where tq is the thickness of the dielectric layer and the expressions for the k., and k,q are
the same as in eq. 2.25. This equation does not have a closed-form solution, however, for
not too large wave numbers it can be approximated with tanh(«) ~ «, which results in
the following explicit expression for the GSP propagation constant: [43]

2 — Cm
hgsp A ko\/sd _ Z8dvEd T Em (2.27)

kotaem

Alternatively, eq. 2.26 can be solved numerically, for example using the Levenberg—-Marquardt
algorithm implemented in the fsolve function in various programming languages (e.g. in
MATLAB, which is used for most of the calculations in this thesis).

The electromagnetic field of the GSP mode is concentrated in the dielectric layer and
decays evanescently into the metal slabs. Explicit expressions for the field distribution in
the dielectric gap are given by:

E.(z,—tq/2 <z <tq/2) = ik.qEgeFesp (e_kzdz — ekzdz) , (2.28a)
Ey(x,—tq/2 < 2z < tq/2) = kgspEoeer (e*kzdz + ekzdz> , (2.28b)
H,(x,—tq/2 < z < tq/2) = wegeqgEoetFer <e‘kzdz + ekzdz) ) (2.28¢)

whereas the fields in the metal slabs are described similarly to the usual SPP (eq. 2.23),
where the only difference is that in the upper metal half-space fields have opposite sign
and phase. A typical GSP field distribution is shown in fig. 2.5a.

The trade-off between mode confinement and propagation length, which is typical for
all plasmonic waveguides becomes especially prominent for MIM structures. Figure 2.5
shows that much larger propagation constants are achievable with GSP as compared to a
single interface SPP. Consequently, this results in strong localization of the electromagnetic
field in the region of the sub-wavelength dielectric gap, albeit at the expense of decreased
propagation length. Also, fig. 2.5 provides a comparison between the approximated
(eq. 2.27) and numerically exact solutions of the GSP dispersion (eq. 2.26): as expected, the
approximation works qualitatively well for smaller propagation constants and significantly
deviates from the exact curves only for small gap thicknesses.

2.5 Nonlocal considerations

Even though the LRA is very successful in the description of experimental results in
nanoplasmonics, the validity of this model is expected to break at the near-atomic length
scale. At lengths comparable to the Fermi wavelength of electrons (approx. 0.52nm in
gold), screening phenomenon becomes a significant factor. It leads to charge smearing over
Thomas-Fermi screening length and spill-out of free electrons beyond the classical metal
boundary. In turn, this causes nonlocality in the electromagnetic response of the material,
i.e. the spatial dependence of € in eq. 2.6 cannot be described by the Dirac delta function.

Nevertheless, screening is not the only cause of nonlocal effects in plasmonics. Another
mechanism which gives rise to spatial dispersion is known as Landau damping. It is
associated with the absorption of energy by electrons which have longitudinal velocity
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Figure 2.5: (a) Typical field distribution of a GSP at a gold-air-gold interface: the color plot shows
the amplitude of H, and the arrows indicate the E-field vector. (b) Dispersion curves of the GSPs
at gold-air-gold interface for gap thicknesses tq in the range 25-200 nm. Solid curves correspond to
numerically exact solutions and dashed curves correspond to the approximate solutions (eq. 2.27).
(¢) Corresponding GSP propagation lengths.

component greater than the phase velocity of the electromagnetic surface wave. As discussed
in the previous section, large propagation constants occur in plasmonic systems with small
characteristic dimensions, e.g. tq in the planar GSP waveguides, and thus nonlocal effects
are expected to be an important aspect in such systems [44].

A rigorous theoretical treatment of plasmonic systems with ab initio methods, such as
density-functional theory (DFT) [45], is computationally very heavy. Albeit some progress
in this direction has been shown for a small plasmonic system [46], computational demand
puts a constraint on the applicability of these methods in systems with larger dimensions,
which consist of thousands of atoms. Therefore, over the last decades, significant efforts
have been put into the development of semiclassical approaches, which are computationally
less demanding, but capture nonlocal effects and retain physical insights. A few examples
(among the vast sea of publications) of works reporting progress in this field are provided
in refs. [47-52].

In this section the focus is on the hydrodynamic model, which was first proposed by Felix
Bloch in 1933 [53]. A detailed description and derivations, as well as a discussion of physical
implications and limitations can be found in several recent review papers [54-56].

2.5.1 Hydrodynamic model

Within the hydrodynamic model of plasmonics, the collective motion of the electrons is
expressed in terms of the electron density n(r,t) and the hydrodynamic velocity v(r,t).
Under the influence of the electric and magnetic fields, the dynamics of the electron plasma
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is described with the equations, which are known from fluid mechanics as Euler equations:

Ov e B2
E—{—U‘VU—’YL’U——%(E—*—'UXB)—;VTL, (229&)
0
a—? = -V nw. (2.29D)

The terms on the left-hand side of eq. 2.29a represent acceleration, convection and damping
respectively, whereas the terms on the right-hand side correspond to the acceleration due
to the Lorentz force and the pressure of the electron gas. The factor 8y = vp\/3/75 is
the parameter arising from Thomas—Fermi theory of metals, which describes the finite
compressibility of the electron gas. Equation 2.29b is the continuity equation which
expresses the charge conservation.

Equation 2.29a can be linearized by assuming homogeneous and linear electron density (i.e.
n(r,t) = no(r) + ny(r,t)) and dominant first order term in the Taylor expansion of the
velocity field (v(r,t) = 04+v1(r,t)). In terms of the internal current densities (j = —engv),
the linearized equation reads:

BV (V- §) + w(w +iv)j = iwwleo E. (2.30)

This equation is then combined with Maxwell’s equations (eq. 2.1) and after some algebra,
it can be separated in transverse and longitudinal parts, which are compactly written as

(V2 + k%) V x E =0, (2.31a)
(V2 + k) V- -E=0, (2.31b)

with ky, = kgy/Em being the usual wave number in metal and nonlocal wavenumber defined
as

kn = B;l\/w + iYW — w2 /€co. (2.32)

Since the wavenumbers in the longitudinal and transverse parts of eq. 2.31 are different,
the effective dielectric function can be described by a tensor. Components of this tensor,
which are transverse and longitudinal relative to the electric field, are given by

w2

= = S 2.33
er(w) =em =€ ot i) ( a)
wp

w(w +iy) — Rk

eL(k,w) = €00 — (2.33b)
Thus, the nonlocal response manifests in the additional, longitudinal component of the
metal permittivity that is absent in the local response approximation.

2.5.2 Application to the Gap Surface Plasmons

Alternatively, instead of including the nonlocal contribution in the dielectric function of the
metal, it can be also captured as a correction to the dispersion relation of the plasmonic
mode [57] . In the case of a GSP mode, the modified dispersion relation reads

k.atq _ k2méea
tanh< . >_ Fs (1 d), (2.34)

where the nonlocal correction term 6,; implicitly depends on both, frequency and wavevec-

tor:
K €m — £ (2.35)
knlkzm €0 . .

5nl(kg8p7 w) =
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Figure 2.6 shows dispersion curves in local (LRA, described by eq. 2.26) and nonlocal
(NL model, eq. 2.34) approximations for a range of dielectric gap thicknesses. In these
calculations, the values of e, wp, and v are the same as as in section 2.4, and the dielectric
permittivity is described by interpolated experimental values for alumium oxide (AlyO3)
thin film [58].

A propos: choice of this materials is not accidental: efforts of an experimental implementa-
tion of such MIM waveguide is presented in chapter 4.

As can be seen, the two approximations differ appreciably in terms of the real part of
propagation constant kgs, only for very small dielectric gap thickness (fq ~ 1nm). In
contrast, the corresponding curves for the plasmon propagation length in fig. 2.5¢ differ
significantly even at larger gap thicknesses. This is not unexpected, as nonlocal corrections
mostly affects the imaginary part of the propagation constant.
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Figure 2.6: GSP dispersion curves calculated using LRA, eq. 2.26 (dashed lines) and NL model,
eq. 2.34 (solid lines) for a range of dielectric gap thicknesses t4. (a) Real part of the propagation
constant; (b) plasmon propagation length.

At a first glance, one might get the impression that the nonlocal corrections to plasmon
propagation length increases with increasing gap thickness tq, but this is true only on
the absolute scale. For example, at wavelength 1550 nm (corresponding to photon energy
0.79¢eV) the difference between LRA and NL calculation for 10 nm gap is approximately 1
nm, whereas for 1 nm gap it is only around 0.1 nm. However in the relative comparison,
in the first case the LRA and NL model are different by a factor approx. 1.5, whereas in
the later they are different by nearly a factor 4.

The fact that nonlocal losses increase with decreasing gap thickness can be seen clearly in
fig. 2.7, where the GSP dispersion is shown in a parametric plot as an implicit function of
tq. The plot shows the real and imaginary parts of the propagation constant calculated
using the LRA and NL model for a free space wavelength 1550 nm and for a varying tq
(1 —50nm). The two curves nearly intersect at small values of kgs, (Which correspond to
the larger values of tq), however show qualitatively distinct behavior: the imaginary part
of the propagation constant with the LRA increases approximately linearly with increasing
Re{kgsp }, whereas within the NL model it bends upwards in a parabolic shape, confirming
that nonlocal losses become more pronounced with the smaller characteristic size of the
plasmonic system.
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Figure 2.7: Parametric plot of the GSP dispersion for varying AloO3 gap thickness (1-50 nm) at
1550 nm wavelength (corresponding to 0.79eV) calculated using LRA (dashed line) and NL model
(solid line). Points that correspond to tq4 = 2, 3, 5, 10 and 20 nm are indicated with circles.



3 Monocrystalline gold flakes

As mentioned in chapter 1, progress in experimental plasmonics and nanophotonics over
the last decades is largely due to a rapid development of nanofabrication techniques.
Traditionally, nanoplasmonic devices have relied on metal thin film deposition techniques,
e.g. Physical Vapor Deposition (PVD). Despite of the improvement of these techniques
and the refinement of the usual protocols [59], evaporated or sputtered metal films remain
polycrystalline and rough. Thus, their optical properties suffer from increased Ohmic
losses caused by an additional electron scattering at crystal grain boundaries and surface
irregularities. These intrinsic limitations are (at least partially) absent in chemically
synthesized monocrystalline gold flakes, which recently have gained increased attention
within the nanoplasmonics community [23, 25, 27, 60].

3.1 Crystal structure and principles of colloidal synthesis

In the modern history of science, Michael Faraday was one of the first to conduct experiments
with light and colloidal solutions of gold nanoparticles, back in the year 1857. [61] Since then,
physicists, chemists and material scientists have had tremendous progress in understanding
the physical and optical properties of gold colloids and have developed chemical protocols
to control their size and shape. [62-64]

One of the common precursors used for the synthesis of gold colloids is chloroauric acid
HAuCly. A wide variety of chemical reduction methods of this compound results in an
even greater variety of shapes and sizes of synthesized nano- and microparticles. The main
challenge posed by the nanoplasmonics community — synthesis of large scale crystalline
gold thin films — has been addressed in many research articles (e.g. refs. [37, 65-72]), albeit
with approximately similar results: gold crystals can grow in a flat, quasi-two-dimensional
fashion, resulting in hexagonal or triangular flakes (or platelets), such as the ones shown in
the optical micrographs in fig. 3.1.

Under normal conditions gold is a Face Centered Cubic (FCC) crystal, which has the lowest
surface energy at {111}-type facets [73]; atoms in {111} planes are hexagonally-close-packed
(HCP). Thus, an ideal crystal habit has the shape of an octahedron, bounded by {111}
facets. However, the real crystal habit is strongly dependent on the chemical environment of
the process during the crystal seed formation stage. Intrinsic structure defects in the crystal

Figure 3.1: Optical micrographs of the monocrystalline gold flakes on Si substrate: (a) bright-field
image; (b) dark-field image. Scale bars: 100 pum.
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{111}

Figure 3.2: Crystal structure of a gold flake: 3 dimensional render of the crystal morphology,
schematics of atom arrangements at {111}- and {100}-type surfaces and cross-sectional drawing
illustrating the order of layers of stacking faults.

grain determine the preferred growth directions, which in turn define the macroscopic
crystal morphology. Therefore, crystal shape and size can be engineered by selecting
appropriate synthesis conditions, though not absolutely precisely, as even under nominally
identical conditions the synthesis process remains to some degree random. The synthesis of
gold flakes requires an environment that promotes anisotropic growth in lateral directions,
due to the presence of multiple (at least two) stacking faults along the (111)-axis in the
crystal seeds, as illustrated in fig. 3.2. These defects reverse the stacking order of HCP
layers in the FCC lattice: the stacking order around a fault could be e.g. ...ABCBABC...
instead of the ...ABCBABC... sequence in a perfect crystal. Thus, strictly speaking, the
gold flakes are not exactly monocrystalline, but rather ” quasi-monocrystalline”, exhibiting
perfect crystal lattice only in two dimensions.

Occurrence of stacking faults promotes fast growth in lateral directions, as new atoms tend
to adjoin them rather than surfaces with lower energies. Hence, the resulting gold flakes
often have morphology of truncated octahedrons that are squeezed along the (111)-axis and
bounded by {111}- and {100}-type facets (apart from the thin region of stacking faults),
since {100} is the second lowest surface energy plane with square atom packing. It is worth
to note, that a single stacking fault in the seed would be insufficient, as in this case the
crystal would grow mostly along (100) and quickly cease the anisotropic growth. [72]

A study of the distinctive light scattering from the edges of the gold flakes, which is
explained by the morphology of the flake, can be found in appendix A

3.2 Synthesis of monocrystalline gold flakes

Modified Brust-Schiffrin method

One of the gold flake synthesis recipes which was used in this PhD project (and for all
works which can be found in the appendix) is the modified Brust—Schiffrin method [74],
adopted from reference [75]. The main advantage of this recipe is that the flakes can be
grown directly on substrate, without the need for subsequent transfer by drop-casting or
similar method. It works with practically any inorganic substrate, e.g. glass or silicon
wafer, ITO coated substrates, silicon nitride (SiN) membranes, and other. Apart from the
precursor (HAuCly), the main ingredient in this method is tetraoctalammonium bromide
(ToABr), which acts as a phase transfer catalyst, promoting transfer of AuCl,~ ions from
the aqueous to the organic phase for subsequent endothermic synthesis. The exact recipe
is as follows:
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1. Preparation of the precursor: dissolving HAuCly in distilled water in concentration 6
mmol/L

Preparation of the organic environment: dissolving 1.4 g of ToABr in 5 mL of toluene
Mixture of the precursor and the organic solution: 10 min stirring at 5000 RPM

Separation of the organic and aqueous phases: solution is left to rest for 10 minutes

A R

Preparation of the substrate: washing in acetone, IPA and distilled water, nitrogen
blow dry, pre-baking at 200°C

6. Drop-casting few mL of the organic phase onto the substrate

7. Endothermic reaction and crystal growth: sample is kept on hot plate (120°C — 180°C)
for 30 min — 24 h

8. Cleaning the sample: washing in toluene at 75°C, acetone, IPA and distilled water,
nitrogen blow dry

The optimal growth temperature and time depend on the thermal conductivity of the
substrate and desired size of the flakes. As a rule of thumb, lower temperatures and longer
times result in laterally larger and thicker flakes (though with exceptions showing extremely
large aspect ratios, approximately 1:2000), whereas high temperatures and short times
result in laterally smaller and thinner flakes, often in large amounts. Figure 3.1 shows an
example of the flakes synthesized on a SiN membrane at 200°C.

Figure 3.3: SEM image of the gold flakes synthesized on a SiN membrane. Scale bar: 20 pm.
Courtesy of Jes Linnet.

Ethylene glycol-based method

An alternative method, which was used for the gold flake synthesis for the fabrication of
ultrathin MIM waveguides (described in the next section), utilizes ethylene glycol (EG,
(CH20H)2) as an organic environment for endothermic synthesis. The exact recipe is
adopted from ref. [72]:
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1. Preparation of precursor: dissolving HAuCly in distilled water in concentration 6
mmol/L

2. 30 nL of HAuCly aqueous solution are dissolved in 5 mL of EG in a beaker

3. Preparation of the substrate: washing in acetone, IPA and distilled water, nitrogen
blow dry

4. Substrate is fully immersed in the growth solution and left on a hot plate at 100 °C
for 24 h

5. Cleaning the sample: washing in acetone, IPA and distilled water, nitrogen blow dry

On average, this method results in laterally large gold flake samples with uniform thickness
(less or approx. 100 nm), however some of the flakes tend to vary in thickness, in a terrace-
like fashion. fig. 3.4 shows an example of such a sample: several flakes have ”plateaus” of
constant brightness in the transmitted-light optical micrographs. The apparent brightness
of image increases towards the center of these flakes, which suggests that their thickness
decreases. Nevertheless, as will be shown in chapter 6, such features, which are clearly
disadvantageous for the fabrication of plasmonic devices, can be quite useful for the
characterization of thickness-dependent nonlinear optical processes.
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Figure 3.4: Transmitted-light optical micrograph showing gold flake samples with ”terraces”. Some
samples show increase in the light transmittance towards the center, which indicates reduced gold
flake thickness. Scale bar: 50 pm



4 Towards nonlocal plasmonics in ultrathin
MIM waveguides

As outlined in chapter 2, nonlocal effects in plasmonics are expected to become more
important as the characteristic size of the system is reduced to the order of a few nanometers.
In the case of planar MIM waveguides, which support highly confined GSP modes, the
nonlocal corrections are expected to mostly affect the imaginary part of the effective
mode index. This results in a decreased GSP propagation length as compared with LRA
calculations. From the experimental point of view, this fact imposes strict requirements on
the quality of the waveguide samples: in order to measure the contribution of the nonlocal
corrections, all complementary losses caused by metal imperfections (e.g. surface roughness
and crystal grains in the bulk) need to be eliminated or at least mitigated to a minimum.
Thus, monocrystalline gold flakes present a suitable material platform for an experimental
study of nonlocal effects.

This chapter describes an experiment to quantitatively evaluate the importance of nonlocal
effects in ultrathin MIM waveguides using a scattering-type scanning near-field optical
microscopy (s-SNOM). The required ultrathin dielectric gaps are obtained using the atomic
layer deposition (ALD) technique, which allows creating aluminium oxide (AlpO3) layers
down to approx. 1 nm in thickness. The fabrication of the samples was performed
in collaboration with the group of Dr. Jer-Shing Huang from the Leibniz Institute of
Photonic Technology (Jena, Germany) and the near-field characterization performed by
Dr. Volodymyr Zenin at the Centre for Nano Optics at SDU. At the time of the thesis
submission, the optical part of the experiment remains in progress, and hence this chapter
reports only preliminary results.

4.1 Description of the experiment

The s-SNOM allows to directly measure the evanescent near-fields (mainly their out-of-plane
component [76, 77]) by detecting the light scattered by a sharp tip which scans the area
above the surface of the sample. The resolution of s-SNOM imaging is not restricted by
the conventional diffraction limit, as the detected signal comes from a small area where
the tip interacts with the optical near-field. Thus, the s-SNOM resolution can be deeply
subwavelength (down to approx. 10 nm) and is mostly limited by the sharpness of the
tip. Besides, heterodyne demodulation of the detected signal permits to retrieve both,
amplitude and phase of the evanescent waves. Therefore, the propagating surface waves’
effective wavelengths and propagation lengths can be directly measured using s-SNOM
imaging.

However, in MIM waveguides, the out-of-plane component of the evanescent field (which
corresponds to F, field component, according to the definitions in chapter 2) is strongly
confined in the dielectric gap region (fig. 2.5a). Nevertheless, if one of the semi-infinite metal
slabs is replaced with a thin metal layer, the evanescent wave’s out-of-plane component
will leak through the thin metal film. This change in the geometry will also affect the
GSP mode since the new metal-dielectric interface adds new boundary conditions to the
problem. Nevertheless, if the thickness of the metal layer is slightly greater than the skin
depth of the original GSP, the effective mode index will remain approximately the same,
while allowing a small portion of the E, field to leak-out. This way, it becomes possible to
characterize the propagating GSP mode using s-SNOM.

23
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Figure 4.1: (a) Schematic illustration of the experiment: a laser beam (Ao = 1550 nm) is focused on
a coupler from the substrate side to excite a propagating GSP mode. s-SNOM detects the evanescent
fields (primarily their F, component) scattered by a tip. Heterodyne demodulation allows to extract
both, amplitude and phase of the detected signal. (b) Simulated Re{E,} field 20 nm above the
upper gold layer of MIM waveguide with 5nm dielectric gap thickness. (¢) Fourier transform of the
simulated E, field. (d) Pseudo-color image of the field distribution in the cross-section of a tapered
coupling element.

Figure 4.1a shows a schematic illustration of the proposed experiment. Since the s-SNOM
at the Centre for Nanooptics at SDU is optimized for operation in the NIR wavelength
range, the experiment is designed to operate at a free-space wavelength A\g = 1550 nm. The
MIM is comprised of an ultrathin AloOgs layer sandwiched between a thick bottom gold
flake and a thin (approx. 30-40 nm) top flake. Focusing a laser beam onto the coupling
element milled in the bottom flake excites a propagating GSP mode that is confined to the
dielectric gap region; however, a portion of the leaky evanescent field can be scattered by
the s-SNOM tip. Scanning the tip above the surface of the upper metal layer allows to
record the evolution of the propagating GSP and extract the real and imaginary parts of
the propagation constant.

In order to anticipate the outcome of the s-SNOM measurement, the proposed system was
simulated using the Wave Optics package of Comsol Multiphysics. An established approach
to model the s-SNOM near-field measurement is to evaluate the out-of-plane component of
the electric field a few tens of nanometers above the surface, since the s-SNOM tip does
not come into direct contact with the surface, but oscillates slightly above it [76, 77].

Figure 4.1b shows the evolution of the real part of the simulated F, field along the GSP
propagation direction 20 nm above the metal surface, excited by a free-space wavelength
of 1550 nm (5nm dielectric gap was considered in this particular simulation). The curve
has an intricate oscillatory pattern consisting of several waves with different frequencies
and propagation lengths. Taking the Fourier transform of the complex F, field reveals
its spectrum, which is shown in fig. 4.1 in terms of the real part of the effective index
Nef = kz/ko. The spectrum has two peaks: one at neg ~ 1, which corresponds to the SPP
propagating along the upper metal interface and free-space light propagating at a grazing
angle; and the other at neg =~ 5.95 which corresponds to the GSP mode. Furthermore,
the GSP propagation length can be estimated by fitting an exponential function to the
spatial evolution of the F, amplitude. Hence, the simulation confirms that the proposed
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experiment scheme allows to estimate the sought real and imaginary parts of the GSP
propagation constant.

4.2 Design of the coupling element

An important aspect of the proposed experiment is efficient coupling of the free-space laser
light to the GSP mode, which is a nontrivial problem due to the large k-vector mismatch, as
discussed in chapter 2. Given that the GSP propagation length progressively decreases with
decreasing dielectric gap thickness, the usual grating coupler scheme [29] becomes inefficient:
due to strong losses the plasmon will not propagate beyond the grating itself and will be
scattered at abrupt grating discontinuities. Furthermore, the fabrication tolerances place
an additional constraint on the design of the coupler, since the experimentally realizable
feature size cannot be arbitrarily small and sharp.

One possible solution for this problem is to design a coupler comprised of a single plasmonic
resonator that has a GSP resonance at the desired frequency. If the MIM waveguide is
placed in the vicinity of such plasmonic antenna, the near-field coupling of the two can
excite the propagating mode. Furthermore, the coupling efficiency can be increased by
creating a taper between the waveguide and the resonator, which is a common strategy for
plasmon nanofocusing [78].

Figure 4.2a shows a sketch of such a coupling element with indicated geometrical parameters
— thicknesses t,, ty and t; of the layers, resonator width w,, widths w; an wq of the taper
and the separation, respectively. Finally, the resonator is placed at a distance ws from
the waveguide adjacent on the left-hand side. This distance can be chosen such that the
separation works as a reflector, redirecting scattered field to the tapered side. This way, a
unidirectional GSP excitation is achieved, which further enhances the coupling efficiency.

Au tu
ALO, ta
Au tl
w, w, w; w, ta | we [wi | wa [ wo | e
Si0, 20 | 150 | 30 | 525 | 310 | 13.3%
10 | 120 | 30 | 475 | 410 | 12.2%

5 | 150 | 30 | 545 | 325 | 11.3%
4 | 145 | 30 | 505 | 395 | 11.9%
3 | 140 | 30 | 450 | 455 | 11.4%
2 | 145 | 30 | 505 | 415 | 10.7%
1 [ 135] 30 | 520|380 | 7.2%

ters of the tapered coupling element for
warious dielectric gaps tq4, and for fixed
t, = 30nm and ¢; = 70nm. All values,
except for coupling efficiency n are given
Figure 4.2: (a) Schematic cross-sectional drawing in units of nm.

of the tapered coupling element with indicated

geometric parameters. (b) Simulated scattered

|E, |-field distribution in the optimized coupling

element for t; = 5nm, illuminated with a Gaus-

sian beam at A\g = 1550 nm

i Table 4.1: Optimized geometry parame-

min

The optimal coupler parameters for the range of considered gap thicknesses are listed in
table 4.1. They were obtained by solving the maximization problem using the Nelder—-Mead
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method as implemented in the optimization module of COMSOL Multyphisics. All four
optimization parameters (w, wi, w, and wy) were constrained to a minimal size of 30 nm in
order to account for realistic fabrication tolerances. The objective function in this problem
is the coupling efficiency, defined as the ratio of powers in excitation and receiving ports:
n = P/ Pout. The excitation port is configured to launch a weakly focused (NA = 0.15)
Gaussian beam towards the resonator and the receiving port is configured to admit only
the corresponding GSP mode. Although the COMSOL simulation does not account for
nonlocal effects, for the optimization of the coupling geometry, their contribution can be
neglected. Since they mainly affect the imaginary part of the GSP effective mode index
(see fig. 2.6), the nonlocal corrections would mostly decrease the coupling efficiency value,
but would not significantly change the optimal coupler parameters.

As can be seen from table 4.1, the coupling efficiency for small gap thicknesses t4 is on the
order of 10%, which is not exceedingly high, but significantly greater than other tested
coupler designs (not reported here). The simulations revealed that the coupling efficiency
increases with decreasing resonator—taper separation distance: in principle, n can get even
higher, if w; is allowed to be smaller than 30 nm. However, as mentioned above, the lower
limit of the optimization constraint was chosen to be 30 nm to comply with the realistic
fabrication tolerances.

Figure 4.2b shows the amplitude of the simulated F.-field in the vicinity of the coupling
element which is optimized for a gap thickness t4 = 5nm. The field is concentrated in the
dielectric gap and at the sharp feature of the taper. A standing wave pattern in the dielectric
layer above the nanoantenna indicates that it is excited resonantly. Furthermore, the
higher field amplitude in the dielectric region on the right-hand side from the nanoantenna
shows that the coupling is indeed unidirectional.

4.3 Fabrication of ultrathin MIM waveguides

Having designed the optimal coupling element parameters, we can now turn to the experi-
mental implementation of the ultrathin MIM waveguides. Figure 4.3 shows a schematic
flowchart of the fabrication steps. The main fabrication challenge — formation of the
coupling element pattern in the lower gold flake — was accomplished using focused ion
beam (FIB) milling (performed in collaboration with Zhan-Hong Lin at Leibniz-IPHT in
Jena). The FIB instrument utilizes a beam of accelerated gallium ions (Ga™) to bombard
the sample surface, which, at high beam current, allows local removal of the target material
with a relatively high spatial resolution (down to few nanometers, depending on the sample
material and other process parameters).

The exact fabrication step sequence (including some details that are omitted in fig. 4.3) is
as follows:

1. Synthesis of the gold flakes on a glass substrate and identification of suitable samples

2. Coating the sample with a thin (approx. 5nm) conductive carbon layer which is
required for subsequent FIB milling.

3. FIB milling of the designed coupling element patterns
4. Removal of the auxiliary carbon layer using plasma etching
5. ALD of thin AlyO3 films (samples with thicknesses 2 — 20 nm were fabricated)

6. Transfer of the upper flake from another substrate on top of the prepared lower flakes
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Figure 4.3: Ultrathin MIM waveguide fabrication recipe: (a) synthesis of monocrystalline gold
flakes and identification of suitable samples; (b) milling of the coupling elements on the selected
flake samples; (c¢) ALD deposition of Al;O3 thin film; (d) transfer of a flake from another substrate
to create MIM geometry using a PDMS film as a carrier; (e) final structure and its cross-section.

7. Final plasma cleaning for removal of contamination inflicted during the transfer
process

In total, 6 samples were fabricated, with the nominal AloOg3 layer thickness of 2, 3, 4, 5, 10
and 20 nm, each containing several coupling elements with the dimensions selected from
table 4.1 for the respective thickness. During the trial fabrication we found out that the
FIB patterning should be performed prior to ALD coating, as bombardment with energetic
Ga™ ions tends to spoil the quality of the AlyO3 film around the milling area (possibly
caused by heating-induced damage of thermally unstable thin films). Although in this case
the AlyO3 layer also covers the taper and slots in the coupling element, supplementary
simulations confirmed that this deviation from the optimized design does not deteriorate
the coupling efficiency by an appreciable amount. ALD was performed in collaboration
with Mario Ziegler, also at the Leibniz-IPHT in Jena.

The transfer of the upper flake was performed using the polydimethylsiloxane (PDMS)-
based technique described in ref. [79]. In this method, a PDMS film is used as a carrier
substrate to carry thin gold flakes from one sample to another. Due to the temperature
dependence of PDMS adhesion properties, gold flakes can be peeled off the cold substrate
and stuck to another sample at an elevated temperature. Furthermore, the gold flakes can
be precisely positioned on the target sample using an optical microscope equipped with a
micromanipulator stage (in this project we used a commercial transfer system TSC1 by
hq* graphene).

As an example, fig. 4.4 shows micrographs of one of the fabricated samples with a 5 nm-thick
AlyO3 layer. SEM images (panels ¢ and d) taken prior to upper flake transfer, reveal the
high quality of the FIB-milled coupling elements and smooth surface of the gold flake.
Optical micrographs of the completed sample with the transferred upper flake are shown in
panels e and f. The thickness of the upper flake, which was estimated using the atomic-force
micrsocope (AFM) integrated in the s-SNOM setup, is approx. 40 nm. This value is
slightly larger than the ¢, used in the simulations, but still suitable for subsequent s-SNOM
characterization. Unfortunately, the transfer of the upper upper flake did not come out
ideally — defects and contamination inflicted during the transfer process are clearly visible in
the DF optical image. Nevertheless, a sufficiently clean area can be found for a subsequent



28 4.4. s-SNOM characterization of GSPs

s-SNOM characterization of the sample.

(b) (d) (f)
Figure 4.4: Fabricated ultrathin MIM waveguides: (a) BF and (b) DF optical micrographs of
the gold flakes with FIB-milled tapered couplers prior to upper flake transfer (scale bars: 10 pm).
(c) SEM image of the FIB-milled tapered couplers (scale bar: 5pm) and (d) close-up of the area
marked with the red rectangle (scale bar: 100nm). (e) BF and (f) DF optical micrographs of the
final structure (scale bars: 10pum). SEM images are courtesy of Zhan-Hong Lin.

4.4 s-SNOM characterization of GSPs

Finally, we have reached the crucial part of this chapter - near-field characterization of the
fabricated samples performed by my colleague Dr. Volodymyr Zenin, using the transmission
module of a heavily customized setup based on commercial Neaspec neaSNOM microscope.

Figure 4.5 shows the near-field images of the MIM waveguide with a 5nm dielectric gap.
The bright region in panel a corresponds to the area right above the coupling element,
where the amplitude of the detected signal is strongest. The oscillations in the amplitude
are artifacts of the measurement caused by interference of the SPP waves travelling along
the upper surface of the flake and free-space light at a grazing angle. Panels b and ¢ show
the phase and the real part of the measured near-field and are more informative. Clear
fringes are visible in the right half of the image, which are reminiscent of the simulated
E.-field oscillations from fig. 4.1. Fourier transform along the GSP propagation direction
(i.e. along the z-axis) reveals the spectrum of the measured signal. As expected, it shows
two peaks: one at neg ~ 1 and another one at neg = ngsp ~ 5.2 £ 0.2. Further analysis
allows to retrieve the imaginary part of the effective index: fitting a single exponential
function to the spatial evolution of the extracted GSP mode amplitude gives a value of
0.19 4+ 0.06, which corresponds to approx. 4 pm propagation length.

The measured value of the real part of the effective mode index is slightly less than the
simulated one (~ 5.95). This discrepancy can be attributed to an additional air gap
between the AloOgz layer and the upper gold flake caused by an imperfect adhesion after
transfer step. The validity of this assumption is supported by the simulations shown in
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Figure 4.5: s-SNOM measurement of GSP propagation in a MIM waveguide with 5nm dielectric
gap: pseudo-color images of (a) the amplitude, (b) the phase, and (c) the real part of the detected
signal, which mostly originates from the E, component of the electric field above the surface of the
sample. (d) pseudo-color image of the Fourier transform (only along the x axis) of the detected
signal. (e) plot of the Re{nes} = Re{k,/ko} spectrum obtained by integrating the image in panel
(d) along vertical axis.

fig. 4.6. If a thin (1 or 2 nm) additional air gap is introduced, the dielectric constant of the
gap layer can be described by a simple formula from the effective medium theory [33]:

Ld€ Al O3 air
)
Lair€Al, 05 T LA, 03 air

Edeff = (4.1)

with t.5, and ta1,0, being the thickness of air and aluminum layer respectively, and total
gap is tq = tal,05 + tair- Calculations as in section 2.5 performed with this new setting
for 0, 1 and 2nm additional air gaps are shown in fig. 4.6a. Increasing the thickness of an
additional air gap decreases the effective mode index, especially for small £},0,. However,
it does not change the shape of the dispersion curve. Setting ¢, = 0.5 nm gives ngg, ~ 5.15,
which fits well with the experimentally obtained value.

Figure 4.6b shows a parametric plot of the effective GSP mode index calculated using
LRA and NL models, with an additional 0.5nm air gap for a range of ta1,0,. Points
corresponding to the nominal AlyO3 thicknesses in the fabricated samples are marked with
the circles. This way of plotting the dispersion is quite instructive, as it clearly reveals the
difference between the two models.

As a final remark, I should mention that after the remaining s-SNOM measurements will
be completed, adding the experimental data points to fig. 4.6b will allow to judge which of
the two models is more appropriate for the description GSPs in ultrathin MIM waveguides.
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Figure 4.6: Simulations of the influence of an additional air gap on the GSP dispersion relation: (a)
real and imaginary parts of the effective mode index calculated using LRA (dashed lines) and NL
model (solid lines) for the nominal Al;O3 thickness without additional air gap (blue lines), and
with 1nm (orange lines) and 2nm (yellow lines) additional air gaps. (b) parametric (Re{ngp} vs
Im{ngs,}) plot of the GSP dispersion for varying gap thickness ¢4 (2 — 30 nm) with an additional
0.5nm air gap; points that correspond to the nominal 2, 3, 5, 10 and 20nm Al;Oj3 thickness values

are indicated with circles.



5 Nonlinear light-matter interaction

This chapter provides a brief overview of the basic concepts in nonlinear optics and
introduces relevant notation. The material presented here is primarily based on the
excellent books on nonlinear optics by R. Boyd [80], Y.R. Shen [81] and P.E. Powers [30].
The nonlinear optical response of gold and relevance of these concepts to plasmonics are
discussed in the last section.

5.1 Nonlinear susceptibility and polarization

In nonlinear optics, the material polarization defined in eq. 2.5 can be expanded in a power
series of the electric field E. Often, this definition is written omitting the spatial and
frequency dependence as well as the vectorial nature of the fields:

P(t) = PO @)+ PAt) + PO(t) + ...
~ (5.1)
+X

=& (;z(l)E(t) +xPE2) + x®E3(t) + ) ,

where P(™(t) and x(™ are the n'" order nonlinear polarization and real-valued susceptibility,
respectively. For many problems in nonlinear optics, higher orders in the expansion of the
susceptibility can be neglected, as they decrease rapidly in magnitude: |y(V| > |Y@ E| >
IXOE?| > ...

In fact, eq. 5.1 is valid only for one-dimensional problems and for parametric processes that
assume an instantaneous response of the material. Generally, )2(2) is a third rank tensor,
which has 27 elements, and ¥(®) is a fourth rank tensor with 81 elements. This makes the
complete mathematical treatment of the nonlinear polarization quite cumbersome, as will
be shown in the following.

Nevertheless, the problem can be significantly simplified by exploiting the symmetry
properties of the medium in question. In particular, y® (as well as other odd orders of
nonlinear susceptibility) is present in all media, but the number of non-zero tensor elements
depends on the crystal symmetry. For example, FCC crystals (such as gold), have 21
nonzero elements, only 4 of which are independent of each other.

In contrast, Y2 vanishes in centrosymmetric media within the electric dipole approximation.
Second-order interactions require an asymmetric potential function in the equation of the
electron motion, which is clearly not the case in media with inversion symmetry. In-depth
discussion and comparison with the classical oscillator model can be found in section 1.4 of
reference [80]. This condition automatically eliminates a lot of common optical materials
(e.g. glass, silicone, gold, etc.) from the discussion of bulk second-order nonlinearities.
An example of a non-centrosymmetric material is a beta-barium-borate (BBO) crystal,
which is widely used in optical laboratories due to its strong nonlinearity, belongs to the
3m crystal class and possesses (3, symmetry. Consequently, it is fully described by 11
non-zero Y2 tensor elements, only 5 of which are independent of each other.

However, second-order nonlinearities can be observed at the interfaces of centrosymmetric
crystals, where the inversion symmetry is broken. Moreover, within the electric quadrupole
approximation, second-order effects are allowed even in bulk centrosymmetric crystals.
Though, in the case of gold, their contribution was shown to be small compared to the
dipolar surface-like response [82, 83] (see section 5.5 and appendix C for the relevant
discussion).
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In order to take into account dispersion and vectorial fields, eq. 5.1 can be rewritten in a
more general form (though still with an assumption of local response):

P(r,t) :/ xVE)-E(r,t —t')dt’
0
+ // XD ") E(r,t —t)E(r,t —t")dt'dt”
0

o0
+ /// W A AV E@ t —t)E(r,t — " E(r,t —t")at'at’at”, (5.2)
0

where : and : denote double and triple dot products respectively. Provided that the electric
field can be represented as a sum of harmonic plane waves,

E(r,t) = Re {Z E,(r, wn)} =Re {Z E(wn)ei<’<’n~’"—w>} , (5.3)

then by virtue of Fourier transform, eq. 5.2 can be cast into the frequency space, where it
can be represented with a less cumbersome appearance:

P(w) = PY(w) + PPw) + P¥(w) (5.4)
=xV (W) Bw) + x®(w = wm+wn) : E(wm) E(wn) (5.5)
+ X (W = Wy +wntwo ) E(wim ) E(wn ) E(w,). (5.6)

In index notation, the second-order polarization is written as

PP (wmtwn) = €0 Y > X @i +Wny Wi, 0n) Ej (win) Bx (wn), (5.7)
ik (mn)

and the third-order polarization is

P(s) (Wm +wp, ‘HUO)

3
= 502 Z ng])gl(wm_i_wn"f'wo;wmvwnvWo)Ej(wc))Ek(wn)El(wm)? (58)
Jkl (mno)

where the indices i, j,k,l run through the Cartesian coordinates z,y, 2z, whereas the
notation (mno) indicates that summation runs through varying permutations of frequencies
W, Wh, Wo, While maintaining a fixed sum. Following the notation from chapter 2, the
frequency dependent complex nonlinear susceptibilities may be written as y(2) = /) +
iX”(Q) and X(3) — X/(3) + iX”(g)-

In most practical problems, it is convenient to treat different orders of the nonlinear
polarization separately, as they represent physically distinct processes and require different
types of nonlinear materials. Special cases of these nonlinearities, which are relevant to the
experimental part of this thesis, are discussed in sections 5.3 and 5.4

5.2 The wave equation in nonlinear media

The physical implications of the nonlinear material susceptibility become clear when the
inhomogeneous wave equation is considered with the new definition of the polarization
term. In nonlinear optics, it is customary to write eq. 2.3 in a slightly different form,
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splitting the polarization into linear and nonlinear parts: P = Pt + PN 5o that the
constitutive relation (eq. 2.2) becomes:

DZE()E—FP:&‘()E-FPL—I-?NL:€0§E+PNL. (5.9)

With these definitions, the inhomogeneous wave equation in nonlinear media is conveniently
written as _ _

£ O’E B 0?PNL
2o~ oe
With a plane wave ansatz (see section 2.2) the first term can be written in the frequency
domain as the inhomogeneous Helmholtz equation with a nonlinear polarization source
term:

VxVxE-—

(5.10)

w2 w2
V2E, (r,w,) + C—gs(wn)En(r,wn) = 75022 PN wy). (5.11)

Generally, this equation is not easy to solve, hence, some approximations and assumptions
are required, the most common being the slowly varying envelope approximation (SVEA).
Furthermore, eq. 5.11 has to be satisfied at all frequencies which take part in the nonlinear
process, including the frequencies that are not present in the excitation field, but produced
by the induced nonlinear polarization.

5.3 Second-order processes

In the context of the experimental part of this thesis, it is interesting to consider a simple
one-dimensional example, where the electric field is described by a monochromatic plane
wave with the fundamental frequency wyp, = w, = w:

_ 1 ) )
E(t) = 3 (Be ™" + E*e™"). (5.12)

Then, the second-order nonlinear polarization is
pR — %0 (X(Q)QEE* I X(2)E267i2wt i X(Q)E*Qeith) : (5.13)

where the frequency dependence and tensorial nature of y(2) are omitted for the sake
of brevity. The first term is constant (i.e. at zero frequency), whereas the second and
third terms oscillate at twice the frequency w. Since the induced polarization is a source
term in eq. 5.10, it leads to the generation of electromagnetic waves at 2w, and so the
associated process is known as second-harmonic generation (SHG). The intensity of the
second harmonic (SH) radiation, Is,, is proportional to the square of the intensity I, of
the field at the fundamental frequency. The constant term does not lead to the generation
of electromagnetic radiation, but creates a static electric field across the nonlinear medium
through a process known as optical rectification.

In a (simplified) quantum-mechanical picture of the SHG process, two photons with energy
hw are simultaneously absorbed and a new photon with energy 2iw is created instantly.
Thereby SHG is a coherent process. Furthermore, since these transitions are mediated
by virtual states, SHG is categorized as a parametric process (i.e. it does not involve
transitions to the real quantum-mechanical states of the matter).

The experimental observation of SHG was first reported in 1961 by Franken et al. [84],
after the invention of the lasers which could provide sufficiently high intensities of coherent
light. Later, SHG at the interfaces of centrosymmetric media was observed experimentally
in transmission mode from a calcite crystal in 1962 by Terhune et al. [85] and in reflection
mode from a metallic surface in 1965 by Brown et al. [86].
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5.4 Third-order processes

A similar procedure as for the second-order nonlinear polarization in eq. 5.13 can be applied
to the third-order nonlinear polarization term:

pB — &0 (X(3)E36—i3wt i X(S)E*Bei&ut i 3X(3)’E‘2Ee—iwt i 3X(3)‘E|2E*eiwt> . (5.14)
2

In this case, the induced polarization has terms oscillating at a new frequency 3w, which

represent third-harmonic generation (THG). In principle, THG is qualitatively similar to

SHG: it is also a coherent, parametric process, where 3 instead of 2 photons with energy

hw are combined to create a photon with energy 3hw.

The remaining terms in eq. 5.14 oscillate at the fundamental frequency w, and thus
according to eq. 5.11 will have direct impact on the original field, leading to an intensity
dependent refractive index (known as the Kerr effect) and nonlinear absorption if x® has
a nonzero imaginary part. The latter effect can be shown by considering the time-averaged
work done by the electromagnetic field on the medium, along the lines of the linear case in

section 2.2.1: 3
_ 0P 1 oOP* 30w, a4 »
E-—)=-ReqE— s =—""|E"\"®, 5.15

<8t>2e{6t} 5 IEI'X (5-15)
A non zero time-averaged energy transfer to the medium described the nonlinear absorption
or gain, depending on the sign of y”®) and .

The third order absorption process is also known as two-photon absorption (TPA). In a
(again, simplified) quantum-mechanical picture, two photons with energy hw are simul-
taneously (via a virtual state) absorbed to excite an atom (or just an electron) to a real
quantum-mechanical state. Thereby, in comparison to THG, TPA is also coherent, but not
parametric as it involves transitions to real states.

It should be noted that an incoherent TPA is also possible if the process of absorbing two
photons is mediated by a transition to a real intermediate state (in contrast to a virtual
intermediate state in the case of coherent absorption). Incoherent TPA is a cascaded
¥ 1) absorption, which is effectively a x®)-processes [87]. The importance of this
process for the nonlinear absorption in gold is discussed in the next section.

A brief historical historical reference concludes this section: the two-photon absorption
was predicted by Goeppert-Mayer in 1931 [88], however the first experimental observation
followed only 30 years later, also after the invention of lasers, by Kaiser at al. [89].

5.5 Nonlinear optical properties of gold

As outlined in the previous sections, knowledge about the nonlinear electric susceptibility of
a material is crucial for the description of nonlinear light—-matter interactions. Nevertheless,
x® and x®) are hard to determine experimentally and nontrivial to model theoretically,
especially in non-transparent materials, such as gold and other noble metals. This section
reviews relevant physical mechanisms and microscopic origins of the second- and third-order
nonlinear effects in gold.

5.5.1 Second-order nonlinearities in gold

As gold is a centrosymmetric material, its bulk value of x(?) vanishes in the electric dipole
approximation. However, inversion symmetry is broken at the boundary of the metal,
enabling a second-order nonlinear response at the surface. Furthermore, effective second-
order polarization is possible even in the bulk due to electric-quadrupole and magnetic
dipole contributions.
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These contributions are usually formulated in terms of the surface-tangential, surface-
normal and bulk-tangential currents, and were extensively studied within the free electron
and hydrodynamic models [90-94]. Some studies indicated that the surface contribution
is expected to be dominant [82, 83]. However, there is no unambiguous way to define a
boundary that separates the surface of the gold from its bulk [95-97], so the choice of an
appropriate model remains under discussion even today [98]. In fact, this ambiguity might
also affect the susceptibility values which are extracted from experimentally obtained data.
While it was argued that it might not be possible to separate the surface from the bulk
response in the overall SHG signal [96], sophisticated polarization-resolved measurements
with an analysis based on the phenomenological model by Rudnick and Stern [91] confirmed
that the surface contribution indeed dominates over the higher-order multipole bulk
nonlinearities [99-101].

Furthermore, the free electron and hydrodynamic models only include the response from
quasi-free conduction electrons, while the response of real metals is complicated by the
presence of the bound electrons and their contribution to interband transitions [102-104].
Nevertheless, regardless of the exact microscopic origin of the second-order nonlinearity,
it remains effectively a surface effect. Even the bulk-like quadrupole response is, in fact,
caused by the strong electric field gradients at the metal surface, which extend into the bulk
by few tens of nanometers (in contrast to the true surface contribution which originates
from the layer of few angstroms in thickness). Hence, the quadrupole contribution is also
affected by the structural shape of the surface which defines the field gradients and thus,
the overall SHG is highly dependent on the details of sample surface preparation, including
aspects such as roughness [105-107], film thickness [108, 109], crystal orientation [99, 110],
possible adsorbents [111-114], etc. All these factors, as well as strong dispersion and
dependence on the excitation pulse length [115-119], make finding the “true” x(® value of
gold very intricate. As a result, values obtained under different experimental conditions
differ by orders of magnitude (e.g. X,(Zi)zsurfv ~ 1.4-107"9m2/V was reported in ref. [100]
and ng)zsurf ~ 6.5-1071¥m2/V in ref. [101]). Appendix C presents a paper regarding the
anisotropy in SHG from monocrystalline gold flakes, which also includes a relevant general
discussion on the topic.

In the case of nanostructured metals, SHG can be significantly enhanced by engineering
the shape and size of the constitutive nanoparticles and their arrangements to support
excitation of localized surface plasmon resonances at either the fundamental or the SH
frequency. As a result, the driving field can be efficiently coupled to the surface plasmon
modes and exploit the associated field enhancements to amplify the intrinsic material
nonlinearity. Exploration of these effects is a subject of research in the broad field of
nonlinear plasmonics. The immense progress in this ever-growing field has been summarized
in a number of recent reviews [42, 120-123].

5.5.2 Third-order nonlinearities in gold

Even though third-order effects are not symmetry-forbidden in bulk gold, their description
and quantitative measurement is by no means trivial. In fact, the discrepancy in the
experimentally obtained values of x(®) is even worse than in case of x(?), and it spans
several orders of magnitude, especially in its imaginary part [124]. Apart from the strong
dispersion and details of the sample preparation, this discrepancy is caused by differences
in the employed experimental methods, as they might exploit different physical processes.
For example, the z-scan technique [125] measures the intensity-dependent refractive index
(Kerr nonlinearity) or nonlinear absorption, and is particularly sensitive to the imaginary
part of X(3)~ In contrast, experiments that employ THG [126] measure the modulus of the
complex third-order susceptibility. As THG is not in the scope of the experimental part of
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this thesis, the focus in this section is put on the TPA and related physical mechanisms.

In order to understand the involved interactions and the underlying physical origins of
TPA in metals, the electronic band structure needs to be considered.

As sketched in fig. 5.1, TPA can occur in several ways, usually near the X and L symmetry
points of the first Brillouin zone. These points are associated with approximately parabolic
dispersion curves and high DOS due to the van Hove singularities [127, 128]. A first
possibility is the coherent absorption of two photons, which is labeled ¢TPA in the diagram.
In this case, two photons are absorbed simultaneously (mediated by a virtual intermediate
state) to create a hole in the d-band and an excited electron in the conduction sp-band
above the Fermi level, as if a single photon with energy 2hw was absorbed. However,
experimental studies on TPA dynamics indicate that the intermediate state has a lifetime
on the order of few hundred femtoseconds [129, 130], suggesting that such transitions have
low probabilities [131].

Another possibility is an incoherent, cascaded absorption, which is an effective third-order
process involving a real intermediate state. One specific transition sequence is the following;:
the first photon excites, via an intraband transition, an electron in the sp-band. This
creates a vacancy below, and a hot electron above the Fermi level. Both carriers may
then relax back to the Fermi level and recombine nonradiatively on the time scale of a
picosecond via thermalization [132, 133]. Alternatively, the sp-band vacancy may be filled
with an electron from the d-band via an interband transition caused by the absorption of
the second photon. If this interband transition actually happens within the lifetime of the
sp-band hole, then such an absorption cascade also results in an electron-hole pair as in
case of coherent TPA. Thus, the lifetime of the intermediate state is defined by the lifetime
of the sp-band vacancy [129, 130].

It is important to note that the first intraband transition requires a source of additional
momentum, which photons alone cannot provide. Thus, at least in the electric dipole
approximation, TPA is expected to be absent at flat gold surfaces [134]. However, intraband
absorption may occur when an electron absorbs a photon and simultaneously undergoes
scattering on a phonon or impurity, which compensates the momentum mismatch [135]. For
this reason, TPA is significantly enhanced at rough surfaces [136] and in nanostructures,
where, due to the strong field gradients, the dipolar approximation is no longer valid
[137]. In fact, excitation of plasmonic resonances in the nanostructures at the fundamental
frequency often determines the overall TPA efficiency [138, 139].

Eventually, the d-band hole and hot electron may recombine radiatively, i.e. by emitting a
photon. This process is called photoluminescence (PL), but in the special case when it is
initiated by TPA, it is often referred to as two-photon photoluminescence (TPL). However,
other nomenclature with similar abbreviations is also widespread in the literature: TPPL,
2PPL, TPEF, 2PEF, etc. Photoluminescence from gold was observed for the first time by
Mooradian et al. in 1969 [140].

Since all charge carriers are dynamically redistributed prior to the radiative recombination,
TPL emission has a broad distribution in photon energies, spanning the whole visible
range (which is indicated with the rainbow-colored arrows in the diagram in fig. 5.1). In
the absence of other resonances, the TPL spectrum is expected to show 2 peaks: one at
approx. 1.9 eV and the other at approx. 2.4 eV. These energies correspond to the energy
differences between the Fermi level and d-band near X and L symmetry points respectively
[131]. If the sample is monocrystalline, only one peak may be observed, depending on the
crystal orientation For example, if a monocrystalline gold flake is illuminated along the
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Figure 5.1: First Brillouin zone and band structure of gold with indicated electronic transitions that
are associated with third order nonlinear processes: coherent two-photon absorption (¢TPA) and
incoherent absorption (TPA), both indicated with dark-red arrows. The non-radiative relaxation
of hot electrons (thermalization) is shown with gray arrows. The subsequent photoluminescence
(PL) is shown with rainbow-colored arrows. Open circles denote holes created in the process, closed
circles denote excited electrons. Adapted with permission from ref. [26]. Copyrighted by the
American Physical Society.
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<111 > crystal axis, only one peak at ~= 520 nm is present, which corresponds to the ~ 2.4
eV interband transition at the L symmetry point [26].

Furthermore, hot electrons and holes in the sp-band may also recombine nonradiatively,
for example by coupling to surface plasmon modes, which, in turn, may decay radiatively,
contributing to the overall TPL emission. In fact, in many cases, the contribution from
the localized SPP modes to the TPL from gold nanostructures dominates and shapes
its spectrum [141, 142] and emission lifetime [143]. Therefore, various TPL scanning
microscopy methods have become widely used tools for mapping the distribution of the
plasmonic LDOS and the associated field enhancements [24, 144-149].

However, there are other possibilities for incoherent photon absorption processes which lead
to effectively higher-order nonlinear absorption. For example, the vacancy in the sp-band
created after the absorption of the first photon may be filled with another sp-band electron
via a second intraband absorption, effectively bringing the vacancy inside the sp-band
closer to the d-band, an thus increasing opportunities for subsequent interband transitions.
Furthermore, hot electrons may gain energy by undergoing another intraband transition to
climb higher in the sp-band, resulting in a greater energy of the subsequent PL emission.
In principle, any sequence of interband and intraband transitions may contribute to
an absorption cascade, resulting in a cumulative multi-photon absorption (MPA) [150].
Overall, the number of transitions involved in the cascade defines the dependence on
the intensity of incident light, and thus sets the effective order of nonlinearity of the
process. Photoluminescence which follows such an absorption cascade is often referred to
as multi-photon photoluminescence (MPL), as well as MPPL, MPIF, MAIL, etc. Quite
often, TPA and MPA of various orders occur simultaneously, which results in non-integer
values of the overall intensity dependence, with exponents ranging from 2 to 5. Typically,
the order of nonlinear process depends on the excitation wavelength, intensity [130, 151],
and pulse duration [129].

Finally, spectrally resolved MPL measurements show that the blue part of the emission
has a higher order dependence on the excitation intensity and a shorter intermediate state
lifetime [151, 152], which is consistent with the described MPA mechanism.
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6 Nonlinear microscopy of monocrystalline gold
flakes

This chapter describes the experimental studies of the nonlinear optical properties of
monocrystalline gold flakes and is structured in the following way: the first section provides
details about the nonlinear optical setup; the second section is devoted to SH and TPL
imaging of the field enhancement associated with sharp features of the gold flakes; the last
section of the chapter presents preliminary results on pulse-correlation measurements of
ultrafast TPL dynamics in gold flakes with mesoscopic thickness.

6.1 Experimental setup

A significant part of my PhD time was spent on the development of an experimental
setup for characterizing nonlinear effects in plasmonics. An old, “home-made” scanning
nonlinear optical microscope (a.k.a “TPL setup” at the Centre for Nano Optics became
outdated by the year 2018 and required major upgrades. The malfunctioning scanning
piezo-stage needed replacement, which entailed rewriting the entire control software to
make it compatible with all other electronic devices. Basically, only the femtosecond laser
source (mode-locked Titanium:Sapphire laser, Tsunami 3941 by Spectra-Physics) remained
unchanged, all other components were upgraded.

A schematic diagram of the nonlinear optical setup is shown in fig. 6.1. Its main part —the
scanning optical microscope — allows to scan a tightly focused laser beam across the sample
and detect the variation in intensity of the linear and nonlinear reflection, thereby recording
an image of the sample pixel by pixel. Tight focusing of the excitation beam and efficient
collection of the reflected light is achieved using a high numerical aperture (NA=0.9)
apochromatic objective. The nonlinear part of the signal is separated using a dichroic
mirror (DM) and can be detected using either a photo-multiplier tube (PMT) or a
spectrometer. Reflection at the fundamental frequency is detected using a high-sensitivity
photodiode.

The setup is modular and has functionality to switch between free-space and fiber coupling
to the microscope module. Although propagation in an optical fiber chirps the fs-pulses in
time due to dispersion, it has the advantage of shaping the output beam to a nearly perfect
Gaussian profile. Feeding the fiber through an electronic variable optical attenuator (EVOA)
allows precise control and stabilization of the average power. Furthermore, fast response
time of the EVOA is useful for writing patterns in various materials by laser-heat-induced
modification (e.g. laser-printing of structural plasmonic colors, see ref. [21]).

Free space coupling is generally beneficial for TPL and SHG microscopy, as it does not
stretch the laser pulses in time. The pulse duration is a crucial parameter in experimental
nonlinear optics, as concentrating the electromagnetic energy in a short period of time
results in high peak power, which allows the observation of even weak nonlinear effects.
Furthermore, as will be shown in section 6.3, ultrashort pulses allow to characterize ultrafast
dynamics of cascaded nonlinear processes. However, in order to resolve the timescale of
such fast processes, the duration of the pulse itself needs to be characterized. Quoting the
words of one of the pioneers of the ultrafast optics field, Prof. Rick Trebino, “In order to
measure an event in time, you must use a shorter one. But then, to measure the shorter
event, you must use an even shorter one. And so on. So, now, how do you measure the
shortest event ever created?” [153].
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Figure 6.1: Schematic diagram of the nonlinear optical setup: the mode-locked Ti:Saph laser
outputs approx. 100 fs pulses, tunable in the 750 — 900 nm wavelength range. A Faraday insulator
(FI) prevents light reflection back to the laser cavity. A combination of a half-wave plate (HWP)
and a polarizer (P) are used to adjust the intensity and polarization of the beam. The further beam
path can be selected with a flip-mirror (FM): the beam can be either coupled to an optical fiber
(F-C stage) or propagate in free-space into a Michelson interferometer (MI). In MI, the mirror My
is kept fixed, while My is mounted on a motorized translation stage, allowing precise control over
the interferometer arm length difference As. In the microscope the excitation beam is focused to a
diffraction-limited spot using a NA=0.9 apochromatic objective, which is also used for collection of
the reflected light. The nonlinear part of the signal is separated using a dichroic mirror (DM) and
can be detected using a fiber-coupled photo-multiplier tube (PMT). Alternatively, the spectrum of
the nonlinear signal can be analyzed using a spectrometer (SM). Other labels in the diagram have
the following designations: fiber collimator (FC), beam splitter (BS), electronic variable optical
attenuator (EVOA), short-pass filter (SPF), lens (L) and photodiode (PD).

The duration of fs-pulses cannot be directly measured using conventional optoelectronic
devices, since the response time of usual photodetectors is on the order of nanoseconds,
in the best case fractions of a nanosecond. Therefore, methods for the characterization
of ultrashort pulses rely on the principles of optical autocorrelation. One of the standard
approaches is the interferometric autocorrelation (IAC), in which two identical copies of
a pulse are created in a Michelson interferometer (MI, schematically depicted in fig. 6.1).
At the output of the interferometer, the autocorrelation signal is produced via SHG in
a nonlinear crystal. The intensity of the nonlinear signal depends on the time delay 7
between the pulses and can be measured using a slow photodetector. Sweeping the time
delay by changing the optical path difference between the interferometer arms (7 = 2As/c)
and recording the variation in nonlinear signal allows to get a rough estimate of the pulse
duration. Figure 6.2 shows a result of such a sweep for a Ti:Sapph light pulse with 800 nm
central wavelength, obtained using a lithium niobate (LiNBO3) crystal as the nonlinear
medium.

However, extracting the exact value of the pulse duration from the intensity autocorrelation
data is not trivial, since it is an inverse problem of deconvolution:

[e.o]

oo

In(T) o / |E(t)E(t — 7)|%dt / I()I(t — 7)dt. (6.1)
—00 —0o0

Hence, retrieval of I(t) from the measured Iy, (7) requires an assumption of the pulse

shape. Luckily, the documentation of our Ti:Sapph laser specifies that pulses have sech?

shape and suggests to use a deconvolution factor of0.65 (meaning that the actual pulse

duration is shorter than the width of the autocorrelation function approximately by the
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Figure 6.2: (a) Spectrum of the pulsed output of Ti:Sapph tuned to 800 nm central wavelength.
(b) Pulse interferometric autocorrelation measurement using a LiINBOg nonlinear crystal. The
shoulders in the interferogram indicate that the pulse is somewhat chirped due to the dispersion in
optical components of the microscope. FWHM of the mean of envelopes is ATpway =~ 175 fs.

factor 0.65). Thereby, an estimate of a full width at half maximum (FWHM) pulse duration
based on the measurement shown in fig. 6.2b yields 7, = 0.65A 7wy ~ 115fs. It should
be stressed that this value is only approximate, since an TAC measurement contains only
limited information about the phase of the pulse. More sophisticated techniques, such as
frequency resolved optical gating (FROG), allow to measure the pulse duration with higher
precision [153]. Nevertheless, a simple TAC is easy to implement and is sufficient for the
needs of the experiments described in section 6.3.

6.2 SHG and TPL imaging of monocrystalline gold flakes

Figure 6.3 shows a comparison of images of a thick (approx. 2 pm) gold flake sample obtained
with different microscopy methods. Undoubtedly, among the presented micrographs, the
SEM image has the highest resolution and can clearly resolve the morphology of the sample,
sharp edges and difference in the adjacent side facets of the crystal. White light reflection
microscopy is considerably worse — the sharp edges of the flake appear blurred in BF and
two-colored in DF. A detailed discussion on the origin of the distinct colors of adjacent and
opposite edges in DF images is provided in appendix A. In short, it is caused by interference
of SPP propagating at the side facets and specularly reflected light at a grazing angle.

Among the images obtained using the nonlinear microscope, the SH image is the sharpest.
Due to the strong SHG at the surface of crystalline gold (described in appendix C) the
signal-to-noise ratio in this image is much higher as compared to the TPL map. An increase
in the intensity at the flake edges which are perpendicular to the polarization of excitation
excitation light are visible in both SH and TPL maps. This can be attributed to the
plasmonic field enhancements at the sharp corners of the crystal. As was mentioned in
chapter 5, scanning nonlinear microscopy is a widely used tool for mapping localized field
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enhancements in plasmonic nanostructures [24, 145, 147, 154].

FH (800 nm) SH (400 nm)
(d) (e)
Figure 6.3: Various images of a gold flake sample with approx. 2pm thickness: (a) white light
reflection BF; (b) white light reflection DF; (c) SEM; (d) FH reflection at 800nm (¢) SH at
400 £ 10 nm; (f) TPL integrated over the 450 — 650 nm wavelength range. The optical images in
(a) and (b) were obtained using a x 100 magnification objective (NA=0.9). The excitation light at
800 nm central wavelength in images (d-f) is horizontally polarized.

To better appreciate the resolution limit of SH and TPL microscopy, fig. 6.4 shows close-up
images of the corners of the flake sample obtained with 100 x 100 nm scanning pixel size.
Again, the SH image is clearly the sharpest and displays features that are invisible in
the FH image. Although SH microscopy does not allow to see the actual morphology of
the crystal, it clearly resolves the edges of the side facets, which are separated by approx.
350 nm, as estimated from the SEM image in fig. 6.3. Thus, the resolution limit of scanning
nonlinear microscopy is approx. 25% better than the conventional diffraction limit at 800
nm wavelength (d = A\/2NA ~ 440 nm).

(b)

Figure 6.4: High resolution images of the upper left and upper right corners of the flake from
fig. 6.3: (a-b) FH; (c-d) SH; (e-f) TPL. Excitation light is horizontally polarized.
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6.3 Ultrafast measurement of nonlinear dynamics

Figure 6.5 shows various images of a gold flake sample with thickness varying in a “terraced”
fashion (approx 35 — 25nm). In case of thin flakes, the TPL signal is much stronger than
that from optically thick samples and increases with decreasing gold thickness. This is
consistent with previous observations reported in ref. [26]. In this work, Grofimann et al.,
attributed the strong increase of TPL intensity to a modification of the band structure in
crystalline films with thickness below 30 nm due to quantum surface effects. Due to the
finite number of atomic layers in the surface-normal direction (corresponding to the (111)
crystal axis), the sp-band splits into discrete bands near the L symmetry point, which
increases the probability of exciting an electron above the Fermi level. These transitions
create vacancies below the Fermi level, which, as discussed in section 5.5, can be filled with
electrons in lower-lying bands, resulting in a cascaded TPA.

(a) (b)

Figure 6.5: Various optical micrographs of a “terraced” flake sample with thickness varying from
~ 35nm at the edge, to ~ 30nm and to ~ 25nm in the center: (a) white light reflection; (b) white
light transmission; (¢) SH at 400 + 10 nm; (d) TPL integrated in 450 — 650 nm wavelength range.

Spectra of the nonlinear signal from 3 spots of the sample corresponding to different
thicknesses (~ 35nm, ~ 30nm and ~ 25nm, measured using an AFM) are shown in
fig. 6.6a. As can be seen, the intensity of both, the SH peak at 400 nm and the broad TPL
are increased by more than a factor of two as the gold thickness decreases by 10 nm.

Figure fig. 6.6b shows two-pulse correlation measurements of the TPL intensity from the
same three spots of the sample. These measurements are performed in the same way as
the interferometric pulse characterization described in section 6.1, only considering larger
delays between the two copies of the pulse. Such a characterization allows to investigate
the temporal dynamics of hot-carrier relaxation during the cascaded TPA: sweeping the
time delay between the two pulses essentially allows to measure the relaxation time of the
vacancies in the sp-bands below the Fermi level, which are required as an intermediate
state for the cascaded two-photon absorption.

In comparison with the SHG from a LiINBOj crystal, which does not depend on the time
delay 7 if pulses are separated by more than 400 fs, the TPL intensity of gold exponentially
decreases with increasing 7. Fitting an exponential function to the data shown fig. 6.6b
gives an estimate of the intermediate state lifetime 74;. This time constant appears to
be dependent on the thickness of the gold flake: least-square-fits resulted in 74 ~ 411 fs,
Tq ~ 421 fs and 14 &= 438 fs for ~ 35nm, ~ 30 nm and ~ 25nm thicknesses respectively.

Finally, fig. 6.6¢c shows the power dependence of the nonlinear luminescence. At low excita-
tion powers (below P = 10mW, time-averaged) the intensity shows quadratic dependence,
suggesting that the cascaded absorption involves two transitions, which corresponds to
an effective third-order TPA. With increasing excitation power, the exponential order of
intensity dependence smoothly increases to approx. 4. This suggests that the cascaded
absorption involves more intermediate states, which corresponds to a higher-order effective
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Figure 6.6: (a) Spectrally resolved nonlinear signal from 3 spots with different thicknesses of the gold
flake shown in fig. 6.5. (b) Two-pulse correlation measurements of the TPL intensity at the same
three spots in comparison with the SHG response from a LiNBOj crystal (TPL signal is integrated
in 450 — 650 nm wavelength range and SH signal is measured at 400 £+ 10nm). (c¢) Dependence
of the nonlinear luminescence intensity on the excitation power plotted on a double-logarithmic
scale: increasing the time-averaged excitation power P increases the effective nonlinear order of
the cascaded photon absorption. In all measurements the nonlinear signal was excited by approx.
115fs pulses at 800 nm central wavelength. The data in (a) and (b) was acquired at approx. 5mW
of time-averaged excitation power.

nonlinear absorption (i.e. three- and four-photon absorption).

Further experiments and theoretical analysis are required in order to get new insights to
the ultrafast dynamics of nonlinear processes in mesoscopic gold.



7 Summary and outlook

To summarize, this PhD thesis presents an experimental study of plasmonic properties of
monocrystalline gold flakes in linear and nonlinear regimes. Both applied and fundamental
aspects are investigated, with a primary focus on nonlocal effects in ultrathin metal-
insulator-metal gaps and nonlinear phenomena at gold surfaces.

The opening chapter of the thesis presents an overview of the field and introduces the
scope of the study. The theoretical foundations of linear plasmonics, including formalism
of nonlocal corrections for gap surface plasmons, are presented in chapter 2. Chapter
3 is devoted to the fabrication of gold flakes and details of their crystal structure. In
chapter 4, superior plasmonic properties of the gold flakes are employed in the fabrication
of plasmonic waveguides with an extremely small dielectric gap. Furthermore, preliminary
results of optical characterization with state of the art near-field microscopy techniques
are reported. Chapter 5 provides an overview of the physical principles of nonlinear
light-metal interaction. Finally, chapter 6 reports the characterization of nonlinear optical
properties of monocrystalline gold flakes using two-photon luminescence and second-
harmonic generation scanning microscopy. In addition, two-pulse correlation measurements
are used to investigate the ultrafast dynamics of nonlinear absorption in gold flakes with
mesoscopic thickness.

The main research findings of the PhD study published as journal articles prior to the
thesis submission constitute the appendix. It includes three papers closely related to the
general scope of the thesis: interference in edge-scattering from monocrystalline gold flakes;
use of monocrystalline gold flakes for gap plasmon-based metasurfaces operating in the
visible; anisotropic second-harmonic generation from monocrystalline gold flakes.

Outlook

I hope that this PhD thesis convinced the interested reader that monocrystalline gold flakes
are an attractive material platform for the implementation of high-quality nanoplasmonic
devices and a nearly ideal “playground” for the experimental research in mesoscopic-scale
solid state physics. The results presented here, as well as in other publications that I
was glad to co-author in the course of my PhD studies, reveal the potential of crystalline
gold films for future applications in quantum-plasmonic devices, plasmonic sensing, high-
resolution microscopy, and other.

Preliminary results on the near-field characterization of gap surface plasmon waveguides
look promising but are not yet complete to judge the importance of the nonlocal effects.
Further experimental and theoretical work is also needed to improve our understanding of
the femtosecond-scale dynamics of nonlinear absorption and luminescence processes. This
investigation can eventually become useful for improving the existing technologies that
rely on plasmon-induced hot carrier generation, such as photodetection, plasmon-assisted
photocatalysis and light energy harvesting.
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Abstract: We observe strongly dissimilar scattering from the two types of sidewall configurations
(here referred to as "edges") in hexagonal quasi-monocrystalline gold flakes with thicknesses
around 1 micron. As the origin of the phenomena, we identify the interference between a
direct, quasi-specular scattering and an indirect scattering process involving an intermediate
surface-plasmon state. The dissimilarity between the two types of edges is a direct consequence
of the three-fold symmetry around the [111]-axis and the intrinsic chirality of a face-centered
cubic lattice. We propose that this effect can be potentially used to estimate dielectric function of
the monocrystalline gold.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Historically, the field of plasmonics [1] has explored the interaction of light with the free
electron gas, with a predominant attention to amorphous and polycrystalline noble metal
nanostructures and thin films, [2] while less attention has been devoted to plasmons supported
by monocrystalline materials. More recently, chemically synthesized monocrystalline gold
flakes have been receiving increasing attention within the plasmonic community. In many
aspects, such colloidal gold nanoparticles show superior plasmonic properties, as compared
to evaporated polycrystalline films. [3—6] Atomic flatness and well-defined crystal structure
offer larger plasmon propagation lengths and sharper resonances due to lower Ohmic losses and
reduced surface scattering. [7] These favorable properties have been utilized in the design and
fabrication of various plasmonic devices, such as nano-circuits, [3, 8] nano-antennas, [9-11]
tapers, [12] and plasmon billiards. [13, 14] However, flat metal crystals are rarely true single
crystals, but rather twins joined at pairs of stacking faults. [15] This is no coincidence, because
the strong lateral growth involving {100}-facets requires the presence of at least 2 stacking
faults within the seed. [6] These defects play an important role in the crystal growth [5] and
might exhibit interesting plasmonic phenomena of electronic 2D states. This, along with the
well defined material properties of single crystals, renders them excellent candidates for the
observation of quantum effects, [16, 17] or of anisotropic nonlinear or nonlocal response e.g. due
to the deviation of the Fermi surface from a perfect sphere. This is especially true for sub-micron
particles, as quantum corrections to the classical electrodynamics manifest increasingly when
approaching the subwavelength scale and reaching the atomic dimensions. [18, 19]

Differences between the material properties of mono- and polycrystalline metals are both
important for applications as well as interesting in their own right. Moreover, the highly ordered

#346408 https://doi.org/10.1364/OME.8.003688
Journal © 2018 Received 20 Sep 2018; revised 19 Oct 2018; accepted 19 Oct 2018; published 2 Nov 2018
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Fig. 1. (a) SEM image of the Au monocrystalline flake (75° tilted view, scale bar: 10 um);

(b) and (c) close-up high resolution SEM images of the two corners of the flake (75° tilted
view, scale bars: 500 nm). Artificial coloration is used to highlight different crystallographic
planes of the facets: light yellow for {111} and dark yellow for {100}. (d) Bright-field and
(e)-(h) dark-field optical images of the flake captured with 4 different NA’s, indicated in the

images (scale bars: 10 um).

atomic structure of single crystals is also reflected in their geometry with very well defined
angles, atomically flat surfaces and sharp edges. The quality of these features is well beyond
what is currently achievable with state-of-the-art nano-patterning of polycrystalline films, [20]
and they provide valuable material for the basic research of nanoplasmonics in finite-size metal
geometries e.g. on the propagation of surface-plasmon polaritons (SPP) along the edges of gold
crystals. [21,22] Several examples for such studies have been conducted for particles that are
small compared to the wavelength of light. [23-26]

Crystal-related morphologic features are of course by no means restricted to subwavelength-
sized particles, but also appear in fairly large objects such as the gold flakes studied in this
paper with lateral dimensions greater than 10 um and thicknesses around 1 um. One such
non-trivial feature is the fact that the sidewalls (for convenience referred to as "edges”) of our
nearly hexagonal flakes are asymmetrically tapered and that two types of such edge terminations
alternate around the flake. As a result, each edge is dissimilar to both adjacent edges and the
opposing one. This lack of symmetry with respect to mirroring and 180° rotation can be seen
in high-resolution scanning-electron microscope (SEM) images (Fig. 1(a)-(c)). Yet quite often,
this detail is ignored and the edges are simply approximated as rectangular truncations [21,22].
However, it reflects the fact that the face-centered cubic (FCC) gold lattice is symmetric with
respect to neither a 180°-rotation nor a mirror operation about the [111]-axis. It is therefore a
large-scale manifestation of the atomic order and can lead to a significant difference in the optical
far-field properties as we show here.

In this work we report on a distinct difference in the scattering of visible light from the two
types of edge terminations of colloidally grown gold flakes with thicknesses around one micron.
Even though in an optical bright-field (BF) our flake looks perfectly hexagonal (Fig. 1(d)) and
seemingly exhibits six fold symmetry, difference in scattering appears as differently colored
edges when observed in an optical dark-field (DF) microscope under lower numerical aperture
(NA) collection conditions (see Fig. 1(e)-(h)). We conclude that this is the far-field manifestation
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of the fact that opposing flake edges make different angles with the substrate, which in turn is a
macroscopic consequence of the inherent chirality along the [111]-axis of the FCC lattice.

2. Results and discussion

We grew quasi-monocrystalline gold flakes on a silicon wafer substrates from chloroauric acid
in the modified Brust—Schiffrin method [27] involving thermolysis of the precursor instead of
chemical reduction (see Methods section for further details). This is known to yield flakes, which
are large [28] and feature hexagonal, triangular and truncated triangular shapes with high aspect
ratios up to 100. We obtain lateral sizes of up to 100 microns with thicknesses between several
dozen nanometers and few microns. From the symmetries of the FCC gold lattice, one would
expect the crystals to be bounded by facets of {111}- and {100}-types with threefold and fourfold
symmetries, respectively. This is illustrated in Fig. 1(a)-(c), which show SEM images with
artificial colorization indicating crystal planes of the corresponding facets. Therefore, it seems
safe to assume the large top and bottom faces to be of {111}-type. [S] As a result, each of the three
or six edges of the flakes is composed of one {111 }- and one {100}-type facet, which meet at
an angle of ~ 125.3° and make angles o = arccos(1/V3) ~ 54.7° and 8 = arccos(1/3) ~ 70.5°
with the central plane, respectively. Consequently, the cross sections of the flakes consist of an
upper and a lower trapezoids with different heights %, and £, but fixed angles, as illustrated in
Fig. 2.

Type-B edge

wfl

Fig. 2. Schematic drawing of the flake’s cross-section (cut trough two opposite edges) with

indicated geometrical parameters and Miller indices of the the facets.

The strong imbalance in the size of the top and bottom {111 }-planes over all others is due to
stacking faults (more precisely multiple twin planes), which form in the early stage of the crystal
growth. Such defects commonly appear in the metals with FCC crystal structure, especially in
gold, as they have some of the lowest defect energies [29]. They lead to quite different growth
rates along different crystal axes and thus cause high aspect ratio of the crystals. Therefore, such
thin flakes are not strictly speaking monocrystalline, as commonly referred to, but twins.

It is noteworthy that the FCC-lattice has only three-fold symmetry in the {111 }-plane even
though such a crystal facet might be perfectly hexagonal, as one shown in Fig. 1(d). This is the
result of the chirality of the FCC-lattice along the [111]-axis, which is due to the existence of
two different stacking patterns. Macroscopically, it manifests in the aforementioned two types of
flake edges, which appear with threefold symmetry. In the following, we refer to edges where
the side facet touching the substrate is of {111}-type or {100}-type as type-A or type-B edges,
respectively. As it turns out, this three-fold symmetry and therefore the lattice chirality can be
directly observed with an optical microscope.

We noticed that flakes which look almost perfectly hexagonal in the optical bright-field and
high-NA dark-field (Fig. 1(d),(e)) exhibit very different scattering spectra from the two types
of edges. This is visible to the naked eye under DF conditions and becomes more prominent
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with decreasing collection NA, as shown in Fig. 1(f)-(h). Images were acquired using the same
objective lens and the same illumination conditions (light from DF condenser impinging on
the sample at a grazing angle y ~ 12°), and filtering the collected light in the Fourier plane, as
described in details in the Methods section.

We find behavior that is qualitatively similar to that depicted here, yet with different shades of
red, yellow and green commonly for flakes with thicknesses around 1 micron, so it appears to be a
geometry-related effect. In order to further understand the underlying process, we first performed
2D finite-element calculations in p-polarization. This is sufficient for qualitative results, because
we observed experimentally that with polarized illumination only the edges perpendicular to
the incident polarization appear in dark-field and that the scattered light is p-polarized itself.
We then post-processed the data with a far-field filtering procedure that mimics the effect of a
low-NA objective (see Methods section for further details). Figure 3 shows experimental spectra
acquired with NA=~0.4, which provides good contrast while keeping sufficiently strong signal,
for two adjacent edges of the flake shown in Fig. 1. Alongside is shown a numerical spectrum
calculated using nominal dimensions (4, = 130nm and /; = 580 nm, as measured on the real
flake), idealized illumination conditions and the permittivity of monocrystalline gold given by
interpolated experimental data from Olmon [30]. Although we clearly do not obtain quantitative
agreement, the experimental and numerical results show the same qualitative features: a peak for
the type-A edge surrounded by troughs and a similar behavior for the type-B edge red-shifted
by some 100 nm. We postpone the discussion of possible origins for this mismatch and first
focus on the physical mechanism. However, we do emphasize at this point that the spectra of
different flakes differ significantly in the positions of peaks and troughs, but always show the
general features of an interference pattern.

- (a) - (b)

Measured intensity (a.u.)
Simulated intensity (a.u.)

450 500 550 600 650 700 750 800 850 450 500 550 600 650 700 750 800 850

Ao (nm) Ag (nm)

Fig. 3. (a) Experimental and (b) simulated DF spectra of the two types of edges of the flake
with nominal dimensions /4, = 130 nm and /&; = 580 nm. Both experimental and simulated

spectra are acquired with NA = 0.4.

The physical origin of the different scattering spectra of the type-A and the type-B edges is
the interference between a surface-plasmon wave and free-space propagation of light, which we
concluded from a careful analysis of the numerical simulations, especially for varying values
of the flake thickness parameters h, and ;. We observe that light scattered directly into a
low-NA objective stems predominantly from the upper facet (characterized by #,,), while the
direct scattering from the lower facet is directed predominantly downwards, as one would expect
from geometric optics or basic diffraction theory. Varying the parameter /,, in our calculations
caused broad-band changes to the scattering efficiency while leaving the beating period virtually
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unchanged. The upper edge appears to act as an effective point-like dipole. This holds true
in simulations even if h, =~ h;. In contrast, varying h; mainly changed the beating period and
strongly shifted the peaks, so the resonances are linked to the length of the lower facet. Standing
waves on that facet were considered, but did not match the observed beating period. As the
illumination both in the experiment and the simulation is essentially at the Brewster angle for an
air/silicon interface, light reflected from the substrate also does not enter the picture. Although the
light scattered by the edge downwards hits the substrate at a different angle and might participate
in the interference, we anticipate it as a weak effect.

This leads to the following explanation: the light emanating from the upper facet has two
main contributions. Firstly, the scattered light is coming from direct illumination of the upper
facet (blue arrow in Fig. 4(a)). However, there is also a second, indirect path illustrated by
red arrows in Fig. 4. Like every metallic surface discontinuity, the lower corner of the crystal
couples incident light to SPP. The resulting SPP travels up the facet, where it couples out to the
far-field and contributes to the scattered radiation. Depending on the phase accumulated in this
process, the direct and indirect radiation interfere constructively or destructively in the far-field,
leading to a scattering spectrum that depends sensitively on 4;, the edge type, the grazing angle
v, the collection NA and the SPP dispersion relation. The in-coupling of the secondary path is
significantly enhanced by the presence of a high-index substrate — with low-index substrates the
effect is much less prominent, as we observed both experimentally and in simulations.

(a) scattered light (b)
di X phase accumulated in
rect patp \ indirect path

Scident jigp

indirECt path exp (ikspp L)

exp (ikoL cos 0)

Fig. 4. Schematics of the enhanced-scattering mechanism. (a) The dark-field illumination
has two possible paths to scatter upwards into the objective: a direct path is the quasi-specular
reflection at the upper facet; an additional indirect path is by coupling to a surface wave
at the lowest corner, travelling along the lower facet and coupling out at the upper facet.
(b) The indirect path is delayed with respect to the direct path by a phase that depends on
thickness of the lower flake part and on the angle 6, included by the direction of grazing

illumination and the lower facet. This leads to a distinct interference effect in the far-field.

The phase difference between the direct and the indirect path is sketched in Fig. 4(b). The
sample is illuminated by the DF objective under a grazing angle y ~ 12°, which means that the
illumination light impinges the lower flake facet at an angle 8 = § —y or § = @ — y for type-A
and type-B edges, respectively. As a result, the upper and the lower corners of the edge are
excited with a phase difference ®; = exp(ikoL cos 6), where kj is the vacuum wave number of
the light and L is the length of the facet, i.e. L = h;/sin 8 or L = h;/sin « for type-A and type-B
edges, respectively. Afterwards, the indirect path gains an additional phase ®, = exp(iksppL)
while traveling along the facet, where kspp is the wave number of the SPP. Thus, the total phase
difference between the direct and the indirect path (excluding other phase contributions from
additional processes such as standing waves on the lower facet, nonzero SPP excitation phase
at the lower corner and scattering phase at the upper facet that are different from the incident
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wave’s phase) is
A® = expli(kspp + ko cos 6)L] 1)

and we expect that the scattering spectra of either edge type depend periodically on the parameter
h; with a periodicity of

A _ 2m sinﬁ
ARD =
kspp + ko cos(y — B)

@

for the type-A edge and with « instead of B for the type-B edge. Using the permittivity
&€au = —16 + 1.1i for monocrystalline gold [30] at a vacuum wavelength of 1p = 700 nm as an
example, and assuming y = 12°, we find:

AR® ~420nm  and AR ~ 320nm.

This means that we expect the scattering intensity observed at type-A or type-B edges to exhibit
interference oscillations with the periods of 420 nm or 320 nm, respectively, when k; parameter
is varied.

These values for the periodicity are to be compared to the numerically simulated spectra in the
Fig. 5, where the upwards scattered power for both types of edges at a fixed wavelength (700 nm)
is plotted as a function of the lower flake thickness h; with all other parameters (e.g. y, hy, etc.)
kept as in Fig. 3. We observe distinct oscillations with a periodicity of ~ 340 nm for type-B
edges, which is in good agreement with the simple interference model. The periodicity of the
type-A spectra is slightly less consistent as the spectrum is not a pure sinusoid (distances between
minima, maxima and turning points give different "periodicities"). Anyhow, the periodicity is
greater than for type-B edges and we extract a value of ~ 380 nm. This is still in qualitative
agreement with the interference model. We attribute the disparity to the existence of a second,
weaker resonant effect, potentially a Fabry—Pérot-like standing wave on the lower facet. Yet, the
main effect is clearly visible, especially since no alternative explanation predicts oscillations in
the 300—400 nm range.

Simulated intensity (a.u.)

100 200 300 400 500 600 700 800 900
h, (nm)

Fig. 5. Simulated scattering intensity at 49 = 700 nm for the two types of edges with
hy,, = 130nm and range of h; values. Estimated periodicity of the oscillations are ~ 380 nm
for the type-A and = 340 nm for the type-B edge. The horizontal lines show the estimates
for Ah;A) ~ 420 nm and Ah;B) ~ 320 nm, according to Eq. (2).
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So far, we have not discussed the agreement between experimental and numerical spectra
(Fig. 3). Both panels show qualitatively similar behavior. The most striking differences are an
overall red-shift by some 100 nm of all features in the experimental spectrum and a significantly
reduced amplitude towards the blue spectral range. This is partially due to simplifications and
uncertainties in the numerical model. Firstly, in our simulations we choose a 2D finite-element
model with plane-wave illumination impinging normally on the edge. In contrast, the illumination
in our dark-field experiment is from a range of azimuthal angles covering a sector of 60°. We
expect that non-normal incidence would lead to considerable red-shift of the interference effect.
Secondly, also the angle of grazing illumination in the experiment is not well defined. Illumination
light arrives at the edge from an indefinite range of grazing angles around approximately 12°. In
the numerical model, we assume a plane wave from a grazing angle y = 12°. These two angular
distributions lead to a smearing and potentially to a partial destruction of the interference pattern,
especially at higher orders, i.e. shorter wavelength. Thirdly, we have conducted simulations with
different common models for the permittivity of gold and found that variations in the plasmon
dispersion relation can easily account for 50 nm shift in the spectral features, too. Finally, even
though the flakes appear clean in the SEM micrographs, we suspect that the flake is covered by
residue from the fabrication process, which again would lead to spectral red-shift and potentially
to increased loss at shorter wavelengths.

The dependence of the observed edge color (and hence measured spectra) on the collection
NA, which is clearly visible in Fig. 1(e)-(h), was also observed in the numerical simulations:
interference peaks become wider and less prominent with the increasing value of NA in the
above-mentioned post-processing filter. However, the effect is not as pronounced as in the
experiment, presumably due to the idealized illumination conditions in the simulations. This
behavior also fits well with the analytical model: directionality of the interferential scattering (that
manifests in collection NA-dependent apparent edge colors) is expected due to quasi-specular
reflection in the direct path, and it should become more prominent with the increasing distribution
of the illumination angles.

Within the limits of these uncertainties, we are confident that we have identified the main
origin for the thickness-dependent dissimilar scattering spectra from type-A and type-B edges in
quasi-monocrystalline gold flakes.

3. Methods

In the following subsections experimental and numerical methods used in this work are described.

3.1. Sample preparation

Gold monocrystalline flakes were prepared using the modified Brust—Schiffrin [27] method for
colloidal gold synthesis in a two-phase liquid-liquid system via thermolysis [28]. In this method,
an aqueous solution of the chloroauric acid (HAuCl, - 3 H,0) in concentration 0.5 gmol~! is used
as the precursor. It is mixed with a solution of tetraoctylammonium bromide (TOABT) in toluene
in a vial and stirred using a magnetic stirrer for approximately 10 minutes at 5000 RPM. During
this process AuCly ions are transferred from aqueous solution to the toluene and TOABTr acts as a
phase transfer catalyst. After that the mixture is left in rest for approximately 10 minutes, during
which two phases — aqueous and organic — separate. The substrate (n-type Si wafer) is prepared:
a piece of silicon wafer is pre-cleaned using ultrasonic bath in acetone, isopropyl alcohol (IPA)
and ultrapure water (Milli-Q). After drying with nitrogen gas the substrate is pre-baked on a
hot plate at 200 °C for approximately 5 minutes for dehydration purposes. In the following
step few microlitres of the organic phase are drop-casted onto a substrate which is then kept
on the hot-plate at 160 °C for 30 minutes. After that the sample is cleaned in toluene at 75 °C
temperature, acetone and IPA, which removes the greater part of the organic solvent. After the
sample is dried with a mild nitrogen blow, a large number and variety of gold flakes are found on
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the surface of the substrate.

3.2. Spectroscopy

DF spectroscopy measurements were performed using the Zeiss Observer microscope (Epiplan-
Neofluar HD objective 50x, NA=0.80) and Andor Kymera 193i spectrograph equipped with
Andor Newton CCD camera. Additionally, two lenses (achromatic doublets with focal lengths 15
and 20 cm) and an iris diaphragm were used to create the so-called 4f correlator system for spatial
filtering (i.e. NA selection). For the measurements described in this work we have calibrated
diaphragm opening to correspond to NA ~ 0.4. This value of the collection NA was chosen
because it gives good contrast between two types of edges, while keeping sufficiently strong
signal and high spatial resolution. Lenses with different focal lengths were chosen intentionally
to obtain appropriate image magnification on the camera screen.

A standard tungsten-halogen lamp was used as an illumination unit in this setup. In order
to achieve "one-sided" illumination, the DF mirror cube was modified to restrict the range of
azimuthal angles of incidence, i.e. DF illumination ring was partially covered with an opaque
sheet and only a sector of ~ 60° was left open. Reported spectra were normalized to a reference
spectrum, obtained by illuminating a white scatterer in the same conditions.

Additionally, a linear polarizer and analyzer were used to select appropriate polarization of the
illumination and detected light (i.e. p-polarization for the specified edge of the flake).

In order to avoid any systematic error due to the experimental setup, we measured different
edges by rotating the sample while keeping fixed all other settings.

3.3. Numerical simulations

Numerical simulations were performed in the frequency domain using a commercially available
finite-element method (FEM) solver (Comsol Multiphysics 5.3). The geometry of the model is
two-dimensional, implying homogeneity along z-axis direction (axis orthogonal to the plane of
the flake’s cross-section). We consider this simplification to be appropriate as lateral dimensions
of the flake are much larger than the thickness (i.e. wg > hy, + h;). The model assumes a plane
wave with wavelength Ay at a grazing angle y. In the first step, the model solves for the electric
field distribution in the vicinity of the air/silicon interface. For the refractive index of Si, we
used interpolated experimental data by Aspens [31]. In the second step, a gold particle is placed
on the substrate with the shape shown in Fig. 2 and fields calculated in the first step are used
as a background source to obtain the scattered fields. The refractive index of monocrystalline
gold is described by interpolated experimental data from Olmon [30]. The model uses triangular
meshing (5 nm maximum element size in the metal domain, 8 nm in silicon) and fourth order
polynomial basis functions. We have performed mesh refinement study, from which we assess
second order convergence and estimate relative error in the reported numerical data to be less
than one percent.

In the subsequent step, the simulated fields were post processed using a dedicated filtering
method, which mimics operation of the microscope objective, i.e. selects only traveling waves
which propagate within a given NA.

4. Conclusions

To summarize, in this work we have exemplified that the differences in the scattering spectra of the
adjacent edges of the gold monocrystalline flakes, which we have first observed experimentally
in the DF microscope, are far-field manifestation of the subwavelength-scale morphological
features. We have developed a numerical model and filtering method which allows to simulate the
experimental conditions fairly accurately. Through a careful analysis of numerical simulations,
we have found that the height of the lower trapezoid in the cross-section of the flake (#;) is the
main parameter for determination of the scattering spectrum. Guided by analysis of numerical
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results, we have developed an analytical model where the physical mechanism, which gives the
main contribution to the observed scattering spectrum, is the interference between a surface
plasmon in the lower facet of the flake’s edge and free space waves. The difference in the lengths
of the facets of adjacent and opposite edges explains the difference in scattering spectra of those.

Finally, we speculate that the strong sensitivity to the plasmon dispersion relation in the
described effect offers a possibility to estimate permittivity function of the monocrystalline gold
flakes, provided they are known to be clean. Given that the flakes have well-determined geometries,
and with possibilities for high resolution measurement of the length scales, simulations can be
matched with the experimental spectra using permittivity as the fitting parameter. However, we
emphasize that perfect matching can only be achieved with virtually plane wave-like illumination,
which implies substantially improved control over the sample illumination e.g. by using a
goniometer.
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Abstract: Gap plasmon-based optical metasurfaces have been extensively used for demonstra-
tion of flat optical elements with various functionalities efficiently operating at near-infrared
and telecom wavelengths. Extending their operation to the visible is however impeded by
the progressively increased plasmon absorption for shorter wavelengths. We investigate the
possibility to improve the performance of gap plasmon-based metasurfaces in the visible by
employing monocrystalline gold flakes as substrates instead of evaporated polycrystalline gold
films, while using the electron-beam lithography patterning of the evaporated thin gold films
for fabrication of top gold nanobricks, which define gap-plasmon resonator elements of the
metasurfaces. We demonstrate that the efficiency can be improved by modest but noticeable
amount of ~ 5% if all other configuration parameters are preserved.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Development of the optical metasurfaces [1-3] in the recent years allowed to overcome the
limitations of the conventional optical components [4—7]. The main advantages of the metasurfaces
as compared to their traditional counterparts are compactness (sub-wavelength thickness) [§—10],
multi-functionality [11-15], active and reversible control of the dynamic response [16-23]. This
advantage revealed many features and functionalities that were not attainable with conventional
optical components [24-27]. One of the classes of the metasurfaces — gap surface plasmon (GSP)
[28-31] based — represented by metal-insulator-metal (MIM) configuration and typical operation
in reflection mode, in theory, were reported to exhibit relatively high efficiency (up to 90% in the
near infrared and 80% in the visible spectral range) [32].

However, in practice efficiency of the metasurface performance is significantly reduced by
fabrication imperfections: in addition to deviations from the nanostructure design dimensions
(typical tolerances are +5nm), it also suffers from roughness and polycrystallinity of the
evaporated metal films, that are commonly employed. These intrinsic properties of the evaporated
metal films lead to increased surface scattering and greater Ohmic losses that inevitably decrease
the quality of fabricated devices and thus their efficiency. In fact, absorption and scattering losses
in typical nanostructures fabricated using the evaporated gold films are so high, that in order to
obtain realistic values for the efficiency in numerical simulations, the imaginary part of gold’s
refractive index has to be pragmatically increased by a factor of 4 [28].

We distinguish two main factors that limit performance of the metasurfaces: deviation from the
design dimensions of the constitutive elements caused by lithographic patterning imperfections
and intrinsic defects in the polycrystalline metal films that are typically used in the fabrication.
Polycrystalline and amorphous noble metals are commonly used for plasmonic metasurface
fabrication due to wide availability, relative cheapness and technological simplicity. Thin metal

#376121 https://doi.org/10.1364/OME.9.004209
Journal © 2019 Received 23 Aug 2019; revised 27 Sep 2019; accepted 27 Sep 2019; published 4 Oct 2019
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films are typically deposited by thermal evaporation, electron beam physical vapor deposition or
sputtering [33]. While improving the nanofabrication accuracy might require heavy investments
in more sophisticated equipment, elimination of material imperfections can be achieved by
modifying (at a reasonable cost) the fabrication recipes.

An alternative material platform, which has been receiving increasing attention in the plasmonic
community over recent years, is represented by chemically synthesized monocrystalline flakes,
also referred to as platelets [34—36]. Due to their atomic flatness and well-defined crystal structure,
such plasmonic films and nanoparticles exhibit larger plasmon propagation lengths and sharper
resonances due to lower Ohmic losses and reduced surface scattering [37,38]. These superior
plasmonic properties have been utilized in the fabrication of plasmonic nano-circuits [39,40],
nano-antennae [37,41,42], and other structures [43—45]. It is therefore relatively easy to eliminate
material imperfections (at least) in the substrate by using monocrystalline flakes, a seemingly
straightforward approach that promises the GSP-based metasurface efficiency improvement by
modest, but noticeable ~ 5%, as suggested by the numerical simulations discussed below.

In this work, using numerical simulations and experimental investigations, we study the
possibility to improve the performance of beam-steering GSP metasurfaces in the visible by
employing monocrystalline gold flakes as substrates (Fig. 1), while using the widely available
and well-established electron-beam lithography (EBL) patterning of the evaporated thin gold
films for fabrication of top gold nanobricks defining GSP elements of the metasurfaces.

Fig. 1. Beam-steering GSP metasurface on a monocrystalline gold flake: artistic view.

2. Results and discussion

In order to directly evaluate the influence of the material quality of the substrate on the performance
of the GSP metasurfaces, we have chosen one of the the simplest designs — the so-called beam
steering metasurface that functionally mimics blazed grating, in which a greater part of the incident
power is deflected into the non-zero diffraction order. Implementation of such functionality is
well studied [28,46] and it is obtained by imposing a linear reflection phase gradient:

2 . 2w
Ag, = /l—osm0,: A_s (1)
where 0, is the beam-steering (first diffraction order) angle, A is the free space wavelength, A; is
the period of the metasurface supercell or grating periodicity as will be explained further. We
have chosen the design wavelength 1y = 633 nm, as we expected to observe more pronounced
difference between monocrystalline and polycrystalline substrate in the visible range. Besides,
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this wavelength is the operational wavelength of the widely used helium-neon (He-Ne) laser.
As another design constraint, we have chosen 6, ~ 20° due to practical reasons, as it gives
well-measurable separation of the diffraction orders and lies in the range of acceptance cone of
an objective to be used for optical characterization (which has a numerical aperture of NA = 0.5,
see Methods sections for the details).

The constitutive elements, or unit cells, of the metasurface are comprised of a widely used
configuration — gap plasmon resonator, consisting of a top nanobrick and a thick substrate made of
gold, which are separated by a thin silicon dioxide layer, as schematically illustrated in Fig. 2(a).
The two degrees of freedom in this system are the lateral dimensions of the nanobrick L, and
Ly, which allow to engineer the local reflection phase and amplitude response, whereas other
dimensions — thicknesses of the layers t = 50 nm and #, = 50 nm, as well as unit cell period
A = 180 nm are kept constant. Reflection amplitude and phase response of the described system
is simulated using a commercially available finite-element method (FEM) frequency-domain
solver (see Methods section for the details). Based on these simulations we design the supercell of
the metasurface, that is represented by a sequence of unit cells, which satisfies the imposed phase
gradient (Eq. (1)) in a number of abrupt steps. Given that the unit cell period is A = 180 nm, we
have chosen the number of the elements in the supercell n¢; to be 10, which results in the value of
1st order diffraction angle 8, ~ 20.5, as

6, = sin =sin - — =58 .
g Ay Angl

g Apdy A . Ao
1 Ady 1 1

—_— 2
2 )

—
o
~

0.8

Reflection phase arg(r) (rad)
o
Reflection amplitude abs(r)

- - - - - - - ~— 0.6
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Fig. 2. Design and fabrication of the beam steering gradient GSP metasurface: (a)
metasurface unit cell; (b) reflection phase and amplitude of the elements of the supercell; (c)
dimensions of the supercell elements; (d) Scanning-electron microscope (SEM) image of
the fabricated metasurface supercell.

The dimension L, and L, of the elements in the supercell are chosen to have the highest
possible reflection amplitude and the smallest deviation from the imposed relative reflection
phase, as shown in Fig. 2(b)—(c).

Furthermore, we numerically explore the potential to improve the efficiency of the performance
of the metasurface. For that, we carry out full-field simulations of the metasurface supercell to
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calculate the power distribution diffraction over the diffraction orders. In the simulations we
represent the optical response of the monocrystalline gold described by the electric permittivity
e = &’ +ig”, obtained from the experimental data from Johnson and Christy [47]. In turn,
evaporated gold is described by the same permittivity functions, only with the imaginary part &”
increased by a factor of 4, which mimics additional losses of the polycrystalline material [28].
We compare two cases: a system where both substrate and top nanobricks are described by a
lossy permittivity function, and a system where only the top nanobricks are described by the
dielectric function with increased imaginary part, whereas the substrate is considered to have
less losses. As can be seen from Fig. 3, under the above-mentioned assumptions, the efficiency
could improve by modest, but noticeable ~ 5%.
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Fig. 3. Efficiency characterization of the metasurface: comparison of numerical simulations
(dashed lines) and experiment (solid lines).

For experimental demonstration, we fabricate the designed metasurfaces on two types of gold
substrates: evaporated polycrystalline films and chemically synthesized monocrystalline flakes.
Descriptions of the preparation of the both substrates can be found in the Methods section. As
can be seen from Fig. 3, in practice the effect is not as pronounced as numerical simulations
predicted, presumably due to a number of experimental limitations and issues, which will be
discussed further.

First of all, significant decrease in the performance efficiency of prototypes as compared to the
numerical simulations is ascribed to the fabrication imperfections and uncertainties in the material
properties. Tolerances of the EBL fabrication are +5 nm that undoubtedly lowers the overall
performance of the metasurfaces. As for comparison between monocrystalline and polycrystalline
substrates, deviations from the imposed nanobrick dimensions are further increased due to uneven
resist deposition on the surface of the flakes caused by a step height at the edges of the flakes,
which makes the exact reproducibility of the metasurface very challenging. In order to address
this issue, we have fabricated several metasurface patterns with different exposure doses (in a
range of +30% from the dose found to be optimal for the polycrystalline gold substrate).

Another source of the deviation from numerical predictions is caused by the fact that we had to
deposit 2 nm of titanium on both, evaporated and monocrystalline gold surfaces for the adhesion
purposes, before and after depositing SiO, spacer layer. Without this preparatory step, during the
sputtering process SiO; does not stick uniformly to the gold surface, but rather forms droplets
and bubbles that are easy to remove from the surface. Furthermore, we believe that this auxiliary
titanium layer contaminates the monocrystalline gold substrate to the extent, that its presence
counterbalances the 5% improvement in the efficiency anticipated from the simulations. Also,
unsystematic errors in the resist thickness contributes to the reduced observed difference between
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mono- and polycrystalline substrates by introducing unavoidable deviations from the design
supercell dimensions.

In general, beam-steering GSP metasurfaces are expected to exhibit broadband operation
[28]. However, it is somewhat surprising that both experimental and simulated wavelength
dependences of the metasurface efficiency exhibit a clear tendency of increasing for longer (than
the design) wavelength. We attribute this tendency to the fact that Ohmic losses in gold decrease
rapidly when tuning the wavelength away from the interband absorption range towards longer
wavelengths. As a result, the metasurfaces operate even more efficiently at wavelengths longer
than the design wavelength of 633 nm, reaching efficiencies of ~ 60% in theory and ~ 45%
in experiment at 700 nm (Fig. 3). Concerning the fact that the efficiency of the metasurface
on the polycrystalline substrate surpasses that on the monocrystalline one by few percent at
longer wavelengths, we ascribe it to the aforementioned fabrication limitations that become
progressively more important for weaker absorption contributions.

Though experimental comparison did not show prominent difference between metasurfaces
with mono- and polycrystalline substrates, we have conducted another experiment to clearly
demonstrate the superior plasmonic properties of the monocrystalline gold flakes in the absence
of fabrication imperfections described above. Specifically, we have measured the propagation
length of surface plasmon polaritons (SPP) at the gold-air interface, using the so-called direct
scattered intensity (DSI) measurement, that is known to be straightforward and robust method
[48,49]. Here, using EBL, we have fabricated a series of ridge gratings at different separations
(see inset of Fig. 4 and Methods section for further details). Each grating consists of 3 ridges
with thickness 50 nm, width 200 nm and length 20 um and period 605 nm that approximately
corresponds to the SPP wavelength at the vacuum wavelength of 19 = 633 nm. As can be
seen from Fig. 4, SPP propagation length measurements suggest that propagation losses at the
wavelength of interest are significantly (by ~ 1.6 um, ~ 11.1 um for monocrystalline gold versus
~ 9.5 um for polycrystalline gold) smaller at the surface of monocrystalline gold.
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Fig. 4. SPP propagation length measurement at 1g = 633 nm: measured data points and
exponential fit. Inset: DF optical image of the gratings fabricated on the gold flake for Lgpp
measurement.
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3. Methods

In this section details on experiments and simulations are provided.

3.1.  Numerical simulations

Simulations were performed in frequency domain using the wave optics module of the commer-
cially available FEM solver Comsol Multiphysics 5.3. The model implements an excitation by a
plain wave at a normal incidence launched from the excitation port, exploiting also appropriate
periodic boundary conditions at the borders of the unit cell (or super cell) and receiving port
for reflection coeflicient (or power distribution over the diffraction orders for the super cell
simulation). Tetrahedral meshing (with maximum element sizes of 5nm in metal, 10 nm in
dielectric spacer and 40 nm in air) and third-order polynomial basis functions are used in the
simulations to ensure numerically well-converged results. For the permittivity function of gold
we have used interpolated experimental data by Johnson and Christy [47], with the imaginary part
increased four times in some simulations to mimic the losses caused by fabrication imperfections
[28]. The refractive index of dielectric spacer is kept constant (n = 1.45). By performing a mesh
refinement study we have estimated the relative error in the simulated spectra to be less than one
percent.

3.2. Sample fabrication

For the monocrystalline gold flake preparation was used the modified Brust—Schiffrin [50] method
for colloidal gold synthesis in a two-phase liquid-liquid system via thermolysis [51], as described
in details in the preceding paper [52]. In short, the samples were prepared as following: an
aqueous solution of the chloroauric acid in concentration 0.5 M is mixed with a solution of
tetraoctylammonium bromide (TOABY) in toluene. After vigorous stirring, the mixture is left in
rest allowing aqueous and organic phases to separate. Further, few microlitres of the organic
phase are drop-casted onto a substrate (pre-cleaned silicon substrate) which is then kept on the
hot-plate at 160°C for 30 minutes. After that the sample is cleaned sequentially in hot toluene,
acetone and IPA, that promotes removal of organic solvent. After that the sample is dried under
the nitrogen flow, leaving a variety of gold flakes on the surface of the substrate.

For the polycrystalline gold substrate we deposited a 150 nm-thick layer of Au, using standard
thermal evaporation method (Cryofox TORNADO 405 evaporation system by Polyteknik) .

Further, a 2 nm-thin titanium layer (for adhesion purpose) was evaporated and 50 nm of SiO,
was radio-frequency sputtered on both substrates.

Further, a 100nm layer of PMMA 950 A2 e-resist (MicroChem), was spin-coated and
metasurface pattern was written using standard EBL. (JEOL-640LV SEM with an ELPHY
Quantum lithography attachment). The top part of the gap plasmon resonators were formed by
thermal evaporation of 2 nm of Ti and 50 nm of Au followed by a lift-off process (etching away
stencil material).

3.3. Metasurface optical characterization

Characterization of the metasurfaces performance was performed using Fourier imaging spec-
troscopy, which allows to clearly observe diffraction orders and evaluate power distribution
among them. Optical measurements were performed using the Zeiss Observer microscope
(Epiplan-Neofluar HD objective 20x, NA = 0.5) and Andor Kymera 193i spectrograph equipped
with Andor Newton CCD camera. Additional lens (achromatic doublet with focal 20 cm) was
used to transform real image at the output port of the port of the microscope to Fourier image and
project it onto the camera screen. A standard tungsten-halogen lamp was used as an illumination
unit in this setup with narrowly closed aperture diaphragm to imitate normal plane wave-like
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illumination. Obtained spectra were normalized using reference reflection spectra of silver mirror.
Measurements were repeated for several samples (N = 3) and presented results are averages.

3.4. SPP propagation length measurement

The same equipment was used for SPP propagation length measurement, with an additional lens
to produce real image on the camera screen. As a light source was used super-continuum white
light laser (Super K Extreme by NKT Photonics) in conjunction with acousto-optic filter (Super
K select) tuned at 633 nm wavelength. The excitation spot was aligned with excitation grating to
provide maximum out-coupling signal, which was subsequently recorded, and this procedure was
repeated for 8 different separations of the in- and out-coupling gratings. For the determination of
propagation distance measurements were fitted with an exponential function.

4. Conclusions

Despite the recent advancement in the nanofabrication methods, the ease of EBL technique is still
attractive due to wide availability and low cost. Focused ion beam (FIB) milling technology, that
is more expensive, offers better fabrication tolerances, but has other drawbacks, such as surface
contamination due to the contamination with working material (e.g. gallium) and re-deposition
of the removed material. This fact makes attractive investigation of alternative possibilities for
fabrication of plasmonic metasurfaces with improved efficiency.

In this work we show that it is possible to get rid of material imperfections, haunting the
performance of plasmonic metasurfaces in the visible, at least in the substrate. Thus, the
beam-steering GSP metasurface efficiency can be improved by modest, but noticeable amount of
~ 5% if all other configuration parameters are preserved. In the practice, however, the effect
might not be that pronounced due to other experimental limitations, such as the necessity to
deposit few nanometers of titanium as an adhesion layer for SiO, spacer layer, unequal deposition
of the resist material on the flake surface, and intrinsic tolerances of the EBL fabrication
method. The results obtained should serve as guidelines in ever continuing developments towards
improving the performance and increasing the efficiency of plasmonic metasurface-based flat
optical components.
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Noble metals with well-defined crystallographic orientation constitute an appealing class of ma-
terials for controlling light-matter interactions on the nanoscale. Nonlinear optical processes, being
particularly sensitive to anisotropy, are a natural and versatile probe of crystallinity in nano-optical
devices. Here we study the nonlinear optical response of monocrystalline gold flakes, revealing a
polarization dependence in second-harmonic generation from the {111} surface that is markedly
absent in polycrystalline films. Apart from suggesting an approach for directional enhancement of
nonlinear response in plasmonic systems, we anticipate that our findings can be used as a rapid
and non-destructive method for characterization of crystal quality and orientation that may be of

significant importance in future applications.

The experimental discovery of second-harmonic gener-
ation (SHG) from a metallic boundary [1] triggered ex-
tensive studies of nonlinear optical processes in metals
that have spanned several decades. One of the early pi-
oneering works [2] reported SHG in reflection from vari-
ous metal surfaces and established the central theoretical
treatment of this phenomenon. Effectively, the induced
second-order polarization can be expressed as [3]

Pi(2w) = > X B (@) Bi(w), (1)
ik
where X’E?Z‘ is the effective second-order susceptibility ten-
sor component, i, j, k indices run over Cartesian coor-
dinates x, y, z, and F; denotes the electric field vector
component ¢ at the fundamental frequency w.

In their natural form, noble-metal crystals occur in
centro-symmetric form, as face-centre-cubic (FCC) lat-
tice crystals, rendering SHG symmetry-forbidden within
the dipole approximation, while multipole interactions
enable weak second-order nonlinear effects even in centro-
symmetric media [4]. Nonetheless, SHG from noble met-
als can be observed in reflection from metal-dielectric in-
terfaces, where the inversion symmetry of the bulk crystal
is broken and the second-order nonlinear response is no
longer prohibited. The exact nature of this phenomenon
remained a matter of debate over decades in the non-
linear optics community, with the main focus placed on
the separation between the dipole surface-like contribu-
tion (occurring due to breaking of translation symmetry
at the interface) and quadrupole bulk-like contributions
(associated with strong field gradients at the metal sur-
face) [5-8]. Important theoretical developments by Rud-
nick and Stern [9] eventually showed that both surface
and bulk induced currents may be important, and the
two can be related to the corresponding x(?) tensor via
phenomenological constants. A significant breakthrough

in the experimental investigation of this question was
made by Wang et al. [10], who showed, using sophisti-
cated two-beam SHG measurements, that surface dipole
effects dominate the nonlinearity in sputtered (implying
polycrystalline) gold films.

In contrast to surfaces of polycrystalline metal films,
their monocrystalline counterparts are known to exhibit
anisotropic surface SHG, which manifests in the depen-
dence of the emitted light polarization on the orientation
of the sample relative to the excitation polarization. One
of the first experimental observations was obtained from
the silicon {111} surface [11], later also extended to sur-
faces of noble-metal crystals [12-17]. These experimental
demonstrations agree well with predictions of the phe-
nomenological model developed by Sipe et al. [18], who
derived expressions for the second-order susceptibility
tensor components arising from both bulk- and surface-
like contributions, based on symmetry considerations for
three conventional FCC crystal surfaces — {100}, {110},
and {111}.

In this work, we experimentally investigate SHG from
monocrystalline gold flakes, which have recently become
a material platform of interest for high-quality plas-
monic devices [19-21], owing to the moderate optical
damping associated with both their atomic-scale sur-
face flatness and high degree of crystallinity [22, 23].
We show that the {111} surface of the gold flakes ex-
hibits polarization-dependent second-harmonic genera-
tion, which is nearly order of magnitude stronger than
that observed in isotropic SH emission of evaporated gold
films. The anisotropic nonlinear optical response we re-
port here may be of crucial importance for directional
enhancement of harmonic generation in metal nanostruc-
tures [24-27]. Furthermore, we suggest that our findings
can be used as a fast and non-destructive method for
characterization of crystallinity and lattice orientation of
metal substrates, which is an important asset for ongoing



experimental activities on quantum surface effects and
future plasmonic applications [28-30].

Monocrystalline gold flake samples are synthesized us-
ing a modified Brust—Schiffrin method [31], as described
in detail elsewhere [32]. The gold flakes have high aspect
ratio, typically spanning ~ 100 pm in lateral directions
and a few hundred nanometers in thickness. Optical mi-
crographs of the gold flake sample investigated in this
Letter are presented in Fig. 1(a) and (b), revealing the
absence of defects or contamination on the surface of the
sample. The gold flakes have a FCC crystal lattice and
their hexagonal faces are of the {111} type [33], as il-
lustrated schematically in Fig. 1(c) alongside our defini-
tion of the coordinate frame and relevant angles. The
evaporated gold film sample was prepared in a Cryofox
TORNADO 405 evaporation system by Polyteknik, by
depositing a 120 nm gold layer on a silicon substrate pre-
viously coated with a 3nm titanium layer for adhesion
purposes. Such gold films are known to be intrinsically
polycrystalline [34].

FIG. 1. (a) Bright-field and (b) dark-field optical microscope
images of the investigated gold flake. Scale bars are 20 pm.
(c) Hlustration of the crystal lattice of the gold flake with in-
dicated {111} surface lattice primitive vectors @i and ds, the
sample orientation angle ¢ with respect to excitation polariza-
tion and coordinate axis. (d) Schematics of the experimental
setup: a laser beam from a Ti:Saph oscillator is filtered us-
ing a polarizer (P) and then focused on to a sample with an
apochromatic objective. The nonlinear reflection is collected
with the same objective and filtered out using a dichroic mir-
ror (DM) and a short-pass filter (SPF). The polarization of
the nonlinear signal is resolved using an analyzer (A), whereas
the signal can be recorded either in the real image plane (RP)
or Fourier image plane (FP) created by lenses L; and Lo, re-
spectively.

The experimental setup, schematically depicted in
Fig. 1 (d), is a custom-made scanning nonlinear micro-
scope equipped with interchangeable detectors, namely:
spectrograph (Ocean Optics QEPro), photo-multiplying
tube (Hammatsu R3235-01) and sCMOS camera (Thor-
labs CS235MU). The sample is mounted on a computer-
controlled scanning stage with an in-plane rotation stage,

which allows us to investigate the anisotropy of the sam-
ple. The laser source used in the experiment is a mode-
locked Titanium-Sapphire (Ti:Saph) laser (Tsunami 3941
by Spectra-Physics), tunable in the 780-840nm wave-
length range, with pulse duration of < 1ps. The excita-
tion and collection of the SH signal is performed using a
high (0.9) numerical aperture (NA) objective (Olympus
MPLFN100X). All measurements described in this work
were performed with ~ 100 mW average power focused
to the diffraction-limited (= 450 nm) excitation spot. Fi-
nally, the polarization state and angular distribution of
the SH emission can be analyzed, for example, by record-
ing polarization-resolved Fourier images.

First, we study spectra of the nonlinear emission from
the monocrystalline gold flake in the 780-840 nm range
of excitation wavelengths and compare it with the evap-
orated gold film. Fig. 2 shows that the SH intensity
generated at a crystalline surface is almost one order of
magnitude stronger than at its polycrystalline counter-
part, which can be explained by the presence of a large
anisotropic contribution in former and absence of it in
latter, as will be discussed below.

The main trend for both monocrystalline and poly-
crystalline surfaces is that the efficiency of SHG increases
with increasing wavelength, which may be attributed to
the excitation of a plasmon resonance at the fundamental
frequency [35, 36] and reduced coupling of SH fields to the
interband transitions [15]. In addition, two-photon lumi-
nescence (TPL), characterized by emission in the broad
450-550nm range, is found to decrease with increasing
wavelength. TPL arises from a third-order nonlinear pro-
cess [37], which is incoherent and known to be signifi-
cantly enhanced at rough surfaces and higher excitation
energies [38, 39]. Here, we also observe approximately
35% less TPL emission from the smoother crystalline gold
surface.
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FIG. 2. Spectrum of the nonlinear reflection from (a) a {111}
surface of a monocrystalline gold flake and (b) evaporated
polycrystalline gold. The inset in (a) shows a zoom-in of the
measured TPL spectral region (450-550 nm). Curve colors in-
dicate excitation wavelength: 780nm (blue), 800 nm (green),
820 nm (yellow), and 840 nm (red).

The symmetry group of the large {111} surfaces of



our gold flakes is not the hexagonal point group Cg,
that one might expect from the arrangement of the top
layer of atoms; it is rather the trigonal point group Cs,
due to the stacking order of the FCC crystal break-
ing some of the hexagonal symmetries. Based on the
above mentioned symmetry argument, it was generally

shown that the second-order susceptibility Xg})m which
is a third-rank tensor, should have 11 non-zero and
5 independent elements [18, 40]. One can separate
anisotropic and isotropic contributions, as some of the
tensor components explicitly reflect the sample orien-
tation angle ¢ with respect to the excitation polariza-
tion: ch)z = fxfy)y = fxg(fx)y are associated with SHG
o sin(3¢); ngm)y = X%)z = —X%)y are associated with

SHG o cos(3¢); and X,(Z%)T = X%)y, XE?QT = Xg(fz)z and ngz)z

are associated with isotropic SHG. The indices of the
x® tensor correspond to the axis defined in Fig. 1(c).
Noticeably, anisotropic tensor components that give rise
to in-plane induced polarization interact only with the
in-plane E-field components E, and E,.

With this phenomenological treatment, the depen-
dence of SHG on the sample orientation angle can be
described with a simple model for co-polarized and cross-
polarized detection:

I (2w) o|a; — aq) sin 3¢|° 1 (w), (2a)
I (2w) xlaiy + aq1 cos3gz5|212(w), (2b)

where I)|(2w) and I (2w) denote co-polarized and cross-
polarized detected intensity, I(w) is the excitation in-
tensity, while a; and a, are the corresponding complex-
valued phenomenological constants describing isotropic
and anisotropic contributions to SHG, respectively.

As can be seen from Fig. 3(a), we indeed observe such
variation in the SH intensity for the gold flake at 800 nm
excitation wavelength. By fitting the data to the model
we estimate amplitude and phase ratios of the isotropic
and anisotropic constants to obtain a;/a, =~ 0.4e™'

and a;1 /aq. ~ 0.1, In contrast, evaporated gold
samples do not exhibit any anisotropy in SHG [Fig. 3(f)],
which can be explained by the fact that the overall re-
sponse of a polycrystalline film is the average of the in-
dividual, randomly oriented domains.

In addition, we study Fourier images of the SH emis-
sion, shown in Fig. 3(b)-(e), (g), and (h). We find that
the weak isotropic contribution can be separated from
any strong anisotropic contribution when the excitation
polarization is parallel to one of the primitive surface
lattice vectors @ (i.e., ¢ = 0°) in co-polarized detection.
The depletion of intensity in the center and the petal-
shaped intensity distribution indicate that the SH signal
is emitted at off-normal angles. The anisotropic contri-
bution is dominant in cross-polarized detection for the
same flake orientation and in co-polarized detection when
¢ = 30°. Its intensity is concentrated mainly in the cen-
ter of the Fourier images, indicating that SH emission
occurs in the direction normal to the sample surface. Fi-
nally, the polycrystalline gold sample shows only inten-

sity at slanted angles in co-polarized detection, implicitly
indicating that only isotropic components of the second-
order susceptibility tensor are probed by the out-of-plane
electric field components.
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FIG. 3. Polarization-resolved measurements of (a)—(e) mono-
and (f)—(h) polycrystalline samples. (a) Polar plot of SH
intensity as a function of crystal orientation angle for co-
polarized and cross-polarized detection. (b)—(e) Fourier im-
ages of the SH emission from the {111} surface of a monocrys-
talline gold flake in co-polarized and cross-polarized detection
with orientations ¢ = 0° and ¢ = 30°, respectively. (f) Po-
lar plot, (g) co-polarized, and (h) cross-polarized Fourier im-
ages of SH emission from an evaporated gold sample. Green-
dashed circles in panels (b)—(e), (g), and (h) indicate the
border of the acceptance angle of the objective (NA = 0.9),
which also corresponds to the size of the excitation spot in
the Fourier plane.

Relative intensities and angular distributions of the
isotropic and anisotropic SH emission can be also at-
tributed to the electric field profile of the excitation beam
in the focal plane. Fig. 4(a)-(c) shows the electric field
distributions of a tightly focused Gaussian beam (TFGB)
calculated by numerical evaluation of the diffraction in-
tegral of the angular spectrum, with parameters chosen
to approximately match experimental conditions (800 nm
wavelength, NA = 0.9) [41]. Fig. 4(d)-(f) shows spatial
distributions of the second-order polarization induced by
the TFGB fields. Clearly, P,, the in-plane component of
the polarization parallel to that of the Gaussian beam, is
dominant, whereas P, is one order of magnitude weaker
and P, is nearly absent. Thus, the relative intensity of
the anisotropic SH is more prominent, as it is generated
only by the strong in-plane field F,, in comparison to
the out-of-plane polarization induced by the much weaker
E., component. Additionally, the spatial distribution of
P., which can be interpreted as two dipole-like sources
separated by a distance of one wavelength, is consistent



with the observed petals in the angular distribution of the
isotropic SH [Fig. 4(d) and (f)], which arises due to far-
field interference of the two in-phase oscillating dipoles.
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FIG. 4. (a) Ez, (b) Ey, and (c) E. components of the electric
field at the fundamental frequency w in the focal plane of a
TFGB. (d) P, (¢) Py, and (f) P. components of the induced
second-order polarization at frequency 2w. The color scales in
all plots are normalized to yield the same maximum intensity
of the E-field at frequency w.

To summarize, we report strong anisotropy in the
SHG from monocrystalline gold flakes, which is related
to the three-fold symmetry of the {111} surface. The

4

anisotropic elements of the x( tensor interact mainly
with the in-plane electric field components and cor-
respondingly induce in-plane second-order polarization,
which leads to SH emission at angles close to the surface
normal. Such anisotropy is absent in polycrystalline gold
films due to the random orientation of the crystal do-
mains, which effectively averages out the anisotropic con-
tribution to zero and thus decreases the overall SH emis-
sion by approximately one order of magnitude under the
given experimental conditions. In contrast, an isotropic
SHG component, caused by the out-of-plane fields that
produce emission at angles slanted off the surface nor-
mal, is present for both poly- and monocrystalline gold
surfaces. We anticipate that our findings will serve as a
method for probing sample crystallinity and surface lat-
tice orientation, and may guide future efforts to enhance
the efficiency of second-order nonlinear optical processes
in high-quality nonlinear plasmonic devices.
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