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Abstrakt

Prace pojednava o vlastnostech plazmonickych antén v infracervené a viditelné oblasti.
Prace zahrnuje vyrobu, méfeni a numerické modelovani optickych vlastnosti antén. In-
fracervené plazmonické antény na absorbujicim substratu (SRON) jsou studovény pro
jejich rezonan¢ni a absorpéni vlastnosti. Byla nalezena geometrie antény, ktera poskytuje
maximaln{ Gc¢innost absorpce ve SRON vrstvé. Dale je studovana moznost zesileni daného
vibraéniho médu substratu (obsahujiciho 3-4 materidlové rezonance) pomoci plazmon-
ické rezonance antény. Nakonec jsou prezentovana méreni katodoluminiscenénich spekter
antén ve viditelném spektru.

Summary

The work deals with plasmonic antennas for infrared and visible wavelengths. This work
involves fabrication, measurements and numerical modelling of optical properties of these
structures. First, infrared plasmonic antennas deposited on the SRON layer with a sig-
nificant absorption are studied both for their resonant and absorption properties. The
antenna geometry providing maximal enhancement of the absorption efficiency in the
SRON layer is found. Subsequently, the ability of a plasmonic antenna resonance to en-
hance a given vibrational mode of its substrate (called SEIRS) possessing 3-4 material
resonances is studied and confirmed on antennas on SRON. In the end, the measured
cathodoluminescence spectra of visible antennas are presented to show different types of
antenna excitation.
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1. Introduction

Nowadays, we are witnessing a rapid development of the information technology that
puts ever-increasing demands on the information transfer and its processing. The sig-
nal processing is commonly carried out by technologies related to the electron transport
that slowly reach their physical limits. Therefore, new technologies allowing faster signal
processing are in focus of the scientific community.

Contrary to electrons, photons having no charge disregard electric and magnetic fields;
moreover, their matter-interactions have been extensively studied and are well-known.
For this reason, technologies exploiting photons may represent a useful supplement to the
modern communication technology. One of perspective branches of optics is plasmonics
that deals with the interaction between the electromagnetic field and electrons in metals
at a metal-dielectric interface. The solution of the electromagnetic field at the conductive
surface in the form of surface-waves was firstly found by Zenneck [I] and Sommerfeld [2].

The solutions of the Maxwell equations at the metal-dielectric interface are of the
form of electromagnetic surface waves coupled to longitudinal collective oscillations of
free-electron gas in a metal at metal-dielectric interfaces [3], [4], [5], [6], [7]. These surface
waves propagate in the direction of the interface while the field exponentially decreases
in the direction normal to the surface. The corresponding quasiparticles are called surface
plasmon polaritons (SPPs) [5].

The existence of surface plasmon polaritons was firstly observed in a diffraction exper-
iment on a metallic grating by R. W. Wood [§]. Later, a decrease in energy of electrons
passing through thin metal foils in transmission electron microscopy was observed in 1950s
[9], [10]. As the dispersion relation of SPPs exists below the light line in the given medium,
the electromagnetic field is tied to the space smaller than the Rayleigh diffraction condition
states [[] For the same reason, SPPs cannot be excited or observed via the conventional
way in the far-field unless the interface possesses some inhomogeneities. Consequently,
experiments with the optical excitation of SPPs were performed by E. Kretschmann [11]
and A. Otto [12] whose principles are commonly used till now. Even though the first
studies of surface plasmon polaritons had been done at the beginning of the 20th century,
fabrication of real plasmonic structures [13] started about 20 years ago when research
in the field of nanotechnology expanded [14], [15].

The two-dimensional nature of SPPs promises the engineering of plasmonic optical-
circuits still partially missing in optical communication systems, nano/photonic and op-
toelectronic devices in high-speed low-power telecommunications industry [13], [16], [17],
[18], [19]. Moreover, the response of plasmonic structures exhibits a high sensitivity
to presence of materials in their vicinity. This behaviour may be exploited in sensing
methods [20], [21], [22].

Surface plasmon polaritons may not only propagate along the surface but also they
can be tied to metallic objects of subwavelength dimensions which implies the cru-
cial enhancement of the electromagnetic field. Such a structure represents an insula-

!Thus, plasmonics enables the optics beyond the diffraction limit and a light-concentration in the
space considerably tinier than the Rayleigh criterion.
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tor/metal/insulator truncated waveguide [3], [6] that converts free-propagating optical
radiation to a localized energy and vice versa [23]. These structures are usually called
resonant plasmonic antennas/structures. Plasmon polaritons resonating at these metallic
structures are called Localized Plasmon Polaritons (LPPs).

Numbers of reviews have been published on plasmonic antennas in last four years
[23], [24], [25], [26], [27]. Plasmonic antennas are utilized both for their scattering and
absorption properties in the far-field or for high intensities in the near-field [I8] at the
resonance. Consequently, these structures are essential for many sensing applications
[28] such as a high-resolution single-molecular microscopy and spectroscopy [29], surface-
enhanced Raman spectroscopy [30], tip-enhanced Raman spectroscopy [31] and biosensing
[21]. Moreover, a strong enhancement of the electromagnetic field via plasmonic reso-
nances may be used in the photovoltaics [32], [33], [34], the enhanced photoluminescence
[35], [36] and for trapping [37], [38], [39]. Last but not least, there are absorption-related
applications [32] where a temperature enhancement occurs both in antennas and their
surroundings [40], [41], [42]. This topic is studied also in this work (see Section [3.3).
Temperature increase at resonance found a possible application also in a cancer-treatment
in the medicine [22], [43]. To summarize, a majority of plasmonics applications is related
to resonant structures.

Plasmonic antennas represent the main topic of the presented work. The work involves
both theoretical and experimental study of these structures. The electromagnetic field of
antennas and its near- and far-field properties have been modelled via numerical simula-
tions. These simulations were then exploited to propose a geometry of antennas having
the given resonant properties. Afterwards, antennas (of geometry) proposed by simula-
tions were fabricated. Subsequently, the optical properties of fabricated antennas have
been measured and compared with the simulated ones.

The physical background is described in Chapter [2] where the basics of the electromag-
netic field and its interaction with matter are discussed. Electromagnetic field simulations
providing worthwhile information about properties of plasmonic antennas are described
in Sections [2.5] and 3.3l Then, antenna fabrication technologies as the Electron Beam
Lithography (EBL) and the Focused Ion Beam (FIB) are presented in Sections
and [3.1.2] respectively. Nowadays, the development of plasmonics is focused on sensing
applications; therefore, the resonance properties of antennas in the vicinity of a material
possessing vibrational modes and thus having pronounced dispersion of its refractive index
are studied in this work. First, a numerical study of absorption properties of this antenna-
substrate system is done in Section [3.3 Subsequently, measured reflection spectra of IR
antennas fabricated by EBL (Section on not-annealed and annealed silicon-rich ox-
initride (SRON) substrate are compared in Sections and , respectively. Moreover,
these antennas exhibit an ability to enhance the vibrational modes from the substrate
discussed in Sections [3.4] and [3.4.1] In the end, to show a non-volumetric type of the
antenna excitation, measured cathodoluminescence spectra of optical plasmonic antennas
fabricated by FIB are presented in Section [3.5]



2. Fundamentals

This chapter provides a basic physical background of the interaction of the electromag-
netic field with plasmonic structures. In particular, it is focused on the Maxwell equations
(Section with emphasis on surface plasmon polaritons (Section and on basic mod-
els of optical properties of a matter (Section .

The first quantitative approach in the field of the electricity was published in 1785
by Ch. A. Coulomb. Time-varying currents and magnetic fields were studied by M. Fara-
day and his article about the electromagnetic induction was published in 1831. The pre-
vious knowledge was summarized and supplemented by J. C. Maxwell [44], [45] in 1865
and 1873. Afterwards, H. R. Hertz published his work [46] on transverse electromagnetic
waves propagating with the speed of light in 1894. Thus, the equations that govern the
light propagation have been found.

2.1 Maxwell equations
The Maxwell equations [47], [48], [49] are two scalar and two vector linear partial differ-

ential equations which together with the Lorentz force F = q(E+v x B) represent a basis
of the classical electrodynamics. In particular, the equations are

the Gauss law for the electric field

V-E=2, (2.1)

the Gauss law for the magnetic induction

V-B=0, (2.2)
- the Faraday law
VXE= _88_]? : (2.3)
- the Ampere-Maxwell law
V x B = poj + ,uosoaa—]f , (2.4)

where g9 and g are the permittivity and permeability of vacuum, o is the density of

the electric charge and j is the current density. Consequently, the continuity equation

V-j= —% is found by performing the divergence of the Ampere-Maxwell law.
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2.1.1 Maxwell equations in matter

In matter, the Maxwell equations become a modified form [47], [48]. In particular, a bound
charge density gy, is related to an electric polarization P via

Ob = -V-P (25)
and a bound current j, is related to a magnetisation M via

b=V xM. (2.6)
Additionally, the polarization current j, is related to the polarization P by the equation

oP

T (2.7)
Summarising, the total charge density g consists of free and bound charge,
o=o0rtom=0—-V-P. (2.8)

The total current density j can be separated into free, bound and polarization currents
48],

.. . . oP
.]:.]f—i_Jb_".]p:.]f‘i‘VXM—i-E. (29)

Therefore, the Maxwell equations in matter obtain a different form when Equations[2.7]
2.8 and are considered. In particular, the Gauss law modifies to
V-D =y, (2.10)

where

represents the relation between the dielectric displacement D, the electric field E and the
electric polarization P. Similarly, the Ampere-Maxwell law reads

oD
H = - 2.12
V x .]f+ ot ) ( )
where
1
H=—B-M (2.13)
Ho

represents the relation between the magnetic field H, the magnetic induction B and the
magnetization M.

In linear and isotropic media, polarization and magnetization vectors are proportional
to the external fields
P =cox.E, (2.14)

M = x.H , (2.15)

where Y. and y,, are electric and magnetic susceptibilities, respectively.
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Furthermore, the relative permittivity e, and permeability u, are defined as

D P
p=——=14+— 2.16
c €0E + €0E ( )

and B o
7 ol + 17 ( )

Considering Equations and [2.15] the relations between E, D and B, H for linear
homogeneous and isotropic media read

D =¢oc,E (2.18)
B = popH | (2.19)

where €, = 1 4 Xe, ftr = 1 4+ xm hold. The frequency dependent relative permittivity
e = £(w) is often called a dielectric function.

Some models of the relative permittivity for metals and materials possessing the
Lorentzian resonance are referred in Section 2.4]

2.1.2 Boundary conditions

The integral forms of the Maxwell equations provide the conditions at interfaces that are
used in the solution of SPPs. Therefore, they are discussed in the following.

The Maxwell equations may be expressed in the integral form by applying the Gauss-
Ostrogradsky divergence theorem and the Stokes theorem [48]. In particular,

fD dS = @ , (2.20)
)

J(I{B-dS:O, (2.21)
>

are the Gauss laws where the integrals are considered over any closed surface » ; and

d
E-ds=—-— | B-dS 2.22

o9 Q
i foas 2
o9 Q
are the Faraday and the Ampere-Maxwell laws, respectively, that hold for any surface (2

bound by closed loop 0f2.

Integrating the electric displacement and the magnetic induction (Equations m
and [2.22)) over a block extending only slightly into both materials gives

(D, - D) -n=o, (2.24)
(B, —By) - n=0 (2.25)
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where n is a normal vector pointing outwards the boundary area and oy is a free surface
charge density.
Similarly, the further boundary conditions

nx(E —E)=0, (2.26)
n x (H, — H,) = K; (2.27)

are obtained by evaluating the circulation of electric and magnetic intensities (Equa-
tions and over the loop bounding an area (S — 0) that is perpendicular to the
interface. Note, that K; is the free surface current density. Equations [2.24] [2.25] [2.26]
and represent the general boundary conditions in electrodynamics which will be used
also in our calculations in Section 2.5

2.2 Surface plasmon polaritons

Surface plasmon polaritons (SPPs) represent one of the essential terms discussed in this
work. SPPs represent the quanta of surface charge-density oscillations coupled to electro-
magnetic waves propagating along the metal-dielectric interface [3], [4], [5], [6]. SPPs are
solutions to the Maxwell equations where fields E and H decay exponentially from the
interface into dielectric and metal,

Ei(x,2), Hj(z,z) oc P*F= (2.28)

where [ is the propagation constant and £ is the decay constant in a material.

Figure [2.1] illustrates single interface geometry. The interface defined as x-y plane
at z = 0 separates a space into two regions. A dielectric with a relative permittivity e
and a metal with a relative permittivity £, (w) are situated in regions for z > 0 and z < 0,
respectively.

£, (0)

Figure 2.1: The schematic of a metal-dielectric interface. The z-y plane at z = 0 separates
a space into a region with z > 0 occupied by a dielectric with 5 and a region with z < 0
occupied by a metal with ¢;(w) being frequency dependent.

Considering both mediums are isotropic it is possible to handle p- and s-polarizations
separately. The boundary conditions (see Section [2.1.2)) for p-polarization (TM) yields

Mk (2.29)
&1 E9
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As decay constants k; and ko in metal and dielectric (respectively) are positive the Equa-
tion is fulfilled only if Re(s1) < 0 (see Fig. [2.5]). Inserting formulas

2

W
B =5 -, (2.:30)
2
k= 8% - %82 : (2.31)

yielded by the wave equation in metal and dielectric, respectively, relating the frequency
of the wave w, propagation constant (3, decay constants ki, ko and permittivities €1, €5
into the condition [2.29| we get the dispersion relation of SPPs

W) = E 51(&))62
Blw) =~ . (2.32)

Considering ¢;(w) = €} (w) + i€} (w) complex, 8 = ' +ip" holds where

el (w)ez
1( )+82 ’

1" _ E 8ll(w)g2 38,1/((‘“))
T = c\/(aa<w>+ez) 2w (234

Imaginary part of 8 determines the propagation length

1
= 2ﬁ//

in which the surface wave loses its intensity relatively by the value 1/e. This length
reaches tens of micrometers for metals possessing high free-electron concentration in the
visible range. In infrared, this distance reaches hundreds of micrometers.

The reciprocal values of real parts of decay constants (Equations [2.30))

5= ° ¢ [aw) e + e (2.36)
[€ ‘I‘ 52

Flw) =

SHES

(2.33)

(2.35)

(2.37)

determine distances at which the field falls relatively by 1/e in a metal and dielectric,
respectively.

The boundary condition for s-polarized (TE) wave yields
ky = —ko (2.38)

which cannot be fulfilled for any frequency. Thus, s-polarized (TE) wave does not exist.

As an example, the dispersion relation of SPPs for the gold-vacuum interface described
by the Drude model (see Section [2.4.1)) is shown in Fig. The dispersion relation
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consists of two branches: the Brewster branch and the SPPs branch for frequencies above
and below the plasma frequency w,, respectively. The Brewster branch represents the
solution where the field is not confined to the interface. On the other hand, the branch of
lower frequencies represents a mode of propagating wave confined to the interface. The
dispersion relation of SPPs is situated below the light line. For § — 0, when the dispersion
relation approaches the light line, the waves are called the Sommerfeld-Zenneck waves.
For higher frequencies, the dispersion relation begins to bend and reaches its maximum

Wp
P 2.39
e (2.39)

Wy =

called the surface plasmon frequency.

1.4
1.2
1
2708
3 06

0.4

light line

0.2
123456780910
(10’ m™)

Figure 2.2: The dispersion relations of SPPs on the surface of silver with the plasma
frequency w, = 0.9 - 10'%~! and the damping coefficient v = 4.353 10'?s™! [50]. Its real
and imaginary parts are depicted by blue and red curves, respectively.

The propagation constant of SPPs remains larger than that for light at a given fre-
quency. Thus, SPPs have a shorter wavelength than light. In consequence, SPPs cannot
be transferred into light spontaneously and cannot be excited via a simple illumination
of a flat metallic surface.

Double interface SPPs

When the metal-dielectric interfaces are close enough to each other, the SPPs propagating
along upper and lower interfaces begin to interact. The interaction gives rise to the coupled
modes of SPPs [51]. In particular, for insulator-metal-insulator or metal-insulator-metal
multi-layers the following p-polarized modes existﬂ

e the odd mode where £, is odd and H,,, E, are even functions; and
e the even mode where F, is even and H,,, H, are odd functions.

The dispersion relations of SPPs for an air-silver-air multilayer with the thickness
of the metallic layer of 100 nm and 50 nm are shown in Fig. [2.4l The upper and lower
branches denote dispersion relations of the odd and even modes, respectively.

!The terminology is not consistent (see [6]).
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& (0)) yG—" 2a

Figure 2.3: The insulator — metal — insulator structure. Only ¢; is dependent on w. The
layers are spread to infinity along z- and y- directions.

8
odd modes o,
6 /) oo E=E=EeEE
. / e even modes @_
N ///
x4 y
\n V4
o 7
N /,/
S 5 /
0V :
0 2 4 6 8
B(107m™")

Figure 2.4: The dispersion relation of SPPs at an air-silver-air multilayer with a metal core
of the thickness of 100 nm (dashed gray curves) and 50 nm (dashed black curves). SPPs
at a single layer possess dispersion relation denoted by the gray curve. Silver dielectric
function was modelled by the Drude with negligible damping. The figure is taken from [7].

2.2.1 Excitation and near-field detection of SPPs

SPPs should be excited by different ways which are thoroughly discussed in [5]. The most
often used methods take advantage of the attenuated total reflection (ATR). In particular,
there are the Kretschmann [IT] and the Otto configurations [12], where the evanescent
behaviour of SPPs is used. Another way of the excitation is based on scattering of the
electromagnetic field on grooves (or other scatterers, roughness, etc.) [4], [52].

The scattering of SPPs can be seen in the far-field; on the other hand, SPPs itself
can be observed by scanning near-field optical microscopy (SNOM) where the evanescent
behaviour of SPPs is used. Owing to low sampling frequencies of detectors (compared
to frequencies of light) near field techniques are able to collect only mean-time signals.
Therefore, only interference of SPPs may be observed by this method. The SPPs inter-
ference may be exploited in 2D optics [53] as diffraction and interference of light in 3D.

The interference of SPPs was verified in the near-field by the experiment similar to the
interference of light passing through the screen with two slits [54]. Another interference
experiment was the realization of the Mach-Zehnder interferometer in the near-field [55].
Furthermore, the change of the dielectric function of cobalt by an external magnetic field
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was interferometrically observed via SPPs [56]. In addition, experiments with inhomoge-
neous excitations on four perpendicular grooves forming a square at the metallic surface
were performed at IPE BUT [57], [58], [59], [60].

2.3 Localized plasmon polaritons

The solutions of Maxwell equations yielded SPPs propagating along single- and multi-
interfaces of infinite dimensions in a plane were shortly discussed in the previous Sec-
tion In this Section, metallic objects of dimensions smaller than wavelengths of
incident light are discussed. Such truncated structures are called resonant plasmonic
structures or plasmonic antennas.

Properties of resonant plasmonic structures represent the main task of this work stud-
ied in Chapter [3]

Resonant structures excited by the electromagnetic field [14] exhibit interesting phe-
nomena. The significant enhancement of the electromagnetic field intensity by up to 4
orders of magnitude occurs at the resonance frequency of structures in their vicinity [l
Moreover, resonance wavelengths of antennas are dependent significantly on the refractive
index of their environment [61], [62], [63]. Further applications of plasmonic antennas are
discussed in the introduction of Chapter

Analytical solutions of scattering of the electromagnetic waves are available only for
metallic spheres or ellipsoids [49], [64], [65]. Any further structures (e.g. metallic blocks)
are computable only numerically, except some approximative analytical solutions [66],
[67], [68], solutions based on discrete dipole approximation [69] and solutions exploiting
the conformal transformation [70], [71].

2.4 Optical properties of materials

In this work, the significant attention is paid to studying a response of metallic reso-
nant antennas to the electromagnetic field with a dielectric in their vicinity (Section .
Especially, interesting phenomena occur when this dielectric possesses the pronounced
dispersion of its refractive index (Sections and . Therefore, models describing op-
tical properties of metals and dielectrics (possessing vibration modes) are referred in Sec-
tions [2.4.1) and [2.4.2] respectively.

2.4.1 Drude model

Optical properties of metals are usually described by the Drude model. The Drude model
considers a metal as a free electron gas moving in response to the applied electromagnetic
field. The equation of motion of a free electron (of the mass m,) forced by the electric
field reads

meX + meyx = —eE(t) | (2.40)

where v = 1/7 is the damping coefficient (or collision frequency) with 7 denoting the mean
time between electron collisions. For the time-harmonic dependence e ! of the elec-

2The field enhancement is given by the quality factor of given structures [14].
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tric field the steady-state solution reads
(2.41)

The electric polarization reads

P(t) = —nex(t) = — E(t) (2.42)

me(w? + iyw)

where n is the density of electrons. When inserting Equation [2.42] into Equation the
dielectric function of the free electron gas reads

W2
=1-— 2.43
() =1 (2.43)
where
ne?
= 2.44
Wp —_— ( )

is the plasma frequency. The real and imaginary parts of the dielectric function read

2

! =1-—L 2.45
W =1- 2.5)
2
1 wp’y
= 2.46
e'w) w(w? 4+ ~?2) (246)

As an example, the dielectric function of gold obtained from the Drude model and
from sampled data in [50] involving interband transitions is shown in Fig. 2.5

5 - —
D a% .-I:...II“.....I-v
E -5 /
g 1
-15
20 J
In'
.25 i|
0 E i :
Energy (eV)

Im[e(w)]

i L = B = ¥ o T = L B

AN region of

= interband transitions

Energy (eV)

Figure 2.5: The dielectric function of gold taken from the Drude model and from sampled
data [50] involving the interband transitions. The image is taken from [7].
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2.4.2 Lorentz model

Optical properties of dielectrics in infrared originates from lattice vibrations and vibration
and rotation modes of molecules. Here, dielectric functions are described by a model
of forced harmonic oscillators [65] called The Lorentz model. The equation of motion
reads

mX +myx + Kx = —eE(t) . (2.47)

where K is the restoring constant and v = b/m is the damping coefficient. For the
time-harmonic dependence e~ of the electric field the steady-state solution reads

L e/m
x(t) = - i%JE(IS) , (2.48)

where w? = K/m is the eigenfrequency of the oscillator.
Consequently, the dielectric function reads

GO?

W) =€+ —5—5—
() °O+w§—w2—i'yw’

(2.49)

where £, represents the permittivity at high frequencies, G is the oscillator strength,
is so-called plasma frequency of the ion lattice.

The dielectric function of a real matter is usually fitted by a sum of oscillators described
by Equation [2.49 As an example, Fig. shows dielectric functions of amorphous SiO,
[72], exhibiting one infrared resonance, and silicon-rich oxinitride (SRON) fitted by a sum

of four oscillators (see Section [3.1)).

8 | I | I I I I I ) | T | T ]

6 3
4F E
32 = =
w0 — 3
2 F =
-4 = -
-6 = l | ! | 1 | 1 | ! | 1 | [
10 | I | I | I I I I I | I | I |
8 ]

2 6 L 10 g0 = 1065 cm™, 9.4 um ]
e 4 wLO¥Si02:1251cm",8.0 pm ]
2 | -

0 C i I t+—T1T |

6 8 10 12 14 16 18 20

wavelength (um)

Figure 2.6: The comparison of the dielectric functions of SRON and SiO,.
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2.5 Computation of electromagnetic field

A computation of the electromagnetic field provides useful information about properties
of plasmonic antennas discussed in Sections and [3.4] Electromagnetic fields can be
calculated analytically or numerically. Analytical methods represent mathematically ex-
act solutions providing the physical background, on the other hand, they exist only for
few geometry configurations.

Related to plasmonics, analytical solutions of SPPs have been found for infinite metal-
dielectric interface/s [1], [2], [3]. Consequently, solutions of SPPs scattered by various
defects such as grooves, a roughness or impurities were studied in [4], [73]. Analytically
solvable resonant plasmonic structures are only the spheres and ellipsoids [64], [65], [74].
Besides that, nanorod-like structures were studied analytically for example in [66] where
the theory of waveguides was applied. In [68], the response of a free-electron gas within
a metallic nanorod to the electromagnetic field was studied. Semi-analytical solution of
spectral properties based on reflections of SPPs at antenna edges was presented in [75].

Numerical computations are able to provide the electromagnetic response to structures
of different shapes and dimensions but the physical interpretation is often not straightfor-
ward. The Maxwell equations can be numerically solved by widely spread finite-difference
methods and finite-elements methods in time- or frequency-domains.

The finite-difference method is based on an approximation that permits replacing
differential equations by finite difference equations. The finite-difference method is often
used in time-domain methods. On the other hand, the finite-elements method is based
on eliminating time derivatives [76].

The advantage of the finite-elements method compared to the finite-difference method
lies in the use of meshing elements of arbitrary shape. However, the triangulation is the
most widely used discretization by the FEM method. On the other hand, the finite-
difference methods can be relatively easily implemented [77]. For instance, there exist
also implementations into spreadsheet software [75].

There exist two modes of treating the simulations in the electrodynamics. The time-
domain method provides the electromagnetic field at (semi-)continuous time. It involves
the causality so it treats also the transient response [76]. Therefore, it handles pulse evo-
lution including the behaviour of precursors. In cases when a wave packet is used as the
source of the electromagnetic field one simulation-run provides the spectral response E]
In contrast, the frequency-domain method allows calculating steady state modes. It is
based on the solution of the Maxwell equations in the form of the vector Helmholtz equa-
tion for the electric/magnetic field.

The finite-difference time-domain method (FDTD) is probably the most popular nu-
merical simulation technique providing spectral responses in the electrodynamics. Also,
a majority of simulations performed in this work has been done via FDTD (e.g. Sec-
tion [3.3). The name "FDTD” originates from [78] and it was firstly introduced by Kane.
S. Yee’s [79] algorithm. In this algorithm different components of the electromagnetic
field are computed for different positions or time [] The space is divided into rectangles

3To obtain the spectral response raw simulation data must be treated by the Fourier transform.
41t is a disadvantage because the full-field (electric and magnetic) is not evaluated at the same position.
Therefore, some interpolations of the field should be done.
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or block-like elements in 2D or 3D, respectively. Then, the space is described by the
Cartesian rectangular coordinate system.

As mentioned above, the FDTD method approximates spatial and temporal deriva-
tives appeared in the Maxwell equations by corresponding finite differences. In par-
ticular, the differences are expressed by the first-order Taylor expansion df $)|$ 20
J(zotda/ 2) f2o=de/2) 5| Thys, the FDTD method is the central-difference approximation
that relates the function in the point xg where the space is not sampled with neighbouring
(sampled) points zo — Az/2 and g + Az/2 [} The Kane Yee algorithm [79] for FDTD is
the most widespread for FDTD. The algorithm procedure contains following steps.

~
~

e Replace all derivatives by finite differences.

e Divide space and time in order to alternate the electric and magnetic fields in time
and space. For instance of 1D space in axis x, the space and time are divided
by Axz/2 (half spatial-step) and At¢/2 (half time-step), respectively. Then, the
Courant number (Courant-Friedrichs-Lewy) defined as the ratio ¢ = At/Ax deter-
mines the simulation stability m and it must be smaller or equalled to 1 everywhere
and every time.

e Express update-difference-equations determining future fields in terms of past fields.
e Evaluate the magnetic fields one step into the future so they become past and known.
e Evaluate the electric fields one step into the future so they become past and known.

e Repeat previous two steps until the required duration time of the simulation.

One example should be demonstrated for the isotropic medium without charges. For
the field F, propagating in x direction the Maxwell equations reduce to

oy _ OE.
ot ~ oz (2.50)
JE.  OH,
e = (2.51)

with H, being the only non-zero magnetic component.

The computation steps are shown in Figure where all fields below the dashed line
are considered known. Note, that fields in the present time possess the superscript ¢ and
[m] denotes an index of the position. It is worth mentioning Figure reveals that the
electric and magnetic fields are never known for the same position and time. In particular,
the electric and magnetic fields are mutually separated by Axz/2 and by At/2 in space
and time, respectively. On the other hand, the same fields (either electric or magnetic)
are separated by Ax and At in space and time, respectively. The steps are described
in more detail below.

5Higher-order series of expansion should be used, but it requires more sample points to be reckon on.
SFDTD is called the second-order central-difference approximation.
"For a given space-discretization, the limit on the time-step is defined and reads At <

\/AL2+ 2+ 1 '
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Figure 2.7: The magnetic and electric fields computed for (¢t + At/2, z + Axz/2) and
(t + At, x), respectively. Taken from [80)].

The magnetic field H,(t + At/2,z + Aa:/2) (see Flgure 2.7 a)

q+ q—
2,50 el e

tion relates the solution to the unknown magnetic field H,(t + A;, x + Aa’) in the future

) should be computed

__Eﬂm+u—E%m1
- Ag

by the Faraday law that becomes p This equa-

denoted by Hy a+3 [m + 5] with the known magnetic field at the same position in the past
(before At = 7) and with the electric fields in neighbouring positions in the meantime.
In particular,

1] N Ay
2 JT7ANS

1 _1
5= Hy *lm+

1
v g

(Eqm + 1] — E¥[m)]) (2.52)
is called the update equation for the magnetic field.

After the fields are known for time ¢t + At/2, the electric field E(t + At, z) should be
computed by the Ampere law as shown in Figure[2.7/b). Then, the electric field reads the

ot [+]H

q+7[

Eq+1[m] Ellm] _ m—

Ampere law 2.51} ¢ ] that relates the future electric
field E.(t + At, z) with the electrlc field at the same point in the past (before At) and
neighbouring known magnetic fields (¢t + At¢/2). In particular,

A 1 1 1
S (H ot 5] = HE - )

B2 ] = EZ[m] . :

(2.53)

is called the update equation for the electric field.

In 3D space, the spatial nodes are organized in the Yee cell depicted in Figure
where magnetic and electric components are computed on cell’s faces and in cell’s edges,
respectively.

The capability of the FDTD method is continually extending. The implementation of
boundaries in the simulation was fully sorted out and it was enlarged for treating impulses
and non-linear behaviours [76]. Solutions of curved structures were improved by effective
permittivity [81], [82], [83]. Accurate simulations of thin structures were allowed in [84],
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Figure 2.8: The Yee cell in 3D space. The magnetic and electric components are computed
on cell’s faces and in cell’s edges, respectively.

[85]. Improvement of the FDTD via implementing the total-field scattered-field (TFSF)
algorithm [86] allows not only the separation of total and scattered fields in the given space,
but it even reduces the reflection of the incident field on simulation boundaries. Nowadays,
FDTD represents a powerful method utilized in user-friendly software packages possessing
the graphical user interface. For instance, the simulations performed in presented work
have been done by [87].
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3. Plasmonic resonant structures

Plasmonic resonant structures (plasmonic antennas, metallic spheres, etc.) are used
in the majority of plasmonics applications [23], [24], [25], [26], [27]. Thus, plasmonic
antennas and their properties represent the main tasks of this work where the emphasis
is put on an enhancement of the electromagnetic field in the near-field (Section and
on sensing applications (Sections .

Plasmonic antennas have received a significant attention for their ability to concentrate
the light energy into deep-subwavelength dimensions and for their resonance-sensitivity
to environments they are embedded in [88]. In consequence, the plasmonic resonance may
enhance the absorption of the electromagnetic field energy that can be used in the pho-
toluminescence [35], the excitation of electron-hole pairs in semiconductors [19], in pho-
tovoltaics [32] and others [89].

Considering the absorption, much work has been done on plasmonic resonant struc-
tures (antennas) with respect to their heating properties. Most of such articles deal with
the electromagnetic field absorption (and the corresponding heat development) in metallic
parts of resonant structures embedded in transparent, non-absorbing environments [40],
[41], [90], [91]. The enhancement of the heat generation via plasmonic resonances and
a consequent temperature increase have not been studied only by simulations [40], [41],
but also experimentally [42], [92]. The heat power enhanced by this method was utilized
for instance in infrared spectrometers, bolometers [93], [94], [95], [96], local growth of
nanowires, in the phase transformation of materials in the antenna vicinity [91], [97], [98]
and in other applications.

Furthermore, plasmonic structures found useful application in the enhancement of
the signal in the Raman spectroscopy. There are two techniques: the Surface-Enhanced
Raman Scattering (SERS) and the Tip-Enhanced Raman Spectroscopy (TERS). In SERS,
the plasmonic effect occurs on a rough metallic surface. It enables the enhancement of
the Raman signal by 4-8 orders of its magnitude [99], [100], [101], [102], [103], [104].
Consequently, even a single-molecule sensitivity has been observed [105]. The second
technique called the Tip-Enhanced Raman Spectroscopy (TERS) enables mapping of
plasmonically enhanced Raman signal by using a scanning-probe technique. The field
is enhanced by the plasmonic resonance of either metallic structures placed at an AFM
probe or a metal-coated AFM probe itself [31], [106], [I07]. Then, the Raman spectra
should be mapped with a resolution below the diffraction limit.

Besides methods for the enhancement of the Raman signal, plasmonic infrared spec-
troscopic techniques like the Surface Enhanced Infrared Absorption (SEIRA) [108] and
the Surface Enhanced Infrared Spectroscopy (SEIRS) are frequently studied nowadays
[109], [110], [111], [112], [113]. These techniques may provide information about chemi-
cal compositions (vibrational spectroscopy) of specimens. Furthermore, scanning-probe
modifications of these plasmonic infrared spectroscopies allow to map the specimens. It
has been demonstrated that scattering-type scanning near-field optical microscope is able
to map the vibrational spectra with a spatial resolution roughly 1000 times better than
conventional methods such as the FTIR [29]. For instance, objects as viruses as small as



24 CHAPTER 3. PLASMONIC RESONANT STRUCTURES

18 nm have been observed in [114].

Obviously, the applications presented above require a comprehensive study of plas-
monic antennas with purpose to reveal their resonances, electromagnetic field enhance-
ment and distribution, mutual interactions, interactions with surrounding materials, etc.
This represents the motivation for a basic research of antenna resonances [27], [24], [115],
[116], [117], [I1§]. For instance, the sharp features (peaks/dips) in spectral responses of
plasmonic structure interacting with the environment are compared with the hybridiza-
tion states in the molecular orbital theory (including Fano resonances) in [117], [119],
[120], [I21].

The resonant plasmonic antennas represent the main subject of interest of the pre-
sented work. This complex work involves numerical modelling of antennas, fabrication of
antennas (based on a design proposed by simulations) and optical measurements of these
antennas. Therefore, this work represents theoretical and experimental study of plasmonic
antennas as well.

In particular, the fabrication of plasmonic antennas via the electron beam lithography
and via the focused ion beam is discussed in Section [3.1 The following Section deals
with resonant properties of antennas in general. Sections|3.3| and are focused on reso-
nance properties of antennas placed on a layer with a pronounced dispersion of its dielec-
tric function in mid-infrared [62], [63]. Owing to the fact that the plasmonic resonances
can be excited not only by the electromagnetic field in the conventional form (light) but
also locally by passing electrons [119], [122] the measurement of the cathodoluminescence
on (visible) plasmonic antennas was also performed and it is discussed in Section [3.5]

3.1 Fabrication of antennas

Studying the optical properties of plasmonic antennas is hardly possible without mea-
surements on real plasmonic structures. Plasmonic antennas studied in Sections [3.3]
and [3.5] were fabricated by techniques discussed below.

The quality of fabricated plasmonic structures is the most critical point that often
makes theoretical (simulated) results different to experimental ones. The difference is
determined mainly by a distinction between theoretical and real dielectric functions and
by the topography of fabricated structures [[]

In the presented work, plasmonic structures were prepared by techniques exploiting
accelerated focused beams of electrons or ions. Namely,

e the electron beam was used in the lithography-like technique called the electron
beam lithography (EBL) (see Section [3.1.1). During the lithography, the beam
modifies the electron-sensitive (positive-tone E[) resist in the scanned domains. Af-
terwards, these domains are removed during the development of the resist. The
metallic layer is deposited directly on the substrate in the scanned areas. Conse-
quently, the resist is chemically removed, i.e. areas with the resist present below the

IThe resultant quality of fabricated structures prepared by both techniques is also determined by prop-
erties of processed matter.

2Note, there exists also a negative-tone resist. Its unmodified part is removed during the development.
Consequently, fabricated structures are situated in an unexposed area.
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metal are lifted off and only the parts where the metal is connected directly to the
substrate remains on the sample.

e the focused ion beam (FIB) of Ga™ (or Xe) ions is used for etching the material
(see Section [3.1.2). The fabrication of plasmonic structures usually lies in etching
the (previously deposited) metallic layer. Consequently, the non-etched area of the
sample represents the resultant plasmonic structure of required geometry. However,
the FIB implants ions of Ga™ and ions of the etched metallic layer into a substrate.
Also, the remaining material can get amorphous [123].

Although EBL and FIB techniques are widespread and well known they are shortly
discussed with an emphasis on the fabrication of plasmonic antennas in following Sec-

tions [3.1.1l and B.1.2

3.1.1 Electron beam lithography

The electron beam lithography is a traditional patterning mask-less technique. The res-
olution of patterning is proportional to the beam-spot diameter, the size of a scanning
step and most significantly to the resolution of the resist. Nevertheless, the EBL is able
to fabricate subwavelength structures with dimension well below one hundred nanometers.
Furthermore, the two-step lithography enables the fabrication of 3-dimensional structures
or structures made of different materials. On the other hand, EBL is more time-consuming
than the conventional optical lithography.

In this work, poly-methyl-methacrylate (PMMA) is used as a resist because of its
high resolution. The disadvantage of PMMA is that it has a low sensitivity to the exposi-
tion dosage and a poor etching durability. The EBL has been performed by microscopes
FIB/SEM Tescan Lyra3 XMH, SEM Tescan Mira3 + Raith or SEM Tescan Vega - L04
at the department [124].

The EBL procedure used in this work comprises following steps:

e cleaning of the sample successively in acetone, isopropyl alcohol (IPA) and flowing
demineralized water finished by drying by nitrogen [

e spin-coating of the resist on the substrate. The thickness of PMMA resist varied
in range of 80-280 nm. It was determined by the concentration of PMMA in a so-
lution, by the speed and acceleration of spinning, and by the adhesion between the
resist layer and the substrate. To obtain a high homogeneity of the resist layer, the
adhesion should be enhanced by the coating of the spacer-layer (Microchem, Primer
80/20) below the resist.

e exposition of the resist by the electron beam. Although the spot diameter of the
beam reaches units of nanometers, the presence of backscattered, secondary elec-
trons and scattering of primary electrons is responsible for remarkable broadening of
exposed areas [126]. Then, the resultant resolution reaches 20 nm for PMMA resist.
The degree of exposition is determined by an exposure dose denoting a number of

3 Also, the sample should be cleaned in the piranha solution that removes most organic matter [125].
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electrons per area ﬁ The required dose is proportional to the thickness of PMMA
layer and varied between 80-380 1C/cm?.

e development of the exposed sample in MIBK:IPA (1:3) solution for 90 s followed
by dipping in IPA (more than 30 s), cleaning in flowing demineralized water (30-
60 s), and drying out by nitrogen.

e deposition of the metallic layer. It was always performed by ion beam assisted
deposition (IBAD) technique in the apparatus Kaufman (at IPE department).

e lift-off preceded by dipping the sample in acetone over-night. Lift-off means to keep
the sample still in acetone and to spray acetone onto the sample to remove the resist
from it. Afterwards, the sample is put into IPA for 30 s and then washed in flowing
demineralized water. At the end, the specimen is dried out in blowing nitrogen.

Obviously, the resolution and quality of structures represent the main goals of the
fabrication. As an indicator of the resolution should be considered the distance (gap)
between two antenna arms. The smallest gap (between 60 nm high arms) of about 20 nm
was achieved reproducibly when the resist A4-495 PMMA (190 nm thick) was exposed
by the dose of about 330 uC/cm?. The gap between antenna arms (with length L =
5.2 pm) is shown in Fig. 3.1

200 nm
—

Figure 3.1: The gap of the IR plasmonic antenna (with arm length L = 5.2 ym). The
layer-feature of the decreased contrast over the metallic parts comes from the unsolicited
carbon-contamination during imaging.

To measure plasmonic resonant effects of antennas in the transmission mode by the
optical microscope (Nanonics MultiView 4000) in the visible wavelength range, antennas
should be fabricated on glass (quartz). Because this substrate is non-conductive, the
resist should be coated by the conductive layer (Espacer 300z, Showa Denko) to avoid
charging effects of the electron beam. Nevertheless, the fabrication of plasmonic resonant
structures for visible wavelength range on non-conductive substrates is still difficult. The
optical antennas fabricated on glass are shown in Fig. |3.2

4Generally, the dose is proportional to the product of the probe current and the dwell time. Note, the
dwell time denotes a time for which the beam points in the same position of the sample
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Figure 3.2: The optical antennas fabricated on glass. The antenna arm length, width and
gap are about 105 nm, 70 nm and 25 nm, respectively. The bar denotes 100 nm.

Two-step lithography

The response of a plasmonic antenna can be influenced remarkably by the presence of
a specific material in its vicinity. Also the study of SEIRS may demand positioning
the patches (of a given material) in required positions at the antennas [127]. Therefore,
the two-step lithography procedure should be used that is presented below.

The first class of structures together with some recognition features are fabricated
in the first step. Afterwards, the resist A2-495 PMMA (of thickness ~ 100 nm) is coated
on fabricated structures. During the second exposition, the main problem lies in imaging
and finding structures prepared in the first exposition because they are covered by the
resist. To avoid the modification of the resist, the electron beam of lower landing energy
(about 5-10 kV) and of a small probe current should be used during adjusting-steps.

The procedure (without any user-friendly software package) comprises following steps
(also see Fig. [3.3)):

a) finding the required antenna array in the sample with a help of recognition features.

o

) rotation correction [}

c¢) pre-focusing and positioning with the stage H

o,

) setting the appropriate magnification.

) fine focusing on the resolution of fabrication ﬂ

@

—

) defining one-antenna structure in drawing software.

) defining and positioning a matrix of structures to be exposed.

o

h) checking the correct position before exposition to avoid the stage/beam drift ﬂ

i) exposition.

5Tt is especially necessary when finding and the exposition are performed at different landing energies
of the electron beam.

5Focusing especially on recognition features.

"For that reason, extra structures (antennas) should be prepared outside the writefield in the first
step.

81n this step, the beam-shift should be exploited to align the positions. This step is crucial.
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Figure 3.3: Images explaining two-step lithography: a) finding, b) rotation correction,
¢) pre-focusing and positioning with the stage, d) setting the magnification, e) fine focus-
ing, f) defining a one-antenna structure, g) defining and positioning a matrix of structures,
h) checking the correct position, i) exposition.

It is worth mentioning that the exposition dose should be eliminated /minimized dur-
ing all steps except the exposition. The proposed procedure requires only 2 scans (for
adjusting) of the whole writefield.

The resultant structures are shown in Fig. where the rectangular and circular
structures come from the first and second steps, respectively. These structures were fab-
ricated by the electron microscope Tescan Vega - L04 having only the manual positioning
of its stage. The achieved accuracy of positioning was reproducibly well below 50 nm.



3.1. FABRICATION OF ANTENNAS 29

o R _\\J o ——

s

[SEM HV: 30.00 kV WD: 6.257 mm VEGAW TESCAN
iew field: 7.023 ym  Det: SE Detector 2 ym

Figure 3.4: Metallic structures fabricated by two-step lithography. The rectangular and
circular structures were prepared in the first and second steps, respectively. The demand-
ing positions are evident. The achieved accuracy of positioning was below 50 nm.

3.1.2 Focused ion beam

When the emphasis is put on a resolution of substantially small plasmonic structures
they are usually prepared by the focused ion beam (FIB) milling. The beam H probes the
sample and etches an amount of its material |T_Ul It is worth noting these microscopes al-
ways possess also an electron column to see the prepared structures without a destruction.

In this work, the FIB technique was utilized for preparation of plasmonic antennas with
resonance wavelengths below 1400 nm. These structures were prepared for a subsequent
investigation by the Electron Energy Loss Spectroscopy (EELS) and Cathodoluminescence
(see Section [128]. Therefore, SizN, membrane with the area of 500x500 ym and
thickness between 30-50 nm was used as a substrate. Consequently, 30 nm thick Au layer
(with 3nm Ti adhesion layer) was deposited onto this membrane. The deposition was
performed by the apparatus Kaufman (in IPE lab) where the sample-holder possessed the
grooves to avoid a destruction of membranes by the pressure gradient during pumping
of the apparatus. The images of such deposited membrane taken by electron beams of
energies of 5 kV, 10 kV and 30 kV are shown in Fig. 3.5, Thus, the samples were prepared

9The source of gallium ions is called the liquid-metal ion source (LMIS) where the gallium-liquid is
in touch with a tungsten tip. Gallium matter is wetted and consequently the ions are accelerated and
traced via a column on a sample.

ODjifferent technique is the focused-ion-beam-induced deposition (IBID) where the chemical vapour
as a gas (precursor) is introduced in a vicinity of the specimen, it decomposes and its non-volatile
components adsorb onto the specimen’s surface. The chemical content (purity) of fabricated structures
depends on deposited materials. For instance, platinum content of Pt deposited structures is only about
50 % [129]. For this reason, the IBID technique should be used for deposition of cobalt rather than
platinum.
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for etching the plasmonic antennas by the FIB.

Figure 3.5: The images of the silicon nitride membrane taken by the electron microscope
with beam energies of a) 5 kV, b) 10 kV and ¢) 30 kV.

To achieve the best resolution of prepared plasmonic structures, the probe current
of the gallium beam should never exceed 1 pA. For this reason, the method becomes
relatively time-consuming. On the other hand, prepared structures have not only lateral
dimension well below 50 nm but also their topography is precisely shaped.

First, the ion beam is focused on chemically etched Si nanowires (see Fig. . Further
steps were performed at the deposited membrane. The coincidence-alignment of the
electron and ion beams are performed on contrast recognizable features of the sample.

Figure 3.6: A specimen with chemically etched Si nanowires exploited for focusing the
ion beam. The bar denotes 1 pum.

Afterwards, to avoid etching of the membrane (to etch only a metallic layer), the test of
the etching-dose should be done. The SEM image of 11 squares etched by various doses
is shown in Fig. The appropriate dose was usually given by thickness of treated
Au layers. Then, tests of etching the structures were performed via various etching-
parameters as the etching depth, exposition and settle factors being usually 25 nm, 1.0 and
3.0, respectively. Finally, the geometry of prepared plasmonic structures was influenced
by the grain size of given layer.



3.1. FABRICATION OF ANTENNAS 31

Figure 3.7: The image of squares etched during the dose-test for 30nm Au layer (with
3nm Ti adhesion layer) on SizN, membrane. The bar denotes 2 pm.

To avoid an interaction of a resonant structure with not-etched Au layer and to al-
low conventional optical measurements of an individual structure, a large area of layer
should be etched around the structure. However, the membrane bends exceedingly as
shown in Fig. 3.8, Therefore, the squares etched around plasmonic structures (for EELS
measurements) had usually dimensions from 1 x 1 ym? to 2 x 2 ym?.

The first plasmonic antennas were prepared to demonstrate their quality and the
achievable resolution. Thus, the triangle-shaped antennas frequently studied for the strong
enhancement of the electromagnetic field in hotspots at their vertexes were prepared. Also,
the EELS treatment of antennas of this shape was done in literature [I30]. The prepared
antennas formed by triangle-dimers etched by the FIB are shown in Fig. [3.9] The length
of the triangle-side of the antennas is below 75 nm. The radius of the triangle vertex
goes below 20 nm and the feature in the antenna gap has a diameter below 30 nm. It is
worth noting, that the resolution and dimensions of these structures are determined more
by the grain-size of the metallic layer than by the resolution of the FIB.

Furthermore, plasmonic antennas of a crescent shape were extensively studied in many
articles [I31]. These structures were studied also at the IPE [I28]. For this reason, many
variants of these structures were prepared (see sketches in Fig. [3.10). As an example,
dimmers of those crescents with a circle in between are shown in Fig. [3.10}

Subsequently, the cruciform-pentamer antennas were prepared. They are known for
polarization-invariant strong enhancement of the near field intensity [132]. It was assigned
to its high rotational symmetry. In these structures, the polarization of the incident
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field cannot affect a decomposition of the scattered field into non-degenerate modes E
In contrast, our project has been aimed at treating those structures but missing some
of their parts (see sketches in Fig. . Consequently, the field decompositions should
be controlled by a disorder of the structure symmetry. This breaking of the symmetry
of the electromagnetic field should be studied by EELS in detail. The structures shown
in Fig. have been prepared and are waiting for EELS measurements.

Finally, one should show a pair of complementary structures i.e. the positive and
the negative (hole-like) antennas (see Fig. [3.13). Etching those structures represents
a remarkable technological challenge when dimensions of both antennas should be the
same. In particular, the problem lies in preparation of negative antennas where the holes
should by separated from each other by tiny domains.

3.1.3 Conclusion

Despite the Electron Beam Lithography (EBL) and Focused Ion Beam (FIB) are generally
known technologies, they are described with regard to fabrication of plasmonic resonant
structures here. This Section is supplemented by images of structures fabricated during
the work presented in Sections [3.3] and 3.4 In particular, EBL method was shown to be
efficient for fabrication of not only double antennas (of dimensions of ~ pm) with the gap
reaching 20 nm but also optical dimmers with arm length of about 60 nm. Moreover, the
two-step lithography allowing fabrication of antennas of different metals placed close each
other provides the positioning precision better than 50 nm.

The focused ion beam was used for fabrication of optical antennas with high precision
of their geometry. Thus, antennas of shapes of circles, rectangles, triangles, crescents were
positioned in small distances (~ 15 nm) between each other. These structures were pre-
pared for subsequent measurements of the cathodoluminescence (reported in Section
and EELS. Also, the positive-like and negative-like optical antennas of complicated shape
were fabricated.

HThe near field was shown (by s-SNOM measurements) to be highly dependent on the incident field
polarization with no impact on the efficiency of any excitation.
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Figure 3.8: A large area of the metallic layer etched around the resonant structure leads
to bending of the membrane. The layer in the close vicinity of the structure was etched
by a smaller probe current (< 1 pgm) than the remaining area.

Figure 3.9: Prepared Au antennas forming triangle-dimers etched by the FIB. The length
of the triangle-side of the antennas is below 75 nm. The antenna gap reaches 15 nm. The
radius of the triangle vertex goes below 20 nm and the feature in the antenna gap (right
image) has a diameter below 30 nm. The bar denotes 200 nm.
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Figure 3.10: A) the dimmers of crescents with a circle in different positions. The bar
denotes 200 nm. B) full series of prepared antenna in sketches.
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Figure 3.11: The sketches of the series of structures prepared for experiments on breaking
the symmetry of the electromagnetic field. Sketches related to Fig. [3.12]
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Figure 3.12: The antennas prepared for experiments on breaking the electromagnetic field
symmetry. The bar denotes 200 nm.

D1=64.89 nm|

Figure 3.13: The pair of two complementary structures consisting of the positive (left)
and the negative (right) antenna. The bar denotes 100 nm.
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3.2 Resonances of antennas

When dealing with resonant structures the first issue is often the investigation of reso-
nance wavelengths of plasmonic antennas. In case of antennas deposited on transparent
substrates the approximative prediction is simple. In particular, the resonance wavelength
Ares 18 proportional to the antenna arm length L (dimension in the direction of polariza-
tion of the incident field) and to the effective refractive index of the of SPPs neg by the
approximative relation [7], [30], [61]

)\res - 2neffL (31)

where neg = /=2 with g4, and &, being dielectric functions of a substrate and
€subtEm

a metal, respectively. In particular, Re [e,] < —1 holds for the dielectric function of
a metal in infrared (see Fig. (2.5))), whereas the dielectric function of the transparent
substrate is constant. Consequently, the resonance wavelength is proportional to the re-
fractive index of a substrate [61].

It has been demonstrated that interesting phenomena occur if the antennas interact
through their near fields with dielectrics possessing absorption peaks or bands at specific
wavelengths. When the substrate an antenna is deposited on is non-transparent, a non-
linear dependence between resonance wavelengths and antenna arm lengths occurs. Such
a situation is studied in following Section where the antennas are deposited on a thin
absorbing layer (on transparent silicon substrate, see Fig. possessing the dispersion
of its refractive index in MID-IR (particularly A ~ 8 — 12 pm). This Section is based
on [62] that belongs to the first articles dealing with this behaviour [109], [L10], [111], [112].
This work was motivated by an effort to exploit electromagnetic energy enhancement via
platinum plasmonic antenna resonances for the phase transformation of the silicon-rich
oxinitride into the nanocrystalline silicon. Afterwards, this work was extended on the
sensing application in Sections [3.4) and [3.4.1]

The interaction of the resonant antenna with the absorbing material is known from
a series of works dealing with intuitive models based on coupled molecular and plasmonic
resonators predicting new effects such as a transition between Electromagnetically Induced
Transparency (EIT) and enhanced absorption [141], or with Surface Enhanced Infrared
Absorption (SEIRA) [133], Surface Enhanced Infrared Spectroscopy (SEIRS) [134], Fano-
type signals in the IR extinction spectrum [110], [I11], etc.

3.3 IR antennas on an absorbing substrate

This Chapter is aimed at plasmonic antennas deposited on an absorbing substrate with
emphasis on resonance properties (in the far-field) and on electromagnetic field enhance-
ment and consequent absorption increase in the near field [T_?]

If the metallic antennas are in a vicinity of dielectric materials having a pronounced
dispersion of their dielectric function or the antennas are fabricated on substrates made
out of them, the electromagnetic energy is absorbed. Consequently, the heat produces not

12This Chapter is based on author’s publications[62], [63].



3.3. IR ANTENNAS ON AN ABSORBING SUBSTRATE

37

Table 3.1: Parameters of oscillators in the Lorentz model where a wavenumber reads

v =1/ [62].
G2 [10°em™2] | wom [em™] | Aoy (um) | Y [cm™?]
5.35 1009 9.9 152
2.68 857 11.7 116
0.91 698 14.3 191
3.84 427 23.4 207

only in metallic antennas, but also in these materials [135], [136]. As the highest electric
field enhancement generally occurs in the gaps of antennas, the maximal absorption (heat
generation) in the dielectrics caused by this field is spatially localized to small volumes
of these absorbing materials underneath the gaps. On the other hand, in this case the
plasmonic antenna resonances themselves become significantly influenced by their cou-
pling to absorption resonance processes in the material. The knowledge learned from
the behaviour of plasmon resonance peaks in the vicinity of the absorption peaks is then
utilized in optimization of a spatially localized absorption of IR radiation/heat generation
in such a substrate.

In the presented work, the silicon-rich oxinitride (SRON) with the significant absorp-
tion in the mid-infrared (see Fig. (3.15)) is used as the non-transparent 110 nm thin film
deposited on Si substrate (resistivity 6-9 Qcm). The SRON film was prepared by PECVD
technique at the deposition temperature of 350° C, pressure = 650 mTorr, rf power 40 W
at the frequency = 13.5 MHz and the (N5O : SiH,) flow ratio equals to 6.7 NoO : SiH,.

Its refractive index was experimentally obtained by fitting the reflection by 4 Lorentz
oscillators (described by parameters in Table and £, = 2.44 [62]. The first oscillator
(at 1009 ecm™') is related to Si-O stretching mode. The second oscillator (at 857 cm™)
is related to Si-N stretching mode [137], [138] [}] The third oscillator (at 698 cm™') was
assigned to neutral oxygen vacancies (described as =Si-Si=) [139]. The fourth oscillator
(at 427 cm™!) is related to Si-O rocking mode. It is worth noting, the dielectric functions
of SRON and SiO, were compared in Fig. [2.6]

Golden plasmonic antennas (height: 60 nm of Au on a 3nm Ti buffer layer, width:
400 nm, length: 0.8 — 6 um) were fabricated via electron beam lithography (see Sec-
tion [3.1.1] equipment: FIB/SEM Lyra3 XMH Tescan) on the SRON layer. The antennas
consist of two rectangular arms (dimmer antennas) separated by a gap of 100 nm to achieve
the pronounced electromagnetic field there while fabrication of a smaller gap was difficult
for longer antennas. The antenna geometry is depicted in Fig. [3.14 The rectangular
shape of the antenna arms was chosen to enhance energy absorption inside a larger vol-
ume beneath the gap in SRON compared to bow-tie antennas, although its radiation
efficiency is smaller [90]. The antennas of the same dimensions and shape were arranged
into an array of the area of 50 x 50 pm? in order to increase the reflection signal-to-noise
ratio. To find a configuration with a minimized coupling between the individual resonant
antennas, a series of arrays with different spacing between the antennas were designed

13The Si-N stretching mode may vary within range of 835-890 cm ™!, on the other hand, it reaches the
frequency of 835 cm~! known for bulk SizNy films.
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and tested for the same antenna geometry.

1.2 um

Figure 3.14: Au dimmer antenna placed on the SRON layer (110 nm thick) deposited
on the Si substrate. The antenna height is 60 nm, its width is 400 nm and its length L
varies from 1 pum to 6 pm. The distance between antenna arms (gap size G) is about
100 nm. The absorption enhancement is expected in the space below the antenna gap.
Dimensions of the integration domain (depicted by red lines) are 1.2 pm along the main
axis of antenna, 1 ym in the direction of the antenna width, and its height is 110 nm.
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Figure 3.15: Refractive index and the dielectric function of silicon-rich oxinitride [62].

Unpolarized reflection spectra were obtained by a Fourier Transform IR microscope
(FT-IR Bruker Vertex 80v + Hyperion 3000) working in the spectral range of 2 — 16.5 pum.
The spectra taken from the antenna arrays were normalized to the reference ones related
to the bare SRON surface nearby the antenna structures. The spectra for antennas of



3.3. IR ANTENNAS ON AN ABSORBING SUBSTRATE 39

various arm lengths (with the same filling by metal in every array) are plotted in Fig. |3.16|
Almost each spectrum in this figure possesses two resonant peaks separated by a deep
valley caused by a strong coupling of plasmonic oscillations with absorption resonances
in the SRON material in the corresponding wavelength range (see Fig. , leading
to overdamping of these oscillations [I41]. The presence of two resonance peaks for the
antenna of a specific arm length is a direct consequence of a non-monotonic character of
the real part of refractive index in the range of significant absorption (resulting from the
Kramers-Kronig relations) and the related increase of its values for longer wavelengths.
This is obvious from an approximation Equation [61], where nggron is the real part
of the SRON index of refraction. Because of the pronounced dispersion of the SRON
dielectric function around the region of enhanced absorption (Fig. a non-linear
scaling between the resonance wavelength A\, and the antenna arm length L should be
expected [62], citebrineknn. Indeed, looking at Fig. [3.17, where the peak positions are
plotted, one can see that once the left resonance peak approaches the wavelength at which
the absorption in SRON becomes substantial, it almost stops moving with increasing the
antenna arm length and does not exceed the value A = 8.6 ym. This is in agreement with
the dependence depicted by the lower branch of the solid red curve in Fig. [3.17] obtained
from the mentioned approximation formula. In addition, the intensity of the peak goes
down and practically vanishes for the longest antenna lengths.

Accordingly, the right resonance peak is almost not moving with the small antenna
arm lengths as the corresponding resonance wavelengths (12.5 pm) are too close to the
area of enhanced absorption in SRON. However, this peak starts to move when the arms
become bigger (L > 2um) and thus the resonance wavelengths shift beyond this area.

As a consequence of the behaviour of these two peaks, two separated localized-surface-
plasmon-resonance branches appear in the plot in Fig.[3.17] Similar effect has also been al-
ready observed in dispersion relation curves (reciprocal space) of SPP on a sub-wavelength
hole array covered with organic molecules having an absorption peak in the visible range
[140].

One can notice from Fig. that the spectra possess a shallow drop in their intensity
around A ~ 11.5 um which is caused by a minor increase of the absorption in SRON around
this wavelength. The resonances observed for the longer wavelengths shift qualitatively
with the upper branch of the red curve in Fig. obtained from the approximation
formula [3.1, where neg = nsron [62).

The reflection spectra of the antennas were simulated by the FDTD method (Lumeri-
cal) [87] as well and the corresponding peak positions are plotted by blue line in Fig.|3.17]
The good agreement between the experiment and the simulation up to L = 4.5 um is
obvious. For the antennas with L > 4.5 um the experimental data are already weak as
the quality of the peaks was very poor at the corresponding resonance wavelengths close
to the upper end of the spectrometer measuring range. Contrary to the red analytical
curve the numerical values of the resonance wavelength do not keep growing so inten-
sively at the biggest arm lengths which is most likely caused by an increasing absorption
in SRON at these wavelengths (see Fig. . In the inset of Fig. , the qualitatively
same simulated and measured reflection spectra are shown for the antenna of L = 3.2 ym.

To get the information about the heat volumetric density generated by the spatially
localized absorption in SRON beneath the antenna gap (upon antenna resonances), the
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Figure 3.16: Measured IR unpolarized reflection spectra of dimmer Au antenna arrays
of specified arm lengths with the gap 100 nm fabricated on a SRON/Si substrate. The
coefficient of filling (by metal area) is the same for all antenna arrays. The particular
lengths of antenna arms are denoted on the right side.

electric field in this volume was simulated. The heat density is determined by the formula
1 2
q(r) = Seowlmle(r)][E(r)|" (3.2)

where Im [e(r)] is the imaginary part of the dielectric function of SRON. Supposing the
constant dielectric function over the SRON film section, the heat generated in a domain of
SRON beneath the antenna gap (in the domain 1.2 gm x 1 gm x 110 nm) is proportional
to the square of electric field intensity (JE[?) integrated over this volume. Consequently,
the calculated spectra of |E|? values averaged over the domain are plotted in Fig. for
different arm lengths. In this 3D plot the upper and lower resonance branches are clearly
visible. In the lower branch the maximal magnitude of the resonant peaks grows up and
the maximum is achieved for the antenna arm length of about 2.4 ym and A = 7.8 pym, and
equals with the maximum value |E,y|*> = 45 V2m™2. In the upper branch the maximum
reaches |Eqyer|> = 38 V2m~2 and appears for L = 3.6 ym and A\ = 17 pm.

It is obvious that the positions of maxima are achieved as a result of a trade-off
between the size of the antenna (increasing average electric intensity in the gap with
the arm length for small antennas) and the material absorption in SRON (decreasing
intensity). The slightly smaller maximum intensity in the upper branch compared to the
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Figure 3.17: Resonance wavelengths vs. antenna arm lengths L. The resonances obtained
from the reflection FTIR spectra (Fig. are depicted by black points. The resonances
obtained from FDTD numerical simulations of the reflection spectra are depicted by blue
curves. The red curve is yielded by the analytical formula .
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Figure 3.18: The simulated spectra of the square of the electric field (|E[*) averaged over
a domain (with dimensions 1.2 um x 1 gm x 110 nm) in SRON beneath the antenna gap
for different antenna arm lengths specified in Fig. and [3.17]

lower one is caused by a higher absorption of IR radiation in SRON at A = 17.3 um with
respect to that one at A = 3.8 um.

In addition to the frequency, the heat generation depends on the product of the square
of electric field intensity and the imaginary part of the dielectric function of SRON.
Therefore, the highest spatially localized enhancement of the absorption in the SRON
domain caused by plasmonic resonant effects will occur for the wavelengths already pro-
viding an increased absorption of IR radiation in SRON and still reasonable plasmonic
resonances in the antennas. Hence, the maximal enhancement of the absorption in the
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SRON domain caused by plasmonic resonant effects is expected in the wavelength inter-
vals 7.8 um < A < 8.5 um and A > 12.5 um where an increased absorption of IR radiation
in SRON occurs together with the reasonable resonant peaks of the electric field intensity
in the gap.

To find the maximal influence of antennas on enhancement of the absorption in SRON,
the spectra of the relative power absorbed in the SRON domain beneath the antenna gap
with respect to that one absorbed in the identical domain without the antenna (on top)
was evaluated for antennas of different arm lengths (see Fig. [3.19). For the lower branch
of resonances, the maximum of this relative value reached almost 60 and was achieved for
the antenna of the arm length L = 2.4 ym and corresponding wavelength A\ = 7.8 um.
For the upper branch this value was 68 and was obtained for the antenna with the arm
length L =4 pm and A = 17.7 pm.
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Figure 3.19: Spectra of the relative power absorbed in the SRON domain beneath the
antenna gap with respect to that one absorbed in the identical domain of the sample
without the antenna for different arm lengths of dimmer antennas specified in Fig. |3.16

and 3.17

Simultaneously, the absorption efficiency defined as the ratio of the power absorbed
in the SRON domain to the energy flux of IR radiation incident on the domain area was
evaluated for the antennas of different lengths (see Fig. . In the lower branch of
resonances, the maximal absorption efficiency reaches a value of 0.86 and occurs for the
antenna arm length of 3.2 ym (A = 8.6 pm). The maximal absorption calculated in the
same SRON domain of the sample without the antenna (bare substrate) was 0.068 and
occurred for A = 9.9 um. Hence, the absorption efficiency was enhanced by the plasmonic
antennas almost by the factor of 12.6. In the upper branch of resonances, the absorption
efficiency of the domain beneath the gap reached the value 1.28 for the antenna arm
length of 4.4 pym (about A = 20 pm) which represents the enhancement by the factor 19
with respect to the bare SRON.

The relation between the absorption efficiency (see Fig. and the square of electric
field intensity (see Fig. averaged over a domain beneath the antenna gap in SRON
layer is depicted in Fig. [3.21] The horizontal axis represent the wavelengths of maximal
absorption efficiency or maximal averaged electric field intensity for different antenna
arm lengths. The figure shows the interplay between the pronounced dispersion of the
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SRON dielectric function and the electromagnetic resonances of the metallic antenna arms
resulting in the red shift between wavelengths for the absorption efficiency related to the
maximal averaged electric field intensity.
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Figure 3.20: Absorption efficiency of the SRON domain beneath the antenna gap for
different arm lengths of dimmer antennas specified in Fig. [3.16] and [3.17
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Figure 3.21: Calculated absorption efficiency and averaged electric field intensity (|E?|)
at resonance wavelengths of different antenna arm lengths.

Finally, to get an overall idea about heat generation by plasmonic processes in the
antenna set-up, the FDTD numerical simulations of the heat formed in the metallic an-
tenna arms has been carried out as well. It was found that the heat power developed
in the antenna arm increases with its length until it reaches its maximum for L = 2.4 ym
(A = 7.43 pm). After that, it starts to decrease steeply. On the other hand, the absorp-
tion efficiency (defined as the ratio of the heat power developed in the antenna arm to the
energy flux of IR radiation incident on the arm) continuously decreases (from a maximum
value of 1.4 for L = 1 um) with the antenna arm length as shown in Fig. [3.22

Consequently, taking into account the results presented above, there is a chance that
at longer wavelengths corresponding to the maximum absorption in SRON beneath the
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antenna gap the heat developed in this part might be significantly higher than in the an-
tenna arms. Hence, the heating of SRON by the arms would be less significant when the
heat in SRON just beneath the antenna gap becomes maximal. The results in Fig. [3.23
indicate such a spatially localized heat development. In particular, the heat power den-
sity distribution (horizontally) across the arms L = 1 pym and L = 4.4 pym and over
SRON beneath the antenna gap is depicted for wavelengths A = 4 ym and A = 20 pm,
respectively.

Although the fabricated SRON layer possesses the thickness about 110 nm, supplement
calculations of the absorption in the SRON film of different thickness have been done and
they are plotted in Fig. [3.24] The resonance wavelengths of structures with thinner layers
shift towards longer wavelengths because Si substrate has greater refractive index than

the SRON layer.
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Figure 3.22: Absorption efficiency of the antenna arm for the antennas of different arm

lengths specified in Fig. 3.16] and 3.17]
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Figure 3.23: Computed heat power density distribution [nW/nm?] across the horizontal
cross sections in the middle of height of the arms (upper picture) and in the SRON layer
5 nm below the surface (lower picture). The antennas of the length L = 1 pum (left) and
L =4.4 pm (right) were illuminated by the radiation with the intensity 480 W/cm? and
wavelengths A = 4 ym and A = 20 pum, respectively.

The discussions on the behaviour of plasmonic resonances of antennas fabricated on the
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absorbing substrate and their utilization for spatially localized absorption enhancement of
electromagnetic radiation (especially heat generation) in this substrate have been carried
out for the mid-IR. However, the conclusions are also applicable for other spectral regions
where the materials exhibit a strong absorption resonances (for instance in the visible).
The absorption enhancement and efficiency in this region should be even more profound
due to correspondingly higher frequencies.

In the following section, the attention will be paid to the interplay between the antenna
resonances and the material absorption of various strengths (see Equation .
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Figure 3.24: The mutual relation between simulated total scattering of the electromagnetic
field (on left) and the absorption efficiency (on right) of the domain below the gap of the
antenna with L = 2.4 ym placed on the SRON layer. Spectra for the layer thicknesses of
10 nm, 50 nm, 100 nm were denoted by red, blue and black curves, respectively.

Conclusions

Resonance properties of the plasmonic infrared antennas deposited on the SRON layer
with a significant absorption of radiation in the mid-infrared were studied. Almost each
far-field reflection spectrum obtained for an antenna of a specific length generally possesses
two resonant plasmonic peaks being separated by a valley resulting from a strong coupling
of plasmonic oscillations with absorption resonances in the SRON material. Because of the
pronounced dispersion of the SRON dielectric function caused by the enhanced absorption
of IR radiation in this material, a nonlinear scaling between the resonance wavelength and
the antenna arm length was observed for these peaks, both experimentally and theoreti-
cally. Therefore, both the lower and upper plasmonic resonance branches reveal significant
deviations from linear behaviour. The heat generation primarily depends on the product
of the square of electric field intensity and the imaginary part of the dielectric function
of SRON. Hence, the highest plasmonic enhancement of spatially localized absorption
in this material will occur for the wavelengths already providing an increased absorption
of IR radiation in SRON and still having reasonable plasmonic resonances in the anten-
nas. Therefore, for each plasmonic resonant branch the maximum relative values of the
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absorption enhancement and absorption efficiency (both related to bare SRON without
antennas) in the domain below the gap occur at a wavelength in the interval between the
wavelength corresponding to the maximal electric field intensity and that one where the
plasmonic oscillations start to be strongly damped. For the lower branch these maxima
worth 60 and 13 were found by numerical simulations at the wavelengths A = 7.9 um
and A = 8.6 pum, respectively. For the upper branch these values were 68 and 19 and the
corresponding wavelengths A = 17.8 ym and A\ = 20 pm, respectively.

3.4 IR antennas on an annealed substrate

In the previous Section [3.3] it was shown that an antenna resonance wavelength is modi-
fied remarkably when it approaches a region of the absorption of a surrounding material.
The resonance properties of antennas on the absorbing substrate (SRON) discussed in Sec-
tion are studied in more detail here. Namely, the resonance properties of antennas
deposited on SRON annealed at different temperatures (and thus having different ab-
sorption peak strengths) are investigated. This investigation of the interplay between
plasmonic resonances and (adjustable) resonances in surrounding material can provide
supplementary information for sensing application [141], [142].

First, the material changes of SRON during annealing itself are discussed in Sec-
tion [3.4] and subsequently the resonance properties of antennas deposited on annealed
SRON layers are presented in Section [3.4]

Annealed SRON

SRON can be considered as a multi-phase material composed of a mixture of stoichiometric
silicon dioxide (SiOs), off-stoichiometric oxide (SiO,, with = < 2), elemental silicon,
nitrogen and hydrogen [143], [144]. Consequently, SRON shows a pronounced dispersion
of its refractive index (and absorption peaks) in infrared E] Mutual ratios of bond contents
in SRON and the corresponding Lorentz oscillator strengths are tunable by annealing
temperatures [143], [144], [145]. Off-stoichiometric oxide and silicon excess are separated
into Si nanoclusters (crystalline or amorphous depending on their size), defects (oxidation
states) and SiO; after the thermal treatment above temperatures of 1000 °C [146], [147],
[148].

From the point of view of material changes, this Section is focused on plasmonic
sensing of material transformation/modification in SRON occurred by annealing E] Fur-
thermore, SRON represents a good material for investigation of the plasmonic enhance-
ment of vibrational modes of surrounding material called Surface-Enhanced Infrared Spec-

troscopy (SEIRS) studied in the following Section [3.4.1]

The specimens identical to the ones studied in Section |3.3| were annealed at tempera-
tures of 1150 °C and 1200 °C. Their dielectric functions were obtained by J. Humlicek via
fitting the reflection by 3 Lorentz oscillators with gy = 2.1 (see Section 2.4.2) [ In par-

The structures in the dielectric function of SRON can be tuned by preparation procedures [144].

5The results are discussed with respect to photoluminescence measurements performed on bare spec-
imens (without the antennas).

16The results were confirmed by measurements of the ellipsometry performed by A. Dubroka.
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Table 3.2: Parameters of Lorentz oscillators of fitted reflection of SRON annealed
at 1150 °C, where the wavenumber reads v = 1/\.

G2, [10°ecm™2] | wop, [em™] | Ao (pm) | 4y [em ™)
4.70 1066 9.4 88
8.62 939 10.6 222
4.06 442 22.6 131

Table 3.3: Parameters of Lorentz oscillators of fitted reflection of SRON annealed
at 1200 °C, where the wavenumber reads v = 1/\.

G2 [10°cm™2] | wom [em™] | Ao (pm) | v, [em ™!
11.1 1078 9.3 71
9.04 919 10.9 252
4.88 452 22.1 88

ticular, the oscillators of specimens annealed at temperatures of 1150 °C and 1200 °C are
described by parameters in Tables and respectively.

The oscillators in Tables [3.1] and can be associated with particular bonds
in SRON although it is difficult for its amorphous nature. The first oscillator (at 1066 cm ™!
and 1078 cm™ for Typpear = 1150 °C and Tynpea = 1200 °C) is associated with the
stretching mode of Si-O bond. Its frequency moves towards higher energies by annealing
and approaches the frequency of 1074 cm™! of a bulk SiO, [I39]. The second oscillator
(at 939 cm™! and 919 cm ™ for Tynnear = 1150 °C and Typnear = 1200 °C) is associated with
Si-O bond [149]. The third oscillator (at 442 cm™! and 452 cm™ for Typpea = 1150 °C
and Tynnear = 1200 °C) is associated with rocking mode of Si-O bond [I50].

The material (and its material phase) changes with annealing that can be observed
by a disappearance of the second and third oscillator present in not-annealed SRON.
The second oscillator (at 857 cm™!) associated with the stretching mode of Si-N bond
[150] disappears as SRON changes from SizNy-like to SiOs nature by annealing. Sim-
ilarly, its third oscillator (at 698 cm™!) associated with neutral oxygen vacancies [139)]
disappears because its content reduces during annealing resulting in a greater signal from
Si-nanoclusters in photoluminescence (see Fig. [3.25)).

The dielectric functions of not-annealed and annealed SRON are plotted together
in Fig. Within the wavelength range of about 8-12.5 pum dielectric functions possess
dispersion that is more remarkable for higher annealing temperatures. In particular,
SRON has the Reststrahlen band (with possible excitation of surface phonon polaritons)
as it obtains properties of SiO, by annealing. The quality factors of the first Lorentz
oscillators for annealed SRON are two times higher than that one of not-annealed SRON.
Moreover, the oscillator strength for the substrate annealed at 1200 °C is two times higher
than for the others (compare Tab. , With Tab. . Moreover, the dispersion in the
wavelength range of about 20-26 pm increases from not-annealed to annealed substrate.
The vibration signal in infrared can be enhanced via plasmonic antenna resonance that
represents the aim of the next part of this Section [3.4]

Apart from features in IR spectra [I44], annealed SRON exhibits also the photolu-
minescence (PL) activity [I5I]. The PL peak intensity and its wavelength provide the
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Figure 3.25: PL spectra of not annealed and annealed SRON specimen. The photolumi-
nescence spectra were provided by Zoltan Edes.
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Figure 3.26: Refractive index and dielectric function of SRON layers not-annealed and
annealed at temperatures 1150 °C and 1200 °C depicted by black, blue and red curves,
respectively.

information about the presence of Si nanocrystals in a specimen and thus the degree
of annealing. The photoluminescence measurements were performed by Zoltan Edes.
The photoluminescence spectra of not-annealed specimen and ones annealed at differ-
ent temperatures are plotted in Fig. [3.25] The photoluminescence spectra of annealed
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SRON (at temperatures of 1100° C, 1150° C, 1200° C) possess peaks (at about 810 nm,
835 nm, 860 nm) associated with the luminescence of Si-nanocrystals [152], [I53]. The
peak positions are red-shifted as the Si-nanocrystals increase in size with the annealing
temperature.

Antenna resonances

The motivation behind is to compare responses of the plasmonic antenna to materials
(in its vicinity) having different strengths of absorption peaks. This knowledge can be
demanded in sensing applications like SEIRS [112], etc.

This work lies in a comparison of resonances of antennas deposited on SRON lay-
ers annealed at different temperatures and thus having different absorption strengths.
To perform this properly, identical arrays of Au antennas have been fabricated by EBL
(see Section on these specimens. It is worth mentioning fabricated antennas on
different specimens should possess almost same dimensions (and geometry). This was
managed by a spacer-layer (see Section coated on annealed samples below the re-
sist compensating its different adhesion on annealed samples.

Unpolarized reflection spectra were measured by FTIR method on antenna arrays
consisted of the same number of antennas E The particular spectra taken from samples
not-annealed and annealed at temperatures of 1150 °C and 1200 °C are shown in Fig. [3.27
a), b) and c), respectively.

The stronger dispersion of dielectric functions (see Fig. [3.26]) of annealed layers results
in a deeper dip in reflection spectra (compare Fig. [3.27|a) with b) and ¢)) for wavelengths
between 7.8-12.5 pum as SRON obtains optical properties similar to SiO,. The most
remarkable dip is observed for the substrate annealed at 1200 °C that may be related
to the overdamping of the system [141] associated with higher quality factor and strength
of the first Lorentz oscillator of SRON (see Tab. . Also, spectra of specimens annealed
at 1200 °C possess peaks remarkably sharp and close to wro of SiOs (see Fig. . This
behaviour is in agreement with results measured in transmission in [112].

Moreover, one can pay attention to features within the wavelength range of 7.8 ym <
A < 9.9 pm corresponding to the Reststrahlen band of annealed SRON (see Fig. |3.27
b), ¢)). These features are enhanced only weakly by short antennas possessing plasmonic
resonances far below this region. In contrast, they are remarkably enhanced by longer
antennas with resonances in this region.

Summarizing, a peak in the region of 7.8 ym < A < 9.9 um and a dip at A ~ 12.5 ym
becomes more remarkable on annealed specimens. Therefore, it results in a step in the
dependence between resonance wavelengths and antenna arm lengths for annealed SRON
in Fig. [3.28

Relations between resonance wavelengths and antenna arm lengths are plotted for
not-annealed and annealed substrates in Fig. [3.28 Resonances on annealed layers are
blue-shifted in lower and upper branches of resonances. This behaviour was confirmed
also by the FDTD simulations. In particular, the lower branch of resonances is blue-
shifted by presence of stretching mode of Si-O-Si bond. On the other hand, the blue-
shift of the upper branch of resonances is determined by the rocking mode of Si-O bond
(at about 450 cm™1).

17 Analogously to Section the reflection spectra acquired from areas with antennas were normalized
to reference (bare) spectra without antennas.
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Figure 3.27: Measured IR unpolarized reflection spectra of dimmer Au antenna (of the
gap size of 100 nm) arrays fabricated on a) not-annealed sample, and annealed samples
at temperatures b) of 1150 °C and c) of 1200 °C. The particular lengths of antenna arms
are denoted on the right side.



3.4. IR ANTENNAS ON AN ANNEALED SUBSTRATE

A, (um)

>

not annealed
anenaled 1150 °C
anenaled 1200 °C

0 1 2 3
L (um)

Figure 3.28: Resonance wavelengths vs. antenna arm lengths L. Experimental data and
approximative relations (by Equation [3.1)) depicted by dots and curves, respectively.

5




52 CHAPTER 3. PLASMONIC RESONANT STRUCTURES

3.4.1 Surface-enhanced infrared spectroscopy on SRON

The plasmonic resonance of an antenna is capable to enhance the vibrational modes of
a material in its vicinity. As mentioned above, it is exploited in the Surface-Enhanced
Infrared Spectroscopy (SEIRS). Materials with optical properties fitted only by single
oscillator were studied by SEIRS in [110], [I11], [112]. The ”plasmonic” enhancement of
a vibrational signal has been represented by the ratio of the height to Full Width at Half
Maximum (FWHM) of given spectral features [112].

The SEIRS behaviour can be found also in reflection spectra of antennas on SRON
layers (Fig. [3.27). However, its investigation is more difficult because SRON dielectric
function is fitted by 3 or 4 (overlapping) Lorentz oscillators. To approach SEIRS investi-
gation of this material, spectral features enhanced in different wavelength ranges are dealt
with independently.

For the lower branch of resonances, the hight-to-FWHM ratios of peaks in reflection
of antennas deposited on not-annealed and annealed SRON are shown in Fig. [3.29] One
should pay attention to not-annealed SRON studied in Section [3.3] There, the maximal
hight-to-FWHM ratio occurs for the antenna arm length of L = 2.8 pm that lies between
arm lengths of L = 2.4 ym and of L = 3.2 pum providing maximal electromagnetic field
enhancement in metallic arms (proportional to the electric field in SRON domain denoted
in Fig. and the absorption efficiency (see Fig. in the SRON layer, respectively.
Therefore, the plasmonic antenna resonance is determined by a dielectric function of the
surrounding material in its close vicinity where the near field (E?) is enhanced.
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Figure 3.29: The height-to-F'WHM ratios of the features in the lower branch of resonances
for different arm lengths. The dependences are plotted for not annealed and annealed
SRON layers at temperatures of 1150 °C and 1200 °C.

In the upper branch of resonances, the investigation of SEIRS is more difficult be-
cause the material resonances of SRON overlap noticeably. The height-to-FWHM ratios
of the features are shown for different antenna arm lengths in Fig. [3.30] There are two
peaks for annealed specimens and only one peak for not-annealed SRON. The vibrational
peaks enhanced via antennas of about L = 3.2 um correspond to resonance wavelengths



3.4. IR ANTENNAS ON AN ANNEALED SUBSTRATE 53

of 14.1 pm, 14.3 pm and 12.9 pm for not-annealed and annealed SRON at temperatures
of 1150 °C and 1200 °C, respectively. Moreover, spectra of annealed SRON possess peaks
enhanced by antennas of L = 1.6 pum corresponding to wavelengths of about 9.7 yum. Be-
fore concluding, one should mention a dip in spectra of SRON annealed at 1200 °C. This
dip is remarkably enhanced by antennas of L = 2.8 um with correspondent wavelengths
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Figure 3.30: The height-to-FWHM ratios of the features in the upper branch of resonances
for different arm lengths. The dependences are plotted for not annealed and annealed
SRON layers at temperatures of 1150 °C and 1200 °C.
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Figure 3.31: The height-to-FWHM ratios of the dip in the upper branch of resonances for
different arm lengths. The dependence is plotted for SRON layer annealed at temperature
of 1200 °C.

8The dip about wavelengths of ~ A\ = 12.3 um is also weakly observed on SRON annealed at 1150 °C.
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As antennas on SRON annealed at 1200 °C exhibit the most substantial features one
can compare their SEIRS spectra for the upper branch of resonances (Fig. and
3.31]). Features at wavelengths of about 9.7 um are enhanced properly by antennas of
L = 1.6 pm. Going to longer wavelengths, the dip at wavelengths of about A = 12.3 ym
is properly enhanced by antennas L = 2.8 um while the broad peak is enhanced (only
slightly) by the antenna of L = 3.2 ym. Summarizing, despite SRON possesses more
vibrational modes/peaks, it is possible to find an antenna arm length that enhances the
vibrational signal of a given mode properly. More skilful techniques as fitting the reflec-
tion spectra or dealing with quality factors of material resonances (its Lorentz oscillators)
have not provided deeper insight yet.

3.4.2 Conclusions

To conclude, the ability of the plasmonic antenna to enhance a vibrational signal of its
substrate (called SEIRS) was studied and confirmed for SRON possessing 3-4 material
resonances. It was shown that the coupling between the plasmonic resonance and the
material oscillations results in not only splitting of the plasmonic resonance (due to the
increased absorption of the surrounding material referred in Section but also a re-
markable excitation of surface phonon polaritons. Moreover, it was found that despite
the material possesses more material resonances (described by overlapping Lorentz oscil-
lators), it is possible to find the antenna arm length enhancing the vibrational signal of
a given material resonance.



3.5. VIS ANTENNAS EXCITED BY AN ELECTRON BEAM 55

3.5 VIS antennas excited by an electron beam

The previous Sections were aimed at resonance properties of structures excited via a con-
ventional light source. Resonances caused by this homogeneous volumetric illumination
have been discussed in review articles e.g. [23], [25], [I54]. Nevertheless, sensing by plas-
monic structures represents the good motivation for finding plasmonic modes possessing
narrow-wavelength spectral responses [132], [155], [I56] or for mapping the photonic local
density of states (LDOS) [128], [157], [158]. For this purpose, different types of excita-
tions should be used. In particular, the local excitation in the form of an electron beam
impinging onto a plasmonic structure is studied intensively nowadays [157], [159], [160].
Therefore, this topic is discussed in this section.

The electron beam impinging onto plasmonic structures represents an inhomogeneous,
local excitation that can excite modes different from ones excited via light sources [160].
Moreover, different modes should be excited when the electron beam impinges onto differ-
ent positions of the structure [160], [161], [162]. Hence, this method represents a further
supplement to the far-field optical investigation of resonant plasmonic modes [163].

Accelerated electrons are used in many applications including the observation of spec-
imen’s topography (SEM) or its chemical characterization. The interaction of electrons
(accelerated to keV) with the matter produces different measurable signals as secondary
electrons, backscattered electrons and photons called the cathodoluminescence. Also,
the impinging electron may suffer the energy-loss that can be measured via the electron
energy-loss spectroscopy (EELS) on thin specimens [164]. It is worth mentioning SPPs
were observed by the energy-loss already in 1957 [9], [10].

The cathodoluminescence (CL) is a process occurring either incoherently or coher-
ently. In the classical conception of the incoherent cathodoluminescence, the emission of
the photon is a consequent effect of an electron-hole pair annihilation (especially in semi-
conductors) that is generated by the collision of impinging electron beam with the mat-
ter. On the other hand, the coherent cathodoluminescence involves Cherenkov radiation
and transition radiations. Both radiations can be described by the Maxwell equations.
The Cherenkov radiation occurs when a charged particle passes through a homogeneous
medium with greater speed than the phase velocity of light in the given medium [165].
The Cherenkov radiation is marginal in metals so it is not discussed in this text. The tran-
sition radiation occurs when a probing electron passes the interface between two media
of different permittivity. This phenomenon was predicted and experimentally confirmed
in [166], [167], respectively. For the electron beam energy of 30 keV, the emission prob-
ability of light (in the visible) is remarkably smaller for the transition radiation than
for the excitation of SPPs/LSPs [I68]. The interference of the transition radiation with
SPPs/LSPs was studied in SPPs interference structures in [I68]. However, the impact of
the transition radiation on experiments related to plasmonics is usually not taken into ac-
count.

The excitation of surface or localized plasmons by an electron beam can be fully under-
stood within the framework of classical electrodynamics. The passing electron generates
the electromagnetic field described by the Lienard-Wiechert potential [48]. When the
electron beam impinges metallic structures its field excites collective oscillations of free



56 CHAPTER 3. PLASMONIC RESONANT STRUCTURES

electrons in metal (i.e. SPPs), giving rise to an induced electromagnetic field [169]. In this
concept, the energy of the impinging electrons is transferred into the energy of induced
plasmons and then ultimately dissipated in the form of heat and radiation. This induced
field acts back on the passing electrons, changing both their energy and momentum.

Consequently, the force exerted by the total electric field of induced SPPs acts back
on the impinging electron. This electron reduces its velocity that can be expressed by the
energy-loss [157]

N / v Ba(r(t), ) dt (3.3)

where Ejnq(r.(t),t) denotes the induced electric field on the trajectory r.(t) of the im-
pinging electron with the charge e and velocity v. This energy-loss can be measured
by the scanning transmission electron microscopes (STEM) equipped with the monochro-
mator (EELS). Note, the EELS in STEM requires almost electron-transparent specimens.
Therefore, plasmonic structures to be measured by EELS are usually fabricated on thin
(~ 30 nm) membranes of silicon nitride (Si3N4). The fabrication of nanostructures for
EELS measurements was one of the goals of this work referred in Section [3.1.2]

The EELS is able to capture both near- and far-field components. The comparison be-
tween EELS and the photonic local density of states (LDOS) has been performed in [160]
where no direct connection/link between EELS and LDOS maps has been found on plas-
monic antennas []

A part of the induced electromagnetic field in the form of radiation can be detected
as the cathodoluminescence signal [I70], [I71]. Thus, plasmonic peaks in the cathodolu-
minescence represent only radiative modes of measured structures. Measurements of the
cathodoluminescence can be performed on arbitrarily thick specimens, because the signal
is collected from the space above the specimen.

In summary, the cathodoluminescence and EELS in a scanning mode can provide
SPP spectra with deeply subwavelength spatial resolution. It was shown in literature,
that these spectra are dependent both on the antenna geometry and on the position
impinged by the beam onto [I128]. Thus, both techniques can provide snapshots of fields
of plasmonic modes supported by nanostructures. This section is aimed at simulations
and measurements of the cathodoluminescence.

3.5.1 Simulations of cathodoluminescence

To investigate numerically the radiative modes excited by the impinging electron beam,
the beam was modelled as a line current-density source. In the FDTD simulation approach
where the movement of a passing electron cannot be simulated directly, the current density
(due to a passing charge) can be modelled as a series of dipoles with temporal phase
delay that is governed by electron velocity [170] @ The dielectric functions of gold and
substrates were obtained from [50] and [72], respectively. The induced radiated power
is obtained by integrating the Poynting vector over the area localized 100 nm above the
antenna.

9They observed also a case when the EELS method was blind to hot-spots in the antenna gap.
20Note, this technique provides only approximative approach [160].
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3.5.2 Measurements of cathodoluminescence

Experimental setup

The experimental device is basically a SEM microscope equipped with a system for
detection of the weak light signal radiated from the specimen. In particular, the mea-
surements presented in this work were performed by FEI Quanta FEG with MonoCL4
apparatus (Fig. [3.32)).

Collector
mirror

Emitted photons
coupledto detector

/ ,
[ ]

Figure 3.32: FEI Quanta FEG with MonoCL4 apparatus for measurements of cathodo-
luminescence.

The electron beam of the probe current 10-50 nA accelerated by 30 kV had the spot
diameter of about 5 nm. The working distance (distance between the objective and the
specimen) was about 11.5 mm. It is worth mentioning that due to a very poor CL signal
excited by plasmonic resonance the working distance was always adjusted with precision
~ 0.1 mm with respect to the maximal collected signal. The apparatus collecting the
emitted (CL) light was then placed between the specimen and the SEM objective. It
comprises a parabolic aluminium mirror with a small pinhole for an impinging electron
beam. Then, the light was guided onto the entrance slit of a Czerny-Turner monochro-
mator with CCD array detector. The spectral range of the detection was 400-750 nm
that consequently reduced the scope of the experiments. The monochromator allowed two
operating modes. In the panchromatic mode, the signal of all frequencies was collected;
in contrast, the monochromatic mode was able to provide cathodoluminescence spectra.

In the first phase of experiments, some reference measurements have been performed
on specimens of CL-active materials (e.g. quartz specimen, GaN) to confirm the relia-
bility of the technique. The acquisition time was usually about 2 minutes for a whole
wavelength range. The maximal cathodoluminescence signal was measured on quartz. Its
spectrum consists of 60 000 counts per each 10nm wide wavelength interval. The spectra
measured on reference specimens were comparable to ones from literature, thus the ex-
periments with excitations of SPPs began.

Regarding experiments with plasmonic structures providing weak signal intensity, the
obtained spectra were always normalized to the reference ones from bare substrates (in-

cluding a dark-signal).

Firstly, SPPs were excited on Au layers. The SEM image and corresponding CL image
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of metallic strip (40 nm heigh, width 5 pgm) taken in the panchromatic mode are shown
in Fig. [3.33. The CL spectrum obtained from the layer edge is shown Fig. |3.33] The
spectrum possesses the peak at about 600 nm provided by the vertical resonance at the

edge ([172]).
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Figure 3.33: CL image excited by the electron beam of the energy of 30 kV, and current
of 36 nA. The SEM and CL (panchromatic mode) images of the layer strip are shown
above on left and right, respectively. The CL spectrum taken in the monochromatic mode
from the layer-edge is shown below.

Consequently, SEM and CL images of the array of plasmonic antennas are shown
in Fig|3.34. The CL image shows four circle-like features (bottom right) caused by the
contamination of the specimen during CLL measurement with big electron beam current.
The contamination of the specimen represents the reason for only a short duration of
collection (a few minutes) of CL signal excited by beam currents above 40 nA.

Then, the CL was measured on cylindrical antennas of different diameters. The SEM
and CL (panchromatic mode) images of antennas are shown in Fig. [3.35, The CL spectra
acquired from the edge of antennas (acquired in mono-chromatic mode) of diameter of
55 nm, 60 nm, 80 nm are depicted in Fig. [3.36l The peak positions are red-shifted with
the increasing antenna diameter.
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Figure 3.34: The antenna array depicted by SEM (left) and CL (right) signals. The
horizontal field of view is 100 pm.

Figure 3.35: The comparison of the ETD signal of secondary electrons and cathodolumi-
nescence signal acquired from MonoCL4 apparatus. The bar denotes 100 nm.

3.5.3 Conclusions

Concluding, the cathodoluminescence spectra of plasmonic structures (in visible range)
were measured. CL spectrum of the (Au) layer edge possessed the peak at about 600 nm.
The CL spectra of cylindrical Au antennas show resonance wavelength shift with respect
to an antenna diameter (55 nm, 60 nm, 80 nm).

This Chapter was motivated by an effort to demonstrate the capability to perform
the cathodoluminescence measurements. The intention was to compare CL spectra with
EELS ones and thus to show the difference between radiated and non-radiated modes
by both techniques. Nevertheless, the CL signal was too small and the contamination
during the signal acquisition was very fast.
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Figure 3.36: CL spectra acquired from circular antennas (see Fig. [3.35)) of different
diameters (in legend). The spectra are taken from positions/impinged points in close
vicinity (~ 5 nm) of the antenna.
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4. Conclusions

The presented work deals with the infrared and visible plasmonic antennas for absorption-
(Section and sensing-related applications (Section. It involves both experimental
and theoretical study of plasmonic antennas; the antennas were fabricated, their optical
properties were measured and modelled by electromagnetic field simulations [68].

The fabrication of plasmonic antennas by the Electron Beam Lithography (EBL) and
the Focused Ton Beam are described in Section Moreover, to prove the applicant
is able to use these techniques, this Section includes images of fabricated structures.
In particular, EBL method shows its efficiency to fabricate not only ~ pm double antennas
with the gap reaching 20 nm but also optical dimmers with arm length of about 60 nm.
In contrast, the Focused Ion Beam (FIB) was used for fabrication of optical antennas with
high precision of geometry (circles, rectangles, triangles, crescents) and their positioning
in small distances (of ~ 15 nm) between each other. These structures were consequently
used for measurements of the cathodoluminescence (reported in Section and the
Electron Energy Loss Spectroscopy (EELS).

Plasmonic infrared antennas deposited on the SRON layer with a significant absorp-
tion in the mid-infrared were studied both for their resonant and absorption properties
in Section (3.3 based on author’s publications [62], [63]. Almost each reflection spectrum
of specific antenna arm length possesses two resonant plasmonic peaks being separated
by a dip resulting from a strong coupling of plasmonic oscillations with material absorption
resonances in SRON. Consequently, this coupling results in a non-linear scaling between
the resonance wavelength and the antenna arm length. Subsequently, the relation between
the electric field intensity enhanced by the antenna resonance and the absorption in the
SRON layer below antenna were found for different antenna arm lengths. The increased
absorption in SRON below the antenna requires both substantial plasmonic resonances
and high material absorption of SRON at the same wavelength. The absorption effi-
ciency related to a reference SRON layer reaches its maximal values of 13 at A = 8.6 ym
(L = 3.2 um), and of 19 at A = 20 ym (L = 4.4 pm) for lower and upper branches,
respectively.

In Section [3.4] the ability of a plasmonic antenna resonance to enhance a given vibra-
tional mode of its substrate (called SEIRS) was studied and confirmed for SRON possess-
ing 3-4 material resonances. It was shown, that the coupling between the plasmonic reso-
nance and the material oscillations results in not only splitting of the plasmonic-antenna
resonance (due to the increased absorption of the surrounding material) but also a remark-
able excitation of surface phonon polaritons. Moreover, it was found (in Section
that despite the material possesses more material resonances (described by overlapping
Lorentz oscillators), it is possible to find the antenna arm length enhancing the vibrational
mode of a given material resonance.

The measured cathodoluminescence spectra of antennas (in visible) were presented
in Section to show different type of antenna excitation. In particular, CL spectra of
cylindrical Au antennas show resonance wavelength shift with respect to an antenna size
(55 nm, 60 nm, 80 nm).
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So far, the work was focused mainly on resonances of plasmonic antennas on the
substrate (SRON) possessing vibrational modes (material resonances) and thus having
pronounced dispersion of its refractive index. It has been shown, that the antenna reso-
nance is able to enhance both the absorption in the substrate (with possible temperature
increase) and vibrational modes (demanded in sensing applications) in the near- and far-
field, respectively. Furthermore, it has been found that despite the presence of more
material resonances (described by overlapping Lorentz oscillators), it is still possible to
find the antenna arm length enhancing the vibrational mode of a given material resonance.
This behaviour is promising in sensing-related applications such as SEIRS. It represents
a potential challenge for further study because there are publications aimed at materials
with the only one material resonance.
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