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Nanogaps for Nanoantenna-Assisted Infrared Spectroscopy
Lithograhically prepared gold nanorods, showing antenna-like plasmon resonances in the
infrared (IR) spectral range, are able to strongly enhance local electromagnetic fields. This
can be exploited for nanoantenna-assisted IR spectroscopy (NAIRS), a sensing application
allowing detection of very small amounts of molecules (attomol). Since near-field coupling
between nanorods over small gaps considerably increases the field enhancement, the main
focus of the thesis was the characterization and preparation of gaps in the sub-10 nm range.
Therefore, two approaches were applied: the narrowing of lithographically prepared gaps
(20 – 50 nm) by chemically induced metal deposition, on the one hand, and the milling of
long rods by focused ion beams (FIB) on the other hand. IR optical investigations of the
grown or milled nanorods allowed non-destructive assessment of the fabrication quality.
In regard to the chemical method, gaps in the range of 10 nm were presumably prepared,
whereas FIB milling resulted in gaps down to 20 nm. In addition, near-field and far-field
coupling effects in nanorod arrays were analyzed to determine the optimal rod arrangement
for NAIRS. Finally, the probe molecule mercaptoundecanoic acid was spectroscopically
investigated with the help of gold nanoantennas and enhancement factors up to 48 000
were estimated.

Nanolücken für Nanoantennen-unterstützte Infrarot-Spektroskopie
Lithographisch hergestellte Gold-Nanodrähte weisen antennenartige Plasmonenresonanzen
im infraroten (IR) Spektralbereich auf und sind in der Lage, lokale elektromagnetische
Felder beträchtlich zu verstärken. Dies kann für Nanoantennen-unterstütze Infrarot-
Spektroskopie (NAIRS), eine Sensoranwendung welche die Detektion kleinster Mengen
an Molekülen (attomol) erlaubt, ausgenutzt werden. Da Nahfeldkopplung über Lücken
zwischen Nanodrähten die Feldverstärkung bedeutend vergrößert, lag der Hauptaugenmerk
der Arbeit auf der Charakterisierung und Herstellung von Lücken im Bereich kleiner als
10 nm. Dazu wurden zwei Vorgehensweisen angewandt: zum einen das Verengen von litho-
graphisch hergestellten Lücken (20 – 50 nm) durch chemisch induzierte Metallabscheidung
und zum anderen das fokussierte Ionenstrahl (FIB)-Ätzen von langen Drähten. IR optische
Untersuchungen der gewachsenen bzw. geätzten Nanodrähte ließen Rückschlüße auf die
Herstellungsqualität zu. Mit der chemischen Methode wurden Lücken im Bereich von
vermutlich 10 nm hergestellt, wohingegen FIB-Ätzen zu Lücken bis zu 20 nm Größe führte.
Desweiteren wurden Nah- und Fernfeldkopplungseffekte in Nanodraht-Feldern analysiert,
um die optimale Anordnung der Drähte für NAIRS zu bestimmen. Schließlich wurde
das Testmolekül Mercaptoundekansäure mithilfe von Gold-Nanoantennen spektroskopisch
untersucht und Verstärkungsfaktoren bis zu 48 000 abgeschätzt.
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1. Introduction

Infrared (IR) spectroscopy [1] is a well-known analytical method in life sciences. Since
nearly every specimen (gaseous molecules, liquids, solid states) features characteristic
absorption bands (“fingerprints”) in the IR spectral range [1], IR spectroscopy
can be used for the identification and quantification (Lambert-Beer law [2]) of
known compounds [3]. Furthermore, information about composition, structure, and
configuration of, preferentially, organic molecules can be derived. Advantages of IR
spectroscopy include label-free, non-destructive, and in situ investigations, applied
for example to analyze the secondary structure of proteins [4, 5].

Unfortunately, IR as well as the complementary Raman spectroscopy [6] suffer from
very low scattering cross-sections (10−20−10−30 cm2) [7], limiting the detection of
very small amounts of molecules. However, this problem can be overcome by the use of
field-enhanced vibrational spectroscopies based on surface-enhanced Raman scattering
(SERS) [8, 9] and its counterpart, surface-enhanced infrared absorption (SEIRA) [10,
11]. Besides the chemical contribution (formation of charge transfer complexes, first
layer effect, see e.g. [12–15]), the main part of the signal enhancement originates from
the excitation of surface plasmon resonances (collective electron oscillations) at metal
surfaces, resulting in considerable electromagnetic field enhancement in the vicinity
of metal surfaces [16, 17]. Furthermore, it was found that resonant excitation of
localized surface plasmon resonances in metal nanoparticles by light yields huge local
electromagnetic near-field enhancement [18, 19]. And due to the rapid evolution of
new nanostructure preparation techniques (e.g. electron beam lithography, ion beam
milling, self assembly), an own field of research, plasmonics [20, 21], developed which
can be considered as “merging photonics and electronics at nanoscale dimensions [22]“.
While first SEIRA experiments were carried out on rough [10, 23] or island-

like metal films [24–27], the sensitivity of the method was improved by employing
regularly arranged metal nanoparticles [28]. One advantage of metal nanoparticles
over random-like island structures is the possible tuning of the particles’ optical
properties by varying size and shape [18]. In this context, metal nanorods with
lengths in the micron range are of special interest since their resonance position
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1. Introduction

in the IR can be adjusted by mainly changing the rod length [29–31]. In analogy
to radio frequency antennas, nanorods are referred to as “nanoantennas” to reflect
their ability to concentrate electromagnetic radiation. Recently, gold nanorods have
been applied to the sensing of adsorbed molecules [32–34], pushing the detection
limit towards zeptomolar1 sensitivity. In addition, near-field interaction over narrow
gaps between the tip ends of parallel aligned nanoantennas promises additional
enhancement of the electromagnetic field [30, 35].

The present thesis deals with lithographically prepared gold nanorods which show
antenna-like plasmon resonances in the IR. Nanorods arranged in regular arrays are
better suited for potential sensing applications compared to individual nanorods
since shorter measurement times are possible due to higher signal-to-noise ratio. For
this reason, one aim of the thesis was to investigate the dependency of the nanorods’
optical properties on the rod arrangement within an array. The obtained findings set
path for an optimal design of nanoantenna arrays suited for nanoantenna-assisted
infrared spectroscopy (NAIRS) [33, 34]. Moreover, the main objective was to increase
near-field coupling between nanorods by preparing nanogaps between their tip ends
in the range of less than 20nm. To this end, two different approaches to nanogap
fabrication were applied and investigated: the narrowing of lithographically prepared
gaps (20−50nm) by chemically induced metal deposition [36, 37], on the one hand,
and the milling of long rods by focused ion beams (FIB) [38] on the other hand.
Furthermore, the probe molecule mercaptoundecanoic acid was used to demonstrate
the sensing application of NAIRS.
The structure of the thesis is as follows: Chapters 2 and 3 briefly present fun-

damentals, materials, and methods, which are necessary for the understanding of
the experimental results in Chaps. 4 to 7. Whereas Chap. 4 focuses on the optical
properties of arrays consisting of non-interacting nanorods, Chap. 5 investigates
the separation-dependency of the nanorods’ optical response within arrays. The
main part, the characterization and preparation of nanogaps, is discussed in Chap. 6.
Furthermore, first results of NAIRS of mercaptoundecanoic acid are shown in Chap. 7
and compared to former experiments with octadecanethiol [34]. Finally, summary
and outlook can be found in Chap. 8 and 9, respectively.

1One zeptomol corresponds to 10−21 mol.
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2. Fundamentals

The chapter starts with an introduction on infrared spectroscopy (Sec. 2.1), explain-
ing the basic principles of Fourier transform infrared spectroscopy. After a brief
overview on metal optics (Sec. 2.2), plasmon-polaritons are introduced in Sec. 2.3.
Furthermore, Sec. 2.4 deals with the optical properties of individual nanoantennas,
whereas interaction effects between several particles is shortly reviewed in Sec. 2.5.
Subsequently, Sec. 2.6 focuses on the interaction of light and phonons in dielectric
media. Finally, the effect of surface-enhanced infrared absorption, which is the basis
of nanoantenna-assisted infrared spectroscopy, is covered in Sec. 2.7.

2.1. Infrared Spectroscopy
The present section is based on the description given in [1]. In general, spectroscopy
deals with interaction of electromagnetic waves and matter. A sample is illuminated
by a certain radiation source and the energy of the transmitted or reflected light
is analyzed. Since frequencies of molecular vibrations are located in the IR regime,
IR spectroscopy is commonly used to investigate the vibrational spectrum of solid,
liquid or even gaseous species1. Besides molecular vibrations, also other excitations,
such as plasmon- (Sec. 2.3) or phonon-polaritons (Sec. 2.6), can be probed by IR
spectroscopy, in which light is usually characterized by the quantity wavenumber2 [1]

ν̃ = 1
λ

= E

hc
. (2.1)

Here, λ, E, and c are the wavelength, energy, and speed of the light, respectively,
and h is Planck’s constant. The relevant spectral region in this work ranges from
approximately ν̃ = 600cm-1 to ν̃ = 7000cm-1 and belongs to the mid-infrared (MIR).
1Note that only molecular vibrations which feature a transition dipole moment can be excited by
IR light [1].

2The wavenumber is sometimes referred to as “frequency”. It must not be mixed up with the
frequency ν = c/λ.
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Figure 2.1.: Schematic diagram [39] of a FT-IR spectrometer consisting of a IR light
source, a classical Michelson interferometer, and an IR detector. By Fourier transforming
the measured interferogram I (x), the actual spectrum S (ν̃) is obtained (see text).

In contrast to dispersive spectroscopy, where spectral dispersion of light is achieved
by gratings or prisms, the Fourier transform infrared (FT-IR) technique performs the
spectral splitting with the help of an interferometer, allowing wavelength dependent
radiation modulation. The simplest type is the classical Michelson interferometer,
consisting of a movable and a fixed mirror (see Fig. 2.1). Coming from the IR light
source, the IR beam is divided by a beam splitter into two partial beams, which are
reflected on mirrors back to the beam splitter where they recombine and interfere.
After passing the sample, the light is collected by an IR detector (see Sec. 3.2.1
for the different types). Any shifting of the movable mirror changes the optical
path length, leading to a varying interference amplitude. Thus, the detected signal
intensity is a function of the mirror position and is called interferogram.
As a simple example, moving the mirror in case of a monochromatic light source

(e.g. laser) of frequency ν̃0 leads to a cosine signal of the measured intensity I as a
function of the optical path difference x [1]:

I (x) = S0
2 {1 + cos(2πν̃0x)} , (2.2)

where S0 is the initial beam intensity. In the case of a broadband light source with
spectral intensity S(ν̃), an integration over all frequencies ν̃ has to be performed to
obtain the interferogram I(x) [1]:

I (x) =
∞̂

0

S (ν̃){1 + cos(2πν̃x)} d(2πν̃) . (2.3)
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2.2. Metal Optics

While the first part of the integrand is a constant which depends on the beam
profile, detector, etc., the second part represents the Fourier transform of the
spectral intensity S(ν̃). By calculating the inverse Fourier transform, S(ν̃) can be
determined [1]:

S(ν̃) =
∞̂

−∞

I (x)cos(2πν̃x) dx. (2.4)

Note that the spectrum S(ν̃) calculated by Eq. (2.4) features spectral characteristics
of the apparatus (beam profile, beam splitter, polarizer, detector, etc.), which can
be eliminated by normalizing the spectrum of the sample to a reference spectrum
(see Sec. 3.2.2).

2.2. Metal Optics

The general dispersion relation of electromagnetic waves inside non-magnetic media
can be derived from Maxwell’s equations in matter [40] and is given by [41]

∣∣∣~k∣∣∣2 = ε(ω) ω
2

c2
. (2.5)

Here, ~k and ω = 2πc ν̃ denote the wave vector and the angular frequency of the
electromagnetic wave, respectively. Hence, the propagation behavior of the wave is
determined by the medium’s dielectric function ε which is, in most cases, a complex
function of ω [42]:

ε(ω) = ε1(ω) + iε2(ω) , (2.6)

featuring a real (<{ε} = ε1) and imaginary part (={ε} = ε2). Furthermore, the
complex refractive index Ñ is defined according to [42, 43]

Ñ = n+iκ=
√
ε=
√
ε1 +iε2 . (2.7)

Its real and imaginary part are referred to as refractive index n and extinction coeffi-
cient κ. The real part n determines the propagation velocity of the electromagnetic
wave inside the medium, whereas the imaginary part κ leads to an exponential decay
of the electric field vector which is called absorption [41].
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Figure 2.2.: Real (ε1) and imaginary part (ε2) of the bulk dielectric function of gold in
the (a) IR and (b) visible/UV range. In (a), the open symbols represent experimental
data from Ordal et al. [44]. In addition, calculations of ε1 and ε2 according to the Drude
model (ωp/2πc= 72500cm-1 and ωτ/2πc= 216cm-1) are shown as solid lines. The curves
in (b) originate from experimental data of Johnson & Christy [45], which is taken from
the SCOUT database [46].

In general, the dielectric function of a metal can be written as [47]

ε(ω) = 1 +χfree (ω) +χIB (ω) , (2.8)

considering the susceptibilities χfree and χIB of free electrons and interband transitions,
respectively. Over a wide frequency range, the metal optical properties can be
described by the model of P. Drude [48], where a gas of free electrons moves against
a fixed background of positive core ions. In this model, the metal dielectric function
is given by [20, 41]

ε(ω) = ε∞−
ω2
p

ω2 +iωτω
, (2.9)

with the two Drude parameters plasma frequency ωp and scattering rate ωτ . In
addition, the dielectric constant ε∞ describes the effect of a residual polarization
caused by the positive background of the core ions and is usually in the range between
1 and 10. For a detailed description of the Drude model, the reader is referred to the
literature [42, 49–51].
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2.3. Plasmon-Polaritons

Figure 2.2 shows the bulk dielectric function of gold from the MIR to the ultraviolet
(UV) spectral range. In the IR (Fig. 2.2a), the Drude dielectric function of Eq. (2.9)
provides a good approximation for ε1 and ε2. They show the typical behavior of
metals: the absolute values of ε1 and ε2 monotonically increase with decreasing
wavenumber. Since ε1 features high negative values, electromagnetic waves cannot
propagate through the metal and are therefore reflected. However, they can penetrate
into the metal for a certain distance, the skin depth δskin, which is about 22nm for gold
in the IR [52]. In the visible and UV spectral range (Fig. 2.2b), the onset of interband
transitions at around 19000cm-1 [53] leads to an increase of ε2. Furthermore, ε1
becomes positive for ω/2πc& 44000cm-1, causing the UV transparency of gold.

2.3. Plasmon-Polaritons

In general, plasmons are collective charge carrier oscillations in a free electron gas. In
the following, the properties of bulk and surface plasmon modes as well as localized
particle plasmons are briefly discussed.

The optical properties of an ideal metal can be described within the Drude model,
neglecting the damping term ωτ and setting the background polarizability ε∞ = 1.
Consequently, Eq. (2.9) yields the simple form

ε(ω) = 1−
(
ωp
ω

)2
. (2.10)

Considering an infinite three-dimensional (3D) metal, two different types of electro-
magnetic modes exist [17]. The first types of modes, volume plasmons (VPs), are
longitudinal modes which do not couple to transverse electromagnetic waves [20].
The second types of modes, volume plasmon-polaritons (VPPs), are transverse modes
similar to photons except that their optical properties are modified by interaction
with electrons of the metal. The VPP dispersion relation,

k(ω) =

√
ω2−ω2

p

c
, (2.11)

follows from Eq. (2.5) by using ε(ω) of Eq. (2.10). As illustrated in Fig. 2.3a,
it asymptotically approaches the ones of the photon [ω(k) = c · k] and the VP
[ω(k) = ωp] in the limit of very large and very small wave vectors, respectively.
Hence, the expression polariton always describes a mixture of a photonic and another
elementary excitation (compare to phonon-polaritons in Sec. 2.6).
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Figure 2.3.: (a) Dispersion curves of the volume [Eq. (2.11)] and surface plasmon-polariton
[Eq. (2.12) with ε(ω) according to Eq. (2.10) and εd = 1], respectively. The frequencies of
volume (ωp) and surface plasmon (ωp/

√
2) follow from Eq. (2.10) and the conditions ε(ω) = 0

(VP) and ε(ω) =−1 (SP) [17]. (b) Schematic representation of a surface plasmon-polariton
propagating in x-direction [54].

No bulk modes exist for frequencies below ωp due to the negative dielectric function
[see Eq. (2.10)]. However, electromagnetic surface waves are possible in presence
of an interface between metal and dielectric medium [20]. In analogy to the 3D
case, surface plasmons (SP) and surface plasmon-polaritons (SPPs) are the two
different types of modes. The dispersion relation of the SPP is derived by solving
Maxwell’s equations, considering the continuity conditions for electromagnetic fields
at interfaces [55]:

k‖(ω) = ω

c

√√√√ ε(ω)εd
ε(ω) + εd

, (2.12)

where εd is the dielectric constant of the dielectric medium. The solid blue curve in
Fig. 2.3a illustrates the dispersion relation of Eq. (2.12), which approximates the light
line for small wave vectors and the SP frequency for large wave vectors. Moreover,
Eq. (2.12) describes a longitudinal electron surface wave, propagating in the direction
parallel to the surface (see Fig. 2.3b). Since its electric field intensity perpendicular
to the interface exponentially decays, the wave is bound to the surface [56].
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Localized Surface Plasmon Resonances

Electrons in metal nanoparticles exhibit plasma oscillations similar to those of surface
plasmon-polaritons. However, the term localized surface plasmon-polariton is used
since the propagation of these modes is restricted to the geometry of the particle
in contrast to the propagating bulk and surface modes. Under certain conditions,
localized surface plasmon resonances (LSPRs) can be directly excited by light as
briefly discussed in the following.

The scattering of electromagnetic waves by spherical particles can be solved
analytically according to Mie’s theory [57]. Moreover, if the nanoparticle is much
smaller than the wavelength λ of the exciting radiation, the scattering problem can
be described in the quasi-static approximation [16, 17]. Here, retardation is neglected
since the phase of the electromagnetic wave is nearly constant over the dimensions
of the particle. Furthermore, only dipolar resonances are considered. In this model,
the polarizability α(ω) of a spherical metal nanoparticle with radius R, surrounded
by a medium with dielectric constant εd, is given by [17]

α(ω) = 4πε0 εdR3 ε(ω)− εd
ε(ω) + 2εd

, (2.13)

where ε(ω) describes the metal dielectric function and ε0 is the vacuum permittivity.
In case of weak damping (ε2� 1), the induced polarization inside the particle shows
resonant behavior at the frequency ωres matching the equation

ε1 (ωres) =−2εd . (2.14)

The spectral position of the LSPR depends on material properties of the metal via
ε(ω) as well as on the polarizability of the surrounding medium via εd. As an example,
gold nanospheres in vacuum (εd = 1) show resonances for λres = 2πc/ωres ≈ 484nm,
whereas resonances for silver nanospheres occur at λres ≈ 354nm [58].

Another consequence of Eq. (2.14) is that a surrounding medium with εd > 1 shifts
the LSPR to longer wavelengths. This behavior, which is commonly termed red-shift,
is due to the monotonic decrease of ε1 (ω) towards lower frequencies (compare to
Sec. 2.2). Moreover, if ε1 (ω) can be described by Eq. (2.10), the resonance condition
of Eq. (2.14) yields

ωres = ωp√
1 + 2εd

. (2.15)
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Figure 2.4.: Quasi-static calculation of the absorbed radiation power of gold nanoparticles
(L� λ) surrounded by water (εd = 1.77) [60]. For non-spherical particles, longitudinal (L1
and L2) and transverse (T1 and T2) modes exist which become spectrally more separated
as the aspect ratio q increases. The scale of curves S, T1 and T2 over the ordinate is
magnified by a factor of 20.

Note that the quasi-static model is only an approximation and that the LSPR also
depends on the size and shape of the nanoparticle [54]. For example, the LSPR shifts
to longer wavelengths in case of a nanosphere with increasing sphere radius R [17, 59].
The quasi-static model is not restricted to spherical particles and also holds for

ellipsoids [19, 61]. In the following, prolate ellipsoids will be considered since their
shape resembles the one of nanorods. Figure 2.4 shows quasi-static calculations of a
sphere and two different ellipsoids [60], which are characterized by their aspect ratio

q = L

D
, (2.16)

where L denotes the length and D the diameter of the particle. While the sphere
(q = 1) features a single resonance, the absorption behavior of the elongated particles
depends on the polarization of the incident light. Transverse (T1 and T2) and
longitudinal (L1 and L2) modes3 exist for light polarized perpendicular or parallel to
the long axis, respectively. While the transverse modes exhibit a small blue-shift of
the LSPR with increasing q, a strong red-shift accompanied by increasing intensity
is observed for the longitudinal modes. Further augmentation of q would yield
resonances in the IR range. However, if the sizes of L and λ become comparable, the
quasi-static approximation becomes invalid since retardation has to be considered.

3“Transverse” and “longitudinal” refer to the orientation of the electron oscillation relative to the
long particle axis. Note that the electron oscillations are of longitudinal nature in both cases.
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2.4. Individual Nanoantennas

2.4. Individual Nanoantennas

The model of the ideal antenna is useful to gain insight into the optical properties of
nanoantennas. “Ideal” in this context means that the cylindrical antenna of diameter
D, being much smaller than the antenna length L, consists of a perfectly conducting
metal4. Consequently, light is not able to penetrate into the metal (δskin = 0). In
this model, the optical properties are obtained by classical scattering theory of
electromagnetic waves including retardation. As a result, antenna resonances occur
if L matches multiples of one half of the incident wavelength [62]:

L= l · λres2ns
, l ∈ N . (2.17)

In this equation, the influence of a surrounding dielectric medium is taken into
account via its refractive index ns. As discussed in Sec. 2.4.1, this relation does
not hold for nanosized metal antennas. Furthermore, Sec. 2.4.2 deals with the field
enhancing properties of nanoantennas. Finally, Eq. (2.17) indicates that also higher
order excitations (l > 1) are possible additional to the fundamental resonance (l = 1).
This topic is addressed in Sec. 2.4.3.

2.4.1. Spectral Resonance Position

In the model of the ideal antenna, the spectral resonance position λres only depends
on the antenna length L and the refractive index of the surrounding medium ns
[Eq. (2.17)]. Considering real metal nanoantennas, this behavior changes as illustrated
by the BEM5 simulations of Fig. 2.5. Here, the far-field resonance position λres
is plotted versus the total rod length Ltotal = Lrod + 2R of cylindrically shaped
nanorods with hemispherical tip ends (see sketch in Fig. 2.5). The solid green line
represents the relation of an ideal antenna in vacuum, which obviously differs from
the simulated relations. One reason for this discrepancy is that sharp tip ends inhibit
full charge build up for small R, suppressing half-wavelength charge oscillations that
have maximum charge density at the rod ends [29]. Furthermore, the metal cannot
be treated as a perfect conductor in the IR and, hence, the skin depth δskin (Sec. 2.2)
cannot be neglected [65]. Since δskin of gold is in the range of 15−30nm at optical and

4It is ε1→−∞ and ε2→ 0 for an ideal conductor.
5The boundary element method [63, 64] is a simulation technique, allowing the exact calculation
of the optical response of a nanoobject, including retardation [29].
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Figure 2.5.: Resonant wavelength versus total antenna length for different diameters
(BEM simulations). The schematic representation of the nanorod as well as the ideal
antenna relation (L = λ/2) were subsequently inserted into the figure, which is taken
from [29].

infrared frequencies [29, 52], the diameter D = 2R becomes increasingly important
and, hence, the position of λres depends on R for fixed Ltotal. The influence of R is
rather strong for R in the range of δskin, whereas only small changes of λres (Ltotal)
are observed in Fig. 2.5 for R� δskin.
Concerning the Ltotal-dependency of λres, a linear relation exists for sufficiently

long rods. In 2007, Novotny proposed an analytic approximation [65] which allows
the calculation of an effective wavelength λeff inside a thin antenna (L�R):

λeff (λ;εs,R,λp, ε∞ ) = λ
√
εs

√√√√√√ 4π2 εs
[
R
λ · z̃(λ;λp, ε∞, εs)

]2
1 + 4π2 εs

[
R
λ · z̃(λ;λp, ε∞, εs)

]2 −4R. (2.18)

In this equation, λ denotes the wavelength of the incident radiation and εs the dielec-
tric constant of a homogeneous surrounding medium. Furthermore, z̃(λ;λp, ε∞, εs) is
a function of λ featuring the three parameters λp (plasma wavelength of the metal),
ε∞, and εs. The reader may be referred to [65] for the exact expression of z̃. Basic
assumption in this model is that the metal can be described by a Drude dielectric
function neglecting the scattering rate ωτ [Eq. (2.9) with ωτ = 0]. In this thesis,
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Eq. (2.18) is used to describe the relation between λres and L of gold nanorods. To
this end, the function

L(λres) = λeff (λres;εs,R,λp = 138nm, ε∞ = 1)/2 (2.19)

is fitted to the experimental data with the only fitting parameter εs. The radius R
of cuboid-shaped rods is calculated by converting the rectangular cross-section into
a circular one of same area (R =

√
w ·h/π with rod width w and height h).

The surrounding medium also influences the spectral resonance position besides
the geometrical parameters L and R. As indicated in Eq. (2.17), any value of
ns > 1 leads to a shift of the resonance to longer wavelengths, which is also true for
nanoantennas [7]. This can be explained by electric induction charges of opposite
sign that are formed inside the dielectric. In media with high polarizability (high
refractive index ns), more induction charges arise, attenuating the intra-rod restoring
force.

The influence of the three parameters L, D = 2R, and ns on the spectral resonance
position can be summarized as follows:

• longer L leads to a red-shift of λres for fixed D and ns,

• larger D leads to a blue-shift of λres for fixed L and ns,

• higher ns leads to a red-shift of λres for fixed L and D.

2.4.2. Electromagnetic Field Enhancement

Metal nanostructures, in particular metal nanoantennas, are able to strongly enhance
the local electric field (near-field) in the vicinity of the metal surface when excited
resonantly by light [7, 17, 20]. As shown by simulations [30], the local-field at the
vicinity of the tip end of a nanorod can be considerably enhanced compared to the
incident electric field. The electric field enhancement is notably strong for plasmonic
excitations [7] due to the typically large negative value of ε1 of metals (compare to
Sec. 2.2). Moreover, the lightning rod effect [67], which is exclusively determined by
the structure’s geometry, additionally contributes to the field enhancement. While the
local field is symmetrically distributed on spherical surfaces, it is rather concentrated
at the tip ends of prolate ellipsoids. This leads to increasing field enhancement for
nanorods with high aspect ratio, as illustrated in Fig. 2.6. Here, mappings of the
local electric field E normalized to the incident electric field E0 are shown for two
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Figure 2.6.: BEM simulated near-field distribution [66] of two cylindrically-shaped,
resonant gold nanoantennas in vacuum featuring different length L and width w. Note the
different color scale for the two plots, quantifying the ratio between the local electric field
E and the incident field E0.

different gold nanoantennas at resonance. Obviously, the longer rod (q = 13) features
higher values of |E/E0| at the vicinity of the tip ends (note the different color scale)
compared to the shorter rod (q = 5). Moreover, as shown in [30], the near-field
intensity at the vicinity of the rod tip

• increases for longer rod length L at fixed rod radius R,

• increases for smaller R at fixed L.

However, the second point does not hold for very small R, since the simulations
of [30] do not consider a size-dependent scattering rate ωτ of the dielectric function
of gold. For small dimensions, additional scattering of the electrons counteracts with
the lightning rod effect, leading to an optimal rod diameter for the field enhancement.
Moreover, the tip end morphology also plays an important role: the sharper the tip,
the higher the electric field enhancement [68, 69].

In summary, the characteristic behavior of the metal dielectric function (monotonic
decrease of ε1 with increasing wavelength, see Sec. 2.2) and the lightning rod effect
are responsible for the higher electric field enhancement of nanorods resonant in the
IR compared to those being resonant in the visible spectral range.
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Figure 2.7.: (a) Charge distributions of the first three resonance modes of an antenna
with length L. Due to the separation of charges, dipole moments are formed and indicated
by arrows. (b) Far-field extinction spectra of two individual, lithographically prepared
nanorods (L≈ 1.5µm, w ≈ 60nm, h≈ 100nm) on ZnS [70]. The second order resonance
(l = 2) is only observed for the nanorod with a structural defect.

2.4.3. Higher Order Modes

This section is partly adopted from [71]. Besides the strong fundamental mode
(l = 1), nanoantennas also exhibit multipolar (l > 1) resonances at roughly λres/l [70].
It is known from classical antenna theory [40] that only multipolar modes with an
antisymmetric charge distribution (odd l) can be excited at normal incidence of
light [72, 73] due to their non-vanishing total dipole moment p, as illustrated in
Fig. 2.7a. In contrast to these bright modes, the excitation of centrosymmetric charge
distributions (dark modes, even l) is not possible at normal incidence of light.
However, dark modes can be enabled by symmetry-breaking [74], e.g. oblique

incidence of light [75, 76] or structural defect of the nanorod [70]. Latter is illustrated
in Fig. 2.7b, where far-field extinction spectra of two individual nanorods are shown.
The even order resonance l = 2 only occurs for the imperfectly prepared nanorod,
whereas it is not detected for the intact nanorod (see [70] for details). In addition,
numerical simulations support that dark modes can be activated at normal incidence
when the excited nanostructure features asymmetric shape [70]. Structural defects
may be induced by inhomogeneities of the substrate’s surface (e.g. scratches) or
imperfections arising from the lithographic preparation of the nanorods.
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2.5. Interaction between Nanoantennas

The present section is partly adopted from [77]. Interaction between particles in
multimers and in arrays of nanoantennas affects the optical properties of the system
which therefore strongly depend on the separation distances, especially between
nearest neighbor particles. Interaction effects were broadly analyzed experimentally
and theoretically for different kinds of arrangements and shapes of particles. In
addition to the investigation of coupling in dimers consisting of e.g. ellipsoids [78],
spheres [74, 79], nanodisks [80], nanorods [81, 82], or nanoantennas [83, 84], also
many-particle systems like nanorod assemblies [59], linear arrays of nanocylinders [85],
or two-dimensional (2D) nanoparticle arrays [86–91] have been subject of studies. It
is important to note that all these studies focused on the visible spectral range while
there are only a few dealing with the IR [30, 32, 92], where retardation can no more
be neglected since an electromagnetic wave needs a not negligible time to travel from
one rod end to the other. Because the rod lengths are similar to the wavelength, the
Rayleigh limit is no more applicable to Mie scattering and extinction at resonance
arises from absorption and scattering. Thus, the line shape of the resonance curve
is due to both the contributions, absorption and scattering, and we deal with the
problem of resonant Mie scattering and asymmetric lines.

Two regimes of interaction between the antennas can be distinguished: the direct
dipolar interaction in the near-field, which features a 1/d3 dependence on the
particle separation d, and the radiative coupling in the far-field, which varies as
exp(ikd)/d [85, 89] with k being the wave vector of the emitted radiation that depends
on the refractive index ns of the surrounding medium. The near-field interaction
regime is relevant for very small d, whereas the long-range radiative coupling becomes
important for d in the range of the wavelength in the surrounding medium. Therefore,
in a system with nanoparticles on a substrate, its refractive index clearly determines
the transition between near-field and radiative coupling.

Near-Field Dipolar Coupling

Regarding the dipolar near-field coupling, a reduction of d between two spherical
particles, for example, results in a strong red-shift of the resonance if the incident light
is polarized parallel to the dimer axis. On the other hand, perpendicular polarization
of the light leads to a moderate blue-shift for decreasing d [74, 79, 94]. This can be
understood within the plasmon hybridization model [74] where an analogy to the
formation of bonding and antibonding atomic orbitals exists. Similar behavior is

16



2.5. Interaction between Nanoantennas

3 4 5 6 7 8 9 10
102

103

104

105

N
ea

r-
fie

ld
 in

te
ns

ity
 [a

.u
.]

Wavelength [µm]

 Dimer, gap = 10 nm
 Dimer, gap = 50 nm
 Individual rod

1nm

(a)

3 4 5 6 7 8 9 10

0

10

20

30

40

50

60

70

80

 Dimer, gap = 10 nm
 Dimer, gap = 50 nm
 Individual rod

Fa
r-

fie
ld

 in
te

ns
ity

 [a
.u

.]

Wavelength [µm]
(b)

Figure 2.8.: FDTD simulations [93] of cuboid-shaped gold nanorods (L = 1410nm,
quadratic cross-section of 40× 40nm2) supported by a CaF2 substrate. (a) and (b)
show the near- and far-field responses, respectively, of an individual gold nanorod as well
as those of nanorod dimers with gaps of 50nm and 10nm. In (a), the near-field spectrum
is calculated at a position located 1nm away from one tip end inside the gap in case of the
dimers (see schematic drawing). In (b), the far-field extinction values are normalized to
the response of one nanorod. Additionally, the resonance positions of the near-field spectra
in (a) are indicated by arrows in (b).
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observed for the longitudinal plasmon resonances of nanorod dimers: if the distance
between the tip ends is reduced, a strong red-shift of the resonance occurs while a
decrease of the distance perpendicular to the long rod axis results in a small shift of
the resonance to shorter wavelengths [81, 82]. In addition, it was found for elliptical
dimers that the observed red-shift exponentially declines with increasing d and finally
vanishes for d larger than approximately 2.5 times the short axis length [78]. This
exponential decay is described as a plasmon ruler [80] and can be used to measure
inter-particle distances in the presence of biological substances [95].

For elongated particles like nanorods, the tip-to-tip configuration yields very high
electromagnetic field enhancements since the field is confined in a very small gap
between the tip ends [30, 35]. This is illustrated in Fig. 2.8a, where finite-difference
time-domain (FDTD) simulations (see Sec. 3.6) of an individual gold nanoantenna
(solid black spectrum) and of nanoantenna dimers are shown. The spectra show the
near-field intensity 1nm away from the tip end of the rods (see sketch). Obviously,
with decreasing gap, huge enhancement is achieved which exceeds that of an individual
rod by two orders of magnitude in case of the 10nm gap. In Fig. 2.8b, far-field
extinction spectra of the same nanoantennas as in Fig. 2.8a are plotted. Note that
the nanorod dimers feature smaller far-field extinction values at resonance compared
to the individual one, indicating that a lower amount of light is scattered out of
the incident photon wave vector direction. The reduced far-field values as well as
the spectral red-shift of the resonance for small gaps can be understood by looking
at a coupled dipole model including retardation [30, 34]. Moreover, note that the
resonance position in the near-field is slightly red-shifted to the one observed in the
far-field (compare Figs.2.8a and 2.8b) due to retardation effects [29].

Far-Field Radiative Coupling

The retarded radiative dipolar coupling, which depends on the phase shift between
excitations of different particles, becomes especially important in ordered particle
ensembles [91, 96]. Calculations for 2D square arrays of nanoparticles with one
characteristic lattice constant in both lateral directions showed plasmon resonance
blue-shifts with decreasing lattice constant as long as it is in the range of λres [88].
In addition, a narrowing of the collective plasmon resonance compared to that of a
single particle is observed which is optimal for λres slightly bigger than the lattice
constant [32, 86, 88]. This can be explained by the diffractive coupling (constructive
interferences of emitted fields) of the particles and the resulting suppression of
the radiation damping due to the collective scattering process [32]. Moreover, the
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appearance of sharp spectral features was theoretically [97, 98] and experimentally [85,
92, 96, 99] analyzed and attributed to diffraction resulting from scattering by the
periodic arrangement of the particles. However, when the nanoparticles are supported
by a substrate, the long-range nature of the inter-particle interaction is suppressed,
preventing the existence of lattice resonances that are otherwise present in the
symmetric configuration of a homogeneous dielectric background [96, 100].

2.6. Phonon-Polaritons

In polar dielectric solids, collective oscillations of atoms are possible which are called
phonons [42]. For crystals featuring a basis with more than one atom, different
phonon branches exist: the lower energetic acoustic branch with a linear relation
between frequency ω and wave vector k for small k and the optical branch at higher
energies [42]. Each of these branches consists of transverse and longitudinal modes.
Due to conservation of energy and momentum and due to the transverse nature of
electromagnetic waves, light can only couple to transverse optical (TO) phonons [101].
Since light features a comparably low momentum, only the TO phonon modes at
k ≈ 0 are of interest for possible coupling. In this range, the TO phonon branch can
be approximated with the constant value ωTO, the natural vibrational frequency of
the TO mode at k = 0 in the absence of an external light field [101]. Furthermore,
the interaction between the light wave and the TO phonon can be modeled by solving
the equations of motion of a linear chain consisting of positive and negative ions.
This calculation yields the dielectric function in the classical oscillator model [101]:

ε(ω) = ε∞+ (εst− ε∞) ω2
TO

ω2
TO−ω2− iγω . (2.20)

In this equation, εst and ε∞ denote the static (ω = 0) and high frequency (ω→∞)
dielectric constants, respectively, whereas γ represents the damping rate. Figure 2.9a
shows the real and imaginary part of ε(ω), calculated for typical values of εst,
ε∞, and γ. The imaginary part ε2 features a maximum at the frequency ωTO of
the TO phonon whereas ε1 becomes negative between the frequencies ωTO and
ωLO =

√
εst/ε∞ ωTO [101], the longitudinal optical (LO) frequency. This frequency

range, which is shaded in blue in Fig. 2.9a, is referred to as reststrahlen band.
Light can propagate through polar dielectric solids for frequencies smaller than

ωLO and higher than ωTO. The coupled phonon-photon waves in this frequency range
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Figure 2.9.: (a) Calculated real (ε1) and imaginary part (ε2) according to Eq. (2.20) using
the values ε∞ = 2.25, εst = 5.9, ωt = 3.1×1013 s−1, and γ = 1×1013 s−1 [42]. (b) Calculated
dispersion relation according to Eq. (2.21) using the same values as in (a). Note that
damping is neglected in Eq. (2.21), i.e. γ = 0.

are called volume phonon-polaritons and are mixed modes which have characteristics
of both polarization waves (the TO phonons) and photons [101]. Considering an
interface between a polar dielectric and vacuum, the dispersion relation between
frequency ω and wave vector k for these bulk phonon-polariton modes is given by:

k (ω) = ω

c
·

√√√√ε∞+ ω2
TO (εst− ε∞)
ω2
TO−ω2 , (2.21)

which follows from Eq. (2.5) by using ε(ω) of Eq. (2.20), disregarding damping (i.e.
γ = 0). The solid red curves in Fig. 2.9b show the two dispersion branches which
asymptotically approach the light lines in a medium with dielectric constant ε∞ for
high frequencies and accordingly a medium with εst for low frequencies. Obviously, no
bulk modes exist in the reststrahlen band due to the negative values of ε1 in this range
(see Fig. 2.9a). However, in analogy to plasmon-polaritons, surface phonon-polariton
modes can be excited in the “forbidden” frequency range.
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Figure 2.10.: Dispersion relations of SPP modes in a three-layer-system of air, silicon
dioxide and silicon [102]. For an infinitely thick SiO2 layer (a), two SPP modes at the
corresponding interface exist which are marked in blue and black in all figures. With
decreasing SiO2 layer thickness, the SPP modes interact and new types of mixed (Fuchs-
Kliewer) modes emerge which are shown in red in (b) to (d). Note that the blue and black
curves in (b) to (d) are only shown for comparison and do only exist for d→∞.
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2.6.1. Excitations in Thin Dielectric Layers

Considering more than one interface, multiple types of surface phonon-polariton
(SPP6) modes are possible. In the following, we will consider a three-layer-system
consisting of two semi-infinite half spaces of silicon and air surrounding a layer of
silicon dioxide with defined thickness d (see inset of Fig. 2.10a). For simplicity,
the dielectric function of SiO2 is approximated with a harmonic oscillator without
damping, featuring a pole at ωTO = 1065cm-1 and a root at ωLO = 1251cm-1 (lit-
erature values of Gunde [103]). In Fig. 2.10, the values of ωTO and ωLO mark
the possible propagation range of the SPP modes, the reststrahlen band. If the
thickness of the silicon dioxide layer is very large (d→∞, see Fig. 2.10a), two
independent surface modes at the respective interfaces of air/SiO2 (solid blue) and
SiO2/Si (solid black) exist. For large wave vectors, both relations approach the
frequency of the corresponding surface phonon, ωSPP

SiO2-air and ωSPP
SiO2-Si, respectively,

whereas for small wave vectors, they follow the light lines in air (dashed blue) and
silicon (dashed black). However, if the thickness of the dielectric layer becomes
smaller, the two SPP modes increasingly interact. As a result, mixed modes, referred
to as Fuchs-Kliewer (FK) modes [104, 105], emerge which are shown in solid red for
three different d in Figs. 2.10b to 2.10d. With decreasing d, the higher energetic
FK+ mode approximates the LO frequency of SiO2 for large wave vectors while the
frequency of the lower energetic FK− mode becomes similar to the TO frequency.
Note that the purpose of Fig. 2.10 is to show that mixed SPP modes exist and that
they depend on the thickness of the silicon dioxide layer. Since many simplifications
and approximations were made, the curves do not represent the exact behavior of a
real three-layer-system, but only show a trend.

2.7. Surface-Enhanced Infrared Absorption

Major parts of the present section are adopted from [34]. Surface-enhanced IR
absorption is a phenomenon similar to that of surface-enhanced Raman scattering [9,
13, 14] and was first discovered in 1980, when Hartstein et al. found that the IR
absorption of molecules chemisorbed on metal films can be substantially enhanced [10].
For molecules adsorbed on noble metal island films, enhancement factors7 up to
6Note that the abbreviation SPP is in general used for both surface plasmon-polariton and surface

phonon-polariton modes. The actual meaning has to be concluded out of context.
7The enhancement factor is defined as the ratio between signal strength of the enhanced case
normalized to the non-enhanced case.
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103 were reported [16, 25, 27]. It is generally believed that two effects contribute
to the enormous enhancement of SEIRA as well as SERS: chemical or first layer
effects [15], on the one hand, and electromagnetic effects [17] on the other hand.
The first one will be neglected within this work since the functional groups of the
investigated adsorbates are not in direct contact with the metal surface. Concerning
the electromagnetic enhancement effect, it is assumed that the local enhancement of
an adsorbate’s vibration can be estimated with [7]

∣∣∣∣∣Eloc(λvib)
E0(λvib)

∣∣∣∣∣
2
. (2.22)

In this equation, Eloc and E0 denote the local electric field strength in the vicinity of
the molecule and the incident electric field strength, respectively, at the wavelength
λvib of the IR active vibration. It is known from SEIRA studies of molecules on metal
island films that the enhancement of the IR absorption depends on the material
as well as on the morphology of the film [24, 25]. The material properties are
directly connected to the dielectric function and hence, their influence on the field
enhancement is obvious (compare to Sec. 2.4.2). To understand the influence of
the film morphology, the islands are considered as individual metal particles in a
simple approximation. These particles feature localized surface plasmon resonances
(Sec. 2.3) in the visible which come along with an enhancement of the electromagnetic
field. Due to different size and shape of the large amount of islands, the LSPR
becomes broadened. In addition, interaction between the individual islands leads to
a shift of the resonance of lower energies accompanied by additional broadening (see
Sec. 2.5). Thus, broad resonances of metal island films are possible in the infrared
spectral range. Furthermore, maximal enhancement is achieved slightly before the
islands start to merge (percolation threshold) [24]. In addition, asymmetric line
shapes of the adsorbate vibration are found, which can be explained by effective
medium theories [106, 107].
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3. Materials & Methods

The chapter starts with the geometrical properties of the lithographically prepared
gold nanorods (Sec. 3.1). After explaining the main measurement technique, the
microscopic IR spectroscopy (Sec. 3.2), the IR optical properties of the substrates are
presented in Sec. 3.3. Furthermore, the adsorbate molecule mercaptoundecanoic acid,
which is used for nanoantenna-assisted IR spectroscopy in Chap. 7, is introduced
in Sec. 3.4. In addition, a brief overview on the state of the art of NAIRS is given
in Sec. 3.5. The chapter ends with a short description of the FDTD simulation
technique, the results of which are compared to experimental findings throughout
the thesis.

3.1. Lithographic Gold Nanorods
Within this thesis, the IR optical properties of lithographically prepared gold nanorods
on various substrates (silicon, quartz glass, zinc sulphide, calcium fluoride) are shown.
All samples were prepared by standard electron beam lithography (EBL) [7, 34, 70,
77, 108–110]. The main results originate from nanorods fabricated at the National
Institute for Materials Science (NIMS) in Tsukuba, Japan, on silicon (111) wafers
(see Sec. A.1 for fabrication process).

The gold nanorods feature a cuboid-like shape with length L, height h and
width w and are connected to the substrate’s surface via a thin titanium adhesion
layer of thickness dTi (see Fig. 3.1a). Furthermore, rods of the same length L are
regularly arranged in arrays with characteristic separation distances parallel (dx)
and perpendicular (dy) to the long rod axis (see Fig. 3.1b). As an abbreviation, they
will be referred to as longitudinal (dx) and transverse (dy) separation distances in
the remainder of the text.
The following two sections deal with the experimental determination of the rod

height by atomic force microscopy (AFM, Sec. 3.1.1) and the rod length and width by
scanning electron microscopy (SEM, Sec. 3.1.2). Finally, Sec. 3.1.3 gives an overview
on all samples that have been investigated by IR spectroscopy.
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Figure 3.1.: (a) Schematic view on a cuboid-like gold nanorod with length L, height h,
and width w prepared on an oxide (dSiO2) covered silicon substrate. The titanium layer
(dTi) acts as adhesion promoter. The total rod height H is the sum of the actual rod height
h and dTi. (b) Schematic view on a small part of a nanorod array (typical dimensions of
50×50µm2) with its characteristic separation distances in longitudinal (dx) and transverse
(dy) direction.
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Figure 3.2.: AFM height profiles of three nanorods. The cross-sections were performed
parallel to the long rod axis, approximately in the middle of the short rod axis. To
determine the average height, the profiles were fitted to a constant, resulting in the values
of H = h+dTi given in the figure.

3.1.1. Measurement of Rod Height

The AFM measurements were performed at ambient conditions at the Kirchhoff
Institute for Physics using the multimode instrument MMAFM-2 fabricated by
Digital Instruments. All images were recorded in tapping mode with tips
featuring radii of curvature of about 10nm and resonance frequencies of about
330kHz (Vecco, MPP-11100). A detailed explanation of the AFM’s functional
principle can be found in literature [111, 112].
Figure 3.2 shows measured height profiles of three nanorods on natural oxide

covered silicon with a presumably 5nm thick titanium adhesion layer. Obviously,
the nanorods feature a very rough surface with height differences in the order of
10nm. To characterize the surface roughness, the root mean squared (RRMS)-value
of a defined area A is calculated according to [113]

RRMS =
√√√√ 1
n

n∑
i=1
y2
i . (3.1)

Here, the roughness profile contains n data points within A and yi denotes the
vertical distance from the mean line to the ith data point. The RRMS-values of
ten rods of sample Wb1 (see Sec. 3.1.3) have been determined using the software
NanoScope. As a result, values between RRMS ≈ 4nm and RRMS ≈ 8nm have been
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obtained, considering the whole surface of the respective nanorod. For comparison,
the values of the bare substrate range between RRMS ≈ 0.2nm and RRMS ≈ 0.3nm,
indicating a very smooth substrate surface.

Furthermore, the absolute height H of the rods (see Fig. 3.1a) was determined for
those ten rods of sample Wb1 by fitting the AFM height profiles to a constant (see
Fig. 3.2). The average of all measurements was calculated to be H = (106±3)nm,
taking into account the standard deviation of the mean. This nicely fits to the
projected values of h = 100nm and dTi = 5nm. In addition, six rods of sample
Wc1 (h= 100nm, dTi = 10nm) were investigated by AFM and an average value of
H = (109± 4)nm was obtained, confirming that the evaporation of titanium and
gold during the sample preparation are well and reproducibly controlled. Thus, AFM
analyses of other samples were omitted.

3.1.2. Measurement of Rod Length and Width

Nearly all SEM measurements were performed with the LEO-1530 SEM at the
Institute of Applied Physical Chemistry. Since silicon features a sufficiently high
conductivity, covering the silicon samples with a conductive layer was not necessary.
However, carbon contaminations on the sample surface can be formed by the focused
electron beam due to carbon hydride residues in the gas phase [114, 115], which is
illustrated in Sec. A.2.1. The base pressure in the sample compartment was at least
1×10−6mbar and acceleration voltages of Uacc = 3−5kV were applied.

The LEO-1530 is equipped with two detectors: an In-lens detector, placed in the
electron column, and an Everhart-Thornley detector [116], referred to as SE2
detector in the remainder of the text, which is located on the side of the sample
stage. Both detectors collect secondary electrons that escape from the sample due to
the primary electron beam irradiation. While the In-lens detector is suited for high
resolution topographic imaging due to its good contrast at high magnification, the
SE2 detector is rather used for general purpose imaging [117]. Besides topographic
information, also material contrast can be achieved because of local variations of
the secondary electron yield [118]. However, this material contrast, which is more
pronounced for the In-lens detector owing to its very high surface sensitivity [119], is
not as high as the one of a back scattered electron (BSE) detector. Here, the electron
yield depends on the atomic number of the specimen [118] and hence, heavier atoms
appear brighter in the BSE detector image. The reader may be referred to the
literature [118, 120, 121] for a detailed consideration of the SEM working principle.
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Figure 3.3.: SEM images of three nanorods of sample Wb3. All images were recorded
with the In-lens detector at an acceleration voltage of Uacc = 5keV.

Figure 3.3 shows a selection of SEM images of nanorods with different lengths.
Note that it is important to choose brightness and contrast (B&C) of the images in
a way, that textures of the nanorod are visible. Furthermore, the edges of the rods
should appear brighter for optimal settings of B&C due to the increasing number of
secondary electrons leaving the specimen at the edge [118]. Moreover, it is apparent
from the images shown in Fig. 3.3, that the nanorods feature a rather cuboid-like
shape with blunt tip ends.

Length L and width w of the rods in the arrays were determined by measuring at
least three rods at different locations within the array. Note that the variation of L
between several measurements was below the error caused by different adjustments
of B&C (∆L = 30nm, see Sec. A.2.2). Hence, the length distribution within the
arrays is very narrow. Supportingly, no deviations of the resonance frequency (which
inversely depends on L, see Sec. 2.4.1) were observed for IR measurements at different
positions within one array (see Fig. 4.8). Finally, it should be mentioned that the
calibration of the used SEM was checked with the help of a test sample with defined
structures, see Sec. A.2.3.
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Series Samples Remarks / objectives

A Wa1 - Wa4 Rough back side, WCMD (6.1) and PIMD (6.2)

B Wb1 -Wb3 Interaction (5), PIMD (6.2)

C Wc1, Wc2 FIB milling (6.3)

E Wef1, Wef2 Transverse interaction (5.1)

H Wh1 106nm oxide layer, FIB milling (6.3)

CaF2

Antenna#2 NAIRS (7)

Antenna#15 Arrays of dimers, comparison data for PIMD (6.2)

Antenna#18, #19 PIMD (6.2)

(a)

Sample w [nm] h [nm] dTi [nm] dx [µm] dy [µm]

Wa1-Wa4 40±5 60 5 1, 0.04−0.06 1

Wb1 95±10 101±3 5 5 5

Wb2 115±10 100 10 5 5

Wb3 120±9 100 5 5−0.04 5−1

Wc1 110±8 99±4 10 10 10

Wc2 108±9 100 10 10 10

Wef1 93±7 100 5 5 5−0.1

Wef2 95±9 100 5 5 5−0.1

Wh1 85±10 60 5 10 10

Antenna#2 60 60 CaF2 5 5

Antenna#15 60 60 CaF2 5 8

Antenna#18, #19 60 60 CaF2 30 30

(b)

Table 3.1.: (a) Overview on all preparation series. Series A to E were prepared on natural
oxide covered silicon wafers. The abbreviations WCMD and PIMD stand for wet-chemical
and photo-induced metal deposition, respectively, whereas FIB and NAIRS denote focused
ion beam milling and nanoantenna-assisted infrared spectroscopy. The numbers in brackets
give the sections / chapters in which the results of the corresponding experiments can be
found. (b) Geometric parameters of all samples investigated in this thesis. The values with
error are results from AFM or SEM measurements, respectively. Here, the error represents
the standard deviation of the mean.
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3.1.3. Overview on Investigated Samples

All silicon substrate samples fabricated at the MANA foundry station are grouped
into different preparation series (A-H). Natural oxide covered silicon wafers (dSiO2 ≈
3nm, measured by ellipsometry [122]) were used for the samples of series A to E,
whereas in series H, gold nanorods were prepared on thermally oxidized silicon wafers
(dSiO2 ≈ 106nm [123]). Moreover, various samples exist within each series. Here, the
notation Wb3, for example, refers to sample number three of preparation series B (W
stands for wafer). Note that series E and F (not used in this thesis) were prepared
on the same sample which is therefore called Wef1.

Besides the silicon substrate samples, gold nanorod arrays were also fabricated on
CaF2 substrates at the Italian Institute of Technology in Genoa, Italy. Table 3.1a
gives an overview on the different preparation series. In addition, the geometric
dimensions of the rods and arrays are summarized in Tab. 3.1b. Note that the rod
width w of the rods on the CaF2 samples was not directly measured by SEM, but a
value of w = (60±10)nm can be assumed based on SEM investigations of similarly
prepared samples [124].

3.2. Microscopic Infrared Spectroscopy
Microscopic IR spectroscopy was applied to investigate the optical properties of the
nanorods. A microscope is necessary to locate the nanostructures on the substrate
and to focus the light onto the nanorods for a sufficiently high signal-to-noise ratio.
The experimental set-up (Sec. 3.2.1) and the measurement principle (Sec. 3.2.2) are
described in the following sections. An elaborate investigation of the measurement
stability can be found in Sec. A.3.6.

3.2.1. Experimental Set-Up

The IR optical characterization of the nanorods was performed at the Kirchhoff
Institute for Physics using a commercial IR microscope (Bruker Hyperion 1000)
coupled to a FT-IR spectrometer (Bruker Tensor 27, functional principle see
Sec. 2.1). The IR light source, which is located inside the spectrometer, is a direct
current heated piece of silicon carbide (“globar”). The modulated IR light is guided
with mirrors into the microscope, where a transmittance and a reflectance mode
exist. The optical beam path inside the microscope differs depending on the chosen
mode (see Sec. A.3.1 for a detailed description).
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Condenser
(movable)

Aperture (below)
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Collector
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Figure 3.4: Optical beam path for
microscopic IR transmittance measure-
ments (see text). Sample (T ) and ref-
erence (T0) positions (see Sec. 3.2.2)
are defined by moving the sample in
the xy-plane. The typical distance be-
tween the two measurement positions
is about 100µm.

Figure 3.4 shows a scheme of the (IR) transmittance geometry, which was used
for nearly all measurements. Here, the IR light is focused onto the substrate’s
surface with the help of an objective1 (condenser) and a circular aperture. The
sample is located on a movable xyz-table that can be electronically positioned in
the xy-plane (accuracy of 1µm). After passing the sample, the light is collected
by another objective (collector) and detected by a liquid nitrogen cooled mercury
cadmium telluride (MCT) detector2, allowing measurement times of about 20h (see
Sec. A.3.4). Circular apertures below and above the sample can be brought into the
beam path to select a certain measurement spot in the focal plane. Here, different
aperture diameters (in the focal plane) can be chosen between 8.3 and 104µm (see
Sec. A.3.5 for the influence of different aperture sizes). Additionally, an IR polarizer
can be inserted for polarization-dependent measurements. Moreover, when operating
in reflectance mode, the sample is illuminated from above and the upper objective
serves both as condenser and collector. The possible positions of apertures and IR
polarizer are described in Sec. A.3.1.
1Since conventional, refractive type objectives are non-transparent for IR light, a Schwarzschild
objective (36-fold magnification, numerical aperture NA= 0.5) is used which focuses the light
by mirrors (see Sec. A.3.2 for details).

2The principle of this type of semiconductor detector is based on the photoelectric effect [1].
Although MCT detectors are faster and more sensitive compared to pyroelectric detectors [e.g.
deuterated triglycine sulfate (DTGS) detectors] [1], they exhibit the disadvantage of non-linearity,
i.e. a non-linear relation between the detected signal and the light intensity exists [125–127],
see Sec. A.3.3 for more details.
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Figure 3.5.: Principle of relative transmittance. In (a), examples of single channel spectra
of a sample (gold nanorods on silicon) and a reference measurement (bare silicon) are
shown. The atmospheric absorptions of water vapour and carbon dioxide are indicated.
The quotient of these two spectra is the blue solid curve in (b).

Besides the IR mode, the microscope can also be operated in the visible mode which
allows the precise localization of the nanorods and the definition of the measurement
positions (see Sec. 3.2.2). In this case, the optical image is either recorded by a
CCD3 camera or directly observed through a binocular eyepiece.

3.2.2. Measurement Principle

As mentioned in Sec. 2.1, any measured spectrum is afflicted with external features.
For this reason, the spectrum T of the nanorods (sample position, see Fig. 3.4)
is always normalized to a spectrum T0 of the bare substrate (reference position),
resulting in the relative transmittance spectrum Trel (ν̃):

Trel(ν̃) = T (ν̃)
T0(ν̃) . (3.2)

In case of reflectance measurements, an analogue procedure leads to the relative
reflectance spectrum Rrel(ν̃). Figure 3.5a shows typical examples of single channel
spectra T (nanorods on silicon) and T0 (bare silicon); atmospheric absorptions of water
vapor and carbon dioxide are indicated. The solid blue curve in Fig. 3.5b represents
3Charge coupled device
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Substrate nsub

Calcium fluoride 1.41 [128]
Quartz glass 1.44−1.45 [129]
Zinc sulphide 2.2 [128]

Silicon 3.42 [128]

Table 3.2.: Literature values of the refractive indices ns of all substrates used in this work.

the calculated relative transmittance spectrum, showing a typical antenna resonance
at around 2300cm-1. Note that the noise in Fig. 3.5b increases for ν̃ < 1000cm-1 and
ν̃ > 5000cm-1 due to low signal intensity (see Fig. 3.5a).

Measurement Parameters

Recording one spectrum corresponds to one periodic movement of the interferometer’s
mirror (see Sec. 2.1) and is therefore referred to as one scan. In general, the spectral
noise decreases by a factor of

√
N , where N is the number of scans [1]. Hence, many

scans are recorded and the average is formed to improve the signal-to-noise ratio.
Furthermore, it is beneficial to continuously switch between sample and reference
measurement to reduce any influences of instabilities (see Sec. A.3.6).

The spectral resolution ∆ν̃ is another important measurement parameter. If rela-
tively broad excitations such as plasmonic resonances are investigated, a resolution of
4−8cm-1 is sufficient. In contrast, the exact determination of vibrational frequencies
of adsorbates requires a resolution of at least 2cm-1. However, the choice of a better
resolution ∆ν̃ leads to an increase of the spectral noise, which is inversely proportional
to ∆ν̃ for fixed N and aperture size [1]. In addition, recording a spectrum with a
better resolution requires more measurement time for constant N [1]. Taking all
together, a compromise between a good resolution and an acceptable measurement
time has to be made for every measurement.

3.3. Substrates
Figure 3.6 shows relative transmittance spectra of various substrates. Quartz glass
(SiO2) and calcium fluoride feature the highest transmittance values of all substrates
due to their relatively small refractive indices (see Tab. 3.2). From this point of
view, they are best suited for relative transmittance measurements of gold nanorods
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Figure 3.6.: Relative transmittance spectra of different substrates (reference vacuum).
The measurements (resolution of at least 8cm-1) were performed in the sample compartment
(5mbar) of a Bruker IFS66 v/s FT-IR spectrometer using a DTGS detector. In each
case, different positions on the sample were measured and an average was generated.

since only weak image charges in the substrate are induced, leading to more intense
antenna resonances. However, quartz glass cannot be used for measurements in the
MIR spectral range due to its non-transparency below 2000cm-1. In addition, a
strong absorption band at around 3670cm-1 is present which originates from hydroxyl
(OH) groups4 chemically bound to the silica network [130].

Zinc sulphide shows nearly constant transmittance beginning from around 1000cm-1.
However, very smooth surfaces are difficult to prepare and scratches on the surface
are hard to avoid, leading to imperfections in the nanorod preparation [70].
Finally, silicon exhibits the lowest transmittance of all substrates due to high

reflection losses. Nevertheless, it is suited for transmittance measurements despite
its complete non-transparency in the visible range. One of its advantages is that
the preparation of very smooth surfaces and the lithographic fabrication of metal
structures is well-known from semiconductor industries. As can be seen in Fig. 3.6, the
silicon substrate with a rough backside features a decline of the transmittance towards
higher wavenumbers. This can be explained by increased light scattering out of the
normal transmittance direction; a process that is proportional to ν̃4 [42]. Besides
the nearly constant transmittance in the range above 1500cm-1 in case of smooth
silicon, there are several absorption peaks in the low wavenumber region. Nearly all

4Some moisture is always present during the manufacturing process, leading to these unavoidable
impurities.
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Figure 3.7.: Open circles: relative transmittance spectrum of a thermally oxidized silicon
wafer (dSiO2 ≈ 106nm) versus a natural oxide covered one. The data was fitted with the
SCOUT software resulting in the red solid curve (see Tab. B.1 for the fitting results). In
addition, the dashed black curve shows a SCOUT simulation of the optical response of a
106nm SiO2 layer on silicon using the SiO2 dielectric function of Gunde [103].

of them originate from two- and three-phonon processes with linear combinations of
TO, LO, TA5 and LA6 phonons [131]. The strongest peak at 610cm-1, for example,
is caused by the combination of TO and TA [131]. The whole region below 1500cm-1

is therefore denoted as multiphonon absorption band.

3.3.1. Thermally Oxidized Silicon

To obtain the optical response of the 106nm thick SiO2 layer, the IR measurement
of the thermally oxidized silicon wafer (blue dotted curve in Fig. 3.6) is normalized
to that of the natural oxide covered wafer (solid black curve), resulting in the open
black circles of Fig. 3.7. Two major peaks are visible, which can be attributed to
TO phonon bands in the silicon dioxide network [132]: The small peak at around
810cm-1 originates from the symmetric stretching vibration νs (Si−O) of the oxygen
atom relative to the silicon atoms, whereas the strong peak at around 1080cm-1 is
due to the antisymmetric stretching vibration. Actually, two antisymmetric modes
exist [133]: one in which two adjacent oxygen atoms move in phase, leading to the
peak at 1080cm-1 [νas,1 (Si−O)], and one in which the movement is 180° out of
phase, being responsible for the shoulder at around 1200cm-1 [νas,2 (Si−O)].
5Transverse acoustic
6Longitudinal acoustic
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3.4. Alkanethiol-Based Self-Assembled Monolayers

For comparison, the simulated relative transmittance of 106nm SiO2 / Si versus
bare silicon is plotted in Fig 3.7 (dashed black curve). The discrepancies concerning
the peak position and intensity of the νas,1 band are most likely due to the different
structure of the SiO2 films in the experiment (thermally oxidized SiO2 film) and in
the simulation (chemical vapor deposited SiO2 film [103]). And in fact, the positions
of the νas,1 peak of thermally grown SiO2 reported in literature (1075cm-1 [134] and
1076cm-1 [132]) are in quite good agreement with the value of 1080cm-1 found in
this work. Finally, to derive the dielectric function of the thermally oxidized SiO2
film, the experimental data was fitted with four Brendel oscillators [135] using the
SCOUT software (solid red curve).

3.4. Alkanethiol-Based Self-Assembled Monolayers

In this thesis, mercaptoundecanoic acid (MUA) was chosen as a probe molecule to
monitor the electromagnetic near-field enhancement of nanoantennas. MUA belongs
to the group of ω-functionalized alkanethiols, i.e. molecules of the type HS-(CH2)n-R
with a thiol group (SH) at one end and another functional group (R) at the other
end of the alkyl chain consisting of n methylene groups.
Alkanethiols allow an easy and well-defined preparation of self-assembled mono-

layers (SAMs) on gold [136–138]. Alkanethiol-based self-assembled monolayers
(AT-SAMs) are formed by chemisorption of thiol molecules on metal surfaces since
the sulfur-containing thiol group shows a very high affinity towards noble metal
surfaces [139–141]. For this reason, selective adsorption of ATs on gold nanoantennas
is possible. In contrast, no bonds between the molecule and the bare substrate are
formed. Furthermore, the SAMs can be used to immobilize organic molecules, like
biotin for example, as an initial step of a bio-sensor [142, 143].
The adsorption on gold surfaces is mainly described by the Langmuir kinetic

process [147], which means that the adsorption rate is proportional to free and
accessible adsorption sites. Immersing a gold surface in an alkanethiol solution for
a sufficiently long time period (several hours) leads to the formation of an ordered
AT-SAM on the gold surface (see Fig. 3.8). Here, the van-der-Waals interaction
between the lipophilic alkyl chains of the individual adsorbates is the driving force
for the well-ordered formation of the SAM [137]. Hence, the coverage and stability
of a SAM is influenced by the alkyl chain length n: the longer the alkyl chain, the
more stable the SAM. In this context, n= 10 was reported to be the shortest chain
length for high quality SAM packing [148].
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(a) Side view (b) Top view

Figure 3.8.: Ordered structure of an AT-SAM on a Au(111) surface. (a) Side view of a
decanethiol (n= 9, R = CH3) SAM. The alkyl chains are tilted by 30° with respect to the
surface normal [144] and adopt all-trans conformation [145]. (b) Top view on an AT lattice
with (

√
3×
√

3)R30° structure. The small gray circles represent gold atoms, whereas the
black and the dark gray circles illustrate the sulfur atoms of the thiol group chemisorbed
on the gold atoms. Figures taken from [146].

Furthermore, the stability of AT-SAMs in aqueous solutions featuring different
pH-values was found to be in the range of one week to several months [149]. However,
oxidation of ATs when exposed to ambient conditions leads to increased disorder
in the monolayer and gradual desorption of the molecules [150]. In this context,
ozone (O3) has been identified as the likely oxidant in air that reacts with the thiol
group, forming oxidized sulfur (sulfonate) on the gold surface [151]. In addition, it is
known that the oxidation process is accelerated by UV irradiation of the AT-SAM
in air [152]. Again, long-chain AT-SAMs show a higher stability against oxidation
compared to short-chain ones since the oxidant species is hindered to penetrate
through the closely packed alkyl chain structure [153].

3.4.1. Mercaptoundecanoic Acid

Figure 3.9a shows a model of mercaptoundecanoic acid with a carboxyl functional
group (Fig. 3.9b) at one end of its alkyl chain (n= 10). Depending on the pH-value
of the solution, deprotonation of MUA is possible, resulting in a negatively charged
carboxylate group [149, 154] (Fig. 3.9c). Furthermore, carboxyl terminated AT-
SAMs form hydrogen bonds between the individual end groups, leading to additional
stability of the SAM [155, 156].
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(a) Mercaptoundecanoic acid (b) Carboxyl (c) Carboxylate

Figure 3.9.: (a) Structure of mercaptoundecanoic acid with a carboxyl group (COOH)
at one end and a thiol group (SH) at the other end of the alkyl chain consisting of ten
methylene (CH2) groups. (b) Carboxyl group consisting of a carbonyl (C=O) and a
hydroxyl (OH) group. (c) Negatively charged carboxylate group which originates from
deprotonation of the carboxyl group shown in (a). The negative charge is delocalized and
shared by both oxygen atoms.

Concerning the adsorption morphology, high-resolution STM7 studies confirmed
the well-ordered structure of MUA SAMs on Au(111) substrates [158] similar to
the one shown in Fig. 3.8a. For comparison, no uniform monolayer was observed
for mercaptohexanoic acid (n= 5, R = COOH) [158], indicating the importance of
relatively long alkyl chains. The distance between neighboring molecules (4Å [158]
and 4.1Å [159], respectively) was estimated to be similar compared to that of
alkanethiols (5Å [137, 148, 159], see Fig. 3.8b). In addition, different methods were
applied to measure the thickness of the MUA monolayer, which is in the range of
11− 12Å [159–161]. These results are in good agreement with calculated values
taking into account the C−C distance of fully extended alkyl chains with a tilt
angle of 30° like the ones shown in Fig. 3.8a.

MUA is commonly solved in ethanol and the gold substrate is immersed in this
solution for at least 12 h, subsequently rinsed with ethanol and dried with nitrogen
or argon. In addition, several publications report that a final rinsing with pure water
is necessary to ensure a protonation of the carboxyl groups [162, 163]. However,
elaborate studies of mercaptohexadecanoic acid (n= 15, R = COOH) showed that
protonation can be achieved by using acidified ethanol for preparation as well as for
rinsing [164, 165].

7Scanning tunneling microscopy [157]
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Figure 3.10.: PM-IRRAS spectrum of a MUA monolayer adsorbed on gold, measured ex
situ (angle of incidence = 70°) [166]. Stretching and deformation vibrations are indicated
by ν and δ, respectively. The exact frequencies of the IR active modes are summarized in
Tab. 3.3.

Vibrational Bands

Figure 3.10 shows an ex situ PM-IRRAS8 measurement of a MUA monolayer adsorbed
on a gold film [166]. Three strong IR active vibrational bands are observed. The
first one, at around 2900cm-1, consists of two strong peaks which are attributed
to the symmetric and antisymmetric stretching vibration of the methylene groups.
These modes, as well as the scissors deformation modes of the methylene group
at around 1450cm-1, are typical for every alkane-like species [1]. The third strong
band at around 1700cm-1 is attributed to the C=O stretching vibration of the
carboxyl group. In fact, the band consists of two peaks, the frequencies of which
depend on the alignment of the COOH groups with respect to neighboring MUA
molecules [168]. When hydrogen bonds between the carboxyl groups are formed,
the frequency is slightly smaller (1716cm-1) than in the non-hydrogen bonded case
(1735cm-1) [169]. Furthermore, a smaller peak in the range of 1570−1580cm-1 is
found. It originates from the antisymmetric stretching of the carboxylate group,
indicating the deprotonation of some carboxyl groups. In situ measurements in fact
showed that deprotonation leads to a decrease of ν(C=O) and an increase of the
carboxylate vibration [166]. Finally, all vibrational modes and their frequencies are
summarized in Tab. 3.3.

8Polarization modulation infrared reflection absorption spectroscopy enables in situ characteriza-
tion of adsorbed monolayers [167]. An important advantage over the classical IRRAS technique
(see Sec. on page 139) is that the signal is directly extracted from the reflectance of p- and
s-polarized light, without the need of any reference spectrum.
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Mode ν̃ [cm−1] Mode ν̃ [cm−1]

νa(CH2) 2923 νa(COO−) 1570−1580

νs(CH2) 2850 δ(CH2) 1430−1460

ν(C=O) 1716a νs(COO−) 1430−1450

ν(C=O) 1735b ν(C-O) 1300

Table 3.3: Frequencies of the vi-
brational modes of a MUA mono-
layer adsorbed on gold (compare
to Fig. 3.10). The frequency
of the C=O stretching vibration
depends on the configuration of
the carboxyl groups, which can
be hydrogen bonded (a) or non-
hydrogen bonded (b). Data taken
from [166].

3.5. Surface-Enhanced Infrared Spectroscopy Using
Nanoantennas

The present section is based on [170] and intended to give a brief overview on the latest
state of the art. As we saw in Sec. 2.7, the electromagnetic field enhancement of metal
surfaces can be exploited to detect vibrational signals of adsorbed molecules. Since
the spectral resonance position of metal nanoantennas can be easily tuned by changing
their length (Sec. 2.4.1), nanoantenna samples with a match between plasmonic
and molecular resonance can be reproducibly designed. Hence, surface-enhanced
infrared spectroscopy using nanoantennas [171], referred to as nanoantenna-assisted
IR spectroscopy in the remainder of the text, offers great potential for sensing and
detection of molecules [33] or proteins [32]. Besides that, NAIRS is not restricted to
enhance molecular vibrations and can also be applied to probe other excitations like
phonon-polaritons [172], for example.
In Fig. 3.11, two examples of NAIRS are shown: the detection of the probe

molecule octadecanethiol (ODT, see Fig. 3.11a), on the one hand, and the sensing of
phonon-polaritons, one the other hand. These examples are discussed in the following
two sections.

3.5.1. Octadecanethiol as Probe Molecule

First, the application of individual, electrochemically prepared [173, 174] gold nanoan-
tennas will be considered. In Fig. 3.11a, relative transmittance spectra of cylindrical
gold nanowires (D = 100nm) placed on CaF2 are shown. Due to the different length
of the nanorods, the plasmonic excitations are resonant at different frequencies
(Sec. 2.4.1). Prior to the measurement, the nanowires were coated with a monolayer
of ODT [HS− (CH2)17−CH3], which chemically binds to gold but not to the sub-
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(b) Phonon-polariton sensing [172]

Figure 3.11.: (a) Relative transmittance spectra of individual, electrochemically prepared
gold nanowires (D = 100nm) coated with an ODT monolayer [33]. (b) Relative transmit-
tance spectra of lithographic gold nanorod arrays (w≈ 120nm, h≈ 100nm, dx = dy = 5µm)
on silicon [172]. The frequency of the thin-film SPP at 1230cm-1 is marked by a ver-
tical dashed red line. In addition, the frequency of the SPP at the air/SiO2 interface
(ν̃SPP = 1161cm-1) and the LO frequency of SiO2 (ν̃LO = 1251cm-1) are indicated.

strate (Sec. 3.4). In case of parallel polarization, the spectral signature of ODT is
visible at 2855cm-1 and 2927cm-1 (symmetric and antisymmetric CH2 stretching
vibrations [34, 175, 176]), whereas no signal is observed for perpendicularly polarized
light. This is a clear proof that the enhanced near-fields of the nanoantennas cause
the appearance of the ODT vibrational bands.

To quantify the observed signal enhancement, one has to compare the signal in
the enhanced case to the non-enhanced case, which would be the measurement
in perpendicular polarization. However, the signal of the adsorbate is below the
noise level. For this reason, infrared reflection absorption spectroscopic (IRRAS)
measurements of the adsorbate are used to provide the necessary reference [34] (see
Sec. 7.1 for the method). Thus, the enhancement factor EF at a certain wavenumber
ν̃0 is defined as [34]

EF (ν̃0) = INAIRS (ν̃0)
IIRRAS (ν̃0) ·

fIRRAS
fNAIRS

, (3.3)
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where INAIRS, IIRRAS are the signal intensities and fIRRAS, fNAIRS are the fractions
of the illuminated spot that is effectively covered by the adsorbate in the respective
NAIRS or IRRAS measurement.
While fIRRAS can be set to one since the whole sample (smooth gold film) is

covered by the adsorbate in case of IRRAS (Sec. 7.1), the molecules only cover a
small fraction of the area in the case of NAIRS. Here, it is assumed that only those
molecules located at the tip ends of the rods contribute to INAIRS [34], accounting
for the distribution of the enhanced near-field (see Sec. 2.4.2).

Note that in the definition of Eq. (3.3), it is assumed that the molecules adsorb on
the nanoantennas in the same manner compared to the smooth gold film. However,
the effective area, which is occupied by one adsorbed alkanethiol, strongly depends
on the crystalline structure of gold [177]. Whereas the unit cells on Au (111)
and (110) are very similar (21.6Å2 and 23.5Å2, respectively), the one on (100) is
considerably larger (35.5Å2) [177]. This has to be considered when single crystalline
electrochemically and poly-crystalline lithographically prepared nanoantennas are
compared. Former preferentially grow along the < 110>-direction [34] whereas latter
predominantly feature crystal grains with (111)-facets [122].

Furthermore, the signal intensity INAIRS is the change in the relative transmittance
spectrum (∆T/T )NAIRS induced by the adsorbate (difference between maximum and
minimum [34]). For the determination of IIRRAS, one has to take into account that
IRRAS measurements are performed in reflectance geometry at grazing incidence
while NAIRS is carried out at normal transmittance. Hence, the measured signal
intensity (∆R/R)IRRAS has to be transformed into a theoretical relative transmittance
change (∆T/T )theo [34] via thin film approximations [178, 179]:

IIRRAS =
(

∆T
T

)
theo
≈
(

∆R
R

)
IRRAS

· 1
2(nsub + 1) ·

cosϑ
sin2ϑ

, (3.4)

where ϑ is the angle of incidence in IRRAS and nsub is the refractive index of the
substrate in NAIRS.
In Fig. 3.12a, estimated enhancement factors of ODT are shown. The open red

squares originate from measurements of individual, single crystalline, cylindrically
shaped nanowires prepared by electrochemical methods whereas the open black
circles result from lithographically prepared nanorod arrays (cuboid-like shape, see
Sec. 3.1). On the abscissa, the ratio between the antenna resonance position ν̃res and
the frequency of the adsorbate ν̃ODT is given. Accordingly, a ratio of ν̃res/ν̃ODT ≈ 1
represents a perfect match between plasmonic and molecular excitation. Obviously,
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Figure 3.12.: (a) Experimentally estimated enhancement factors EF [Eq. (3.3)] for electro-
chemically prepared single nanowires and lithographic nanorod arrays [34]. (b) Extinction
spectra [normalized to one antenna, see Eq. (4.4)] for lithographically prepared nanorod
arrays (w ≈ h≈ 60nm, dy = 5µm) coated with an ODT monolayer [171].

this condition yields the highest values of EF while the enhancement becomes
smaller with increased detuning of antenna and adsorbate resonance. Note that
a red-shift of the near-field spectrum with respect to the resonance curve in the
far-field was theoretically found [30, 180] (see also Fig. 2.8), suggesting that maximal
NAIRS intensity should be found at ratios ν̃res/ν̃ODT > 1. This behavior could not
be resolved in the experiments of [34].
A big discrepancy exists between the EF -values of electrochemically and litho-

graphically prepared nanoantennas. The lower values of the polycrystalline nanorods9

are attributed to residues on the nanorod’s surface, hampering a complete covering of
the nanorods by the adsorbate [34]. Moreover, the actual morphology of the tip ends
heavily influences the near-field distribution and intensity [68]. Hence, it could be
that less sharp tip ends of the cuboid-shaped lithographic nanorods (see e.g. Fig. 3.3)
cause the observed differences. Nevertheless, the high experimental enhancement fac-
tors obtained with well-designed nanoantennas (up to 500000) exceed those reached
by common SEIRA techniques, e.g. rough films substrates [16, 25], by at least two
orders of magnitude and those of homogeneous artificial gold particle films [181] by
more than one order of magnitude.

9An influence of the nanorod’s crystallinity on its far-field optical response was not detected [31, 34]
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3.5. Surface-Enhanced Infrared Spectroscopy Using Nanoantennas

The line shape of the enhanced vibrational signal (see Fig. 3.11a) clearly differs
from a typical Lorentzian absorption band (see e.g. Fig. 3.10) and in addition
depends on the position of the resonance frequency with respect to the vibrational
lines [33, 34, 182]. This effect can be explained with the appearance of Fano profiles
and is discussed in Sec. 3.5.2 in more detail.

As a last point, the dependency of the NAIRS signal on the geometrical arrangement
of the nanorods is briefly discussed. Figure 3.12b shows far-field extinction spectra
of two lithographic gold nanorod arrays on ZnS, which have been covered by a
monolayer of ODT [171]. In the array belonging to the black spectrum, the rods
feature longitudinal separation distances (see Sec. 3.1) of dx ≈ 60nm, whereas in
other array, the distance dy is only 20nm (dx = 5µm for both arrays). Although the
resonance of the array with dx ≈ 20nm is spectrally more separated from the CH2
stretching vibrations of ODT (marked by vertical dashed lines), the signals of ODT
are more pronounced compared to the measurement of the array with dx ≈ 60nm.
This clearly proves the stronger near-field enhancement of the smaller gap and is
in accordance with simulation results showing increasing near-field intensity with
decreasing gap size [30] (see also Fig. 2.8a).

Estimates of enhancement factors were performed according to Eq. (3.3) and values
of EF ≈ 20000 (dx ≈ 20nm) and EF ≈ 7000 (dx ≈ 60nm) were obtained [171, 182].
These enhancement factors would become of about ten times larger for a better
tuning [182]. However, related to residues of substances from the EBL preparation
process, the NAIRS signals are still smaller than the ones from differently prepared
individual nanocylinders (see Fig. 3.12a), even though the signal should be more
enhanced due to interaction [182].

3.5.2. Antenna Sensing of Phonon-Polaritons

Figure 3.11b shows relative transmittance measurements of lithographically prepared
nanorod arrays on natural oxide covered silicon. In case of the measurements with
parallel polarized light, a vibrational feature at around 1230cm-1 is observed in
contrast to the measurement with perpendicular polarization. This feature can be
attributed to a polaritonic excitation in the thin silicon dioxide layer (thickness of
about 3nm) [172].
As reported in Sec. 2.6.1, different surface phonon-polariton modes exist in a

three-layer-system (air/SiO2/Si). With decreasing layer thickness of the oxide,
the independent SPP modes at the interfaces air/SiO2 and SiO2/Si interact with
each other resulting in the Fuchs-Kliewer modes. As can be seen from Fig. 2.10,
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Figure 3.13.: (a) Baseline corrected thin-film SPP signals originating from relative
transmittance spectra of nanorod arrays on natural oxide covered silicon (see Fig. 3.11b).
The TO and LO frequencies of SiO2 at ν̃TO = 1065cm-1 and ν̃LO = 1251cm-1 as well as
the frequency of the SPP at the air/SiO2 interface at ν̃SPP = 1161cm-1 are indicated. The
numbers at each curve represent the ratio between the antenna resonance frequency ν̃res and
the frequency of the thin-film SPP at ν̃SiO2 = 1230cm-1. (b) Normalized and inverted Fano
profiles calculated according to Eq. (3.5). For asymmetry parameters q 6= 0, asymmetric
line shapes are obtained. Note that in case of q =±1, the curves feature antisymmetry.

the higher energetic FK+ mode is located between the surface phonon frequency
ν̃SPPSiO2-air and ν̃LO = 1251cm-1 [103]. For an interface between a polar dielectric with
dielectric function ε(ν̃) and air (dielectric half space), ν̃SPPSiO2-air is the frequency for
which =

(
− 1
ε(ν̃)+1

)
becomes maximal [183]. Based on the SiO2 dielectric function

of Gunde [103], it is ν̃SPPSiO2-air = 1161cm-1. Since the observed feature in Fig. 3.11b
ranges between these two border frequencies (marked by vertical dashed black lines),
it can be attributed to the FK+ mode at the air/SiO2 interface. Note that the
wave vector component parallel to the surface, which is necessary to excite phonon-
polaritons [184], is provided by near-field scattering processes of nanoantennas [182],
in agreement with scattering near-field infrared microscopic measurements [185, 186].

The line shape of the polaritonic signal obviously depends on the spectral position
of the antenna resonance. To better illustrate the situation, Fig. 3.13a shows the
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3.6. Finite-Difference Time-Domain Simulations

baseline corrected signal ISiO2 (see Fig. 4.2) versus the wavenumber for nanorod
arrays with different lengths. The strongest signal is found for a supposedly best
match between polaritonic and plasmonic excitation (orange curve) and the position
of the polariton feature can be determined to be ν̃SiO2 ≈ 1230cm-1. In analogy
to Sec. 3.5.1, ν̃res/ν̃SiO2 provides a measure for the detuning between plasmonic
and vibrational excitation. The values of ν̃res/ν̃SiO2 are given for each curve in
Fig. 3.13a. As soon as the ratio ν̃res/ν̃SiO2 becomes smaller or bigger than one, the
line shape becomes asymmetric and ISiO2 decreases. For larger mismatches, ISiO2
further diminishes and its shape becomes more and more a Lorentzian.
The adsorbate signals originate from the interaction of the broader plasmonic

excitation with the one of spectrally narrower vibrational dipoles [33, 182]. This
effect can be understood in analogy to Fano profiles in wave and quantum mechanics,
where the asymmetric line shape results from coupling between a discrete state and
a continuum [187]. In our case, the broad plasmonic antenna resonance represents
the continuum state whereas the molecular or phononic vibration can be interpreted
as discrete state. Consequently, the phase difference between the two excitations
determines the strength of the coupling and hence, the line shape.
To illustrate the theoretical shape of Fano profiles, Fig. 3.13b shows calculated

line shapes for different asymmetry parameters q (indicated in the figure) according
to the expression

f (ε) = (ε+ q)2

ε2 + 1 , (3.5)

given in the publication of Fano [187]. Note that the profiles are inverted and
normalized to the maximum value

(
q2 + 1

)
. Increasing or decreasing q leads to a

change of the symmetric anti-resonance for q = 0 to asymmetric line shapes. For
sufficiently high absolute values of q, symmetric resonances are obtained. Obviously,
the experimentally observed line shapes of the thin-film SPP in Fig. 3.13a strongly
resemble the ones shown in Fig. 3.13b.

3.6. Finite-Difference Time-Domain Simulations

The present section is partly adopted from [77]. Within this thesis, finite-difference
time-domain simulations of antenna resonances are compared to experimental results.
The FDTD method is a computational electrodynamics modeling technique and
belongs to the general class of grid-based differential time-domain numerical modeling
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methods. It is broadly established in computational electromagnetism to calculate
the optical response of different nanostructures [188, 189]. The time-dependent
Maxwell curl equations are discretized using central-difference approximations to the
space and time partial derivatives. The temporal variations of electromagnetic waves
within a finite space, which contains an object of arbitrary shape and properties,
are solved iteratively (leapfrog method): the electric field vector components in a
spatial volume are solved at a given instant in time. Afterwards, the magnetic field
vector components in the same volume of space are solved at the next instant in time
and the process is repeated over and over again until the desired electromagnetic
field behavior is fully evolved. In practice, the space including the scatterer is
discretized into a grid that contains the basic element of this discretization, the Yee
cell [190, 191]. The precision of the results depend both on the number of the cells
used in the simulation as well as on the appropriate selection of the simulation time.

Numerical simulations of the IR extinction of gold nanoantennas were performed
by P. Albella from the Center for Materials Physics in San Sebastian (Spain)
using the FDTD software Lumerical.

Maxwell’s equations were solved for a plane wave normally incident on an individual
nanorod or a pair of nanorods, respectively, on a silicon wafer covered by a 3nm thin
oxide layer. In addition, to obtain better agreement with the experimental results,
some spectra were simulated by solving Maxwell’s equations for an incident Gaussian
beam (diameter of 40µm) illuminating gold nanoantenna arrays consisting of a large
number of antenna units. The materials (gold, silicon, silicon dioxide) were described
by the optical data of Palik’s reference book [58]. The results are fully converged,
thus they can be considered an exact solution of Maxwell’s equations.
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4. Individual Nanoantennas Arranged
in Arrays

Nanoantennas arranged in arrays with large separation distances dx and dy (see
Sec. 3.1) can be considered as non-interacting and, hence, as en ensemble of individual
nanoantennas. This argumentation is based on the fact that the optical properties
of arrays do not significantly differ from those of single nanoantennas for dx and dy
being at least 5µm [34].
Section 4.1 focuses on nanorods prepared on silicon covered with a natural oxide

layer. Moreover, nanorod arrays on silicon featuring a thicker oxide layer (around
106nm) will be introduced in Sec. 4.2. Finally, Sec. 4.3 deals with the influence of
the substrate on the nanorods’ optical properties. To this end, the nanorod arrays
on silicon are compared to lithographically fabricated nanorod arrays on quartz
glass [109], zinc sulphide [34] and calcium fluoride [102]. In the end, important
findings of this chapter are summarized in Sec. 4.4.

4.1. Nanorod Arrays on Natural Oxide Covered
Silicon

As an introduction, characteristic resonance parameters are defined in Sec. 4.1.1
and their general behavior is illustrated with the help of nanorod arrays of sample
Wef1 (see Tab. 3.1). In Sec. 4.1.2, the experimental results are compared with FDTD
simulations. Afterwards, the reproducibility of the lithographic preparation process
is analyzed in Sec. 4.1.3. Finally, Sec. 4.1.4 focuses on the influence of the titanium
adhesion layer on the optical properties.

4.1.1. Resonance Parameters and General Properties

Figure 4.1 shows typical relative transmittance spectra of gold nanorod arrays on
natural oxide covered silicon with different rod lengths L. The measurements were
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Figure 4.1.: Gold nanorod arrays on silicon (dx = dy = 5µm, w≈ 90nm, h≈ 100nm) with
different lengths L. The numbers indicate the approximate quantities of rods contributing
to the signals. The definition of the characteristic resonance parameters is illustrated with
the help of the solid black spectrum. The small feature at around 1230cm-1 originates
from the excitation of a thin-film SPP at the SiO2/air interface (see Sec. 3.5.2).

performed with light polarized parallel to the long rod axis. If the orientation of the
polarized light is not explicitly given in the remainder of the text, the reader may
assume that the measurement or simulation was performed with parallel polarization.

The most important parameter, the resonance frequency ν̃res, is given by the
minimum of the relative transmittance curve:

ν̃res = min{Trel(ν̃)} . (4.1)

Furthermore, the maximum extinction Sres, which is defined as

Sres = S(ν̃res) = 1−Trel(ν̃res) , (4.2)

is used to characterize the intensity of the antenna resonance. The last parameter
indicated in Fig. 4.1 is the full width at half maximum Γ, which is obtained by
calculating the difference ν̃1− ν̃2 with Trel (ν̃1,2) = 1−Sres/2. This parameter is used
to calculate the quality factor Q [192]:

Q= ν̃res
Γ . (4.3)
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Figure 4.2: Determination of ν̃res, Sres and
intensity ISiO2 of the phonon-polariton band
in the case of a nanorod array on silicon
(L≈ 1.4µm). The measured data (gray sym-
bols) is baseline corrected with a polynomial
(solid red) using the OPUS software. Fixed
boundary values of 1100 and 1300cm-1 are
used. By calculating the ratio between ex-
perimental spectrum and polynomial, ISiO2
is determined.

For detailed information about the determination of characteristic parameters and
its errors, the reader may be referred to former theses [34, 109, 110].

Besides the fundamental resonances, a small feature in the region around 1230cm-1

is present in all spectra. It originates from the excitation of a thin-film surface
phonon-polariton at the SiO2/air interface and its line shape depends on the spectral
position of the antenna resonance (see 3.5.2). This Fano-like excitation complicates
the determination of the characteristic resonance parameters, especially if it is excited
resonantly. To overcome this problem, a baseline correction with the help of the
OPUS software is performed (see Fig. 4.2). In this way, ν̃res and Sres as well as the
intensity ISiO2 of the surface phonon-polariton band can be determined.

In the following, the behavior of the characteristic resonance parameters is discussed
based on the antenna resonances of Fig. 4.1. Obviously, the spectral resonance
position ν̃res as well as the maximal extinction Sres are governed by the antenna
length L. Concerning ν̃res, the resonance is located at smaller frequencies for longer
antennas. In Fig. 4.3a, the values of the resonant wavelength λres = 1/ν̃res are
plotted versus the antenna length L, resulting in a linear relation between L and λres
(compare to Sec. 2.4.1). Although this particular behavior is true for all investigated
non-interacting arrays, Sec. 4.1.3 demonstrates that the exact progress of λres(L) is
influenced by the lithographic preparation process.

The values of Γ are plotted in Fig. 4.3b versus the resonance frequency ν̃res (open
black squares, left ordinate). The resonances of longer rods (featuring lower ν̃res)
seem to be narrower compared to those of shorter rods. However, the conclusion
that the plasmonic oscillation of longer rods exhibits less damping is delusive, since
plotting the spectra over the wavelength would result in narrower resonances for
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Figure 4.3.: (a) λres versus L for the nanorod arrays shown in Fig. 4.1. The dashed curve
represents a linear fit. In (b), the corresponding values of Γ (left ordinate) and Q (right
ordinate) are plotted versus ν̃res. The black dotted curve is a linear fit to the experimental
data using Γ(ν̃res) = 1

Q · ν̃res. The result (Q = 2.6± 0.1) is also represented by the red
dashed line. (c) Normalized extinction cross-section at resonance σext (ν̃res)/σgeo versus L.

shorter rods. Hence, the quality factor Q= ν̃res/Γ (full red squares, right ordinate) is
a better measure to characterize the oscillation’s damping. The values of Q feature
a nearly constant value of about 2.6 (dashed horizontal line) and are relatively
small compared to that of gold nanoantennas in the visible (e.g. Q≈ 20 reported in
[193]). This is related to the much stronger radiative damping [192] in the IR where
electronic damping gives a rather weak but non-negligible effect [31].
Furthermore, the extinction Sres of the nanorod arrays in Fig. 4.1 increases for

longer antenna length L. For a quantitative analysis, one has to consider that
different numbers N of rods contribute to the respective signals. In addition, longer
rods also feature a bigger geometric cross-section σgeo = L ·w and hence a bigger
geometric shadowing. To account for these two effects, the normalized extinction
cross-section per nanorod [7, 194],

σext
σgeo

(ν̃)≈ A0
N

[1−Trel (ν̃)] · nsub + 1
2Lw , (4.4)

is determined, where A0 is the illuminated spot size. The influence of the substrate is
taken into account via its refractive index nsub in analogy to the normal transmittance
change of a thin film [195] compared to a freestanding film [196].
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Figure 4.4.: FDTD simulations [93] of (a) normalized extinction cross-section σext (ν̃)/σgeo
and (b) extinction cross-section σext of four individual nanorods with geometric dimensions
indicated in the figures.

The Meaning of σext (ν̃)/σgeo

Any value of σext (ν̃)/σgeo above one means an extinction of intensity above geometric
shadowing. This is a clear indication of the nanorods’ ability to confine light and
therefore an indication for an enhanced local field in the vicinity of the nanorods [34,
194]. The maximum value σext (ν̃res)/σgeo is therefore a measure of a spatially
averaged far-field enhancement.

Looking at Fig. 4.3c, a monotonic increase of σext (ν̃res)/σgeo with L is observed
and, hence, one can conclude that longer rods provide higher electromagnetic field
enhancement due to the increased lightning rod effect (see Sec. 2.4.2). Concerning
nanorods of the same length L but different cross-sections (w ·h), σext (ν̃)/σgeo also
provides a measure of the field-enhancing properties of the nanorods. From near-field
simulations it is known that thinner rods provide higher field enhancement [30]. And
in fact, FDTD simulations (Fig. 4.4a) show that the values of σext (ν̃)/σgeo increase
with decreasing cross-section, in contrast to the values of σext (Fig. 4.4b).

However, note that direct conclusions on the near-field behavior cannot be drawn
when comparing σext (ν̃res)/σgeo of interacting nanoantennas (Chap. 5). Far- and
near-field behavior significantly differ in these cases (see Sec. 2.5).

53



4. Individual Nanoantennas Arranged in Arrays

1000 2000 3000

0.8

1.0

1.2

R r
el

T r
el

Wavenumber [cm-1]

 Reflectance 

 Transmittance

(a) Measurements

1000 2000 3000
0

10

20

30

40

50

ex
t(

) /
 

ge
o

Wavenumber [cm-1]

 Reflectance 
 Transmittance

~
(b) Normalized extinction cross-sections

Figure 4.5.: (a) Relative reflectance and transmittance measurement, respectively, at
normal incidence of a nanorod array on silicon (L ≈ 1.5µm, ≈ 26 rods in measurement
spot). (b) Calculated normalized extinction cross-sections per nanorod of the measurements
shown in (a) using Eqs. (4.4) and (4.5).

Transmittance vs. Reflectance

In Fig. 4.5a, relative transmittance and reflectance spectra of the same nanorod array
are shown. In case of normal transmittance measurements, more light is scattered
out of the normal direction when the nanorods are excited, leading to decreased
transmittance at resonance. Conversely, more light is reflected by the nanorods in
case of reflectance measurements, explaining the increased values of Rrel at resonance.
To calculate σext (ν̃)/σgeo for the relative reflectance measurement, the influence of
the substrate has to be taken into account in analogy to Eq. (4.4):

σext
σgeo

(ν̃)≈ A0
N

[Rrel (ν̃)−1] · n
2
sub−1
4Lw , (4.5)

where the factor (n2
sub−1)/4 follows from thin film approximations at normal inci-

dence [196, 197]. In Fig. 4.5b, calculated values of σext (ν̃)/σgeo for the measurements
shown in Fig. 4.5a are plotted. Since the two curves are nearly identical, the use of
the thin film approximations seems to be reasonable.
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Figure 4.6.: Comparison between experiment and simulation. (a) σext (ν̃res)/σgeo for a
nanorod array (dx = dy = 5µm) and an isolated nanorod with L and w given in the figure
(h= 100nm for both). (b) λres versus L for the nanorods arrays of sample Wb3 and FDTD
simulations of isolated rods. Both sets of data were fitted with Novotny’s model, resulting
in the values of εs given in the figure.

4.1.2. Comparison with FDTD Simulations

In Fig. 4.6a, the experimental extinction spectrum per nanorod of an array is
compared to a FDTD simulated (Sec. 3.6) spectrum of an isolated rod of similar
length. Obviously, resonance position, full width at half maximum and extinction are
in good agreement. The slight differences of ν̃res might be due to the experimental
uncertainties of L and thickness of the oxide layer. However, the phonon-polariton
feature at around 1230cm-1 is much more pronounced in the simulation. Most likely,
the SiO2 IR optical textbook data and the ideal SiO2/Si interface model used in the
simulation do not exactly describe the real optical response of the thin natural oxide
layer with non-ideal stoichiometry [77], leading to the observed spectral differences.
Despite these small discrepancies, the simulation of an isolated rod quite accu-

rately reproduces the experimental spectrum of the nanorod array, corroborating
that interaction within the array is negligibly small for dx = dy = 5µm. This is
further supported by Fig. 4.6b, where values of λres extracted from experiments and
simulations are plotted versus L. Both data sets were fitted for L≥ 1µm1 with the

1For smaller lengths and, thus, smaller aspect ratios, the assumption L�R in Novotny’s model
does not hold any more and leads to deviations.
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Figure 4.7.: Simulated far field intensity of an individual gold nanoantenna (L= 1.5µm,
w = h= 100nm) for different surrounding media (see text). The spectra are normalized to
the maximum intensity of the rod being surrounded by vacuum.

theoretical model of Novotny (see Sec. 2.4.1) and similar results for the effective
dielectric constant εs were obtained. Remember that the nanoantenna is surrounded
by one homogeneous medium in Novotny’s model; hence, εs can be considered as
an effective dielectric constant in case of nanorods on a substrate. Interestingly, the
fitting result of εs ≈ 6.3 (average over experiment and simulation) suggests that εs
can be predicted by simply averaging the dielectric constants of substrate (εSi ≈ 11.7)
and air (εair ≈ 1). A similar result was found for gold nanorods on quartz glass
substrates [109], whereas measurements on zinc sulphide [34] showed considerable
deviations (see also Sec. 4.3.1).

Failure of the Effective Medium Model

Different FDTD simulations were performed to clarify if the arithmetic average of the
dielectric constants of substrate and air is really a good approximation for the actual
geometry (nanorod supported by substrate). Figure 4.7 shows simulated spectra of
isolated nanorods with fixed length L= 1.5µm but different surrounding media: a
nanorod in vacuum, a nanorod surrounded by a homogeneous (effective) medium
with εeff = 1

2(εSi+εair) = 6.35, and a nanorod supported by a substrate with dielectric
constant of εSi = 11.7. Although the effective medium model yields a red-shift of the
resonance compared to the vacuum simulation, it does not reproduce the simulation
of the nanorod on the substrate. This results implicates that simple averaging over
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Figure 4.8: Relative transmittance mea-
surements at three different positions within
an array (L≈ 1.6µm). The spectra are arti-
ficially shifted for better comparison. Same
number of rods (N ≈ 26) contribute to each
spectrum.

dielectric constants is not able to predict the exact resonance position. Interface
effects therefore cannot be neglected and are important to consider. Most important,
the values of the dielectric constants εs obtained from Novotny fits cannot be used
to draw conclusions on the dielectric constant of the substrate.

4.1.3. Reproducibility of Lithographic Preparation

In each preparation series, several samples were usually fabricated (see Tab. 3.1).
SEM measurements showed that the length distribution within the arrays is very
narrow or, in other words, that the arrays feature a high homogeneity (usual size
of 50×50µm2). This statement is supported by IR measurements as illustrated in
Fig. 4.8. Here, three different positions within the array were measured and nearly
no variation of ν̃res is observed. Consequently, any observed spectral differences
between different samples cannot be attributed to inhomogeneities within the arrays
and must have other reasons, as will be discussed in the following.
The present section is divided into two parts. First, the optical properties of

samples within the same preparation series are considered. Afterwards, different
preparation series are compared with each other.

Same Preparation Series

Figure 4.9 shows the relations λres(L) of the two samples Wc1 and Wc2 of preparation
series C. Novotny fits (see Sec. 2.4.1) to the experimental data were performed
for both samples. Since the fitting results of εs, which can be used as a quantitative
measure to compare the two samples, are nearly the same, a good reproducibility
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Figure 4.9.: Resonant wavelength λres versus antenna length L for two samples of the
same preparation series. The error bars have been omitted since their size is smaller than
the symbols in most cases. The straight lines are Novotny fits to the experimental data.

Series dx, dy [µm] εs, sample 1 εs, sample 2 ∆εs

B 5 6.06±0.13 6.04±0.09 0.02
C 10 7.00±0.04 6.99±0.06 0.01
E 5 7.23±0.16 7.19±0.20 0.04

Table 4.1.: Results of εs obtained from Novotny fits.

within this preparation series is given. Moreover, the data of different samples of
preparation series B and E were fitted using Novotny’s model and the results of
εs are summarized in Tab. 4.1. As the last column indicates, very good agreement
between samples of the same preparation series is obtained.

Different Preparation Series

In Fig. 4.10, normalized extinction cross-sections σext (ν̃)/σgeo of nanorod arrays
from different preparation series are shown. Since the rod width w is smaller in series
E, the higher extinction of the array of series E (E-array in the following) compared
to the array with similar length of series B (B-array) can be explained by an increased
lighting rod effect (see Sec. 4.1.1). Moreover, the resonance position of the E-array
is red-shifted compared to the B-array with similar length. This behavior, which
is observed for all investigated arrays of these two series (see Fig. 4.11a), cannot
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Figure 4.10.: Comparison of the normalized extinction cross-section σext (ν̃)/σgeo between
different preparation series (see text).

be attributed to interaction since both nanorod arrays feature identical separation
distances (dx = dy = 5µm).

The assumption, that the measured lengths L of the E-arrays exhibit systematic
larger values, can be ruled out as a comparison between the resonances of the E-array
with L≈ 1.5µm and the B-array with L≈ 1.6µm shows: the values of ν̃res are similar,
but the length difference is about 100nm. This value is clearly above the accuracy
of the SEM measurement (±30nm, see Sec. 3.1.2).

It is known from simulations that a smaller rod diameter leads to a red-shift of
the resonance (see Sec. 2.4.1 and also Fig. 4.4), although only a weak influence of
the rod radius R was reported for R > 40nm in the near-infrared [29]. Thus, the
smaller width w of the E-array rods could explain the observed red-shift. However,
as Fig. 4.11a shows, the samples of series C and E feature similar relations λres (L)
even though the rod width w differs. Moreover, the influence of w is taken into
account in the fitting result of εs via the effective radius R (see Sec. 2.4.1). Obviously,
big discrepancies between the values of εs of samples from different preparation
series exist (see Tab. 4.1). The deviating values of εs suggest that the substrate
polarizability varies for the individual preparation series. This may be caused by the
different stoichiometry or thickness of the SiO2 layer beneath the nanorods. This
assumption is supported by the fact that the thin-film SPP at around 1230cm-1 is
clearly more pronounced in case of the E-array compared to the B-array with same
ν̃res (dashed orange curve in Fig. 4.10).
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Figure 4.11.: (a) Resonant wavelength λres versus antenna length L and (b) quality
factor Q versus λres of three samples from different preparation series. The characteristic
separation distances are dx = dy = 5µm for the samples Wb3 and Wef1 and 10µm for sample
Wc1, respectively. The dip in (b) around 9µm may originate from the phonon-polariton
band in this range which hampers the exact determination of Γ.

In summary, the relation λres(L) does not provide a good reference value to
compare different preparation series. Although the same silicon wafers were used for
the fabrication of series B, C, and E, it seems that details of the preparation process
influence the exact resonance position. This is corroborated by the fact that the
relation λres(L) within one preparation series is well reproduced.

However, Fig. 4.11b shows that the relations Q(λres) of three different preparation
series are in very good accordance. Note that the values of Q and λres are exclusively
determined out of the optical IR measurements. Hence, measurement errors of L,
w or the number of rods [contributing to σext (ν̃res)/σgeo] do not affect the value of
Q(λres). Accordingly, Q can be used as a reference parameter to identify spectral
discrepancies between different preparation series.

Conclusion

The relation λres(L) may depend on the preparation process which hampers the
interpretation of spectral shifts between different samples, especially in the case
of interaction effects (Chap. 5). However, the relation Q(λres) seems to be less
preparation-dependent can therefore be used to compare various sample series.
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Figure 4.12: Relative transmittance spec-
tra of two nanorod arrays (both from se-
ries B) with similar geometric dimensions
(L ≈ 1.6µm, w ≈ 120nm, h ≈ 100nm) but
different titanium adhesion layers. Same
number of rods (N ≈ 26) contribute to each
spectrum.

4.1.4. Influence of the Adhesion Layer

In preparation series B, two samples with different titanium adhesion layers (5nm
and 10nm) were prepared. Figure 4.12 shows relative transmittance spectra of two
nanorod arrays with similar geometric dimensions. A small shift of the resonance
frequency is observed, which could be explained by slightly different geometric
dimensions of the rods (below 30nm) or the thickness of the SiO2 layer. However,
no influence on the spectral width or the extinction could be detected (deviations
within the error limit). Moreover, a reduction of the titanium layer to about 5nm
did not result in a lower adhesion of the nanorods to the substrate (proved by SEM).

4.2. Nanorod Arrays on Thermally Oxidized Silicon

For the nanogap preparation by FIB (see Sec. 6.3.4), gold nanorod arrays were pre-
pared on thermally oxidized silicon (dSiO2 ≈ 106nm [123], see Sec. 3.1.3). Concerning
the relative transmittance spectra of three shortest nanorod arrays in Fig. 4.13, a
peak at around 1000cm-1 is growing in intensity as the respective antenna resonance
(located at ν̃res > 1500cm-1) approaches it. This feature, referred to as “oxide fea-
ture” in the remainder of the text, is certainly related to the excitation of a surface
phonon-polariton in the SiO2 film below the nanoantennas. However, it is much
more pronounced than in the case of a thin natural oxide layer (compare to Sec. 4.1).
To prove that its excitation is due to the antenna resonance, a measurement with
perpendicular polarization (⊥) was performed. Here, only a very weak peak around
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Figure 4.13.: Relative transmittance spectra of gold nanorod arrays (w ≈ h ≈ 60nm,
dx = dy = 10µm) on a silicon substrate covered by a 106nm thick oxide layer. Exactly nine
rods contribute to each spectrum. For the array with L≈ 1.5µm, spectra with parallel (‖)
and perpendicular (⊥) light polarization were recorded.

1080cm-1 is observed, which can be explained by inhomogeneities (different oxide
thickness) of the substrate (see Fig. B.1 in the appendix).

With increasing rod length, the strong oxide feature in the range between 1000cm-1

and 1200cm-1 completely interferes with the antenna resonance, hampering the
determination of λres, Γ, and S(ν̃res) for the nanorods with L > 2µm. This is
illustrated in Fig. 4.14, where simulated relative transmittance spectra of 2350nm
long gold nanorods are shown. In the dashed red spectrum, the dielectric function of
the substrate is adjusted to that of SiO2 by implementing a harmonic oscillator with
resonance at 1060cm-1 [198]. And in fact, the obtained spectrum is very similar to
the experimental data of a 2350nm long nanoantenna on 106nm SiO2/Si (orange
spectrum in Fig. 4.13), featuring two peaks at around 900cm-1 and 1400cm-1. For
comparison, the same geometric situation is simulated, but the silicon dioxide is
modeled by a constant dielectric function, resulting in the solid black curve. In this
case, no coupling between plasmonic and phononic excitation is present, leading to
an antenna resonance at ν̃res ≈ 1250cm-1. Now it becomes clear that neither of the
two peaks in the dashed red spectrum corresponds to the antenna resonance or the
oxide feature. The plasmonic excitation rather couples to the phonon-like excitation
in the silicon dioxide producing a Fano-like line shape. However, a reproducible
baseline correction like the one shown in Fig. 4.2 is almost impossible as the example
of Fig. 4.14 shows.
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Figure 4.14: FDTD simulations of
2350nm long gold nanoantennas
(w = 60 = 60nm) on a 100nm thick
silicon dioxide layer on silicon (see text).
The data have been taken from [198].

Resonance Position

In order to get an impression how the thick oxide layer on silicon influences the
antenna resonance position, FDTD simulations using the software package meep were
performed [102], which are depicted in Fig. 4.15a. Here, the relative transmittance
of a 900nm-long gold nanorod is shown for three different cases: pure silicon, 100nm
SiO2 on silicon, and pure SiO2. For the simulations, the substrates were modeled with
constant dielectric functions (εSi = 11.7, εSiO2 = 2.1). Interestingly, the spectrum
of the nanorod on 100nm SiO2 / Si resembles the one on SiO2 with respect to
the resonance frequency. This result suggests that the SiO2 layer exerts the main
influence on the resonance position. This could be explained by the decay length of
the electric field, i.e. the distance at which the electric field strength has decreased
to 1/e, which is in the range of 10−40nm for nanoantennas resonant in the IR [34].
Hence, it seems quite reasonable to assume that the nanoantenna on the thick oxide
layer behaves like a nanoantenna on quartz glass. However, the solid green spectrum
in Fig. 4.15a is still slightly red-shifted and lowered in intensity, indicating that the
silicon substrate at least slightly contributes to the optical response.

Calculating the Normalized Extinction Cross-Section

In order to calculate the value of σext (ν̃res)/σgeo, the influence of the substrate has to
be considered. In Eq. (4.4), the factor (nsub + 1)/2 originates from thin film approxi-
mations at normal incidence for a three-layer-system (air / thin film / substrate).
To correctly account for the situation with the thick oxide layer, one would have to
calculate the transmittivity of a four-layer-system (air / thin film / 106nm SiO2 / Si
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Figure 4.15.: (a) FDTD simulations [102] of single gold nanorods (L= 900nm, w = h=
60nm) and (b) normalized extinction Snorm [Eq. (4.6)] versus λres for lithographically
prepared nanorod arrays on different substrates.

substrate), which is a rather complicated derivation. As a first approximation, the
normalized extinction,

Snorm (ν̃res) = A0
N

[1−Trel(ν̃res)] ·
1
Lw

, (4.6)

is shown in Fig. 4.15b versus λres for lithographic nanorod arrays on Si, 106nm SiO2/Si,
and quartz glass (SiO2). Equation (4.6) is essentially the same as Eq. (4.4) but
without the substrate factor (nsub + 1)/2. Obviously, the values of the arrays on
the thermally oxidized silicon are in the same range as those of arrays on quartz
glass. Note that the rod cross-sections (w ·h) differ for the arrays on 106nm SiO2/Si
and quartz glass. Consequently, the increased lightning rod effect (Sec. 4.1.1) might
explain the higher values of the rods on 106nm SiO2/Si. Nevertheless, the extinction
of the rods on 106nm SiO2/Si is apparently more governed by the refractive index
of glass than that of silicon. As stated above, this might be due to the smaller
decay length of the electric field compared to the oxide thickness. As a simple
approximation, nsub = nSiO2 = 1.45 will be used in the following for the arrays on
106nm SiO2/Si to calculate values of σext (ν̃res)/σgeo.
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Figure 4.16.: (a) Calculated values of σext (ν̃res)/σgeo (ns = 1.45) for different nanorod
arrays (w = h = 60nm, dx = dy = 10µm) on 106nm SiO2/Si. (b) Real (Re{ε} ) and
imaginary part (Im{ε}) and (c) energy loss functions Im

{
−1
ε

}
and Im

{
− 1
ε+1

}
of the

dielectric function of the 106nm thick SiO2 film, which is derived from relative transmittance
measurements (Fig. 3.7) using the software package SCOUT [46].
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Cloaking the Antenna Resonance

In Fig. 4.16a calculated values of σext (ν̃res)/σgeo for all investigated rod lengths in
the range of the oxide feature are plotted. Interestingly, the extinction drastically
drops down in the range between 1100cm-1 and 1200cm-1. A look at the dielectric
function ε of the thermally grown oxide in Fig. 4.16b reveals that the real part of ε is
negative between ν̃TO = 1080cm-1 and ν̃LO = 1247cm-1, leading to high reflectivity
in this reststrahlen band (see Sec. 2.6). Nevertheless, the relative transmittance
measurements of Fig. 3.7 show that approximately 65% of the IR light passes through
the 106nm thick oxide layer. Hence, the negative real part of ε alone cannot account
for the low extinction in this frequency band. More likely, the excitation of the SPP
in the thick oxide layer, similar to the one observed for the natural oxide covered
silicon, leads to the nearly vanishing extinction. The possible frequency range of
the Fuchs-Kliewer phonon-polariton at the air / SiO2 interface is between ν̃SPPSiO2-air
and ν̃LO (Sec. 2.6.1). While ν̃SPPSiO2-air is the frequency where Im

{
− 1
ε+1

}
becomes

maximal, ν̃LO is given by the maximum of Im
{
−1
ε

}
[172]. These values can be

derived from Fig. 4.16c and are also indicated in Fig. 4.16a. And in fact, it seems
that the extinction is minimal in this frequency range. Obviously, the excitation
of the SPP somehow hides the antenna resonance in a certain frequency band, an
interesting effect which might be exploited for cloaking applications. However, the
detailed analysis and understanding of this effect goes beyond the scope of this thesis.
As a last point it should be mentioned that another Fano-shaped feature appears in
the relative transmittance spectrum (Fig. 4.16a) at 809cm-1, which is the position of
the symmetric Si-O stretching vibration (see Figs. 4.16b and 3.7).

4.3. Influence of the Supporting Substrate
In this section, the optical properties of non-interacting nanorod arrays on different
substrates are shown. Besides the spectral resonance position (Sec. 4.3.1), the quality
factor (Sec. 4.3.2), and normalized extinction cross-section (Sec. 4.3.3), the effect of
the substrate on the appearance of dark modes is discussed in Sec. 4.3.4.

4.3.1. Spectral Resonance Position

In Fig. 4.17, the resonant wavelength λres is plotted versus the antenna length L for
nanorod arrays on different substrates. Concerning the nanorod arrays on 106nm
SiO2 / Si, only antenna resonances which are spectrally separated from the strong
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Figure 4.17.: Relation λres (L) for different non-interacting nanorod arrays. It is dx =
dy = 5µm for the arrays on Si, ZnS, and SiO2; dx = dy = 10µm for the ones on 106nm
SiO2 / Si and dx = 5µm, dy = 8µm for the ones on CaF2. The solid straight lines are linear
fits to the experimental data according to λres(L) = a+ b ·L, see Tab. 4.2a.

oxide feature have been evaluated. In addition to the measurements, linear fits to the
experimental data using the relation λres(L) = a+ b ·L are shown. The fitting results
of the coefficients a and b as well as the values of the squared correlation coefficient2

R2 are summarized in Tab. 4.2a. The values of R2 are close to 1.0, indicating nearly
perfect linear behavior between λres and L in the spectral range between λ= 1.4µm
and λ= 12µm.
Obviously, the slope b varies, featuring higher values for substrates with higher

refractive index (see Tab. 4.2a). This red-shift of the resonance is because induced
screening charges in the substrate reduce the intra-rod restoring force (see Sec. 2.4.1).
However, the data of the rods on CaF2 does not fit into this scheme: the rods
exhibit longer λres compared to the rods on SiO2 even though the refractive index
of CaF2 is slightly smaller (see Tab. 4.2a). This can be explained by the different
cross-sections (w ·h) of the rods on CaF2, leading to an increased lightning rod effect
which red-shifts the resonance (see 2.4.1).

The rods on thermally oxidized silicon feature nearly the same λres compared to the
ones on CaF2 and the cross-sections (w ·h) are similar for both arrays (60×60nm2),
indicating that the supporting substrate influences the resonance in the same way.

2The quantity R2 provides information about the goodness of a fit [199]. In regression, it is a
statistical measure of how well the regression line describes the experimental data. A value of
R2 = 1.0 indicates that the fit perfectly reproduces the data.
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Substrate refr. index a [µm] b corr. R2

Si, natural oxide 3.42 0.20±0.02 5.49±0.02 0.99954
ZnS 2.2 0.35±0.04 4.24±0.05 0.99799

Si, 106nm oxide - 0.34±0.08 3.38±0.07 0.99924
SiO2 1.45 0.04±0.02 3.05±0.03 0.99886
CaF2 1.41 0.46±0.04 3.19±0.03 0.99961

(a)

Substrate Reff [nm] εs εsub portion p of εsub
Si, natural oxide 62 6.0±0.1 11.69 47%
Si, 106nm oxide 34 2.38±0.02 ? -

ZnS 34 4.1±0.1 [34] 4.84 80%
CaF2 34 2.23±0.03 1.99 > 100 %
SiO2 70 1.57±0.08 [109] 2.1 52%

(b)

Table 4.2.: Results of (a) linear fits λres(L) = a+ b ·L and (b) Novotny fits to the data
of Fig. 4.17. The effective radius Reff in (b) was calculated according to Reff =

√
w ·h/π

and set as fix input. The contribution p of εsub to εs ic calculated according to εs =
(1−p) · εair +p · εsub.
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index as indicated.

This result supports the findings from Sec. 4.2, i.e. that the nanorods on the thick
oxide layer almost behave like nanorods on a substrate with refractive index near 1.4
and, thus, like pure glass. Note that the variations between the nanorods on SiO2 and
the ones on 106nm SiO2 / Si can be again explained by the different cross-sections
(w ·h).

In addition, the experimental data of Fig. 4.17 have been fitted according to
Novotny’s model and the results of the effective dielectric constant εs are sum-
marized in Tab. 4.2b. Comparing those values with the literature values εsub of
the substrates demonstrates that a direct relation [e.g. εs = 1

2 (εair + εsub)] between
εs and εsub does not exist. A prediction of λres(L) with the help of Novotny’s
approximation based on the dielectric constant of the substrate is therefore not
possible (compare to Sec. 4.1.2). Besides the substrate polarizability, also other
factors like crystallinity and surface roughness of the rods or details of the interface
layers between gold and substrate might influence the exact resonance position.
At this point, it should be mentioned that instead of the relation between λres

and L, one can consider the dispersion relation ν̃res (kPP) between the measured
resonance frequency ν̃res and wave vector of the plasmon-polariton wave kPP = π

L for
the standing wave of the fundamental antenna resonance. Figure 4.18 shows this
relation for the nanorod arrays on SiO2, ZnS, and Si. In addition, the light lines
[ν̃(k) = k/(2π ·nsub)] in vacuum and in the corresponding substrates with refractive
index nsub according to Tab. 3.2 are plotted. The data of the nanorod arrays on SiO2
and ZnS nicely follows the respective light lines for small wave vectors. However,
stronger deviations emerge as the wave vector increases. This discrepancy, which
becomes even more pronounced for larger wave vectors (k > 15µm−1, see [73]),
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Figure 4.19.: (a) Quality factor Q and (b) normalized extinction cross-section
σext (ν̃res)/σgeo versus resonant wavelength λres of non-interacting nanorod arrays on
different substrates. The legend in (a) also applies for the symbols in (b).

represents the plasmonic character of the antenna resonances (compare to Sec. 2.3).
Concerning the nanorods on natural oxide covered silicon, the higher values of ν̃res
compared to those of the light line in (pure) silicon indicate that the thin natural oxide
layer slightly influences the resonance position. Nevertheless, it can be concluded
from Fig. 4.18 that higher nsub leads to a lower plasmon-polariton group velocity,
which is equivalent to the red-shift of the resonance depicted in Fig. 4.17.

4.3.2. Quality Factor

Figure 4.19a shows the values of Q for different nanorod arrays plotted versus the
spectral resonance position. It is obvious, that the substrates with high refractive
index, silicon and zinc sulphide, feature lower quality factors compared to the low
refractive index substrates glass and calcium fluoride. This behavior can be explained
by induced screening charges in the substrate, leading to a more damped electron
oscillation in the nanorod.

4.3.3. Extinction Cross-Section

In Fig. 4.19b, values of σext (ν̃res)/σgeo are plotted in dependence of λres. For all
nanorod arrays, a monotonic increase of σext (ν̃res)/σgeo with antenna length is
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Figure 4.20.: (a) Normalized extinction cross-section per nanorod for non-interacting
nanorod arrays on different substrates. (b) λres versus L for different resonance orders of
nanorod arrays on thermally oxidized silicon. The solid straight lines represent linear fits
to the experimental data using the relation λres, l(L) = al+ bl ·L.

observed due to increasing lightning rod effect. The influence of the substrate on the
signal strength cannot be directly observed in Fig. 4.19b due to the factor (nsub+1)/2
in Eq. (4.4). For this reason, the nanorods on silicon and glass feature similar values
of σext (ν̃res)/σgeo, even though the signal strength on silicon is much smaller due
to increased damping caused by screening charges. Consequently, the measured
signal will always be higher for nanorods on a substrate with low refractive index.
The difference between the rods on CaF2 and ZnS, which both feature significantly
higher values of σext (ν̃res)/σgeo, on the one hand, and the ones on SiO2 and Si, on
the other hand, can be explained by the increased lightning rod effect due to the
smaller cross-sectional areas (see Sec. 4.1.2).

4.3.4. Higher Order Modes

The solid green spectrum in Fig. 4.20a shows an antenna resonance of a nanorod array
on thermally oxidized silicon. Besides the fundamental resonance (l = 1), which is
overlaid by a huge phononic excitation at around 1200cm-1 (see Sec. 4.2), additional
higher order modes (l > 1) appear (see Fig. 2.7a). Figure 4.20b shows the dispersion
relations of these modes; comparison of the slopes of the linear fits (see Tab. 4.3)
reveals that the assignment of the modes is correct, as previously found in [70].
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b2/b1 b3/b1 b4/b1

Linear fit 0.51±0.01 0.34±0.01 0.26±0.01
1/l 1/2 1/3 1/4

Table 4.3.: The experimental data in Fig. 4.20b was fitted for the different modes l using
the relations λres, l(L) = al + bl ·L. The table shows the ratio between the slopes of the
higher order modes and the fundamental mode (as performed in [70]).

The excitation of even order modes at normal incidence is forbidden for symmetry
reasons. In contrast, if the symmetry is broken (defects or oblique incidence), these
dark modes can be excited (see Sec. 2.4.3). Now it is striking that the even order
modes are usually very weak or even not observable for the nanorods on silicon (see
dotted black curve in Fig. 4.20a). One could argue that the lithographic preparation
on silicon features less defects of the rods, leading to decreased intensity of the even
order modes. In addition, it is true that ZnS substrates feature a very high surface
roughness, leading to preparation imperfections [70] and explaining the appearance
of the even order modes for the dashed red spectrum in Fig. 4.20a. However, the
lithographic preparation of the nanorods on silicon and thermally oxidized silicon
was identical (same initial substrates were used). In addition, the surface roughness
is not expected to change during the oxidation process [122]. Hence, it is surprising
that the even order modes appear for the nanorods on the thick oxide layer, while
they are absent for the ones on the natural oxide covered silicon.

One possible explanation could be, that the refractive index of the substrate plays
an important role. The IR light is focused onto the substrate by the Schwarzschild
objective in a geometry that is best described with a “thick cone-shaped shell”.
The maximum and minimum angles of incidence are 10.3° and 30°, respectively
(see Fig. A.6). Figure 4.21 shows side views on two different substrates and the
corresponding light rays being incident 30° from the surface normal. Due to the
high refractive index of silicon, these rays are refracted towards the surface normal
(Fig. 4.21a), while the rays in silicon dioxide are only weakly deflected (Fig. 4.21b).
If the substrate is perfectly aligned perpendicular to the axis of the incident light
cone, all components of the electric field vector which are not parallel to the surface
cancel out, effectively leading to normal light incidence. However, a slight tilt of
the sample results in oblique incidence, activating dark modes. And due to the
different light refraction in substrates with low and high refractive index, this effect
will be more pronounced for substrates featuring low refractive indices, like CaF2 or
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4.3. Influence of the Supporting Substrate

(a) Silicon (b) Silicon dioxide

Figure 4.21.: Light refraction at the interfaces of the substrate. The IR light is coming
from beside the substrate under an maximum angle of incidence of 30° (compare to Fig. A.6).
The angles in the substrate are (a) 8° for silicon and (b) 21° for silicon dioxide.

glass. Supportingly, strong signals of the l = 2 modes were measured by scattering
near-field optical microscopy for nanorods on CaF2 for a substrate tilt of only 2°
from the horizontal [200].

4.3.5. Summary

The substrate polarizability differently influences the optical properties of nanorod
arrays. A high refractive index leads to a red-shift and broadening of the resonance
which comes along with a decreased signal intensity. All these effects can be explained
by induced screening charges in the substrate. In addition, it was found that thinner
rods feature higher values of the normalized extinction cross-section σext (ν̃res)/σgeo
in accordance with FDTD simulations (see Fig. 4.4a); this effect is attributed to
the increased lightning rod effect of thinner rods. Concerning multipolar antenna
resonances, it was concluded that a higher refractive index leads to the suppression
of dark modes. Finally, it was found that nanorods on a relatively thick oxide layer
(106nm) show similar behavior concerning λres(L) compared to nanorods on pure
glass.
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4.4. Important Findings
• The value of σext (ν̃)/σgeo indicates the ability of the nanorod to confine light

and to enhance electromagnetic fields. However, it can be exclusively used to
compare non-interacting nanoantennas.

• The effective medium model fails to predict the resonance position of a nanoan-
tenna placed on a substrate. Hence, the fitting result of the effective dielectric
constant εs obtained from Novotny’s model cannot be related to the actual
substrate polarizability.

• The relation between λres and L depends on the preparation process and cannot
be used to compare nanorod arrays of different samples.

• Nanorods on thermally oxidized silicon (dSiO2 ≈ 100nm) behave similar to
nanorods on pure quartz glass as long as the plasmonic resonance is spectrally
separated from the surface phonon-polariton feature.

• For nanorods placed on a thick SiO2 layer on silicon (≈ 100nm), it was found
that almost the same amount of light can pass by the antenna (on the substrate)
compared to the bare substrate in the small frequency range of the surface
phonon-polariton. This means that the antenna resonance is cloaked by the
excitation of the surface phonon-polariton.

• Dark modes are more pronounced for substrates with lower refractive index
which is probably due to slightly oblique incidence.
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5. Interaction Effects in
Nanoantenna Arrays

In this chapter, the IR optical properties of nanorod arrays on silicon (natural oxide)
with varying separation distances dx and dy in longitudinal (x-) and transverse
(y-)direction, respectively (see Fig. 5.1), are discussed. Note that major parts of
the analysis are adopted from Weber et al. [77]. The notations longitudinal and
transverse are chosen with respect to the direction parallel to the long rod axis. Hence,
Sec. 5.1 (“Transverse Interaction”) deals with nanorod arrays in which dy is reduced
from dy = 5µm to dy = 0.1µm. Accordingly, Sec. 5.2 (“Longitudinal Interaction”)
analyzes the effects of different distances dx. In both cases, the respective other
separation distance is constantly kept to 5µm to investigate possible interaction effects
in both directions independently. Moreover, nanorod arrays with dx = dy = 5µm
(on the same sample) are used as reference since the rods can be considered as
non-interacting (Chap. 4). Besides that, arrays with reduced separation distances in
both directions are investigated in Sec. 5.3, which is therefore denoted as “Mixed
Interaction”. After the conclusion (Sec. 5.4), the important findings are summarized
in Sec. 5.5.

1µm

L

dy

dx

w

y

x

E

k
Figure 5.1: SEM image of a part of a
typical gold nanoantenna array on sili-
con [77]. Besides the separation distances
dx and dy, the rod length L and width w,
also the orientation of the electric field
vector ~E (parallel to long rod axis) and
the incoming wave vector ~k (perpendicu-
lar to substrate plane) are shown.
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Figure 5.2.: Relative transmittance spectra of nanorod arrays featuring different dy
(L≈ 1030nm, w ≈ 90nm, h≈ 100nm, dx = 5µm). In all spectra, the polarization of the
electric field is parallel to the long rod axis except for the solid pink curve, showing a
spectrum in perpendicular (⊥) polarization. The numbers give the approximate quantity
of rods contributing to the signals. The small feature at around 1230cm-1 is due to the
SPP in the natural SiO2 layer covering the Si substrate (see Sec. 3.5.2).

5.1. Transverse Interaction
Figure 5.2 shows relative transmittance spectra of nanorod arrays with rods of
the same length but different transverse separation distances dy. Obviously, a
decrease of dy results in a blue-shift of the fundamental mode accompanied by
extremely broadening. Consequently, the broad resonances of various orders overlap
and therefore couple by dipolar interaction. This coupling, in principle, should
lead to new kinds of mixed excitations with new positions for extinction maxima,
possibly explaining the red-shift of the fundamental and third order resonance for
dy = 0.1µm compared to dy = 0.5µm. Moreover, a spectrum with perpendicular
polarization is shown for the shortest separation of dy = 0.1µm. A slight decrease of
the transmittance towards higher frequencies is visible, which can be interpreted as
the tail of the transverse resonance, being located in the visible range.
Since different numbers of rods contribute to each spectrum, σext per nanorod

(Fig. 5.3a) is better suited to analyze the evolution of the far-field intensity1. Interest-
ingly, the extinction spectrum of the array with dy = 1.5µm is narrower and features
higher maximum extinction than the reference array (dy = 5µm). Since dominant
1σext is plotted to allow a better comparison with the simulations of Figs. 5.3b and 5.3c since the
rod width is different in experiment (w ≈ 90nm) and simulation (w = 120nm).
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Figure 5.3.: (a) Extinction cross-section σext per nanorod of selected nanorod arrays of
Fig. 5.2. Simulated far-field extinction per nanorod of (b) an isolated nanorod and nanorod
dimers with indicated separation distances dy and (c) of nanorod arrays consisting of a
certain quantity of rods as given by the numbers. The rod dimensions in the simulations of
(b) and (c) are L= 1030nm, w = 120nm, and h= 100nm. (d) Resonant wavelength λres
versus separation distance dy for three different nanorod arrays (dx = 5µm). The arrows
mark the onset of the blue-shift of λres compared to the non-interacting reference array
with dy = 5µm.
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near-field dipolar coupling can be excluded at a distance of 1.5µm, this effect is
attributed to radiative dipolar coupling (see Sec. 2.5). Furthermore, the spectra
broaden very much as dy decreases and σext becomes almost a flat “background” in
case of dy = 0.1µm. This decrease of σext, which is still clearly above the geometric
cross-section σgeo = L ·w ≈ 0.1µm2, might be related to near-field coupling across
the gap.

5.1.1. Comparison with FDTD Simulations

In addition to the IR spectroscopic measurements, far-field simulations (see Sec. 3.6)
were performed, which are shown in Fig. 5.3b for an isolated nanorod (solid black
curve) and nanorod dimers with different dy. For large dy, the simple dimer model
is in good agreement with the experimental data of Fig. 5.3a. However, for small
separations below 0.5µm, the decrease of σext is not as dramatic as for the nanorod
arrays. Even for dy = 0.1µm, the antenna resonance is clearly visible at around
1600cm-1, whereas only a broad background at σext ≈ 0.5µm2 is observed in the
experiment. These differences demonstrate the effect of missing neighbors in the
simulation, where mainly the near-field in the gap between the two rods is modified
by interaction, while in the array, modified near-fields on both sides of the rods exist.
To account for that, simulations with an increasing number of interacting rods were
carried out (Fig. 5.3c) and nearly perfect agreement with the experimental results
is obtained. Nevertheless, deviations between measurement and calculation occur
concerning the shape of the surface phonon-polariton signal, which can be attributed
to the ideal SiO2 layer in the simulation (compare to Sec. 4.1.2).

5.1.2. Spectral Resonance Position

Figure 5.3d shows the resonant wavelength λres versus the separation distance dy
for three different rod lengths L. In all three cases, a blue-shift of the resonance
is observed with decreasing dy; however, the onset of this spectral change occurs
at different dy as indicated by the arrows. Consequently, dy is not the sole pa-
rameter which determines the strength of the dipolar coupling. Moreover, because
of the substrate polarizability, the wavelength in the substrate (λres/nSi) and its
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dy
Si

res

n
λ

Figure 5.4: Constructive inter-
ference condition in transverse di-
rection. At λres/nSi = dy, the emit-
ted electromagnetic field of the
lower rod at the position of the
upper rod is in phase with the
electron oscillation of the upper
rod (and vice versa).

relation to dy is the crucial quantity when interaction between plasmonic particles is
considered [32, 86, 92]. For this reason, the relative shift of the resonance position,

∆λres
λres

= λres(L, dy)
λres(L, dy = 5µm) −1 , (5.1)

is plotted versus the ratio λres/(nSidy) in Fig. 5.5a. The definition of Eq. (5.1)
means that λres of a certain array with rods of length L and separation distance
dy is normalized to the corresponding reference array with dy = 5µm. Hence, any
positive values of ∆λres/λres indicate a red-shift of the resonance while negative
values accordingly represent a blue-shift. Moreover, Fig. 5.4 illustrates the relation
λres/(nSidy) = 1, which can be considered as constructive interference condition in
transverse direction. Here, the emitted electromagnetic fields of adjacent rods are in
phase with the electronic oscillation inside the respective other rods.

First, it is remarkable that all data points more or less lie on one curve even though
the data originates from two samples with different rod width and deviating relations
λres(L) of the reference arrays (see to Sec. 4.1.3). For this reason, reference arrays
have to be prepared on the same substrate to be sure that any optical changes are
really due to interaction. Nevertheless, one can conclude that the relative changes
do not depend on the preparation process or rod width.

Furthermore, the arrays with λres/(nSidy)< 1 show no significant difference of λres
compared to the reference arrays, indicating no measurable far-field interaction for
these separation distances. In contrast, beginning from λres/(nSidy)≈ 1, a blue-shift
of the resonance emerges, which is attributed to radiative dipolar coupling. Finally,
as discussed in Sec. 5.1.1, the simulation of arrays nearly perfectly reproduces the
experimental data, while the dimer simulations show considerable deviations for
small separations.
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Figure 5.5.: (a) Shift of λres with respect to the arrays with dy = 5µm [see Eq. (5.1)] for
the samples Wb3 (w≈ 120nm) and Wef1 (w≈ 90nm). Solid red squares and pink triangles
represent the simulation results of Figs. 5.3b and 5.3c. In addition, the relative changes of
(b) Q and (c) σext (ν̃res)/σgeo are shown.
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function y(x) = a ·xb with the fitting results
a= 1.14±0.03 and b=−0.74±0.02.

5.1.3. Quality Factor and Extinction

Similar plots like the one of Fig. 5.5a were generated for the normalized values of
Q and σext (ν̃res)/σgeo in Figs. 5.5b and 5.5c. For ratios of λres/(nSidy) < 1, the
normalized values of Q and σext (ν̃res)/σgeo are more or less equal to one, indicating
the absence of significant far-field interaction. However, weak oscillatory behavior
is present, leading to slightly bigger values around λres/(nSidy) = 0.5 (constructive
interference condition for 2 · λresnSi

= dy). Furthermore, a qualitative change in dipolar
interaction occurs at λres/(nSidy) ≈ 1: After reaching a maximum for λres/(nSidy)
slightly bigger than one (in accordance with [32, 86, 88]), the normalized values of Q
and σext (ν̃res)/σgeo strongly decrease towards larger λres/(nSidy) ratios.

Finally, the data of Fig. 5.5c is plotted for λres/(nSidy)> 1 in double-logarithmic
scale in Fig. 5.6. Since the data shows linear behavior in this representation, a fit
using the function y(x) = a ·xb with the two fitting parameters a and b was performed,
resulting in the solid red straight line in Fig. 5.6. Based on the fitting result of
b≈−3

4 , the decrease of σext (ν̃res)/σgeo seems to be proportional to (dy/λres)3/4.

5.1.4. Investigation of the Near-Field

Now the question arises how the near-field behaves for small separation distances.
Note that a lowered far-field intensity does not necessarily implicate a decreased near-
field distribution (see Sec. 2.5). Hence, to provide direct experimental evidence of the
near-field behavior with transverse coupling, near-field mappings of selected antenna
arrays were performed by infrared scattering-type near-field optical microscopy
(SNOM [201]).
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Fig. 8. Near-field amplitude images obtained by s-SNOM of 1.5 µm long gold nanorods with 
varying transverse distances dy: 5 µm (a), 1 µm (b), 500 nm (c), 250 nm (d), and 100 nm (e). 

All images are obtained at a wavelength  = 11.1 µm. For comparison, (f) to (j) show 
simulations of the near-field for the same structures as (a) to (e). In both cases, the transverse 
near-field coupling is increased from (a) to (e) and (f) to (j), respectively, but the amplitude of 
the near-field decreases. 

 

6. Summary  

We investigated the different influence of inter-antenna separation distances in transverse and 
longitudinal directions in ordered rectangular arrays of “one-dimensional” plasmonic 
nanoantennas. From experimental IR investigations of lithographic gold nanorod arrays on 
silicon wafers and numerical simulations, we obtained optimum array parameters for 
maximum quality factor (in far-field extinction), namely longitudinal and transverse distances 
according to the respective first constructive interference conditions. These conditions are 
important for the selectivity of an application. In SEIRS, however, the near-field enhancement 
of plasmonic resonances and the number of sites featuring that field enhancement have to be 
maximized. For a SEIRS array we therefore propose very small longitudinal gaps and 
transverse separation distances according to the first constructive interference condition with 
the gap size equal to the resonant wavelength in the substrate. Concerning the array design, it 
has to be considered that the longitudinal near-field coupling strongly changes the resonance 
position of the plasmonic resonance and therefore the antenna length needs to be adjusted to 
the vibrational frequencies of interest.   
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Figure 5.7.: (a-e) Near-field amplitude images [77] obtained by s-SNOM of 1.5µm long gold
nanorods with varying transverse distances dy: (a) 5µm, (b) 1µm, (c) 0.5µm, (d) 0.25µm,
and (e) 0.1µm. All images were recorded at a wavelength of λ= 11.1µm. For comparison,
(f) to (j) show simulations of the near-field for the same structures as (a) to (e) [77].

The measurements were performed by P. Alonso-Gonzalez and R. Hillen-
brand at the CIC nanoGUNE Consolider in San Sebastian, Spain, using a commercial
s-SNOM (Neaspec NeaSNOM [202]). It is based on an AFM where dielectric silicon
tips are employed as scattering near-field probes [203, 204]. Both silicon tip and gold
nanorod are illuminated by s-polarized IR light (parallel to the long rod axis) under
an angle of 60° from the surface normal. For all measurements, a CO2 laser of fixed
wavelength (λ= 11.1µm) was used as illumination source. After being scattered by
the tip, the IR light is detected with a pseudo-heterodyne interferometer [205]. By
selecting the p-polarized tip-scattered light with a polarizer, the amplitude of the
vertical near-field component Ez was recorded [204].

Figures 5.7a to 5.7e show the amplitude of the vertical near-field component Ez
for a set of parallel 1.5µm-long gold nanorods with varying transverse spacing dy
from 5µm to 0.1µm. To compare the near-field amplitude signals of the different
transverse separations, all images were taken with the same tip, the same mapping
parameters, and the same laser alignment. In Fig. 5.7a (dy = 5µm), a typical dipole
pattern is observed: two bright spots at the rod extremities [203], proving enhanced
near-field amplitudes. With decreasing dy, the amplitude signals decrease, nearly
vanishing for dy = 0.1µm (Fig. 5.7e).
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Figure 5.8.: (a) Far-field extinction spectra for nanorod arrays with similar rod dimensions
but different longitudinal separation distances dx (L ≈ 820nm, w ≈ 120nm, h ≈ 100nm,
dy = 5µm). (b) Relative shift ∆λres/λres of nanorod arrays with dx = 1µm and dx ≈ 40nm
with respect to the reference arrays with dx = 5µm. The solid blue and black horizontal lines
represent constant fits to the experimental data, resulting in (10.9±0.3)% for dx ≈ 40nm
and (0.2±0.2)% for dx = 1µm. Results from FDTD simulations of an nanorod array as
well as nanorod dimers (w = 120nm, h= 100nm) are added.

In addition to the experimental results, FDTD simulations were carried out for
the near-fields around the nanorods (Figs. 5.7f to j). In fact, qualitative good
agreement between experiment and simulation is obtained. The two image series
lead to the conclusion that the reduced values of σext (ν̃res)/σgeo observed in far-field
spectroscopy (Fig. 5.5c) indicate a near-field decrease due to transverse near-field
coupling. This near-field decay is also experimentally visible in Fig. 5.3a, where a
weaker signal of the SiO2 phonon-polariton is observed for dy = 0.1µm. From these
findings and from the strong broadening and weakening of the antenna resonance
spectrum, one can conclude that transverse separation distances dy below λres/nSi
are not beneficial for any application that exploits enhanced near-fields (e.g. NAIRS).

5.2. Longitudinal Interaction

The present study is not as systematic as the one of Sec. 5.1 concerning the variation
of the separation distance. Only two different separation distances dx (1µm and
40nm) were prepared on sample Wb3 besides the reference distance of dx = 5µm.
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Figure 5.9: Constructive inter-
ference condition in longitudinal
direction. At λres/2nSi = dx, the
emitted electromagnetic fields are
in phase with the intra-rod elec-
tron oscillations.

Figure 5.8a shows selected extinction spectra of arrays with similar rod lengths
(L≈ 820nm) and the three different longitudinal separations dx (dy = 5µm is kept
constant). Obviously, a reduction of dx to about 40nm leads to a red-shift and
broadening of the resonance accompanied by a decrease in extinction, which will be
analyzed in the following in more detail.

5.2.1. Spectral Resonance Position

In analogy to Sec. 5.1, the relative shift ∆λres/λres [see Eq. (5.1)] of the array
sets with dx ≈ 40nm and dx = 1µm is plotted versus L in Fig. 5.8b. For the
arrays with the small gap of dx ≈ 40nm, an approximately constant relative shift
of ∆λres/λres = (10.9± 0.3)% (solid blue horizontal fit) is found, indicating near-
field interaction across the gap (see Sec. 2.5). The red-shift can be understood by
a coupled dipole model including retardation, where the intra-rod restoring force
is diminished by the charges of opposite sign from the adjacent rod [30]. FDTD
simulations of dimers (full red triangles) also predict a nearly constant relative shift,
however, they do not reproduce the experiment. The discrepancy can be explained
by the fact that in an array, each rod features two direct neighbors, leading to a
weaker intra-rod restoring force and smaller resonance frequency compared to the
dimer case, where only one direct neighbor exists. And in fact, the simulation of
an array with L = 820nm (full yellow diamond) nicely fits to the experiment. In
contrast, nearly no shift is observed for the relatively large separation of dx = 1µm,
leading to the conclusion that neither near-field nor significant radiative dipolar
coupling exists for dx = 1µm. Supportingly, good agreement with the simulations of
dimers is achieved.

5.2.2. Quality Factor and Extinction

Similar to Sec. 5.1, radiative dipolar coupling in longitudinal direction requires that
the emitted fields are in phase with the electronic oscillation of adjacent rods. This
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Figure 5.10.: Normalized values of (a) Q and (b) σext (ν̃res)/σgeo of the arrays with
dx = 1µm and dx ≈ 40nm with respect to the reference arrays with dx = 5µm.

leads to the constructive interference condition 1
2 ·

λres
nSi

= dx illustrated in Fig. 5.9. For
this reason, the normalized values of Q and σext (ν̃res)/σgeo are plotted in Fig. 5.10
versus the ratio λres/(2nSidx). And in fact, slight increase of Q and σext (ν̃res)/σgeo
is observed for values of λres/(2nSidx) slightly bigger than one, implicating that at
least weak far-field interaction in longitudinal direction occurs for dx = 1µm.

The arrays with the small gap of dx ≈ 40nm feature systematically lower values
of Q and σext (ν̃res)/σgeo (see Fig. B.2 for absolute values), resulting in relatively
constant normalized values (see Fig. 5.10). The reduced values are evidences of near-
field dipolar coupling [30], becoming the dominating interaction at small distances.
Note that the observed lower far-field extinction values indicate a lower amount of
scattering out of the incident photon wave vector direction and do not necessarily
mean lower near-field intensity. In fact, near-field coupling over small gaps in
longitudinal direction leads to drastic increase of the near-field amplitude [30] (see also
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Figure 5.11.: Extinction cross-sections for nanorod arrays (w ≈ 40nm, h≈ 60nm) with
transverse separation distance dy = 1µm.

Fig. 2.8a). Supportingly, SEIRS measurements [171] (Fig. 3.12b) suggest increased
electromagnetic field enhancement for coupled nanorods in tip-to-tip configuration.

5.3. Mixed Interaction

This section deals with the samples of series A, where nanorod arrays with separation
distances below 5µm in both directions (dy = 1µm, dx = 1µm and 50nm, see Tab. 3.1)
were prepared. Based on the findings of Sec. 5.1, the values of dy = 1µm should lead
to transverse interaction for λres > nSi dy = 3.42µm (ν̃res . 2920cm-1). In addition,
the nanorods most likely interact over the small gap of dx ≈ 50nm, leading to “mixed”
interaction. Unfortunately, reference arrays (dx = dy = 5µm) were not fabricated
within this series. In addition, a comparison between the data of series A and the
references of series B or E, for example, might be misleading due to the different
rod cross-sections (w ≈ 40nm, h ≈ 60nm for A opposed to w ≈ 120nm for B and
w≈ 90nm for E, respectively, with h≈ 100nm for both). Consequently, any observed
shift of λres cannot be clearly attributed to interaction (compare to Sec. 4.1.3). As a
result, a systematic analysis of the mixed interaction is not possible, however, the
qualitative results are important for the understanding of the first photo-induced
metal deposition experiment in Sec. 6.2.2.2, where a sample of series A was used.
Figure 5.11 shows σext (ν̃)/σgeo for selected nanorod arrays of sample Wa4, ex-

tracted from relative reflectance measurements (see Fig. B.3a) using Eq. (4.5). The
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Figure 5.12.: Quality factor Q versus resonant wavelength λres for different arrays of
sample Wa4 [d(1/1) and d(0.05/1)] and Wb3 (all others). The abbreviation d(x/y) denotes
arrays with separation distances of dx = xµm and dy = yµm.

reduced values of σext (ν̃res)/σgeo for decreasing dx argues for increased near-field
interaction in the case of dx ≈ 50nm (compare to Sec. 5.2.2). However, a blue-shift of
the resonance is detected for decreasing dx, which seems to be contrary to observed
red-shift for decreasing dx found in Sec. 5.2. Thus, the reduced transverse separation
of dy = 1µm seems to strongly influence the optical behavior, even for ν̃res> 2920cm-1.
Besides the directly neighboring rods in transverse direction, it could be that also
the diagonally opposite ones interact with each other in the case of dx ≈ 50nm.
Consequently, the system becomes very complicated and a more systematic study
would be necessary to understand the origin of the observed blue-shift.

As shown in Sec. 4.1.3, the quality factor Q can be used to compare different
preparation series. In Fig. 5.12, Q-values of the arrays of sample Wa4 (green circles
and orange triangles) are compared with arrays of sample Wb3 (all others).

The Q-values of the arrays d(1/1) (see figure caption for definition) first increase
with λres and feature a maximum at around λres ≈ 4µm, which is slightly bigger than
the wavelength λres = nSi · dy = 3.42µm of the constructive interference condition
in transverse direction, see Sec. 5.1). After reaching the maximum, the Q-values
seem to decrease for longer wavelengths. This behavior is similar to the transversely
interacting arrays d(5/1), indicating that strong transverse interaction also broadens
the resonances for dx = 1µm in case of sufficiently long λres. However, the Q-values
of d(1/1) are slightly bigger for λres < 4µm compared to the reference arrays d(5/5),
possibly due to weak longitudinal interaction in this range.
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The arrays d(0.05/1) feature broader resonances for λres < 4µm compared to the
arrays d(1/1). This is explained by longitudinal near-field coupling, also being respon-
sible for the systematic lower values of d(0.04/5) compared to d(5/5). Furthermore,
the Q-values of d(0.05/1) rise as λres is approaching the value of 4µm and even exceed
the Q-values of d(1/1). This behavior suggests that direct transverse interaction
becomes important at λres ≈ 4µm. However, the blue-shift of the arrays d(0.05/1)
compared to the d(1/1) arrays indicates that “mixed” interaction is already present
for λres < 4µm, which could explain the relatively high Q-values in this range.

5.4. Conclusion

Considering the results above, it is possible to identify the optimum geometry for
maximum Q (in far-field extinction) and plasmonic resonances only marginally shifted
from those of non-interacting antennas: 0.5 ≤ λres/(2nSidx) ≤ 2 and λres/(nSidy)
slightly bigger than one, see Figs. 5.10a and 5.5b. This is in reasonable agreement
with the work of Adato et al. [32] and accounts for the constructive interference
conditions of the two coupling directions (see Figs. 5.9 and 5.4). In longitudinal
direction, resonances are only slightly sharper in a range around λres/(2nSidx)≈ 1,
whereas in transverse direction, a significant constructive first order interference
appears at λres/(nSidy)≈ 1. The anisotropy of the far-field interaction in the array
is influenced by the anisotropic emission pattern of an oscillating dipole. Here, most
of the electromagnetic power is radiated perpendicular to the oscillation axis [206]
and, thus, changes in dy cause stronger interference effects. Strong anisotropy is
also measured for the near-field coupling range of gap sizes (compare Figs. 5.5 and
5.10 for values on the abscissa bigger than one). Significant blue-shift, decrease
of normalized σext (ν̃res)/σgeo and extraordinary broadening are only observed for
transverse gap size decrease below λres/nSi. Coupling of the antennas over a small
dy (of about 100nm) disturbs the confinement of resonant near-field at the nanorod
ends very differently compared to the increased confinement at small dx.

In NAIRS, near-field enhancement of plasmonic resonances has to be maximized,
suggesting that very small longitudinal gaps with transverse separation distances
according to the first constructive interference condition are optimal. Concerning the
array design, it has to be considered that the longitudinal near-field coupling strongly
changes the resonance position. Hence the antenna length needs to be adjusted to
the vibrational frequencies of interest. Note that a simultaneous optimization of Q
and near-field intensity is not possible.
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5.5. Important findings
• The relative shift ∆λres/λres as well as the normalized values of Q and
σext (ν̃res)/σgeo do not depend on the preparation process or rod cross-section.

• Concerning transverse interaction, maximum values ofQ and σext (ν̃res)/σgeo are
found near the constructive interference condition λres/nSi = dy. Furthermore,
a qualitative change of the optical properties (blue-shift, broadening, decrease
of extinction) occurs for λres/nSi > dy.

• For small transverse separations, near-field coupling leads to a decrease of
near-field enhancement, as shown by SNOM measurements.

• Small longitudinal gaps lead to a red-shift of the resonance accompanied by
broadening and decrease of extinction. The increased near-field enhancement
for the tip-to-tip configuration is known from literature [30].

• A resonance blue-shift was found for a reduction of dx from 1µm to about
50nm at fixed dy = 1µm. This behavior might be due to increased interaction
of diagonally opposite rods.
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6. Characterization and Preparation
of Nanogaps

In this thesis, two different approaches to nanogap formation were investigated. The
first one, the chemically induced metal deposition, is based on growth of lithographic
nanoantennas. In this way, already existing intra-rod gaps become narrower, as
illustrated in Fig. 6.1a. The nanorod growth was performed by using two methods,
the wet-chemical and the photo-induced metal deposition, which are introduced and
discussed in Sec. 6.1 and Sec. 6.2. In contrast to these “bottom-up” techniques, the
second approach (Sec. 6.3) can be considered as “top-down” process: lithographic
nanorods are cut in the middle by a focused ion beam to prepare dimers with small
gaps (see Fig. 6.1b).

(1) (2) (3)

(a) Growing nanoantennas

(1) (2) (3)

(b) Cutting nanoantennas

Figure 6.1.: (a) Nanorods with relatively small gaps (20− 50nm) are lithographically
prepared (1); by reduction of gold ions (2), deposition of gold on the nanoantennas narrows
the gap (3). (b) Long nanorods are fabricated (1) and cut in the middle by a focused ion
beam (2) to prepare dimers (3).
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6.1. Wet-Chemical Metal Deposition

After a short introduction to the principle of the method (Sec. 6.1.1), the measurement
process is shortly explained in Sec. 6.1.2. Finally, the results are discussed in Sec. 6.1.3.

6.1.1. Principle

The wet-chemical metal deposition or hydroxylamine seeding method is a well-known
technique in nanotechnology to enlarge existing gold nanoparticles solved in solutions
or immobilized on surfaces [37, 207–210]. It is based on the thermodynamical
reduction of Au3+ ions to metallic gold by hydroxylamine (NH2OH). The gold ions
are usually provided by a gold salt, hydrogen tetrachloroaurate (HAuCl4) for example.
The reduction process is dramatically accelerated in presence of gold surfaces [211],
leading to gold deposition on existent gold particles while new particle nucleation
does not occur [207, 209].

6.1.2. Measurement Process

HAuCl4 (99.999 %) and hydroxylamine hydrochloride1 NH2OH ·HCl (99 + %) were
obtained from Sigma Aldrich and Fisher Scientific, respectively, and used
without further purification. Aqueous solutions of both components were prepared
with concentrations of 0.3mM (HAuCl4) and 0.4mM (NH2OH ·HCl), respectively,
according to [208].
First, a defined volume (20− 40ml) of NH2OH ·HCl solution was given in one

beaker. After adding the same amount of HAuCl4 solution, the sample was immersed
in this growth solution and swayed2 for two minutes. Finally, gold deposition was
terminated by rinsing the sample with pure water and drying it with compressed air.

6.1.3. Results

IR Optical Characterization

The experiment was performed with sample Wa4 of series A (see Tab. 3.1), featuring
two sets of arrays, A1 and A2, with different separation distances dx (dy = 1µm
for both). In Fig. 6.2, typical relative reflectance spectra3 before and after the
1The hydrochloride form of NH2OH is more convenient compared to simple NH2OH [176].
2Swaying provides a more homogeneous growth than simple immersing [212].
3Sample Wa4 features a rough backside which is not well suited for transmittance measurements.
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Figure 6.2.: Relative reflectance spectra before and after wet-chemical metal deposition for
(a) an array of set A1 (dx = 1µm, L≈ 0.65µm) and (b) one of A2 (dx ≈ 50nm, L≈ 0.6µm).
The numbers indicate the approximate quantity of rods contributing to the signals.

metal deposition are displayed. The arrays of set A1 (dx = 1µm, Fig. 6.2a) show an
increase of extinction accompanied by a shift of the resonance to higher frequencies.
Furthermore, the antenna resonance does not broaden significantly, indicating a
rather homogeneous rod growth. In contrast, nearly no shift of the fundamental
mode is detected for the A2-arrays (dx ≈ 40−50nm, Fig. 6.2b). Moreover, a second
resonance has emerged at around 1250cm-1, interfering with the excitation of the
thin-film SPP (Sec. 3.5.2). All other arrays of A2 showed similar behavior with a
more or less pronounced peak at half frequency of the fundamental mode.

SEM Measurements

Whereas the shape of lithographically prepared nanorods seems to be quite regular
and cuboid-like (see e.g. Fig. 3.3), the surface morphology drastically changes after
the wet-chemical metal deposition, as illustrated by Fig. 6.3. The roughness of the
rods heavily increased and the rods look very irregular and grainy. In addition, small
gold nanospheres have formed on the whole substrate. In the case of the arrays of
A1, small gaps below 10nm were found (see arrow in Fig. 6.3b), however, also the
coalescence of individual was observed (not shown).

Histograms of the maximum particle dimension were generated for selected nanorod
arrays. In the representative example of Fig. 6.4, an average increase of the rod length
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200nm

(a) Array of A1

200nm

(b) Array of A2

Figure 6.3.: SEM images of nanorods after wet-chemical metal deposition.

of about 100nm was monitored. Note that a very homogeneous length distribution4

was present before the experiment (red bars). Moreover, most of the small gold
nanoparticles are spherical, featuring diameters of about 40−60nm. In addition,
cylindrically shaped particles (see encircled one in Fig. 6.3a) have formed with
maximal dimensions up to 200nm. Concerning the length growth of the A2-arrays,
an average increase of only 50nm was detected (not shown). This value is reasonable
taking into account that the rods were initially separated by 40−50nm and that
coalescence of several rods have occurred. Finally, the rod width w was found to
have increased from 40nm to about 120nm for the rods of both sets.

Discussion

An increase of the rod length L leads to a resonance red-shift whereas the growth of
the rod diameter results in a blue-shift (Sec. 2.4.1). Since both geometric dimensions
grow simultaneously, the blue-shift of the resonances of the A1-arrays (see Fig. 6.2a)
is explained by the dominating influence of the increased rod diameter. This can
be derived from the simulations depicted in Fig. 2.5, where a 100nm increase of L
accompanied by an augmentation of R from 20nm to 60nm results in a shift of the
resonance to shorter wavelengths.

Concerning the A2-arrays, the increased interaction over the narrower gap, which
is expected to red-shift the resonance (Sec. 5.2), might cancel the effect of the bigger
rod diameter, leading to no significant shift of the resonance. Moreover, the second
4The histograms were generated with the help of SEM images at lower magnification to obtain a
better statistical averaging. The observed length difference of L2−L1 = 26nm corresponds to
one pixel in the images and hence to the error of the measurement.
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Figure 6.4.: Maximum particle dimension before and after metal deposition for an array
of set A1.

resonance at half frequency of the fundamental mode is attributed to merged rods of
doubled length. This conclusion is based on the linear relation between L and λres
in the IR (Secs. 2.4.1 and 4.3.1).

Conclusion

The experiments showed that the wet-chemical method can be applied to enlarge gold
nanorods, offering the possibility to prepare nanogaps suited for NAIRS. However,
one critical point is still the formation of gold nanoparticles on the substrate. One
possible reason for their appearance could be the argon-sputtering of the sample
prior to the experiment (see Sec. A.4), possibly creating nucleation seeds on the
substrate. This is supported by the absence of gold nanoparticles on the back side of
the sample, which was monitored by SEM (not shown). Moreover, the concentration
of the gold salt, adopted from Brown et al. [37] (seeding of colloidal particles), could
be too large for the manipulation of nanorods. In addition, the reduction process
might proceed too fast, explaining the irregular shape of the rods.
One major disadvantage of the method is the simultaneous modification of all

prepared nanorod arrays on the sample. Consequently, the whole sample is corrupt
if an experiment fails. For this reason, the method was given up in favor of the
photo-chemical technique, which promises selective modification of the sample.
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5.3 Experimental procedure

Fig. 5.3: Combined wide-field excitation and confocal setup for metal deposition

onto individually addressed particles. Inset: Scheme of the optically induced metal

deposition. Due to irradiation, the reduction of gold salt complexes is induced

in the solution. Elemental gold precipitates, while residual ionic compounds are

compensated by scavangers in the solution or by the solvent itself. The process

takes place preferentially in the vicinity of a seed particle, as the presence of such

a particle alters the reduction potential of the chemical system.

51

Figure 6.5: Schematic drawing of the
photo-induced metal deposition [36]. Il-
lumination with light triggers the reduc-
tion of the gold salt complexes. Metallic
gold is preferably deposited on present
gold surfaces.

6.2. Photo-Induced Metal Deposition
First, the principle of the method is reviewed in Sec. 6.2.1. Afterwards, Sec. 6.2.2
presents the experimental findings from gold nanorod arrays on silicon illuminated
by the halogen lamp of the IR microscope. Besides that, illumination experiments
with individual nanorod dimers on CaF2 were performed with the help of an inverted
microscope and a laser light source (Sec. 6.2.3).

6.2.1. Principle

The basic idea of the photo-induced metal deposition [213–215] is the reduction of
HAuCl4 to bulk gold in the presence of gold surfaces [216]. However, in contrast to
the wet-chemical reduction, the reaction is triggered by light illumination [217]. The
gold surface of present gold particles serves as catalyst for the reduction reaction,
thereby leading to particle growth rather than agglomeration of the reduced gold
atoms [216], as illustrated in Fig. 6.5. Moreover, only photons with sufficiently high
energy (E > 2.25eV or λ < 550nm) are able to initiate the reduction reaction [36].
Note that the substrate surface does not provide the required catalytic activity and,
hence, the deposition occurs with high spatial selectivity. Details of the chemical
process can be found in [214, 218].

6.2.2. Nanorod Arrays on Silicon Substrates

The first experiments were performed with sample Wa2 of series A (see Tab. 3.1).
Besides that, arrays with small dx of about 40nm on sample Wb3 were used to
narrow the gap. Two examples of each sample will be presented and discussed after
the introduction of the measurement process.

6.2.2.1. Measurement Process

Initially, a drop (volume of 20µl) of immersion oil (Cargille #1160), containing a
defined concentration of HAuCl4 (1−5mM), was given on the sample. Immersion
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Figure 6.6.: Photo-induced growth of an array of sample Wa2 (L≈320nm, w ≈ 40nm,
dx ≈ 60nm, dy = 1µm before metal deposition).

oil was used instead of water due to its low surface tension and slow evaporation
at ambient conditions. To avoid any triggering of the deposition process during
localization of the sample position, a red-filter was inserted in front of the white light
source (Nikon halogen lamp, 12 V, 100 W) to filter out the short-wave portion of
the halogen spectrum. After selection of a certain nanorod array, the red-filter was
removed and the whole array was illuminated for a defined time. As a result of top
illumination, which is necessary due to the opaque silicon substrate, gold ions are
photo-chemically formed at the surface of the gold salt solution. Consequently, they
have to diffuse towards the gold nanorods where they finally precipitate. After each
deposition step, the sample was flushed with pure ethanol and dried with compressed
air to allow IR spectroscopic measurements.

6.2.2.2. Results of Sample Wa2

First, a reference spectrum [spectrum (0) in Fig. 6.6] was recorded before metal
deposition, featuring an antenna resonance at around 5500cm-1. After 10 minutes
of illumination [c(HAuCl4) = 5mM], the fundamental resonance shifted to higher
wavenumbers [ν̃res ≈ 6300cm-1, spectrum (1)]. This is contrary to the expected
resonance red-shift with decreasing gap size (Secs. 2.5 and 5.2). However, one has to
take into account that the transverse separation distance of dy = 1µm leads to “mixed
interaction”, for which a blue-shift of the resonance with decreasing dx was observed
(Sec. 5.3). In addition to the shift of the fundamental resonance, originating from
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(a) SEM after spectrum (1)
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Figure 6.7.: SEM images taken after the acquisition of (a) spectrum (1) and (b) spec-
trum (3) of Fig. 6.6. L and w of the rightmost rods in the zoom images are (a) L≈ 371nm,
w ≈ 80nm and (b) L≈ 390nm, w ≈ 102nm. In (b), rods of multiple L have formed. Note
that only very small parts of the array (overall size of 50×50µm2) are shown.

“single rods”, a second peak at lower frequency (≈ 2700cm-1, marked by “double
rods”) emerges, indicating the coalescence of rods, now featuring approximately the
double length (compare to Sec. 6.1.1).

The SEM image of Fig. 6.7a, recorded after the 10 min-deposition step, shows very
rough and grainy rods which resemble the ones of the wet-chemical approach. However,
no particle nucleation on the substrate occurred, which is a clear improvement
compared to the wet-chemical preparation. Concerning the growth of the rods,
length and width increased of about 40nm compared to the initial state (not shown)
and gaps of down to 20nm were found.

Subsequently, two additional 3 min-deposition steps were carried out [spectra (2)
and (3)]. While the single rod resonance slightly blue-shifts and looses in intensity,
the double rod becomes more pronounced. This can be explained by cumulative
coalescence of individual rods. Moreover, a small shoulder (indicated by a red arrow)
emerges in spectrum (2) at about one third of the fundamental resonance, possibly
originating from three connected rods, as illustrated in Fig. 6.7b. On average, the
rod length and width gained about 20nm with respect to the situation after 10 min
illumination, leading to the formation of gaps below 10nm (see zoom image of 6.7b).
However, a systematic correlation between IR spectra and structural information
could not be established due to the inhomogeneous growth.
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Figure 6.8.: Photo-induced metal deposition of an array of sample Wb3 (L≈670nm,
w ≈ 95nm, dx ≈ 50nm, dy = 5µm before metal deposition).

6.2.2.3. Results of Sample Wb3

The second series of experiments was performed with a lower concentration of HAuCl4
in immersion oil (1mM). Figure 6.8 shows a series of relative transmittance spectra
of an array of sample Wb3 (initial gap size of about 50nm, see Fig. 6.9a). Three
consecutive deposition steps were performed with illumination times given in Fig. 6.8.
Starting from the reference measurement, the position of the antenna resonance
shows the expected red-shift with increasing illumination time and, hence, supposedly
decreasing gap size (Sec. 5.2). Note that this result is not contrary to the findings
of Sec. 6.2.2.2 (blue-shift with increasing illumination time), since the transverse
separation of dy = 5µm excludes “mixed interaction” (Sec. 5.3).
Concerning the shift of the resonance, a linear dependency between ν̃res and

illumination time is monitored (see inset in Fig. 6.8). Furthermore, the extinction
slightly increases during the first deposition steps, most likely due to increased
particle volume, while it decreases after the third deposition step. The decrease
suggests that some rods merged (see white arrows in Fig. 6.9b), leading to resonances
at lower frequencies (note the increased extinction at around 1000cm-1). Moreover,
very small gaps in the sub 10nm-range have formed (see e.g. gap marked in Fig. 6.9b).
Nevertheless, an irregular deposition can be concluded from the shape of the rods in
Fig. 6.9b. In addition, some rods have been modified more than others (see Fig. 6.9c),
resulting in a very inhomogeneous growth within the array. Consequently, a direct
correlation between IR optical response and geometrical structure cannot be drawn.
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200nm
(a) SEM before metal deposition

400nm
Gap < 10 nm

(b) SEM after metal deposition

1µmMinor growth

(c) SEM after metal deposition

Figure 6.9.: SEM images (a) before and (b,c) after metal deposition. Image (a) belongs
to the solid black spectrum of Fig. 6.8, whereas (b) and (c) were taken after the final
deposition step. The width and length of the rods increased due to gold deposition, leading
to the coalescence of rods (white arrows) besides the formation of small gaps (red arrow).
Inhomogeneous rod growth can be observed in (c), where the green arrows label rods of
minor growth.
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Finally, the selectivity of the method (i.e. only illuminated rods should grow) was
tested. Thus, another nanorod array, located approximately 150µm away from the
previous one, was illuminated for t= 5 min and the behavior of the non-illuminated
array was investigated. As the dotted blue curve Fig. 6.9a shows, a red-shift of
the resonance accompanied by decreasing extinction is observed, excluding absolute
selectivity. This leads to the conclusion that additional gold was deposited and more
conductive connections between several rods formed. Most likely, this undesirable
growth can be attributed to diffusion of gold ions from illuminated spots to other
sites. The illumination geometry from the top of the sample is supposed to cause
this phenomenon [219]. This might be related to the relatively long diffusion length
from the place of ion formation (surface of the growth solution) to the target (gold
nanorods on the substrate’s surface). For this reason, new nanorods on CaF2 were
prepared, allowing illumination from the bottom (see Sec. 6.2.3).

6.2.2.4. Conclusion

The experiments demonstrated the proof-of-concept, i.e. the preparation of gaps in
the nm-range is possible. However, nanorod arrays turned out to be not suited for a
systematic investigation due to the very inhomogeneous deposition within the array.
In addition, gold growth of non-illuminated nanorods was found and attributed to
gold ion diffusion.

6.2.3. Nanorod Dimers on Calcium Fluoride Substrates

The second series of experiments was performed at the Fraunhofer Institute for
Non-Destructive Testing, Dresden, with gold nanorod dimers on CaF2 (samples
Antenna#18 and #19, see Tab. 3.1). Due to the high transparency of CaF2 in
the visible spectral range, illumination from the bottom was carried out by an
inverted microscope. After the explanation of the measurement process (Sec. 6.2.3.1)
and the special sample layout (Sec. 6.2.3.2), IR optical investigations before metal
deposition are presented in Sec. 6.2.3.3. Subsequently, the results of samples An-
tenna#18 (Sec. 6.2.3.4) and Antenna#19 (Sec. 6.2.3.5) are analyzed separately,
since Antenna#18 served as a testing sample for determination of useful experiment
parameters (concentration of gold salt solution, illumination time, laser power).
Following metal deposition, it was covered with carbon to allow SEM measurements,
which were used to derive new parameters for the treatment of Antenna#19. In the
end, Sec. 6.2.3.6 discusses the appearance of additional modes in the IR spectra.
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Figure 6.10.: Scheme of the set-up used for photo-induced metal deposition (see text).

6.2.3.1. Measurement Process

Figure 6.10 schematically shows the experimental set-up: the samples were located
on a movable xy-piezostage of an inverted microscope (Zeiss Axio Observer
Z1) and covered by an approximately 20µl droplet of a 5µM solution of HAuCl4
(ABCR, 99.9%) in glycol. Using the white light beam of a mercury arc lamp
(XCiteTM 120XL PC, P = 120W), certain nanorod dimers or single rods, respec-
tively, were selected and brought into the focus. In analogy to Sec. 6.2.2.1, a red-filter
was used to avoid any triggering of the reduction process.

After localization, the white light beam was blocked and green light of a frequency-
doubled Nd:YAG-laser (λ= 532nm, P = 100mW) was directed into the microscope
by means of a flip mirror. Consequently, illumination of the nanostructure was
performed for a defined period of time (0.5− 10 min) at a certain laser power5

(90µW−200µW) with the help of a microscope objective (100-fold magnification,
NA = 0.75), producing a light spot on the substrate of about 5µm in diameter6.
5The laser power varied by inserting different neutral density filters into the beam path.
6This diameter is bigger than the one of the smallest possible, diffraction-limited spot size. The
spot size on the substrate was expanded by moving the sample for a defined distance towards
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6.2. Photo-Induced Metal Deposition

After illumination of the selected structure, the laser beam was blocked and another
single nanorod or pair of nanorods was addressed and exposed to the laser radiation.
In the end, the sample was cleaned with isopropanol and dried by air purging.

In addition, the set-up offers the possibility to record scattering spectra of the
illuminated nanoparticles in the visible range [36]. To this end, the back scattered
white light of the mercury arc lamp (without red-filter) is guided via a glass fiber to
a grating based spectrometer (Zeiss Axio Observer Z1).

In contrast to the illumination of whole arrays (Sec. 6.2.2), single nanorod dimers
or individual nanorods, respectively, were illuminated with this set-up. Note that
the low concentration of the gold salt leads to a weak absorption of 532nm laser
energy in the solution [36]. However, the energy absorbed by the solution in the
vicinity of the addressed particle is certainly higher than far away from it, as the
excited particle plasmon-polariton leads to an electric field enhancement even in
the non-resonant case [36]. Due to this process and due to the tight focusing of the
laser spot, reduced gold ions are predominantly formed near the gold nanorods [219]
where they precipitate. Thus, adjacent unexposed particles should not grow in size.

6.2.3.2. Sample Layout

Six identical sets, each with 12 patterns, were prepared on both samples. Figure 6.11
depicts the arrangement and notation of the sets as well as the patterns with their
respective dimensions. In addition, one of the patterns intended for photo-chemical
metal deposition is shown in the bottom right of Fig. 6.11. It consists of six nanorod
dimers and three individual nanorods, all of them featuring rectangular cross-sections
(w ≈ h≈ 60nm) and the same initial length L≈ 1460nm.

The gap gx between the nanorod dimers was set to 20nm, the smallest possible
gap size that could be reproducibly prepared by EBL [102]. Besides nine patterns
with gx ≈ 20nm (T0 - T8), two reference arrays with bigger gap sizes (R100 with
gx ≈ 100nm and R50 with gx ≈ 50nm) as well as one pattern with nine single rods
(R) exist in each set.

the microscope objective to ensure illumination of the whole nanorod dimer (total length of
about 3µm).
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Figure 6.11.: The six sets of each sample consist of 12 patterns. The reference patterns
R, R100 and R50 feature nine single rods and nine dimers with gaps of 100nm and 50nm,
respectively. All other patterns (T0 - T8) consist of six dimers with a gap of 20nm and
three single rods. The dimensions of all rods are: L≈ 1460nm, w ≈ h≈ 60nm.
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Figure 6.12.: Averaged extinction spectra of single nanorods and nanorod dimers with
decreasing gap size of sample Antenna#19 (resolution 32cm-1, 500 scans). The numbers in
brackets give the quantity of measurements used for the average spectrum.

6.2.3.3. IR Optical Characterization before Metal Deposition

In Fig. 6.12, extinction spectra of single nanorods as well as nanorod dimers with
varying gap size are shown. These spectra are averages over several measurements of
single rods or dimers (total amount indicated in the figure), respectively. Due to the
preparation process, variations of ν̃res are found, as illustrated by Fig. 6.13a for the
case of gx ≈ 20nm. However, the distribution of ν̃res is very narrow, nearly all values
of ν̃res are close to the average value of 1840cm-1.
As Fig. 6.12 shows, the fundamental resonance shifts to smaller frequencies and

looses in intensity with decreasing gap size gx due to increased interaction, in
accordance with the findings of Sec. 5.2. In analogy to Eq. (5.1), the change of the
resonance position of a dimer with gap gx compared to a single rod of same geometric
dimensions can be quantified by calculating the relative shift

∆λres
λres

= λdimer
res (gx)
λsingleres

−1 . (6.1)

The open red circles in Fig. 6.13b show the gap-dependency of ∆λres/λres for the
nanorod dimers of Antenna#19. For comparison, experimental data [102] of sample
Antenna#15 as well as simulations of dimers on silicon and CaF2 are added. A linear
relation between ∆λres/λres and gx seems to be present in the double logarithmic
plot, suggesting that ∆λres/λres (gx) can be described by a power function y = a ·x−b
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Figure 6.13.: (a) Histogram of ν̃res of nanorod dimers with gx≈ 20nm (125 dimers in total,
bin width is half of the spectral resolution). The solid and dotted red vertical represent
the average value of ν̃res as well as the standard deviation of the mean. (b) Relative shift
∆λres/λres versus gap size. The open red circles result from the spectra of Fig. 6.12. The
data of sample Antenna#15 originates from arrays of dimers [102] with w ≈ h ≈ 60nm.
Moreover, FDTD simulations [93] of dimers on natural oxide covered silicon (w = 120nm,
h= 100nm) and CaF2 (w = h= 40nm) are shown. The solid blue line represents a fit to
the data according to y = a ·x−b (a= 106±13, b= 0.82±0.06).

(solid blue line). Due to the linear relation between λres and L in the IR (Sec. 2.4.1),
∆λres/λres in the border case of gx = 0 is supposed to be 100% (2×L⇒ 2×λres).
Hence, the solid blue line can only serve as a guide to the eye and cannot be
extrapolated to smaller gap sizes. Nevertheless, the plot will be used in Sec. 6.2.3.5
to roughly estimate gap sizes based on the observed spectral shift.

6.2.3.4. Results of Antenna#18

Several nanorod dimers and single rods on Antenna#18 were illuminated for different
times at fixed laser power (P = 200µW) and gold salt solution [c(HAuCl4) = 5µM].
This section includes a qualitative analysis of the observed spectral changes, providing
better understanding of the results of Antenna#19 in Sec. 6.2.3.5. Quantitative
statements cannot be derived due to to the coverage of the sample with carbon, as
demonstrated in the following.
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Figure 6.14.: (a) Relative transmittance spectra of three rods before (dashed) and after
(solid) carbon evaporation. The solid gray line indicates the initial resonance position
whereas the blue dotted lines represent vibrational positions of organic molecules. The
peaks at around 2350cm-1 are due to CO2. (b) SEM image of rod (3) taken with the BSE
detector. Agglomerations of photo-chemically reduced gold show up in brighter color.

Influence of Carbon Layer To investigate the influence of the carbon layer,
Fig. 6.14a compares IR spectra of individual rods before and after carbon evaporation.
Note that the spectra were recorded at a resolution of 32cm-1 to allow short measure-
ment times at sufficient signal-to-noise ratio. Nevertheless, the low-resolution spectra
can be used for analysis, as the comparison to spectra of higher resolution suggests
(see Fig. B.4). The resonance of the non-illuminated rod (1) shifts about 50cm-1 to
smaller frequencies, possibly caused by the higher refractive index of the surrounding
carbon layer (see Sec. 2.4.1). However, the spectral shift of the other non-illuminated
rod (2) is clearly bigger than that of rod (1) and nearly identical to the illuminated
rod (3). This discrepancy could be explained by a nonuniform thickness of the carbon
layer. The more likely variant, however, is that residues of the solvent cause the shifts
of rod (2) and (3), as the weak features at around 1737cm-1(C=O stretching) and
2950cm-1 (CH2 stretching), being typical for organic molecules, suggest. Moreover,
rod (3) has photo-chemically grown (see Fig. 6.14b), which certainly contributes to
spectral changes. Consequently, observed shifts cannot be clearly attributed to either
changes of rod geometry or surrounding polarizability, respectively. For this reason,
a quantitative analysis of ∆λres/λres cannot be performed for Antenna#18.
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Figure 6.15.: Series of SEM images of nanorod dimers with initial gap width of gx ≈ 20nm.
The illumination times (P = 200µW) are indicated on the right side whereas the electron
detector is given on the left side.

SEM Images Figure 6.15 shows a selection of SEM images of nanorod dimers that
were illuminated between 0.5 and 10 min. It is hard to decide whether the dimers
illuminated for t= 0.5 min and t= 1 min are already merged or not (potential gap
position indicated by an arrow). In addition, the rods are covered with a carbon
layer which be identified as a shell surrounding the rod in the In-lens detector. In
contrast, the dimer appears narrower in the material-specific BSE detector7 image
and also the dirt agglomeration on the left side of the In-lens image is invisible.
Moreover, darker and brighter facets can be identified in the BSE image (see also
Fig. 6.14a). Most likely, the brighter parts originate from photo-chemically deposited
gold. Nevertheless, the SEM images suggest a coalescence of the dimer illuminated
for t = 1.5 min, resulting in a single rod of double length. Concerning the dimers
irradiated for t = 2.5 min and t = 10 min, the coalescence is obvious, whereas no
conclusion can be drawn for the dimer with t= 2 min.

7The images were recorded at the Dresden University of Technology and the SEM was equipped
with a BSE detector besides the standard SE2 and In-lens detectors (see Sec. 3.1.2 for different
detector types).
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Figure 6.16.: Relative transmittance spectra corresponding to the dimers shown in
Fig. 6.15. The spectra are artificially shifted.

IR Optical Characterization The question whether the first three dimers of Fig. 6.15
are connected or not can be figured out by analyzing their IR optical spectra shown
in Fig. 6.16 (red, green and blue spectra). The resonances of the t = 0.5 min and
t = 1 min dimer are shifted to lower frequencies compared to the resonance of a
dimer with gx ≈ 20nm before the metal deposition (black spectrum), indicating
a decrease of the gap size (Sec. 2.5). In contrast, a strong resonance at around
1000cm-1 is found for the dimer illuminated for t= 1.5 min. The resonance frequency
is roughly one half of the resonance frequency of a single nanorod (ν̃res ≈ 1980cm-1,
see Sec. 6.2.3.3), suggesting that the two individual rods of the dimer merged into a
single rod of doubled length (L→ 2L⇒ ν̃res→ 1

2 ν̃res, see Sec. 2.4.1). Similar behavior
is observed for the dimers illuminated for 2.5 min and 10 min. These findings support
the conclusions made from the SEM images of Fig. 6.15, namely that the dimers
illuminated for 1.5, 2, and 10 min have merged. Concerning the dimer illuminated for
t= 2 min, the IR spectrum suggests that the gap between the rods still exists. This
result is surprising since this dimer was illuminated for a longer time compared to
the already merged dimer with t= 1.5 min. To explain the observed discrepancy, the
spatial arrangement of the illuminated rods within one pattern has to be considered.
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In the case of the dimer with t= 2 min, being located at position 6 within the pattern
(see Fig. 6.11), only position 4 was additionally irradiated. Conversely, all other
positions within the pattern of the dimer with t = 2 min (position 6) have been
illuminated, leading to the conclusion that gold ions have diffused from irradiated
to non-irradiated places. This result will be supported by the findings of sample
Antenna#19.

Preparation Defects and Appearance of Additional Mode The lithographic
preparation of dimers failed in some cases, which is for example illustrated in
Fig. 6.17a, where dimer (1) consists of a longer (L1 ≈ 1460nm) and a shorter rod
(L2 ≈ 950nm). The corresponding IR spectra before and after photo-induced metal
deposition are shown in red in Fig. 6.17b. Since the dimer was located far away from
any illumination spot (more than 1mm), no gold deposition should have occurred.
Most likely, the slight red-shift of the resonance is due to the carbon layer covering
the dimer. Nevertheless, two resonances are visible: a stronger at around 1980cm-1,
corresponding to the one of a single rod (see Fig. 6.12), and a weaker at around
2850cm-1. Based on the relation λres(L) of non-interacting nanorod arrays on CaF2
(Sec. 4.3.1),

λres(L) = 0.46µm+ 3.19 ·L,

one calculates ν̃res(L2 ≈ 950nm)≈ 2870cm-1. Hence, the observed resonances can
be attributed to those of individual nanorods of different length.

In the spectrum of dimer (2), which was illuminated for t= 2 min at 200µW, an
additional mode at around 2200cm-1 (marked by arrow) appears after gold deposition.
The origin of this mode cannot be explained by different rod lengths, as shown by the
SEM image of dimer (2). Moreover, the slight asymmetry of the left rod of dimer (2)
cannot account for the additional mode, otherwise, this mode should be clearly more
pronounced for dimer (3).

Admittedly, a slight dent at around 2000cm-1 is visible for dimer (3) after carbon
evaporation, however, this dent is also present in the spectrum of dimer (4) featuring
no obvious defect in shape besides the irregular and rough surface structure. As we
will see in the analysis of sample Antenna#19, this additional mode preferentially
appears for dimers which have been photo-chemically grown. Hence, its appearance
is probably related to the narrowing of the gap.
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Figure 6.17.: (a) SEM images of four dimers with initial gap size of gx ≈ 20nm. (b) Rela-
tive transmittance spectra before (dashed) and after (solid) metal deposition for the dimers
shown in (a). Dimers (1), (3), and (4) were not directly illuminated whereas dimer (2) was
irradiated for 2 min at a power of P = 200µW. All spectra were recorded at a resolution of
32cm-1 (500 scans) except the spectrum of dimer (1) after deposition (4cm-1, 10000 scans).

111



6. Characterization and Preparation of Nanogaps

12 14 16 18 20 22 24
0

5

10

15
 0 min 
 2 min
 5 min

R
el

. r
ef

le
ct

an
ce

Wavenumber [103 cm-1]

(a) Transverse mode (visible)

1000 2000 3000

R
el

. t
ra

ns
m

itt
an

ce

Wavenumber [cm-1]

 0 min 
 2 min
 5 min (merged)

2 %

(b) Longitudinal mode (IR)

Figure 6.18.: (a) Transverse and (b) longitudinal antenna resonances for nanorod dimers
illuminated for different time periods at a constant laser power of P = 200µW. The sample
was covered with glycol to record the spectra of (a), where the measured data (open
symbols) were fitted with Lorentz profiles (solid lines). The spectra of (b) were acquired
after the sample was covered with carbon.

Transverse Antenna Mode Figure 6.18a shows relative reflectance spectra in
the visible range of three nanorod dimers (initial gap size gx ≈ 20nm) which were
illuminated for the indicated time periods at P = 200µW. Due to the perpendicular
polarization of the incident light relative to the long rod axis, the observed peaks are
attributed to transverse antenna resonances of dimers. The intensity of the resonances
grows with illumination time, indicating the larger volume of the dimers. However,
the blue-shift of the resonance from t= 0 min to t= 2 min might be surprising since a
red-shift of the transverse mode is expected with increasing rod diameter (in analogy
to the longitudinal mode with increasing L).
In addition, Fig. 6.18b shows the longitudinal antenna resonances of the same

dimers, suggesting that the dimer illuminated for 5 min has already merged while the
dimer irradiated for 2 min seems to still feature a gap. Consequently, the blue-shift of
the transverse mode can be explained in analogy to the blue-shift of the longitudinal
mode with decreasing dy (Sec. 5.1), as illustrated by Fig. 6.19. Here, a reduction of
the distance dy perpendicular to the long rod axis considering the longitudinal mode
corresponds to a decrease of the gap gx in case of the transverse modes. Furthermore,
the slight red-shift of the transverse mode after 5 min (red spectrum in Fig. 6.18a)
compared to the initial state (black spectrum) can be explained by the increased
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Figure 6.19.: The reduction of the gap size gx when considering coupling of the transverse
resonances (right) is similar to the decrease of the transverse distance dy in case of
longitudinal resonance coupling (left). The red arrows indicate the orientation of the
incident electric field.

diameter of the merged dimer. Hence, the transverse mode seems to be suited to
identify the coalescence of the two dimer parts.

Summary (Antenna#18) First of all, nanorod dimers covered by a carbon layer
feature the expected IR optical response of dimers, indicating that carbon coverage
does not result in a “short-cut” between the two individual rods of the dimer.
Furthermore, the precipitation of gold on the rods occurs quite irregularly. Moreover,
conclusions from observed spectral shifts cannot be drawn due to the carbon coverage
and due to residues of the solvent. However, IR spectroscopy could be used to
determine coalescence of the rods. In addition, the transverse antenna mode, located
in the visible spectral range, seems to be an useful indicator for the merging process.

6.2.3.5. Results of Antenna#19

On sample Antenna#19, the sets 1-1 and 1-2 (see Fig. 6.11) were illuminated for
different times, each at a constant laser power of P = 90µW and P = 180µW,
respectively. First of all, single rods that have not been illuminated by the laser
beam will be analyzed to check the selectivity of the method.

Non-Illuminated Single Rods In Fig. 6.20a, the normalized resonance frequency
(ratio between ν̃res after and before metal deposition) is plotted for several single
nanorods. The values of the rods of set 3-2, which is spatially far away from any
illumination spot (more than 2mm), are all very close to 1.0, indicating no change
of the rod’s geometry. In contrast, the values of the sets 1-1 and 1-2 strongly deviate
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Figure 6.20.: Normalized resonance frequency for (a) non-illuminated and (b) illuminated
single nanorods.

from the ideal 1.0-horizontal. Most of the normalized resonance frequencies feature
values bigger than one, corresponding to a resonance blue-shift probably due to
increased rod diameter (see 2.4.1). Consequently, the photo-chemical method is
not absolutely selective. Most likely, gold ions from illuminated spots diffuse to
other sites. Hence, the separation distance of 30µm between the dimers seems to be
insufficient to avoid metal deposition on non-illuminated sites (for the given gold
salt concentration and laser power).

Illuminated Single Rods The relative spectral shift ∆λres/λres is defined as the
change of λres of dimers, consisting of rods with length L, width w, and height h, com-
pared to λres of single rods featuring the same geometric dimensions [see Eq. (6.1)].
However, growth of dimers results in variations of gx as well as all geometric dimen-
sions of the rods. Hence, to account for these morphological modifications, λres of
grown dimers should be compared to λres of single rods that have been treated in the
same way. Figure 6.20b shows the normalized resonance frequency of all illuminated
single rods of the two sets 1-1 and 1-2. Concerning the data of set 1-1, all resonances
shift to higher frequencies most likely due to increased rod diameter. In contrast,
the data of set 1-2, which was irradiated with higher laser power, shows changes of
ν̃res to smaller and higher values. Since gold ion diffusion is expected to be stronger
for higher laser intensity, set 1-2 is not discussed in the remainder of the analysis.
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Figure 6.21.: Resonance frequency ν̃res before and after the photo-induced metal deposition
experiment (P = 90µW) of nanorod dimers with initial gap gx ≈ 20nm. The dimers are
ordered on the abscissa corresponding to the illumination time. The order within one block
of constant time is arbitrary. The resonances featuring an additional, higher energy mode
are marked with orange circles. On the right ordinate, the relative shift ∆λres/λres for the
grown dimers is given (see text).

Analysis of Dimers Figure 6.21 shows the absolute values of ν̃res (left ordinate)
for several dimers before and after metal deposition (P = 90µW). The orange
encircled data points represent dimers with an additional mode similar to the labeled
one in Fig. 6.17b. The origin of this mode will be discussed in Sec. 6.2.3.6. The
upper border of Fig. 6.21 at ν̃res = 2180cm-1 represents the resonance position of a
single, photo-chemically grown nanorod, which is approximately 10% higher than
the resonance of a non-grown one (see Fig. 6.20b). On the right ordinate, the relative
shift ∆λres/λres is given, which only applies for grown nanorods since the reference
value of ν̃res = 2180cm-1 was used to calculate ∆λres/λres8.

The observed changes of ν̃res of some non-illuminated dimers confirm the possibility
of gold ion diffusion from illuminated to non-illuminated dimers. Furthermore, the
deposition process seems to be quite inhomogeneous for t= 30s and t= 60s since
the values of ν̃res after deposition are strongly dispersed. While two dimers do not
show any significant change of ν̃res, others exhibit strong shifts and some of them
even merged, as indicated by their relative shifts of ∆λres/λres ≈ 100%. Moreover,

8It is ∆λres/λres ≈ 8% for the non-illuminated dimers before metal deposition (see Fig. 6.13b).
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6. Characterization and Preparation of Nanogaps

after 90s and more, all dimers have merged9. The broad distribution of ν̃res for
t= 30s and t= 60s is related to experimental difficulties concerning the focusing of
the laser spot onto the sample. As soon as the laser for illumination is switched on,
the sample has to be brought into the focus by maximizing the observed scattering
signal. Since this manual focusing process is not easy to reproduce, the errors of the
effective illumination time are more pronounced for shorter time periods.

Based on the reference value of ν̃res = 2180cm-1, values of ∆λres/λres in the
range between 25% and 50% are obtained for the supposedly separated dimers. A
comparison with Fig. 6.13b suggests that gap sizes below 10nm have been prepared by
the photo-chemical method. However, the calculated values of ∆λres/λres have to be
treated with caution, since identical geometric dimensions of dimers and single rods
are necessary for a quantitative comparison with the data of Fig. 6.13b. Hence, the
values of ∆λres/λres may show a trend but they are not suited to exactly determine
the gap size.

Summary (Antenna#19) It was shown that the photo-chemical approach can
be used to modify gold nanorod dimers. From the observed spectral shifts of the
fundamental resonance, gap sizes gx in the range below 10nm seem to be prepared.
However, the direct determination of gx (e.g. by SEM) was not carried out yet,
since the sample is intended for further (NAIRS) experiments. In addition, SEM
measurements of gx are very difficult (compare to the SEM data of Antenna#18).
Other experimental methods, like transmission electron microscopy (see Sec. 6.3.2),
might be better suited for measuring very small gaps. Moreover, an elaborate
comparison with simulations could help to understand the spectral shifts of rods
which are simultaneously growing in three dimensions. Finally, the reproducibility
as well as the selectivity of the method still have to be improved. First approaches
could be the reduction of the laser power or gold salt concentration and the increase
of illumination time in order to minimize errors of the effective irradiation time.
Moreover, the distance between individual dimers should be increased in future
experiments.

9At t= 90s, one dimer with a shift of only ∆λres/λres ≈ 70% is present. Since an additional mode
was observed before the metal deposition, it is most likely that the dimer features a structural
defect similar to the one of rod (1) in Fig. 6.17b.
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Figure 6.22.: (a) Normalized extinction spectrum of a photo-chemically grown nanorod
dimer at normal and at oblique incidence (angle of incidence ≈ 30°, measurement geometry
given in [110]). (b) Simulated, normalized extinction spectra [220] at normal incidence of
a single nanorod and nanorod dimers featuring the same length L and cross-section w ·h
using the software CST microwave studio.

6.2.3.6. Mode Assignment

This section deals with the additional mode (see e.g. Fig. 6.17b) that preferentially
appears for grown dimers with strong spectral shifts (see Fig. 6.21). The two dimers in
Fig. 6.21, for which the mode was observed before metal deposition, are excluded from
discussion since they most likely feature structural defects (compare to Sec. 6.2.3.4).
In Fig. 6.22a, the dotted black curve shows a normalized extinction spectrum of

a dimer with a relatively large shift (∆λres/λres ≈ 50%). Besides the fundamental
resonance at around 1400cm-1, three other modes can be identified. First, the mode
at around 2220cm-1 is considered, which was referred to as “additional mode” in the
previous analysis. For oblique incidence of light (≈ 30°, solid red curve), this mode
gains in intensity relative to the fundamental mode, indicating dipole inactivity of the
mode [70, 110]. The coupling of the fundamental (l = 1) modes of individual rods to
bonding (l = 1b) and antibonding (l = 1a) dimer modes (see Fig. 6.23) could provide
a possible explanation. In case of the l = 1a mode, charge carriers of equal sign are
repelling each other near the gap, leading to a higher energy of the mode compared
to the l = 1 mode. In contrast, the l = 1b mode features lower energy since opposite
charges attract each other [82]. Since an overall dipole moment does not exist for the
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Figure 6.23.: Schematic representation of possible mode couplings in a nanorod dimer.
The frequency values of the coupled dimer modes are extracted from Fig. 6.22a, whereas the
ones of the single rods are taken from measurements before metal deposition (Sec. 6.2.3.3).

l = 1a mode, this dark mode is attributed to the “additional mode”. It is known that
the l = 1a mode can be excited when either the symmetry of the structure [221–224]
or the symmetry of the excitation [225–228] is disturbed. In our case, a slight tilt of
the sample (see Sec. 2.4.3) and the non-perfect structure of the grown dimers (see
SEM images in Fig. 6.15) are possible reasons for symmetry breaking. In addition,
only very small gap sizes below 20nm lead to a sufficiently high energy splitting of
the two modes [229]. Hence, the appearance of l = 1a suggests that the preparation
of very small gaps was successful with the presented method.

The origin of the other two modes in Fig. 6.22a can be explained in a similar way.
The l = 2 modes of single rods can couple to dimer modes, one at higher energy
(l = 2a) and another at lower energy (l = 2b, see Fig. 6.23). Note that the dark l = 1a
and l = 2a modes should not appear at normal incidence for perfectly symmetric
dimers. This is confirmed by the simulations shown in Fig. 6.22b, where the weak
mode at around 4300cm-1 in case of gx = 10nm is attributed to the l = 2b mode10.
Figure 6.24 shows the resonance positions of the identified dimer modes in de-

pendence of the fundamental resonance position as a measure for the separation
distance gx. Starting from the single rod at ν̃res = 1980cm-1, only two distinct modes
exist (l = 1 and l = 2). As soon as the frequency of the fundamental resonance (and
accordingly the gap size) decreases, the second order mode (now l = 2a) shifts two
higher values. For sufficiently small gaps, the l = 2b and l = 1a modes appear. After
10The assignment is based on the fact that the ratios between the resonance frequencies of the

l = 2b and the l = 1b are 2.4 for both experiment (Fig. 6.22a) and simulation (Fig. 6.22b).
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Figure 6.24.: Behavior of all assigned modes of nanorod dimers with respect to the
fundamental resonance position as a measure for separation (see text). The idealized charge
carrier distributions of the respective modes are indicated.

merging of the rods, four distinct modes are observed which are attributed to l = 1
to l = 4. These modes can be considered as the border cases of the coupled dimer
modes for gx = 0 (in case of the bonding modes, the opposite charges at the gap
cancel out). In Fig. B.5, selected relative transmittance spectra of the data shown in
Fig. 6.24 are depicted.

Finally, it should be mentioned that the l = 1b and l = 2a modes are always visible
in spectra of nanorod dimers on CaF2. Concerning these two modes, the oscillations
of the electrons inside the respective single rods occur in-phase (see Fig. 6.24). In
contrast, the l = 1a and l = 2b modes feature anti-phase oscillations which can only
be excited for very small gaps below 20nm. Hence, the phase correlation between
the oscillations in the rods is the decisive factor determining mode activation at
rather large gaps (> 20nm), while the selection rule (dipole activity) does not hold
due to symmetry breaking.
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Figure 6.25.: (a) Schematic drawing of a nanoantenna array intended for nanogap
formation. Nine rods of length L+ 50nm were cut in the middle by FIB to prepare dimers
with a length of about L/2, taking into account the approximate material loss caused by
FIB milling. (b) Corresponding reference array with nine nanorods of length L/2.

6.3. Focused Ion Beam milling

Some parts of the present section are adopted from [108]. The focused ion beam (FIB)
technology is an established technique for the preparation of nanoelectrodes [230–232].
Especially FIB milling can be used to prepare gaps between metallic electrodes [38,
233]. The small spot size and low lateral exposure of the ion beam (in the order
of 10nm [234]) allow a direct fabrication of well-defined nanostructures in the sub-
20nm range. In addition, in situ monitoring provides the possibility of precise
control over the fabrication process. Moreover, the speed of the nanogap cutting and
reproducibility of the method are further advantages [38]. Besides the possibility
of removing material (“milling”), a FIB machine can record images in analogy to a
scanning electron microscope (“imaging”). The basic principles of FIB milling and
imaging are nicely reviewed in [235].
The sample preparation by FIB as well as the sample layout are introduced in

Sec. 6.3.1. Afterwards, Sec. 6.3.2 briefly explains the transmission electron microscopic
(TEM) technique, which was used to investigate the success of the nanogap formation.
The experimental results are divided into two parts: First, the results of silicon
samples covered with a natural oxide layer (preparation series C, see Tab. 3.1) are
shown in Sec. 6.3.3. After that, findings from thermally oxidized silicon samples
(preparation series H) are analyzed in Sec. 6.3.4. In both cases, IR spectroscopic
measurements are compared to SEM and TEM images.

6.3.1. FIB Sample Preparation and Layout

Nanogaps were milled in EBL-fabricated gold nanorods using Ga+ ions in a Hitachi
FB-2000 single-beam FIB machine (acceleration voltage Uacc = 40kV) at the NIMS
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6.3. Focused Ion Beam milling

N Ibeam tdwell Aspot D ·Aspot D

Series Dose no. pA µs nm2 10−15 C / spot C / cm2

C I 140 20 3 12×12 8.4 5.8
C II 280 20 3 12×12 16.8 11.7
H III 2 10 140 6×6 2.8 7.7
H IV 2 10 170 6×6 3.4 9.4
H V 2 10 200 6×6 4 11.1

Table 6.1.: Overview on the different FIB parameters (scan repetition N , beam current
Ibeam, dwell time tdwell, and exposed spot size Aspot). The calculated doses D [Eq. (6.2)]
are given in charge per scanning spot as well as charge per exposed area, since Aspot differs
for the two preparation series C and H.

in Tsukuba, Japan. The focused Ga+ beam with a spot size of Aspot is scanned over
the substrate and the rods, as indicated by the blue dotted lines in Fig. 6.25a. Each
spot was exposed to the FIB for a certain (dwell) time tdwell at a constant beam
current Ibeam, and this process was repeated for N times. To quantify the amount
of Ga+ ions impinging on the sample, the dose D is defined as:

D =N · Ibeam · tdwell
Aspot

. (6.2)

All arrays consist of exactly nine rods which are separated by 10µm in each direction.
For each FIB-milled array (Fig. 6.25a), a reference array was prepared with nanorods
featuring approximately one half of the length (Fig. 6.25b). Hence, a complete
separation of the two parts should lead to an optical response similar to the one of
the reference array. Finally, Tab. 6.1 summarizes the different Ga+ ion doses, labeled
dose I to V, used for nanogap fabrication.

6.3.2. Transmission Electron Microscopic Analysis

Transmission electron microscopy is a technique similar to optical microscopy. How-
ever, electrons and electromagnetic lenses are used instead of light and refractive
lenses to create the image. Since high energetic electrons feature a very small
wavelength compared to visible light, atomic resolution is possible. The image is
formed from the interaction of the electrons transmitted through the specimen which
therefore has to be very thin [236].
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20µm

(a) Oblique view (45°)

5µm
e-

(b) Top view

Figure 6.26.: Preparation of TEM samples. (a) The substrate around the dimer is milled
out by the FIB. Subsequently, a part of the sample (labeled with white dots) is further
thinned out and transferred on a Cu mesh for observation. (b) Top view on the TEM
specimen. The electrons pass the sample in the plane of projection, indicated by the white
arrow.

First, the substrate was covered with an organic protection layer and a 30nm
electron-beam deposited platinum layer. Afterwards, a cross-sectional slice (thickness
less than 100nm) was prepared with the Ga+ ion beam (see Fig. 6.26). TEM
measurements on this specimen were carried out using a JEOL JEM-3100F high
resolution scanning transmission electron microscope coupled to an NORAN EDX
attachment allowing energy-dispersive x-ray (EDX) spectroscopic measurements11.

TEM Example

Figure 6.27a shows a TEM image of a FIB-milled nanogap (dose comparable to
dose II, see Tab. 6.1) with a complete cut through a gold nanorod. The layered
structure of the lithographically prepared test sample can be identified. Above the
silicon substrate, there is a very thin native SiO2 layer (≈ 3nm), a 25nm thick
titanium adhesion layer and a part of a 100nm thick gold rod. The rod is completely
cut by the FIB and the gap size is about 80nm to ensure a complete separation of the
milled parts for this particular sample. The recess at the Au/Ti interface (marked
by an arrow in Fig. 6.27a) can be explained by the higher sputtering rate of gold
compared to titanium [38]. The dark, particulate-like materials at the bottom of the
gap are Ga residues (confirmed by EDX [122]) implanted into the Si substrate. In
11EDX is an analytical technique to analyze the chemical composition of a sample and can be

coupled to SEM or TEM, respectively. The atoms of the sample are excited by the electron
beam and emit element-specific x-rays [237].
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Figure 6.27.: (a) TEM image of a cross-sectional FIB-milled nanogap specimen. (b)
High-resolution TEM image of the region marked by a square in (a). The lattice-resolved
image shows the interface between crystalline silicon substrate and ion beam-induced
amorphous silicon.

addition, Fig. 6.27b shows a high-resolution image of the square in Fig. 6.27a. While
the ion beam changes the silicon structure to be amorphous, the rest of the bulk
silicon remains crystalline, showing the lattice fringes from (111) atomic planes [238].

6.3.3. Results - Natural Oxide Covered Silicon

6.3.3.1. Effect of FIB Imaging

During nanogap preparation, the area around the nanorods is scanned with the
Ga+ beam (FIB imaging) to localize the nanorods as well as to properly focus the
ion beam [123]. In addition, FIB images recorded after the fabrication process are
used to control the quality of the preparation. However, it turned out that FIB
imaging induced changes of the substrate’s optical properties, as shown in the visible
microscopic image of Fig. 6.28a. The FIB imaging area appears brighter, which can
be explained by the increasing reflectivity towards higher frequencies monitored in
the relative reflectance spectrum of Fig. 6.28b. Due to this enhanced reflectance, less
light is transmitted through the sample, explaining the decline of the baseline in the
relative transmittance spectrum12 of Fig. 6.28b.

Since FIB imaging always comes along with an implantation of Ga+ ions into the
substrate [235, 239], the Ga+ ions might modify the optical properties of the substrate.
12Note that higher surface roughness of the substrate due to Ga+ bombardment would lead to

a decrease of both transmittance and reflectance towards higher wavenumbers compared to a
smooth surface.
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Figure 6.28.: (a) Image recorded by the CCD camera of the IR microscope (36-fold
magnification). The triangular-shaped gold markers help to localize the nanorods, which
are indicated by dotted circles. On the bright FIB scanned area, IR transmittance
and reflectance spectra [see (b)] were taken at the position marked with an solid circle
(“Measurement”, reference bare silicon, no polarizer).

In this context, a similar decrease of the transmittance was found for diamond in
which gallium ions have been implanted by FIB [239]. In addition, it was reported
that gallium preferentially accumulates at the SiO2/Si interface, featuring the highest
concentration on the silicon side of the interface [240] (gallium is a faster diffuser in
silica [241]). Hence, amorphous gallium nanoparticles could form at this interface.
Since amorphous gallium is a good metal [242], these nanoparticles could exhibit
plasmon resonances. Taking the plasma frequency of gallium13, ν̃p≈ 111500cm-1 [242–
244], into account, a resonance frequency of the Ga nanoparticles in silicon of
ν̃res ≈ 22500cm-1 follows from Eq. (2.15) with εd = εSi = 11.7. For this reason, it is
possible that the observed decline of the baseline represents a tail of a plasmonic
resonance located in the visible or UV spectral range.

6.3.3.2. FIB and SEM Characterization

Two FIB milling conditions (DI and DII with DII = 2 ·DI, see Tab. 6.1) were
used to fabricate gaps between nanoantennas as described in Sec. 6.3.1. After

13Shklyarevskii et al. showed that the plasma frequency of Ga grains is in the same range as the
plasma frequency of gallium films [243] .
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Figure 6.29.: (a,b) FIB images of FIB-milled (different doses indicated) nanorods recorded
immediately after nanogap fabrication. The initial lengths were (a) L≈ 1.35µm and (b)
L≈ 1.25µm. (c,d) SEM images (In-lens detector) of the same FIB-milled nanogaps recorded
after the IR optical characterization.

gap preparation, FIB images of the milled nanorods were recorded to control the
fabrication process. Figures 6.29a and 6.29b show examples of two milled nanorods
which seem to be completely cut in the middle. In addition, SEM images of the same
milled nanorods (Figs. 6.29c and 6.29d), taken after IR spectroscopic investigation,
apparently corroborate the successful milling process. Here, the gap produced by DII
seems to be slightly broader than that prepared by DI, a result which was obtained
for all investigated arrays (at least seven samples per dose condition).

6.3.3.3. IR Optical Characterization

Figure 6.30a shows relative transmittance measurements of two nanorod arrays, each
of them measured with parallel and perpendicular polarization (relative to long rod
axis). While FIB imaging and milling was performed on one of the arrays (labeled as
“FIB”), the other array was not in contact with Ga+ ions (“No FIB”). Consequently,
the baseline decline is only observed for the FIB-scanned and -milled array, which
shows an antenna resonance at around 1500cm-1 in case of parallel polarization.
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Figure 6.30.: (a) Relative transmittance spectra of two nanorod arrays (w ≈ 110nm, h≈
100nm) in parallel and perpendicular polarization. (b) Normalized relative transmittance
spectra Tnorm [Eq. (6.3)] of the same nanorod arrays.

Since the influence of the Ga+ ions on the spectrum is polarization-independent, it
can be eliminated by calculating the normalized relative transmittance

Tnorm =
Trel,‖
Trel,⊥

, (6.3)

which is the ratio between the relative transmittance in parallel (Trel,‖) and per-
pendicular (Trel,⊥) polarization. The solid red curve in Fig. 6.30b represents the
Tnorm-spectrum of the FIB-milled array of Fig. 6.30a. For comparison, the Tnorm-
spectrum of the reference array (“No FIB”) is added. Note that calculating Tnorm
is not absolutely necessary for non-milled arrays, since Tnorm does not significantly
differ from Trel,‖ (Fig. 6.30a).
Figure 6.31a shows normalized relative transmittance spectra of four nanorod

arrays. The solid red and green spectra originate from two nanorod arrays of similar
length which were milled with the different doses DI and DII. Obviously, the positions
and line shapes of the resonances significantly differ for these two curves. While a
nice antenna resonance with ν̃res ≈ 1900cm-1 is observed for the array milled with
DII, the array milled with DI features a very broad resonance somewhere between
1100cm-1 and 1300cm-1. Note that the double peak structure at around 1200cm-1

results from the excitation of the thin-film SPP in the SiO2 layer (see Sec. 3.5.2).
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Figure 6.31.: (a) Normalized relative transmittance spectra of four nanorod arrays
(w ≈ 110nm, h ≈ 100nm) with lengths before FIB milling as indicated in the figure.
(b) Relative shift ∆λres/λres for nanorod arrays milled by different FIB dose conditions.

Complete Cut (DII) To decide whether a complete separation of the nanorods
was achieved, it is useful to compare the obtained spectra with those of non-milled
reference arrays. The dashed blue spectrum in Fig. 6.31a is that of a nanorod array
with approximately the same length L as the milled nanorods before FIB cutting. In
addition, a spectrum of a reference array with rods featuring approximately half of
the length (L/2, dotted black curve) is shown. In case of a complete cut of the rods,
the resonances of the fabricated dimers should be similar to the one of the reference
array with L/2. However, this is only true for the array milled with DII. The shift
to smaller wavenumbers and the increased resonance width Γ can be explained by
interaction between the two separated parts (Sec. 5.2) and further support this
conclusion. In addition, σext (ν̃res)/σgeo of the milled rods is smaller compared to
σext (ν̃res)/σgeo of the reference array if one assumes that 18 rods contribute in case
of a complete cut. All these results nicely fit to the findings from the FIB/SEM
measurements (Sec. 6.3.3.2), which suggested a complete cut of the rods for DII.

Incomplete Cut (DI) In contrast, the resonance of the DI-milled array is near
the one of the reference array with the same length L before FIB milling. If the
nanorods were separated, this very strong shift compared to the array with L/2
(∆λres/λres ≈ 90%) would indicate a very small gap and huge interaction. Moreover,
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6. Characterization and Preparation of Nanogaps

simulations of a dimer with a gap of only 4nm result in a shift of “only” 35% (see
Fig. 6.13b). Hence, it is most likely that the two parts of the DI-milled rods still
feature conductive connections, leading to a plasmonic resonance position similar
to the one of the reference array with length L. The decreased intensity and strong
broadening may be related to the random structure of that connection, which
distributes plasmonic intensity over various multipolar resonances [108]. Similar
results were found for all other DI-milled nanorods, resulting in values of ∆λres/λres
near 100% (see Fig. 6.31b). In contrast, the relative shifts ∆λres/λres of the DII-
milled arrays are distributed between 10 and 30%, indicating complete gaps. Note
that the exact values of ∆λres/λres may not be overinterpreted since the geometric
dimensions of the reference rods might differ from those of the of the milled rods.
The relative shifts can merely serve as an indicator for the completeness of the FIB
cut and cannot be used to determine the gap size according to Fig. 6.13b.

6.3.3.4. TEM and EDX Characterization

The following analysis is mainly adopted from [108]. However, note that the notation
“dose I” and “dose II” in [108] is vice versa and that the absolute values given in [108]
are a factor of 103 too small.

FIB and SEM images of FIB-milled rods, as exemplary shown in Fig. 6.29, suggest
that both dose conditions lead to perfectly separated rods. However, based on IR
spectroscopic measurements, it was found that only the arrays milled with the higher
dose DII give rise to the expected optical response of dimers (Fig. 6.31b). In order
to structurally characterize the gap region of these nanorod dimers in more detail,
TEM measurements (see Sec. 6.3.2) of several samples were performed and correlated
with the optical spectra.

Figure 6.32 shows two sets of TEM and EDX mappings for FIB-milled nanogaps
prepared with doses DI and DII. In the upper two graphs, dark field TEM images
of differently cut samples are shown, whereas the other graphs correspond to the
element-specific EDX mappings of the respective samples. Under the lower dose
condition DI, the gold layer seems to be nearly milled while the titanium adhesion
layer remains almost connected. In contrast, increasing the Ga+ ion dose (DII) results
in a complete cut, reaching down to the Si substrate and considerably broadening
the gap. Furthermore, gallium accumulated in the silicon substrate and titanium
and gold clusters were dispersed in the same region due to the sputtering by FIB
bombardment.
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Figure 6.32.: TEM dark field images and EDX mapping of a cross-sectional view of
gold nanorods milled with FIB dose condition (a) DI and (b) DII, respectively. The EDX
mappings show the distribution of gold, gallium, and titanium (K and L denote to the
characteristic x-ray line). The narrowest and widest dimensions of the gap milled by DII
are roughly 40nm and 120nm, respectively.
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(1) Figure 6.33: EDX spectra of designated
positions on the sample milled by DII shown
in 6.32b. Each spectrum is shifted by 4000
counts for comparison.

Figure 6.33 shows position-dependent EDX spectra (sites indicated by numbers in
Fig. 6.32b) for the nanogap prepared by DII. The copper peak originates from the
copper mesh used to support the specimen. Additionally, carbon, oxygen and sulfur
are assigned to the elements of the organic protection layers, which are necessary to
cap the gold rods and gaps during TEM specimen fabrication [123].
Spectrum (1) shows mostly the signal from gold, whereas in (2), a large signal

of silicon is present since the measurement spot is located at the silicon substrate.
The third spot is located at the interface between nanorod and substrate and, thus,
titanium (adhesion layer) appears besides gold and silicon. Note that oxygen, carbon,
and sulfur are also detected as they are gettered in the titanium region most probably
during the TEM sample preparation [123]. The fourth and the fifth spectra were
measured near the bottom of the milled gap region. Here, gallium peaks are observed,
which are attributed to the Ga+ implantation during gap formation by FIB. Finally,
spot six shows mainly the silicon signals from the substrate.

6.3.3.5. Conclusion

The obtained spatially-resolved structural and chemical information is useful for
assessment of the electronic connectivity of gold nanorod dimers. Especially for the
virtually cut nanorod by condition DI, the two milled parts seem to be separated
physically in the SEM image, but are found to be significantly connected in their
plasmonic resonance. The most probable scenario might be the existence of a
weak electrical connection through the rest of the titanium interlayer, mixed with
FIB-sputtered gold and sustaining electrical connectivity. Further contributions
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6.3. Focused Ion Beam milling

could be related to impurities from the milling process, resulting in shallow acceptor
levels in the Ga doped silicon (57meV [245] and 72meV [246] above the Si valence
band). Consequently, holes could be efficiently pumped up to the conductive state
by low-energy IR excitation. These contaminations might be also relevant for gaps
prepared with higher gallium doses, except the material in the gap is removed as
much as possible. Besides that, sputtered gold and titanium in amorphous silicon
can also form impurity states with activation energies similar to the energy range
of IR light [122], thereby modifying the gold nanorods’ resonance spectrum. The
last explanation would be the formation of randomly-shaped Ga particles, the broad
plasmonic resonance of which may hybridize with that of the gold nanorod and thus
blur the spectral feature. In fact, the IR transmission spectra of the Ga-implanted
silicon substrates (without nanorods, see Fig. 6.28b) exhibits substantial broadband
absorption in the mid-infrared region. However, the spectral behavior corresponds
to resonance frequencies far away from the nanorod resonances, thereby excluding
any plasmonic coupling between the two systems.

It can be concluded that already small conducting residues inside a FIB-milled
nanogap lead to an optical response very different from that of a dimer. The plasmonic
resonance behavior of dimer rods (with length L/2) is only realized for FIB cuts being
deep enough to sufficiently separate the dimer gap from any metal-silicon mixture
formed by FIB milling. Furthermore, it was shown that IR spectroscopy provides
a powerful tool to non-destructively investigate the completeness of a FIB-milled
nanogap. In addition, FIB imaging was found to change the optical properties of the
substrate.

6.3.4. Results - Thermally Oxidized Silicon

The second series of experiments was performed with gold nanorods on thermally
oxidized silicon (thickness of about 106nm) to push the Ga accumulation zone at
the SiO2 / Si interface (compare to Sec. 6.3.3.1) further away from the gap region.
Furthermore, the insulator SiO2 should prevent the formation of conductive channels
between the milled rod parts, in contrast to the semiconductor silicon which can be
doped easily. FIB milling was performed for three dose conditions (DIII−DV, see
Tab. 6.1 for absolute values), which are characterized by their respective dwell times
tdwell in the remainder of the text.
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Figure 6.34: Relative transmittance spec-
tra (parallel polarization) of two FIB-milled
nanorod arrays (length before milling was
L ≈ 3.05µm). On one array, FIB imaging
was performed, whereas on the other array,
FIB imaging was omitted.

6.3.4.1. Effect of FIB Imaging and Milling

Due to the FIB imaging-induced modification the substrate’s optical properties
(Sec. 6.3.3), it was tried to avoid FIB imaging for the thermally oxidized silicon sample.
Nevertheless, FIB imaging of at least some arrays was necessary to localize the optimal
milling position and to properly focus the ion beam [123]. As the dashed red spectrum
in Fig. 6.34 shows, FIB scanning also causes a decline of the baseline in case of
thermally oxidized silicon. Moreover, this decrease of transmittance is clearly related
to FIB imaging, since it was not observed for FIB-milled arrays without FIB imaging
(see e.g. solid black curve in Fig. 6.34). Nevertheless, polarization-independent
spectral features appear in both spectra of Fig. 6.34 due to FIB milling. To impede
the excitation of the antenna resonance, measurements with perpendicularly polarized
light were performed to monitor these features (see Fig. 6.35).

Concerning the low wavenumber region of the spectra in Fig. 6.35a, a strong peak
pointing upwards at 1085cm-1 is visible besides a peak at around 1005cm-1 pointing
downwards, suggesting that the frequency of the antisymmetric Si-O vibration at
1080cm-1 (see Sec. 3.3.1) has shifted to lower frequencies due to FIB milling. In
this context, it was reported that gallium atoms are incorporated into the silicon
dioxide network by replacing the silicon atoms (GaO4 tetrahedrons are formed) [247].
Since gallium atoms feature a higher mass than silicon atoms, this could explain the
red-shift of the Si-O vibration.

Besides the quite complex and strong optical changes in the range between 800 and
1300cm-1, a very small and asymmetric peak appears at around 3600cm-1 (Fig. 6.35b).
One possibility would be that Ga atoms form impurity levels in SiO2, thereby giving
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Figure 6.35.: Relative transmittance measurements of FIB-milled nanorod arrays (blue,
red, and green spectra) with polarization perpendicular to the long rod axis in the range
of (a) 800−1300cm-1 and (b) 2000−5000cm-1. In addition, the black curves show spectra
of non-milled reference rods (perpendicular polarization). The spectra are averages over
various measurements of rods of different lengths but same tdwell to increase signal-to-noise
ratio. In (b), the spectra are artificially shifted and the gray curve is a scaled transmittance
measurement of a quartz glass substrate [109].
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rise to interband transitions. However, the impurity level of Ga in SiO2 was calculated
to be 0.88eV above the minimum of the valence band [247], which would correspond
to an interband transition frequency of ν̃ ≈ 7100cm-1. Another candidate could be
the O-H stretching vibration in SiO2 (see gray curve in Fig. 6.35b) which originates
from hydrogen contaminations [130]. However, hydrogen implantation during the
FIB milling process can be nearly excluded [122].

6.3.4.2. IR Optical Characterization

In Fig. 6.36a, normalized extinction spectra14 are shown for three nanorod arrays of
same initial length milled by different FIB conditions. Since the plasmonic resonances
of the FIB-milled arrays are slightly red-shifted compared to the one of the reference
array of approximately half length (solid black curve), a complete cutting of the
nanorods was achieved for all three dwell times (compare to Sec. 6.3.3). The SEM
images of Fig. 6.36b apparently corroborate this assumption. Note that these images
have to be treated with caution since SEM was found to be not suited to assess the
completeness of a FIB cut (see Sec. 6.3.3).
Although the SEM images are quite blurred due to the bad conductivity of the

SiO2 substrate15, the gap prepared by the shortest dwell time of 140µs seems to be
the narrowest one. This smaller gap size would lead to increasing interaction between
the milled parts, explaining the smallest extinction and the biggest full width at half
maximum of the red spectrum in Fig. 6.36a (compare to Sec. 5.2). Furthermore, the
milling condition with tdwell = 140µs always resulted in the lowest values of Q and
σext(ν̃res), as illustrated in Figs. 6.36c and 6.36d.

6.3.4.3. TEM and EDX Characterization

As demonstrated in Sec. 6.3.3, TEM provides a tool to investigate FIB-milled
nanogaps with high precision. However, this technique destroys the sample, making
it useless for further experiments. Therefore, TEM measurements were performed
on dummy samples that have not been investigated by IR spectroscopy. These
samples were prepared at the same time and, hence, under the same conditions as
the actually spectroscopied samples. Figure 6.37a shows a TEM image of a very long
14The spectra were determined from normalized relative transmittance measurements according to

Eq. (6.3).
15Charging effects in the substrate corrupt the image quality. This problem can be overcome by

covering the sample with a thin conductive layer. Consequently, the sample cannot be used for
further experiments such as NAIRS. A coating of the sample was therefore omitted.
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Figure 6.36.: (a) Normalized extinction spectra of differently milled nanorod arrays
(L≈ 1.85µm). For comparison, a spectrum of a reference array (L≈ 0.9µm) is shown. All
spectra were calculated from normalized relative transmittance measurements [Eq. (6.3)].
(b) SEM images of the gap region of gold nanorods milled with different dwell times as
indicated. The images originate from the same nanorods that have been measured in (a).
The gap width for tdwell = 140µs appears slightly smaller than the gaps of the other two
milling conditions (15nm compared to 17nm and 18nm, respectively). (c) Q-values and
(d) σext(ν̃res) versus λres for the three dwell times as well as for the reference arrays. For
the shortest two rod lengths, no reference arrays were prepared.
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Figure 6.37.: (a) Overview TEM image (side view) of a long gold nanorod (dummy
sample, w = h = 60nm) on thermally oxidized silicon with a thickness of about 106nm.
The arrows indicate the positions where FIB milling was performed with the indicated
dwell times. (b-d) High resolution TEM images of the gap regions shown in (a). The dwell
times are indicated below each image. The gap sizes gx become narrower with decreasing
dwell time: (a) gx ≈ 33nm, (b) gx ≈ 29nm, and (c) gx ≈ 22nm. In addition, the depth of
the depression is reduced from (a) 17nm, (b) 10nm to (c) 6nm.
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Figure 6.38.: (a) EDX spectra taken at the positions indicated in the TEM image of (b).
Au and Ti signals can be identified in spectrum (1). The signals of Mo and Cu originate
from the mesh and sample holder, respectively, used for TEM observation.

gold nanorod (w = h= 60nm) that has been milled with the three dose conditions.
The interface between the SiO2 layer and the supporting Si substrate is indicated
by a dashed line. In Figs. 6.37b to 6.37d, zooms on the respective gap regions are
depicted and a complete separation of the milled parts was achieved in all cases.
Consequentially, the shortest dwell time yields to the narrowest gap and the best
result. Moreover, longer dwell times lead to a depression in the substrate and to
undesired broadening of the gap.

In addition, EDX spectra were taken for the sample with the shortest dwell time of
140µs and are plotted in Fig. 6.38a. Below the gap [position (2) in Fig. 6.38b], a weak
signal of Ga at 1.1keV is present due to the Ga ion bombardment. Furthermore, it is
obvious from spectrum (1) that the dark material inside the gap consists of residues
of gold and titanium (see peaks at 9.7keV and 4.5keV, respectively). Although
the gap region is quite contaminated, the plasmonic resonances do not seem to be
distorted as the experimental findings from IR spectroscopy suggest (Fig. 6.36a).
This is in contrast to the findings from natural oxide covered silicon samples in
Sec. 6.3.3. Hence, SiO2 might help to sustain electrical insulation between the two
parts of the milled nanorod.
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6. Characterization and Preparation of Nanogaps

6.3.4.4. Conclusion

A complete, non-conductive separation between the two parts of FIB-milled nanorods
was achieved with all three dwell times. IR spectroscopic measurements as well as
TEM investigations figured out that the shortest dwell time of 140µs led to the
smallest gap size which is in the range of 20nm. Moreover, silicon dioxide seems to
be the better substrate compared to silicon since no conductive connections between
the gold nanorod parts emerge.

6.4. Important Findings
• Infrared spectroscopy offers a non-destructive method to assess the conductivity

or insulation, respectively, of nanogaps in nanorod dimers. The same findings
can be obtained with transmission electron microscopy, however, this method
is very elaborate and expensive and, in addition, destroys the sample, which
becomes useless for further experiments.

• Scanning electron microscopy is not suited for investigating nanosized gaps.

• The smallest gaps (supposedly in the range of 10nm or even less) were prepared
by the photo-induced metal deposition technique which therefore possesses
great potential for nanogap fabrication.

• The activation of additional dimer modes was observed for very small gap sizes
below 20nm. They could be attributed to the coupled l = 1 and l = 2 modes
of individual nanorods.

• The scanning of silicon samples with a focused gallium ion beam leads to a
decrease of the relative transmittance towards higher frequencies, which is most
likely due to the formation of Ga nanoparticles at the SiO2/Si interface.

• Thermally oxidized silicon promises to be the better substrate for the FIB
fabrication of nanogaps compared to natural oxide covered silicon, since SiO2
seems to sustain electrical insulation between the two parts of the milled
nanorod.
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7. Sensing of Mercaptoundecanoic
Acid

The present chapter deals with the IR optical properties of mercaptoundecanoic acid
(see Sec. 3.4.1). First, the characterization of MUA by infrared reflection absorption
spectroscopy is presented in Sec. 7.1. These IRRAS measurements serve as reference
for the nanoantenna-assisted infrared spectroscopy of MUA in Sec. 7.2. Finally,
Sec. 7.3 summarizes the important findings of this chapter.

7.1. Infrared Reflection Absorption Spectroscopy

IRRAS is a well-established and important method in surface science [248, 249] due
to its ability to determine the orientation of molecules on metal substrates [250, 251].
The principle is based on the surface selection rule, stating that molecular vibrations
can be only excited if their induced transition dipole moment features a component
perpendicular to the metal surface [252]. This is illustrated in Fig. 7.1: Every charge
distribution above a metal surface induces image charges of opposite sign inside the
metal. Hence, transition dipole moments of molecular vibrations perpendicular to
the surface are enhanced by image charges, while dipole moments parallel to the
surface are canceled.
After the description of the sample preparation (Sec. 7.1.1), the measurement

principle is shortly explained in Sec. 7.1.2. In the end, the experimental findings are
presented in Sec. 7.1.3. For more details about the IRRAS technique, the reader is
referred to former thesis [176, 253–256].

+

-

+

-

+ -

+-metal

adsorbate
Figure 7.1: Surface selection rule: Image
dipoles are induced in the metal, either
enhancing (left) or canceling (right) the
molecular transition dipole moment.
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7.1.1. Sample Preparation

The substrates are quadratic mica wafers (area of 2.5×2.5cm2, thickness of 250µm)
covered with an approximately 300nm thick gold layer prepared by physical vapor
deposition1 by G. Albert [258]. In analogy to relative transmittance measurements
in the IR microscope (see Sec. 3.2.2), the (sample) measurement of the probe molecule
MUA (see Sec. 3.4.1) requires a reference measurement. The first approach would
be a “clean” gold mirror without any adsorbate. However, since the gold mirrors
always feature some residual carbon hydride contaminations2, the reference has to
be coated with another molecule. Deuterated octadecanethiol (d-ODT) provides
an adequate reference since the vibrational bands of d-ODT (see e.g. [176]) do not
interfere with those of MUA.
Self-assembled monolayers (Sec. 3.4) of the adsorbates on the gold films were

prepared by immersing the purchased substrates for at least 15h in the following
solutions:

• 20µM MUA in ethanol + 5 % acetic acid,

• 10µM d-ODT in ethanol.

Acetic acid was added to the ethanol to ensure full protonation of the carboxyl
groups [165]. After immersion, the MUA-sample was rinsed with 0.5 % AA in
ethanol to retain the protonated configuration [165] and to remove any physisorbed
molecules. Pure ethanol was used to rinse the d-ODT-sample. Finally, both substrates
were dried by purged air.

7.1.2. Measurement Principle

The measurements were performed in the sample compartment of a FT-IR spectrome-
ter (Bruker IFS66 v/S) using the reflection unit constructed by D. Enders [176].
After passing an entrance slit, the IR beam is reflected by a gold mirror (see Fig. 7.2)
onto a sample area of defined size which has to be completely covered by the sample.
Thus, always the same sample area is illuminated by the IR beam and no adjustment
of the sample is necessary [176].
1The physical vapor deposition method allows epitaxial layer growth, leading to very low surface
roughness [257].

2Since no adhesion promoter is used, sonication of the substrate should be omitted to avoid
displacement of the gold layer [258]. Moreover, former studies showed that residues of acetone
on the substrate can hamper the absorption of the actual adsorbate [109].
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Figure 7.2.: Schematic IRRAS set-up: The SAM is adsorbed on a smooth gold film and
illuminated under a fixed angle of incidence (83°). The two different light polarization
states perpendicular ( ~Es) and parallel ( ~Ep) to the plane of incidence are indicated.

After being reflected by the sample, the IR light is guided to the liquid nitrogen
cooled MCT detector by means of another gold mirror. The positions of the two
gold mirrors are not displaceable with respect to the sample position, leading to a
fixed angle of incidence of 83°. Furthermore, the reflection unit is constructed in a
way that only the light reflected by the sample reaches the detector [176].

After placing the sample on the reflection unit, the spectrometer is pumped to
a base pressure of p= 4mbar. Each sample was measured with light being p- and
s-polarized (see Fig 7.2). According to the surface selection rule, measurements with
s-polarization do not yield any signal from the adsorbed molecules and can therefore
be used to determine the baseline, which is very sensitive to any displacement of the
sample relative to the reflection unit [109]. For this reason, the IRRAS spectra of
the present thesis always show the normalized relative reflectance,

Rnorm = Rp(MUA)/Rp(d-ODT)
Rs(MUA)/Rs(d-ODT) , (7.1)

where Rp and Rs denote the p- and s-polarized reflectance of MUA or d-ODT,
respectively. Note that the ratio between Rp(MUA) and Rs(MUA) does not result in
the spectrum of MUA due to the different reflection conditions of the two polarization
states [176] and the anisotropy of the IR polarizer. Hence, the reference measurement
of d-ODT is mandatory with this set-up. Details about the stability of the apparatus
as well as raw IRRAS spectra of MUA and d-ODT can be found in Sec. A.5.
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7.1.3. Results

The focus of Chap. 7 is on the IR optical behavior of the carboxyl group of MUA
under different immersion conditions. To this end, three subsequent measurements
with one MUA-coated gold mirror sample were performed:

(a) Freshly prepared MUA sample, immersed over night in a solution of 20µM
MUA in ethanol (EtOH) acidified with 5% acetic acid (AA), rinsed with
ethanol containing 0.5% AA prior to measurement;

(b) MUA sample immersed in pure ethanol for 3h after measurement of
spectrum (a), rinsed with pure ethanol prior to measurement;

(c) MUA sample immersed in EtOH / 0.5% AA for 30 min after recording
spectrum (b), rinsed with EtOH / 0.5% AA prior to measurement.

Figure 7.3 shows the normalized relative reflectance spectra of (a) to (c), which were
baseline corrected with the help of the software OPUS. Starting from spectrum (a),
a relatively strong band near 1700cm-1 is observed, originating from protonated
carboxyl groups (COOH). In fact, two peaks, one at 1710cm-1 and another at
1738cm-1, can be identified within the broad band. This band splitting is due to the
partial formation of hydrogen bonds between the carboxyl groups (Sec. 3.4.1).
After immersion of the sample in pure ethanol [spectrum (b)], the band vanishes

and another prominent peak at 1465cm-1 arises which is caused by the symmetric
stretching of deprotonated carboxyl groups (COO−). Moreover, the antisymmetric
COO− stretching vibration at 1549cm-1 gains in intensity. Note that these peaks are
already observed in spectrum (a), implying that not all carboxyl groups were able to
retain their hydrogen atom. However, the more basic environment3 [preparation (b)]
clearly leads to a complete deprotonation of the carboxyl group in accordance with
IRRAS measurements of mercaptohexadecanoic acid (MHDA) [165].

Reprotonation of MUA is possible by immersing the sample in acidic solution, as
spectrum (c) shows. Here, the band at 1465cm-1 is slightly more pronounced than
in spectrum (a), indicating an incomplete reprotonation process. Immersion of the
sample for a longer period of time or in a more concentrated acidic solution might
lead to results similar to those of spectrum (a).
3IRRAS experiments with a basic ethanolic solution containing NaOH showed similar results
as those with “pure” ethanolic solution in case of MHDA [165]. This is explained by the fact
that “pure” ethanol always contains minor contaminations of NaOH which are responsible for
deprotonation.
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Figure 7.3.: Baseline corrected normalized relative reflectance spectra [Eq. (7.1)] of three
differently prepared MUA monolayers (reference d-ODT). See text for the preparation
details. All spectra were acquired with 3000 scans at a resolution of 2cm-1.

Measurement Intensity [h] Mode MUA [166] MHDA [165]

ν̃[cm−1] (a) (b) (c) ν̃[cm−1] ν̃[cm−1]

1266 0.9 0.9 0.9 ν(C-O) 1300 1220

1408 0.7 1.2 0.8 δ(CH2) 1430-1460

1465 0.6 3.2 1.3 νs(COO−) 1430-1450 1466

1549 0.7 1.4 0.7 νa(COO−) 1570-1580 1568

1710 1.5 - 1.6 ν(C=O)a 1716 1711-1718

1738 1.8 - 1.5 ν(C=O)b 1735 1740-1745

2857 1.4 1.5 1.8 νs(CH2) 2850 2851

2926 2.5 3.6 3.9 νa(CH2) 2923 2920

Table 7.1.: Peak positions and corresponding peak signal strengths of MUA extracted
from spectra (a) to (b) of Fig. 7.3. In addition, the mode assignments based on literature
values of MUA [166] and MHDA [165] are given. The superscripts a and b refer to the
hydrogen- and non-hydrogen bonded configuration of the carboxyl groups (see Sec. 3.4.1).
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Besides the symmetric and antisymmetric CH2 stretching vibrations at 2857cm-1

and 2927cm-1, two weak absorption peaks at 2878cm-1 and at 2966cm-1 (dashed-
dotted green lines) appear, which most likely originate from symmetric and antisym-
metric stretching vibrations of CH3 groups [175]. Since MUA does not possess any
CH3 groups, the bands might arise from residual dirt on the MUA-coated sample or
from alkanethiol contaminations in the purchased MUA powder, featuring a purity
of “only” 99 %. The frequencies, intensities and assignments of the vibrational peaks
of MUA are summarized in Tab. 7.1.

In summary, it was shown that MUA adsorbs on gold surfaces and that a “switching”
of the absorption frequency of the functionalized end group can be achieved by
different immersion conditions. To obtain a mostly protonated configuration of MUA,
it is essential to use acidified ethanolic solutions for immersing as well as for rinsing
the sample. In contrast, applying pure ethanol leads to the deprotonated phase due
to residual OH− ions in the ethanol.

7.2. Nanoantenna-Assisted Infrared Spectroscopy

Lithographically prepared gold nanorod arrays on calcium fluoride were used (Sample
Antenna#2, L ≈ 2µm, w ≈ h ≈ 60nm, dx = dy = 5µm) to perform nanoantenna-
assisted IR spectroscopy of the probe molecule MUA. Prior to the actual NAIRS
measurement (Secs. 7.2.2 and 7.2.3), the sample was cleaned by an oxygen plasma
(Sec. 7.2.1) at the Institute of Applied Physical Chemistry. Based on the IRRAS
measurements of Sec. 7.1.3, an enhancement factor for MUA is estimated in Sec. 7.2.5.

7.2.1. Oxygen Plasma Cleaning

Figure 7.4a shows antenna resonances before and after plasma cleaning [t= 2 min
p(O2) = 0.4mbar, P = 150W]. Some organic residues seemed to be present before
the cleaning process, leading to a very small dent around 1740cm-1 (see zoom in
Fig. 7.4b), which might originate from C=O stretching vibrations [175]. Although
this dent vanishes after the cleaning procedure, additional spectral features appear at
around 1080cm-1 and 1450cm-1. A comparison with the IR active modes of calcium
carbonate [259] leads to the suspicion that the CaF2 substrate was modified by the
cleaning process. However, these plasma-induced changes have to occur at certain
sites on the substrate since a modification of the whole substrate would not lead to
spectral features in the relative transmittance spectrum. And in fact, no absorption
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Figure 7.4.: (a) Relative transmittance spectra (≈ 154 rods, see Sec. 7.2.5) before and
after oxygen plasma cleaning. The IR active modes of CaCO3 are marked by vertical lines.
(b) Zoom on the spectral range between 1720cm-1 and 1760cm-1 of (a). The straight red
line is a guide to the eye to recognize the bending of the dashed black curve.

bands at 1083cm-1, 1443cm-1, or 1466cm-1 were found for plasma-cleaned CaF2
substrates without gold nanostructures [260]. Hence, the gold nanorods might act as
catalyst for substrate degradation.

7.2.2. Identifying the Spectral Signature of MUA

For the NAIRS experiment, the sample was immersed over night in a solution of
20µM MUA in EtOH / 5% AA, rinsed with EtOH / 0.5% AA and dried with purged
air in analogy to the IRRAS measurements (Sec. 7.1.3). The dotted blue spectrum
in Fig. 7.5a shows the relative transmittance measurement in comparison to the
spectrum after plasma cleaning. Interestingly, the dent around 1450cm-1, which was
attributed to the modified substrate, disappeared after the immersion in the MUA
solution. Since CaCO3 dissolves in acetic acid solutions [261], the resulting calcium
acetate might be removed by the immersion and rinsing process.

Concerning the enhancement of the MUA absorption bands, only very weak dents
can be identified at the expected positions (dashed lines in Figs. 7.5a and 7.5b),
indicating that adsorption of MUA molecules took place. Since the vibrational bands
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Figure 7.5.: NAIRS of MUA adsorbed on an nanorod array (L≈ 2µm, w ≈ h≈ 60nm,
dx ≈ dy ≈ 5µm) on CaF2. Approximately 154 rods contribute to the signal. (a,b) show
the relative transmittance spectra (raw data) whereas (c,d) show the first derivatives (13
smoothing points) of the respective spectra of (a) and (b). In (d), the spectrum after
plasma cleaning was additionally smoothed (30 smoothing points).
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Figure 7.6.: (a) Calculated Fano curves Iq(x) using the function Iq(x) = x +(
1− (x+q)2

x2+1

)
/
(
q2 + 1

)
with the asymmetry parameter q as indicated in the figure. (b) First

derivative spectra of the intensity spectra shown in (a). At the resonance position x= 0, a
minimum in the first derivative is present for q = 1.

of MUA are mainly located on the flank of the antenna resonance, asymmetric Fano-
like line shapes should appear (Sec. 3.5). The ratios between molecular resonance
ν̃vib and plasmonic resonance ν̃res ≈ 1370cm-1 range between 0.97 and 0.79 for the
signals of MUA in Fig. 7.5a. A comparison between the measured line shapes of the
SiO2 SPP in Fig. 3.13a and the calculated Fano profiles in Fig. 3.13b suggests that
the asymmetry parameter q [Eq.(3.5)] features values between 0.25 and 2.
In Fig. 7.6a, calculated Fano profiles for different q are superimposed on a linear

function. As can be seen from Fig. 7.6b, the first derivative of these curves leads to
peaks pointing downwards near the resonance x= 0. Note that the peak minimum
and x= 0 only coincide for the antisymmetric profile (q = 1). Nevertheless, the first
derivative of the NAIRS spectra can be used to reveal the signature of MUA4.

Looking at Fig. 7.5c, relatively strong peaks in the first derivative spectrum near
1465cm-1 and 1549cm-1 are detected and attributed to the stretching vibrations of
the deprotonated carboxyl groups. Furthermore, a small feature at around 1740cm-1

appears, which is most likely caused by protonated carboxyl groups. In addition, a
peak at around 1660cm-1 is present which cannot be assigned to any MUA vibration.

4Note that the derivative method only works since the spectra were recorded with a large number
of scans (66000), featuring nearly no noise.
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One possibility could be that the hydrophilic carboxyl groups attract liquid water
from the atmosphere, which features a strong absorption band at 1644cm-1 [262].
Moreover, the CH2 stretching vibrations located at 2857cm-1 and 2926cm-1 are

identified in Fig. 7.5d, even though they are spectrally very far away from the main
antenna resonance (ν̃res≈ 1370cm-1). However, the second order plasmonic resonance
at around 2730cm-1 (not shown) probably contributes to the enhancement of these
bands.

7.2.3. Changing the Carboxyl Configuration

At a first glance, it might be surprising that the bands of the COO− group (1465cm-1

and 1549cm-1) are more pronounced than the bands of the COOH group at around
1740cm-1, since the preparation with the acidified ethanol should provide protonated
MUA adsorbates. However, one has to take into account that the enhancement
depends on the spectral position of the adsorbate with respect to the plasmonic
resonance (Sec. 3.5.1).
To check whether the configuration of the carboxyl group can be changed by

the solvent, the sample was immersed in pure ethanol for about 3h prior to a
repeated measurement (dashed-dotted red curves in Figs. 7.5a and 7.5b). In the
derivative spectrum of Fig. 7.5c, no significant changes of the carboxyl bands can be
observed. Hence, it seems that the immersion solution had no effect on the carboxyl
configuration, in contrast to the findings from IRRAS.

One possible reason for this discrepancy could be the long exposure of the sample
to air during the whole NAIRS measurement, which lasted around 18h in total
to provide the necessarily high signal-to-noise ratio. In IRRAS, the sample is
taken out from solution, flushed with the respective solvent and immediately placed
in the sample compartment which is pumped to p = 5mbar (measurement time
of only 30− 60 min). Hence, ambient conditions might result in the formation
of an equilibrium configuration of the carboxyl groups, featuring protonated and
deprotonated fractions and being independent of the immersion solution.

7.2.4. Destroying the Adsorbate by Plasma Cleaning

After the NAIRS measurement, the sample was again plasma cleaned [t = 5 min,
p(O2) = 0.4mbar, P = 150W] and IR transmittance measurements were recorded.
The dashed green spectrum in Fig. 7.7 shows the first derivative spectrum after
the cleaning process. In comparison to the NAIRS derivative spectrum of MUA
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Figure 7.7.: Effect of plasma cleaning on adsorbed MUA (see text).

(dashed-dotted red curve), all MUA-specific bands nearly vanished after oxygen
plasma cleaning, suggesting that almost all adsorbates have been removed from the
gold nanoantennas. However, the small peak at 1465cm-1 indicates that at least
a small fraction of the adsorbates has remained. Note that this time, no peak at
1450cm-1 has emerged after plasma cleaning, excluding the plasma-induced formation
of CaCO3. This might be due to the pretreatment with oxygen plasma or simply
due to the different cleaning times that have been applied.

To investigate, if the plasma cleaned sample can be used for new NAIRS experi-
ments, it was again immersed in the acidified MUA solution over night (identical
solution and similar immersion time compared to Sec. 7.2.2). In Fig. 7.7, the dotted
orange curve represents the first derivative of this repeated NAIRS measurement.
Obviously, there is no significant difference compared to the spectrum after plasma
cleaning. The MUA bands might have marginally increased in intensity, but the
dashed-dotted red spectrum is not reproduced.

The absence of MUA bands after plasma cleaning can be interpreted as follows:
during the cleaning process, the adsorbate molecules are destroyed but not com-
pletely removed. The alkyl chains could have been removed from the thiol groups
which are still bound to the gold surface, blocking adsorption sites. Consequently,
plasma cleaning does not seem to be an appropriate method to completely remove a
chemisorbed adsorbate.
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7.2.5. Estimation of an Enhancement Factor

To obtain quantitative statements on the electromagnetic field enhancement, en-
hancement factors EF based on the definition of Eq. (3.3) are estimated in this
section. First of all, the relative fractions, fIRRAS and fNAIRS, of the illuminated
spots effectively covered by MUA molecules have to be determined. While fIRRAS = 1
can be assumed (whole gold film is covered by MUA), only a small part of the illumi-
nation spot A0 = π (D/2)2, with aperture diameter D, is covered by MUA molecules
due to the selective adsorption on the gold nanorods (see Sec. 3.4). The number N
of rods contributing to the spectrum in Fig. 7.5a is calculated by considering the
length L and width w of the rods as well as the separation distances dx and dy [109]:

N ≈ A0
(L+dx) · (w+dy)

= π(83.3/2)2

(2 + 5) · (0.06 + 5) ≈ 154 . (7.2)

Furthermore, it is assumed that only MUA molecules adsorbed on the tip ends
contribute to INAIRS due to the near-field distribution of resonant nanoantennas (see
e.g. Fig. 2.6). The tips of the nanorods are approximated by hemispheres featuring
an effective radius of Reff =

√
w ·h/π. Thus, the fraction of the area contributing to

INAIRS is estimated to

fNAIRS ≈
N ·4πR2

eff
π(D

2 )2 = 154·4·60·60nm2

π( 83.3µm
2 )2 ≈ 4 ·10−4 . (7.3)

First, the supposedly strongest band at 1465cm-1 in the dashed-dotted red spectrum
of Fig. 7.7 is considered. Concerning the NAIRS spectrum after immersion in ethanol
(dashed-dotted red curve in Figure 7.5a), a baseline correction is necessary to estimate
INAIRS

(
1465cm-1

)
. A simple approximation is a straight line with fixed points on

the measured spectrum. Since the signal intensity of the carboxylate vibration nearly
drops down to zero at 1420cm-1 and 1520cm-1 (see Fig. 7.8a), these frequencies are
used as fixed points, resulting in the dashed black straight line in Fig. 7.8b.

Dividing these two curves leads to the solid red curve in Fig. 7.8c, featuring a
Fano-like signal of the adsorbate. For comparison, a similar line shape is obtained for
the ratio between the spectrum of MUA after immersion in ethanol and the one after
the final plasma cleaning step (dashed green line). In analogy to [34], the intensity
INAIRS is defined as the difference between the signal’s maximum and minimum,
resulting in a value of INAIRS ≈ 0.16%.
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Figure 7.8.: (a) IRRAS measurements of MUA (data of Fig. 7.3) in the range of the
symmetric carboxylate vibration (1465cm-1, indicated by vertical dashed line). (b) NAIRS
spectrum of MUA (solid red) on gold nanoantennas after immersion in ethanol (data of
dashed-dotted red curve in Fig. 7.5a). The dotted black line is the assumed baseline without
the signal of MUA (see text). (c) Red curve: baseline corrected, Fano-like signal of the MUA
adsorbate [ratio between the solid red and dotted black curves in (b)]. For comparison, the
dashed green curve shows the ratio between the measured relative transmittance spectrum
after immersion in ethanol [solid red curve in (b)] and the measurement after plasma
cleaning (not shown).
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To determine the signal strength IIRRAS, a theoretical relative transmittance
change (∆T/T )theo has to be calculated [see Eq. (3.4) in Sec. 3.5.1]:

(
∆T
T

)
theo
≈
(

∆R
R

)
IRRAS

· 1
2(nCaF2 + 1) ·

cosϑ
sin2ϑ

≈ 0.026 ·
(

∆R
R

)
IRRAS

. (7.4)

The measured value of (∆R/R)IRRAS ranges between 0.06% and 0.32%, depending on
the carboxyl configuration (see Tab. 7.1). In regard to the NAIRS measurements, it is
hard to identify the carboxyl configuration since no variation of INAIRS in dependence
of the immersion medium was observed (Sec. 7.2.3). However, most of the carboxyl
groups seem to be deprotonated as no change of INAIRS was monitored after immersion
in ethanol. Consequently, assuming complete deprotonation [(∆R/R)IRRAS ≈ 0.32%]
yields5

EF (1465cm-1) = INAIRS
IIRRAS

· fIRRAS
fNAIRS

≈ 1.6 ·10−3

0.026 ·3.2 ·10−3 ·
1

4 ·10−4 ≈ 48000 . (7.5)

The same procedure was performed for the band at 1549cm-1. The baseline corrected
signal of INAIRS

(
1549cm-1

)
≈ 0.05% leads to

EF
(
1549cm-1

)
≈ 34000 . (7.6)

The evaluation of the 1738cm-1 band was omitted since it was very hard to determine
the weak signal INAIRS by a baseline correction. In addition, the signal of the
IRRAS measurement in case of complete deprotonation is below the noise level [see
spectrum (b) in Fig. 7.3].

Comparison with ODT Measurements

In Fig. 7.9, the estimated EF -values of Eqs. (7.5) and (7.6) are plotted versus the
ratio between ν̃res and molecular resonance frequency ν̃vib together with EF -values
of ODT [34]. Note that the data of ODT on lithographic nanorods has been corrected
compared to the data shown in Fig. 3.12a in the following way: in [34], the signal
strength INAIRS was determined by the difference between maximum and minimum
of the signal, underestimating the real signal intensity. To allow a better comparison

5It is assumed that the surfaces of the lithographic gold nanorods and the smooth gold film on
mica mainly feature (111)-orientation, see Secs. 3.5.1 and 7.1.1, respectively.
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Figure 7.9: Estimated enhancement fac-
tors EF for ODT and MUA versus ratio
between plasmonic resonance ν̃res and molec-
ular resonance ν̃vib.

with the MUA data, baseline corrections like the one illustrated in Fig. 7.8b were
performed for the ODT data, leading to the higher values shown in Fig. 7.9.

The EF -values of MUA are comparable to the values of ODT on lithographically
prepared nanorods, although the ODT measurements were performed with nanorod
arrays featuring gap sizes dx between 50 and 100nm. This should lead to higher
field enhancement compared to the non-interacting nanorod array used for the MUA
experiment. The discrepancy might be explained by residues of the EBL preparation
process, preventing complete covering of the nanorods with ODT [34].

Nevertheless, the EF -values of MUA are still lower than those found for ODT
on electrochemically prepared nanowires. If one assumes a sufficiently clean rod
surface, allowing full adsorption in both cases, there must to be other reasons for
the lower MUA values. First of all, the enhancement factors were estimated by
using the completely deprotonated IRRAS reference [spectrum (b) in Fig. 7.3]. This
certainly underestimates the actual enhancement since at least some carboxyl groups
are still protonated (Sec. 7.2.3). Furthermore, due to the very broad vibrational
bands of MUA, only broad dents without extrema were present in the NAIRS spectra
(see Fig. 7.5a). Hence, taking only the signal intensity maybe also underestimates
the actual enhancement. Instead, comparing the peak areas would be a better
option. However, the determination of a peak area is very difficult and error afflicted
in case of the Fano-like MUA signal shown in Fig. 7.8c. Last but not least, the
tip end morphology could also cause the seemingly higher enhancement of the
electrochemically prepared nanorods (see Sec. 2.4.2).
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7.3. Important Findings
• The configuration of the carboxyl group of MUA can be changed by the

immersion solvent in case of IRRAS measurements. In contrast, no change was
observed for nanoantenna-assisted IR spectroscopic measurements.

• The first derivative of a NAIRS spectrum can be used to identify the spectral
signature of adsorbates, provided that the signal-to-noise ratio is high enough.

• The enhancement factors of the symmetric and antisymmetric COO− stretching
vibrations of MUA were estimated to be 48000 and 34000, respectively. These
values are comparable to former experiments of ODT on lithographic gold
nanorods, but still smaller than the values obtained for electrochemically
prepared, single crystalline nanowires.

• Oxygen plasma cleaning does not completely remove alkanethiol adsorbates.
Residues remain bound to the gold nanoantenna, preventing new adsorption of
molecules.
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8. Summary

The main focus of the present thesis was on the characterization and preparation of
nanosized gaps between the tip ends of nanoantennas in order to increase near-field
coupling and, hence, increase the sensitivity for the potential sensing application
“nanoantenna-assisted IR spectroscopy”. Furthermore, the dependence of the infrared
far-field optical properties of lithographically prepared nanorods on the substrate po-
larizability as well as on the arrangement of the rods within an array was investigated.
Finally, the probe molecule mercaptoundecanoic acid was optically characterized by
IRRAS as well as by NAIRS using a gold nanorod array.

Lithographically prepared nanorods with lengths in the µm-range show antenna-
like plasmon resonances in the infrared [29, 31, 34]. In this work, the far-field
optical properties of non-interacting nanoantenna arrays (distances between nearest
neighbors being large enough to exclude interaction) were analyzed. It was shown
that a higher substrate refractive index leads to resonances at longer wavelengths,
which can be explained by induced image charges in the substrate. Moreover, the
linear relation between rod length and resonant wavelength can be described by the
analytical model of L. Novotny [65]. However, Novotny’s model, considering a
nanoantenna surrounded by a homogeneous, effective medium, fails to account for the
experimental geometry where the nanorod is placed on a substrate. Consequently,
a direct correlation between the effective dielectric constant obtained from the
Novotny fit and the dielectric constant of the substrate does not exist.

In addition to natural oxide covered silicon, thermally oxidized silicon with an
oxide thickness of about 100nm was used as substrate for gold nanorod arrays. It
turned out that the optical properties of the nanorods resemble those of nanorods
on quartz glass as long as the antenna resonance is located at higher frequencies
compared to the reststrahlen band of the oxide (1080−1247cm-1). For resonances
near or inside the reststrahlen band, the excitation of a surface phonon-polariton at
the air/oxide interface cloaks the antenna resonance, i.e. the same amount of light
compared to the bare substrate can pass by the metal nanorods.
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8. Summary

Rectangular nanorod arrays on natural oxide covered silicon featuring different
separation distances parallel (longitudinal) and perpendicular (transverse) to the
long rod axis were investigated. The aim was to figure out an optimal array design
for nanoantenna-assisted IR spectroscopy of adsorbates. For future applications,
the rod density within an array should be high to ensure a sufficient signal-to-noise
ratio at short measurement times. Thus, small separations between individual rods
would be desirable. While very small (longitudinal) gaps between the tip ends of
the rods promise dramatic increase of near-field coupling and enhancement [30, 35],
it was demonstrated in this thesis that a transverse separation below the first
constructive interference condition (resonant wavelength in the substrate equals
separation distance) is counterproductive for NAIRS. Besides a shift of the resonance
position to smaller wavelengths accompanied by extraordinary broadening and
decrease of extinction in the far-field, the near-field amplitude decreases as shown
by scattering-type near-field optical microscopic mappings. Hence, the optimal rod
density on the substrate depends on the substrate polarizability via the constructive
interference condition.

Since the lithographic preparation of gaps between the tip ends of the nanorods is
limited to about 10−20nm [124], two different approaches were applied to fabricate
nanosized gaps. First wet-chemical metal deposition experiments showed that
nanogaps can be principally fabricated. However, since the whole sample is modified
within one deposition step, the photo-induced metal deposition technique was chosen,
promising spatial selectivity of the deposition process on the sample.
In experiments with nanorod arrays on silicon substrates, it turned out that the

deposition within the array occurs quite inhomogeneous, leading to small gaps on
the one hand, and merged rods on the other hand. Thus, additional experiments
with individual nanorod dimers on calcium fluoride substrates (initial gap size of
20nm) were carried out by using an inverted microscope and a laser light source
(λ= 532nm). Based on SEM images of a carbon covered test sample, the growth of
the dimers could be observed and qualitatively related to the IR optical response.
However, it was not possible to precisely determine the gap size.
Another sample of nanorod dimers on calcium fluoride was photo-chemically

modified and spectroscopied. Gap sizes below 10nm have been most likely prepared
as indicated by the comparison with FDTD simulations. Furthermore, the appearance
of additional modes in the IR spectra with increasing interaction was monitored and
attributed to bonding and antibonding combinations of the l = 1 and l = 2 modes of
individual rods.
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Besides growing of nanorods, focused ion beam milling was applied to prepare
nanogaps by cutting long rods in the middle. The far-field IR spectroscopic inves-
tigations were compared with SEM as well as transmission electron microscopic
images. The data indicated that SEM was not able to identify a complete separation
of the two milled parts, in contrast to TEM, which precisely determined gap sizes
down to 20nm. Most importantly, it was found that IR spectroscopy offers a non-
destructive method to assess the completeness of a FIB-milled nanogap. Concerning
the substrate, thermally oxidized silicon promises to be the better choice compared
to natural oxide covered silicon since SiO2 seems to sustain electrical insulation
between the two parts of the milled nanorod.

Moreover, mercaptoundecanoic acid was used as a probe molecule to demonstrate
the NAIRS approach. Enhancement factors of the COO− stretching vibration in the
range of 34000−48000 could be estimated which are in the same order of magnitude
compared to findings from ODT adsorbed on lithographic gold nanorods [34, 102].
However, the enhancement factors of electrochemically prepared, single crystalline
gold nanowires could not be reached. Possible reasons for the observed discrepancy
could be a reduced molecule adsorption on the gold nanorods due to residues of the
EBL fabrication or intrinsic differences between nanowires and nanorods (crystallinity,
tip end morphology). Finally, the change of the carboxyl configuration of MUA
depending on the immersion solution could not be monitored in NAIRS experiments
which is in contrast to findings of IRRAS. The different measurement conditions (air
in NAIRS, vacuum in IRRAS) might explain why the adsorbate behaves differently
in NAIRS.
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9. Outlook

So far, possible interaction effects in nanorod arrays in longitudinal and transverse
direction were investigated separately. However, IR measurements of nanorod arrays
with reduced separations in both directions showed an unexpected blue-shift of the
resonance with decreasing longitudinal spacing. Besides IR spectroscopic measure-
ments of new samples in which both separation distances are varied, comparisons
with FDTD simulations of arrays might help to more systematically analyze this
behavior.

The photo-induced metal deposition turned out to be the most promising approach
to nanogap formation. In order to obtain a quantitative statement on the near-field
enhancing properties of the prepared nanorod dimers, NAIRS measurements of
MUA could be performed, since the resonance frequencies of the photo-chemically
manipulated dimers are in the range of the characteristic bands of MUA (1400−
1700cm-1). However, the NAIRS measurements of MUA shown in this thesis suggest
that the MUA monolayer is not very stable at ambient conditions. For this reason, it
is recommended to use to a synchrotron light source for future NAIRS experiments
to reduce the measurement time and, thus, the exposure to air.

After the SEIRS experiment, the sample could be investigated by TEM to precisely
determine the gap sizes. In addition, simulations of dimers with different gap sizes,
lengths and diameters should be performed to gain insight on the complex optical
behavior. Moreover, the simulations may be used to estimate the gap sizes since
TEM measurements are very elaborate and expensive.

In regard to future photo-induced metal deposition experiments, some improve-
ments have to be made concerning the control the deposition process. The dimers
should be separated for a larger distance on the substrate to avoid non-selective
particle growth. Furthermore, the concentration of the gold salt as well as the laser
power should be reduced to ensure more homogeneous metal deposition. In addition,
annealing of the sample after deposition could probably lead to a smoother rod
surface.
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9. Outlook

In addition, the focused ion beam milling of nanorods needs to be further improved
to reduce the fabricated gap sizes. A first approach would be to decrease the dwell
times to avoid opening of the gaps. Furthermore, the lithographic fabrication could
be modified in the following way: instead of preparing a long nanorod, one should
try to prepare “touching dimers” which are then milled by the FIB. In this way, the
total amount of gold, which has to be milled to achieve complete separation, and,
hence, also the amount of implanted gallium ions could be decreased. Due to the
gallium ion induced change of the optical properties of the substrate, only thermally
oxidized silicon wafers should be used for further fabrication series.

Finally, the thickness of the oxide layer could be varied to investigate the cloaking
effect of the antenna resonances.
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A. Experimental Details

A.1. Lithographic Preparation at NIMS

Gold nanorods were prepared on floating zone1 Si substrates with both sides being
polished (except samples of series A with an unpolished, rough back side). Most of
the wafers are covered with a natural silicon dioxide layer; its thickness (≈ 3nm)
was measured by ellipsometry [122]. In addition, series H was prepared on thermally
oxidized silicon wafers which feature an oxide thickness of about 106nm [123]. The
geometrical dimensions of the samples are about 10×15×1mm3 for of series B to
H and 19×25×0.5mm3 for series A. Figure A.1 schematically shows the different
preparation steps of the EBL process. After cleaning the substrate’s surface (1), a
positive photoresist was spin coated on it (2). In this context, positive means that
the portion of the photoresist which is exposed to the electron beam (3) becomes
soluble to the photoresist developer and is therefore removed (4). Consequently,
5−10nm titanium were evaporated as an adhesion layer followed by a 60−100nm
gold layer (5). Finally, the lift-off process was carried out to dissolve the metal coated
photoresist (6). The preparation process according to the manufacturer (A. Ohi,
NIMS) can be found in [110].
1The floating zone technique ensures a very low oxygen content in the silicon compared to the

Czochralski preparation process [263].

substrate (Si)

photoresist

1. Cleaning

2. Spin coating

3. Exposure

4. Developing

5. Ti and Au coating

6. Lift-off

5 – 10 nm Ti

60 – 100 nm Au

e- Figure A.1: Schematic representa-
tion of the individual preparation
steps (see text).
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A. Experimental Details

A.2. Scanning Electron Microscopy

A.2.1. Carbon Contamination

Scanning over the sample with the electron beam for a long time leads to the
deposition of carbon on the sample due to residual hydrocarbons in the gas phase
of the sample chamber as well as on the sample surface. These contaminations can
be detected with the In-lens detector due to its very high surface sensitivity [119].
Figures A.2a and A.2b show SEM images of a nanorod before and after the electron
beam was scanned over a smaller area surrounding the nanorod. Clearly visible in
Fig. A.2b is a dark rectangle which has emerged due to the focusing process. To
exclude that the observed feature is due to charging effects, the same experiment was
performed on the aluminum sample holder (not shown here) and similar results were
obtained. In addition, the contamination area does not disappear as time goes by, as
the image of Fig. A.2c, recorded one week after the image of Fig. A.2d, illustrates.
To remove the carbon contaminations, the sample was cleaned by an oxygen

plasma at the Institute of Applied Physical Chemistry (t= 30 min, p(O2) = 0.4mbar,
P = 150W). Here, the ionized, low energy oxygen atoms of the plasma induce chemical
reactions with the contamination species. In particular, hydrocarbon materials are
converted into CO, CO2, or H2O and removed by the vacuum system [264]. And
in fact, in the SEM image taken after the cleaning process (Fig. A.2d), nearly no
contamination is observed. Note that the darker area, labeled as “new contamination”
originates from a scan over the nanorod after the cleaning process. At a closer look,
the contours of the formerly black rectangle can be seen. Now, this area appear
brighter (“old contamination”) than the other substrate. Nevertheless, it was shown
that oxygen plasma cleaning can be used to remove carbon contaminations from the
sample.
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1 µm

(a) Before focusing

1 µm

Focusing area

(b) After focusing

1 µm

(c) After one week

1 µm

New contamination
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(d) After O2 plasma cleaning

Figure A.2.: Series of SEM images of a nanorod (L≈ 1.7µm) on sample Wb1. (a) shows
the initial state before scanning and focusing. After 6min of scanning, another image was
recorded in (b). Subsequently, the sample was taken out of the SEM, stored for one week
in a specimen container (at ambient conditions) and another image of the same rod was
taken in (c). Finally, the sample was cleaned by an oxygen plasma and re-inserted into the
SEM. (d) shows the rod after a quick scan over the nanorod at higher magnification. All
images were recorded with the In-lens detector with the same settings of brightness and
contrast. In all cases, an acceleration voltage of Uacc = 3keV was applied.
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A.2.2. Brightness and Contrast

Figure A.3a shows SEM images of one and the same rod taken at with the same SEM
and detector but different adjustments of brightness (B) and contrast (C). In the
image taken with setting 1, a too high value of B is chosen so that the rod appears
longer and wider than in the image taken with setting 2. Thus, differences in L up
to ∆L= 30nm can arise depending on the adjustments of B and C.

This problem becomes obvious when results of L measured at different dates, and
most likely different settings of B and C, are compared (see Fig. A.3b). Strong
deviations depending on the date of the measurement were found. Note that for each
measurement, at least three rods within the respective array were measured. Here,
the deviations of L within one array were not exceeding 5nm, which is indicated by
the error bars. During the latest measurement series, all arrays were measured with
the same settings similar to those of the images shown in Fig. 3.3. Nevertheless, the
length difference between the actual measured value and the projected value plotted
on the ordinate almost linearly increases with increasing projected length. To check
whether this difference is not a measurement artifact due to a bad calibration of the
SEM, one and the same sample was measured with two different SEMs.
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Figure A.3.: (a) SEM images of a nanorod on sample Wb1 (L≈ 2 µm) taken with the
In-lens detector (Uacc = 3keV). The settings of brightness and contrast differ for the two
images: setting 1, (B/C) = (47 % / 43 %); setting 2, (B/C) = (44 % / 39 %). (b) On the
ordinate, the length difference is plotted which is calculated by subtracting the projected
value of L from the actually measured one. Data points on the same abscissa value originate
from the same array of sample Wb3.
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Figure A.4.: (a) Relative deviation of the length L (ratio between actually measured
length and projected length) for several nanorod arrays on sample Wef1 measured with
different microscopes. (b) SEM image of a calibration sample. The distance between the
groves should be (700±0.5)nm.

A.2.3. Comparison between Different Microscopes

To clarify if the observed deviations between measured length and projected length
arise from a bad calibration of the SEM, one and the same sample (Wef1) was
also measured with a SEM of the Institute of Anatomy. Figure A.4a shows the
relative deviations of the measured and the projected values. As already found for
the nanorod arrays of sample Wb3 (see Fig. A.3b), the values of L measured with
the SEM at the Institute of Applied Physical Chemistry (APC) are bigger than
the projected values. Interestingly, measurements with the other SEM result in
systematic smaller values of L. Hence, at least one of the SEMs has to be badly
calibrated.

To check the calibration of the SEM of the APC, a calibration sample with grooves
featuring a constant separation distance of 700nm was investigated (see Fig. A.4b).
The measured value of 696nm is in good agreement with the manufacturer information
and thus, it seems that the nanorods are really longer than they should be.
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A.3. Microscopic Infrared Spectroscopy

A.3.1. Set-Up of the IR Microscope

Fig. A.1 shows a schematic drawing of the beam path inside the IR microscope. In
total, there exist four different operating modes: the transmittance and reflectance
mode which both can be operated either with visible or IR light. Two different
visible light sources are installed: a light bulb (1) for reflectance and a LED (2) for
transmittance measurements. The IR light source, the globar, is located inside the
FT-IR spectrometer.
In reflectance mode, objective 6 is used to both focus and collect the IR light.

The sample is brought into the focus by moving the xyz-table up and down. Two
apertures (4 and 8) can be used to limit the IR spot size on the sample (see Fig. A.1).
The IR polarizer can either be positioned before (23) or after (25) the light is reflected
from the sample. In transmittance mode, objective 19 is used to focus the light
whereas objective 6 collects the light. Aperture 17 can be used to limit the spot size
of the beam before it passes the sample, aperture 8 after it passes the sample. The
IR polarizer can be mounted in position 24 or 25, depending on whether the light
should be polarized before or after it passes the sample.
The IR light is detected by a MCT detector (14a) while the visible image of the

sample can be either recorded by a LCD camera (22) or directly observed through a
binocular (11).

A.3.2. Schwarzschild Objective

A schematic drawing of the Schwarzschild objective is shown in Fig. A.6. Its
description is taken from [267] and slightly modified:

The reflecting microscope objectives are fabricated from polished, electroless nickel.
They are reverse Cassegrains, following the Schwarzschild design. Accordingly, they
have zero chromatic, negligible coma, spherical and astigmatic aberrations. The
objective is broadband coated with aluminum and MgF2 overcoat. They are usable
from 200nm to 20µm.

These reflecting microscope objectives have significant advantages over conventional
(refractive type) microscope objectives. As there are no refracting elements, nor
optical cement, the useful bandwidth is much greater. This is particularly important
if good UV or IR performance is needed. This design also offers longer working
distances and larger numerical apertures than do conventional microscope objectives.
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Abbildung 29:  HYPERION 1000 und 2000 - Strahlengang für Transmissions- und Reflexionsmodus
Figure A.5.: Schematic drawing of the beam path inside the IR microscope [265]. The
components are explained in Tab. A.1.
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No. Component

1 Light source for visible light (reflectance mode)

2 Aperture for adjusting the Köhler illumination in reflectance mode

3 Motorized mirror with two adjustments: only visible or only IR light can pass

4 Aperture (optional), only for reflectance mode

5 Motorized mirror with two adjustments: transmittance or reflectance mode

6 Schwarzschild objective, see Fig. A.6

7 Sample

8 Aperture (above)

9
Motorized mirror with two adjustments: light is guided to the binocular
eyepiece or to the camera, respectively, or light is guided to the MCT detector

10
Motorized mirror with two adjustments: light is guided to the binocular
eyepiece or to the camera

11 Binocular eyepiece

12
In our set-up, we only have one MCT detector, therefore mirror 12 is fixed and
the components 13b and 14 do not exist

13a Mirror that guides the light to the detector

14a Standard MCT detector

15 Light source for visible light in transmittance mode (LED, see [266])

16 Analogue to mirror 3

17 Aperture (below), only for transmittance mode

18 Aperture for adjusting the Köhler illumination in transmittance mode

19
Objective (adjustable in height) to maximize light intensity on the sample in
transmittance mode

20 IR light beam coming from the spectrometer

21
Motorized mirror with three adjustments: IR light is guided either to
transmittance or reflectance optic, light passes the IR microscope to reach the
UHV chamber

22 LCD camera

23 Possible position for IR polarizer before passing sample (reflectance mode only)

24
Possible position for IR polarizer before passing sample (transmittance mode
only)

25 Possible position for IR polarizer after passing sample

Table A.1.: Components shown in Fig. A.5.
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■ Wide spectral band objectives
■ Long working distances

■ High numerical apertures

■ Zero chromatic, negligible coma, spherical 
and astigmatic aberrations

Our reflecting microscope objectives are fabricated from
polished, electroless nickel. They are reverse Cassegrains,
following the Schwarzschild design. Accordingly, they have
zero chromatic, negligible coma, spherical and astigmatic
aberrations.

We offer a 15X and 36X objective, broadband coated
with aluminum and MgF2 overcoat. They are usable from
200 nm to 20 µm. Special coatings are available upon
request, including MgF2 optimized for the 157 to 195 nm
region. We can also manufacture other magnifications of
reflecting microscope objectives, in large quantities. Contact
Spectra-Physics for a price quotation.

ADVANTAGES OVER CONVENTIONAL
MICROSCOPE OBJECTIVES

These reflecting microscope objectives have significant
advantages over conventional (refractive type) microscope
objectives. As there are no refracting elements, nor optical
cement, the useful bandwidth is much greater. This is
particularly important if good UV or IR performance is
needed. This design also offers longer working distances
and larger numerical apertures than do conventional
microscope objectives.

CONSTRUCTION 
Our reflective objectives use all metal highly polished

spherical mirrors. They are designed with two mirrors
positioned to eliminate aberrations. The first mirror has a
spherical concave surface with a center hole. The second
mirror is small, with a spherical convex surface. The mirrors
are coated with aluminum and magnesium fluoride.
Reflection per surface of each mirror is 85% average in the
UV-VIS, and 90% average in the IR, with a dip to 78% at
820 nm.

SPECIFICATIONS
Secondary mirror diameter:

Model 13595: 0.450 inch (11.4 mm)
Model 13596: 0.221 inch (5.6 mm)

Optics material: Polished electroles, nickel
Obscuration:

Model 13595: 27% of full field area
Model 13596: 17% of full field area

Max collection (half angle):
Model 13595: 23.6°
Model 13596: 30°

ORDERING INFORMATION

80

13595 and 13596 Reflecting Microscope Objectives.
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13596
36X

A FEDCB
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(9.72)
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Fig. 1 Dimensional diagram of reflecting microscope 
objectives. Dimensions in inches (mm).

Power N.A

Working
Distance

(mm)

Focal
Length
(mm)

Field of
View
(mm)

Model
No.

Price
($)

15X 0.4 23.7 13.0 1.2 13595
36X 0.52 10.4 5.4 0.5 13596

Also refer to our

Book of Photon ToolsBook of Photon Tools
We also carry refractive type microscope objectives in

magnifications from 5X to 60X. Refer to page 9-33 of The Book of
Photon Tools.

Tel 800•714•5393  Fax 203•378•2457   E-Mail catalog@spectra-physics.com   URL www.spectra-physics.com
©2004 Spectra-Physics. All rights reserved 

Figure A.6: Schematic draw-
ing of the Schwarzschild objec-
tive (36-fold magnification, nu-
merical aperture NA= 0.5). Di-
mensions given in mm: 49.3
(A), 5.3 (B), 33.5 (C), 10.4 (D).
Angles: 10.3° (E) and 30° (F).
Taken from [267].

The reflective objectives use all highly polished spherical metal mirrors. They are
designed with two mirrors positioned to eliminate aberrations. The first mirror has
a spherical concave surface with a center hole. The second mirror is small, with a
spherical convex surface. The mirrors are coated with aluminum and magnesium
fluoride. Reflection per surface of each mirror is 85% average in the UV-VIS, and
90% average in the IR, with a dip to 78% at 820nm.

A.3.3. Non-Linearity of the MCT Detector

The non-linear behavior of the MCT detector in the IR microscope was characterized
by measuring single channel spectra with different apertures. The measurements
were performed with and without the non-linearity correction (NLC) option provided
by the OPUS software. Figure A.7a shows the spectral intensity in dependence of
the spot size on the sample in the focal plane. A linear behavior is observed for
small spot sizes and thus small signal intensities. However, a deviation from the
linear behavior (dotted straight line) is present with and without NLC for higher
intensities. In Fig. A.7b, the saturation (compare Fig. A.11d) for measurements
without NLC is plotted against the ADC count of the detector for two different
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Figure A.7.: (a) Integrated area below the single channel spectrum from ν̃1 = 650cm-1 to
ν̃2 = 8000cm-1 against the illuminated spot size A0 = π(D/2)2 with aperture diameter D
for NLC on and off. The numbers in the figure indicate the ADC count of the corresponding
measurement, which is does not depend on NLC. The measurements were performed on a
clean position on a silicon wafer and a polarizer was inserted in the beam path. (b) MCT
detector’s saturation against ADC count for two different measurement configurations.
The open red symbols are same data as the one in (a).

measuring configurations. It can be concluded that the ADC count (not the aperture
size) is the parameter that has to be controlled to avoid a non-linear response. From
the data shown in Fig. A.7 follows that an ADC count of about 2500 should not be
exceeded to maintain photometric accuracy.

A.3.4. Measurement Time of the MCT Detector

Prior to each measurement, the MCT detector has to be cooled with liquid nitrogen.
When the detector is at room temperature before the filling is started, one can
measure for at least 15 h. However, filling an already cooled detector results in a
measurement time that can last even 20 h as Fig. A.8a shows.

A.3.5. Influence of Different Aperture Sizes

Choosing different aperture sizes influences the measured signal. In general, the
bigger the aperture, the more intense is the detected signal which results in a better
signal-to-noise ratio. However, aperture sizes have to be chosen corresponding to

201



A. Experimental Details

0 5 10 15 20
0

1

2

3

In
te

gr
at

ed
 in

te
ns

ity
 [a

.u
.]

Time [h]

(a)

1000 2000 3000

0.95

1.00
L2

R
el

. t
ra

ns
m

itt
an

ce

Wavenumber [cm-1]

 With
 Without

          aperture below

L1

(b)

Figure A.8.: (a) Integrated single channel intensity between 1950 and 2050cm-1. The MCT
detector was already cooled and refilled at t= 0. (b) Relative transmittance measurements
of two different nanorod arrays on silicon (L1 ≈ 1.4µm and L2 ≈ 775nm) with and without
using an aperture below the sample (�= 50µm). The aperture above was inserted in both
cases and had a diameter of 33µm in the focal plane. The total dimension of the arrays
was 50×50µm2.

the overall size of the nanorod array that is to be measured. Most of the arrays
investigated in this thesis have dimensions of 50×50µm2. Consequently, an aperture
of 33µm was chosen to ensure a homogeneous rod distribution inside the illuminated
measuring spot if the sample position is defined in the middle of the array.

Figure A.3.5 shows relative transmittance spectra of two different nanorod arrays
on silicon measured with a 33µm-aperture above the sample. The difference between
the solid red and the dashed black curves is that in the first case, an 50µm-aperture
below the sample was used which was omitted in the second case. Obviously, using
an additional aperture increases the total signal strength of the plasmonic resonance.
This is because less diffusely scattered light from the substrate reaches the detector in
this configuration. However, signal-to-noise ratio slightly decreases since the overall
intensity is reduced.

Note that this effect is only present as long as the dimension of the nanorod array
is smaller than the illumination spot size without any apertures. For very large
arrays (e.g. 4×4mm2 arrays investigated in [110]), adding an additional aperture
shows no effect on the signal strength.
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Figure A.9: 100%-line measured in the IR
microscope with a pinhole having a diameter
of 100µm. The peak at around 2350cm-1

originates from different CO2 concentrations
during sample and reference measurement.

A.3.6. Stability of the Apparatus

A simple way to test the stability is the acquisition of 100%-lines, i.e. taking relative
transmittance spectra with sample and reference at the same position. In Fig. A.9,
an example of a 100%-line measurement is shown. Obviously, the system seems
to be quite stable since no major deviations from 100% exist. The very small
absorption peak (≈ 0.15%) at around 2350cm-1 is due to slight changes of the CO2
concentration in the optical beam path during the measurement. To provide a
stable CO2 concentration, a Plexiglas® box surrounding the whole sample stage was
installed [266] and purged with CO2 reduced and dried air. In Fig. A.10a, normalized
single channel intensities before and after the installation of this purging box are
shown. Apparently, the CO2 concentration can almost be eliminated in case of
purging (at least 1 h, see Sec. A.3.7). Even an open purging box already leads to a
smaller CO2 concentration compared to the case without box.
Another problem that may occur during the measurement is the formation of

water ice on the MCT detector window due to a bad thermal insulation of the
detector’s dewar. Consequently, a broad water ice band in the range between 3100
and 3500cm-1 [268] appears (see Fig. A.10b). New evacuation of the dewar generally
solves this problem, as can be seen from the dashed black curve where the water ice
band has vanished.
It turned out that mechanical instabilities heavily influence the stability. In

Fig. A.11a, ten consecutive 100%-line measurements on a clean silicon substrate are
shown. Obviously, big deviations up to 3% from the 100%-line exist. They seem to
occur randomly and may cancel out if a sufficiently high number of scans is recorded.
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Figure A.10.: Single channel intensity normalized to spectrum’s apex in the range of (a)
the CO2 and (b) the water ice absorption band. A comparison before and after installation
of the purging box is given in (a) whereas the spectra before and after the evacuation of
the detector’s dewar are shown in (b).

Nevertheless, it can happen that the measured baseline is shifted and slightly tilted
with respect to the ideal 100%-line. In this case, the quantitative analysis of very
low-intensity antenna resonances in the order of 1% or less is hampered. Interestingly,
the fluctuations do not appear when the non-linearity correction (NLC) algorithm of
the OPUS software2 is switched off as demonstrated in Fig. A.11b. The appearance
of the fluctuations can be explained by the fact that the algorithm projects low
frequency fluctuations, which may be caused by external vibrations (e.g. vacuum
pumps in the laboratory), onto the whole spectrum [270]. Consequently, the single
channel spectrum is randomly “jumping up and down”, resulting in the observed
fluctuations of Fig. A.11a.
Omitting the NLC impedes quantitative analyses since the measured intensity

does not go linearly with the actual photon flux (see Sec. A.3.3). This is illustrated
in Fig. A.11c where signals from nanoantennas on silicon are measured both in
presence and in absence of the NLC algorithm. Obviously, the difference between
the respective measurements is more pronounced for very intense signals. However,
even for an antenna signal of around 3%, slight deviations are observed especially
in the low and high wavenumber region. It is therefore very important to check
2This algorithm corrects the internal non-linear behavior of MCT detectors (see Sec. A.3.3) and is
performed before the Fourier transform.
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Figure A.11.: Ten consecutive 100%-line measurements (100 scans per spectrum) (a)
with and (b) without applying NLC algorithm. The spectra are smoothed by using the
Savitzky-Golay algorithm [269] (25 points). (c) Relative transmittance spectra of gold
nanoantennas on silicon measured with and without NLC. (d) Single channel spectra of
a silicon substrate with and without NLC. The non-physical energy response INL below
600cm-1 has an intensity of about 6% of the spectrum’s maximum Imax in the case of the
solid red curve, which is an indication for detector saturation.
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Figure A.12.: Integrated CO2 intensity between 2290 and 2390cm-1 versus time. At
t≈ 1min, the purging box was opened and at t≈ 10min, it was closed again.

whether the detector operates in the non-linear regime when the NLC is switched
off. Any detected intensity INL in the frequency range below the cut-off region of
the MCT detector (ν̃ . 600cm-1, see Fig. A.11d) is a clear hint that the detector is
saturated and that large signals cannot be interpreted quantitatively. In this context,
the saturation of the detector, which is defined as the ratio between the response of
the non-physical energy INL and the maximum Imax of the single channel spectrum
(see Fig. A.11d), should be less than about 3−4% to maintain linear behavior and
thus photometric accuracy of the detector [126] (see also Sec. A.3.3).

A.3.7. CO2 Concentration Inside the Purging Box

Purging with dried and CO2 reduced air contributes to stable measurement conditions.
The influence of opening and closing the purging box is illustrated in Fig. A.12. The
purging box was closed over night and opened at t ≈ 1min. After about 10 min,
a stable concentration was reached. The dotted blue and dashed black curves in
Fig. A.10a correspond to measurements at t= 0 and t= 10min. After closing the
purging box, one has to wait for about 50min to reach the initial concentration.
During this time, CO2 absorption peaks in the relative transmittance spectra may
arise (compare Fig. A.9).
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Figure A.13.: (a) Relative reflectance spectra of an array (L ≈ 0.65µm) before and
immediately after argon-sputtering. (b) The ordinate shows the measured antenna length
of the A1-arrays after sputtering versus the measured length before sputtering. Only minor
deviations from the bisectrix (dotted black line) are present, indicating that the cleaning
did not significantly modify the values of L (within the error of SEM measurement).

A.4. Argon-Sputtering

Sample Wa4 was sputtered with argon ions3 before the wet-chemical metal deposition
experiment (Sec. 6.1) to remove dirt and the topmost layers of the sample to prepare
a very clean surface, being mandatory for the experiment [212]. Ideally, any cleaning
method should not alter the optical properties of the gold nanorods. However,
a change of the resonance frequency after the cleaning process was observed for
all investigated arrays, which is illustrated in Fig. A.13a. Possible reasons for
the frequency shift could be changes of the geometrical parameters (longer L or
smaller diameter D) or an increasing substrate polarizability. To identify geometrical
modifications, SEM measurements were performed before and after sputtering. As a
result, no significant changes in L (see Fig. A.13b) or w (not shown) were observed
within the measurement error. Hence, modifications of the rod’s geometry alone
do not explain the induced spectral changes. Since the argon-sputtering method
was not applied any more within this thesis, a detailed investigation of the spectral
changes was not carried out.

3Sputtering is a physical process in which atoms are ejected from a solid bulk target material due
to bombardment of with high energetic ions [271]. It is commonly used for thin-film deposition,
etching and analytical techniques. Argon-sputtering was performed at the Kirchhoff Institute
with the following parameters: P = 500W, t= 1 min, p≈ 1 ·10−6mbar (before sputtering).
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Figure A.14: Stability of the relative re-
flectance measurement (see text).

A.5. Measurement Stability of IRRAS

The reflectance spectrum is very sensitive to any displacement of the sample relative
to the reflection unit. This is illustrated in Fig. A.14, where a relative reflectance
measurement of a gold mirror versus the same gold mirror is shown. Between the
sample and reference measurement, the vacuum inside the spectrometer was broken,
the sample was unmounted and remounted again. The optimal result would be a
horizontal 100 %-line since the same sample was measured in both cases. However,
strong deviations are observed, especially in the low wavenumber region. Note that
it is crucial that the gold mirror is fixed on the sample area in a reproducible way.
Otherwise, the deviations become much stronger, being in the range of 1% or even
more [109].
Moreover, strong fluctuations of the baseline are always present when spectra of

different gold mirrors are related to each other since the mirrors are not completely
identical. This can be seen in Fig. A.15, where relative reflectance measurements of a
freshly prepared MUA monolayer (reference d-ODT) for different light polarizations
are shown. Besides the fluctuations in the low wavenumber region, absorption peaks
are observed in case of the p-polarized measurement. The two upwards pointing peaks
at 2089cm-1 and 2194cm-1 are due to the d-ODT reference and can be attributed
to the symmetric and antisymmetric CD2 stretching vibration, respectively [272].
Furthermore, signals of MUA are clearly visible between 2800 and 3000cm-1 (CH2
stretching vibrations). However, the interesting bands of MUA (1200−1800cm-1)
are located in a range with strong fluctuations of the baseline. Since the vibrational
bands are not present in the s-polarized measurement due to the surface selection
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A.5. Measurement Stability of IRRAS
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Figure A.15.: IRRAS spectra of a freshly prepared MUA monolayer on a smooth gold
film versus a reference gold film covered by a d-ODT monolayer, measured with different
light polarizations. The spectra were acquired with 3000 scans at a resolution of 2cm-1

and no additional data treatment was applied.

rule, the normalized relative reflectance [see Eq. (7.1)] is calculated to reduce the
baseline fluctuations. Spectrum (a) in Fig. 7.3 shows the resulting normalized
relative reflectance spectrum of MUA, where a baseline correction with the help of
the software OPUS was performed in addition to the normalization.
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B. Various Spectra and Tables

Mode ν̃res [cm−1] H γ Γ

SS 809.2 180.5 42.232 0.257
AS1a 1064.8 630.9 0 26.075
AS1b 1090.4 366.4 0.026 16.875
AS2 1173 434.8 138.059 0.471

Table B.1.: Fitting results of the resonance frequency ν̃res, oscillator strength H, damping
γ and width Γ of the curve shown in Fig. 3.7.
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B. Various Spectra and Tables
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Figure B.1: Measurements on different
bare substrate areas on a 106nm oxide cov-
ered silicon wafer. The distances ∆d be-
tween sample and reference are indicated.
The observed peak at 1080cm-1 grows in in-
tensity as the distance increases, suggesting
that the peak originates from slightly differ-
ent layer thicknesses of the SiO2 film (com-
pare to Fig. 3.7). Since ∆d for nanoantenna
measurements is usually below 200µm, the
substrate inhomogeneity should only have
a minor influence on the relative transmit-
tance measurement.
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Figure B.2.: Behavior of (a) Q and (b) σext (ν̃res)/σgeo for nanorod arrays with different
dx (w≈ 120nm, h≈ 100nm, dy = 5µm). The vertical dashed lines in (a) indicate the range
of the SiO2 surface phonon-polariton which hampers the determination of Q, leading to
the small valley.
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Figure B.3.: Mixed interaction. (a) Relative reflectance measurements of selected nanorod
arrays on sample Wa4 (w ≈ 40nm, h ≈ 60nm, dy = 1µm). The numbers indicate the
quantities of rods that contribute to the signal. A shift to higher frequencies is observed for
decreasing longitudinal distance dx (for fixed rod length L), which is true for all investigated
rod lengths as can be seen in (b).
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Figure B.4.: Extinction spectra of a single nanorod and a nanorod dimer with gx≈20nm
on Antenna#19, each recorded with higher (solid curves, 8.3µm-aperture) and lower (open
symbols, 16.7µm-aperture) resolution. The dip at around 2350cm-1 in the spectrum with
the open black circles originates from different CO2 concentrations in the optical beam
path during reference and sample measurement.
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B. Various Spectra and Tables
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Figure B.5.: Relative transmittance spectra of photo-chemically grown nanorod dimers in
the range of (a) the combinations of the l = 1 and (b) l = 2 modes of individual nanorods.
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E. List of Abbreviations

2D Two-dimensional

3D Three-dimensional

AA Acetic acid

AFM Atomic force microscopy

AT-SAM Alkanethiol-based self-assembled monolayer

B&C Brightness and contrast

BEM Boundary element method

BSE Back scattered electron

CCD Charge coupled device

d-ODT Deuterated octadecanethiol

DTGS Deuterated triglycine sulfate

EBL Electron beam lithography

EDX Energy-dispersive x-ray

EtOH Ethanol

FDTD Finite-difference time-domain

FIB Focused ion beam

FK Fuchs-Kliewer

FT-IR Fourier transform infrared

IR Infrared

IRRAS Infrared reflection absorption spectroscopy
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E. List of Abbreviations

LO Longitudinal optical

LSPR Localized surface plasmon resonance

MCT Mercury cadmium telluride

MHDA Mercaptohexadecanoic acid

MUA Mercaptoundecanoic acid

NAIRS Nanoantenna-assisted infrared spectroscopy

NIMS National Institute for Materials Science

ODT Octadecanethiol

PM-IRRAS Polarization modulation IRRAS

SAM Self-assembled monolayer

SEIRA Surface-enhanced infrared absorption

SEM Scanning electron microscopy

SERS Surface-enhanced Raman scattering

SNOM Scattering-type near-field optical microscopy

SPP Surface phonon- or plasmon-polariton

SP Surface plasmon

STM Scanning tunneling microscopy

TEM Transmission electron microscopy

TO Transverse optical

UV Ultraviolet

VPP Volume plasmon-polariton

VP Volume plasmon
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Back scattered electron detector, 28
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Dark mode, 15, 117
Dielectric function, 5

Classical oscillator model, 19
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Ideal metal, 7

Dispersion relation
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Plasmon-polariton, 8
Surface plasmon-polariton, 8
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Volume plasmon-polariton, 7

Drude model, 6
DTGS detector, 32
Dwell time, 121

Electromagnetic field enhancement, 13
Electron beam lithography, 25, 191
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Extinction coefficient, 5

Fano profile, 47

Finite-difference time-domain, 47
Focused ion beam milling, 120
Fourier transform IR spectroscopy, 4
Fuchs-Kliewer mode, 22, 46, 66

Hydroxylamine seeding, 92

Ideal antenna, 11
Ideal metal, 7
Infrared microscope

Set-up, 31, 197
Stability, 203

Infrared reflection absorption spectroscopy,
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Stability, 208
Infrared spectroscopy, 1, 3
Interferogram, 4
IR detectors, 32

Lightning rod effect, 13
Localized surface plasmon resonance, 9
Longitudinal optical frequency, 19
Longitudinal plasmon resonance, 10
Longitudinal separation distance, 25

MCT detector, 32
Measurement time, 201
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Metal deposition
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Photo-induced metal deposition, 96
Plasma frequency, 6
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Quasi-static approximation, 9
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Refractive index, 5
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Relative reflectance, 33

Normalized, 141
Relative shift of the resonance, 79
Relative transmittance, 33
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Reststrahlen band, 19
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Scanning electron microscopy, 28, 192
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Schwarzschild objective, 197
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Thin-film surface phonon polariton, 46
Transverse optical frequency, 19
Transverse plasmon resonance, 10
Transverse separation distance, 25

Volume phonon-polariton, 20
Volume plasmon, 7
Volume plasmon-polariton, 7

Wavenumber, 3
Wet-chemical metal deposition, 92

Yee cell, 48

222


	List of Figures
	List of Tables
	Introduction
	Fundamentals
	Infrared Spectroscopy
	Metal Optics
	Plasmon-Polaritons
	Individual Nanoantennas
	Spectral Resonance Position
	Electromagnetic Field Enhancement
	Higher Order Modes

	Interaction between Nanoantennas
	Phonon-Polaritons
	Excitations in Thin Dielectric Layers

	Surface-Enhanced Infrared Absorption

	Materials & Methods
	Lithographic Gold Nanorods
	Measurement of Rod Height
	Measurement of Rod Length and Width
	Overview on Investigated Samples

	Microscopic Infrared Spectroscopy
	Experimental Set-Up
	Measurement Principle

	Substrates
	Thermally Oxidized Silicon

	Alkanethiol-Based Self-Assembled Monolayers
	Mercaptoundecanoic Acid

	Surface-Enhanced Infrared Spectroscopy Using Nanoantennas
	Octadecanethiol as Probe Molecule
	Antenna Sensing of Phonon-Polaritons

	Finite-Difference Time-Domain Simulations

	Individual Nanoantennas Arranged in Arrays
	Nanorod Arrays on Natural Oxide Covered Silicon
	Resonance Parameters and General Properties
	Comparison with FDTD Simulations
	Reproducibility of Lithographic Preparation
	Influence of the Adhesion Layer

	Nanorod Arrays on Thermally Oxidized Silicon
	Influence of the Supporting Substrate
	Spectral Resonance Position
	Quality Factor
	Extinction Cross-Section
	Higher Order Modes
	Summary

	Important Findings

	Interaction Effects in Nanoantenna Arrays
	Transverse Interaction
	Comparison with FDTD Simulations
	Spectral Resonance Position
	Quality Factor and Extinction
	Investigation of the Near-Field

	Longitudinal Interaction
	Spectral Resonance Position
	Quality Factor and Extinction

	Mixed Interaction
	Conclusion
	Important findings

	Characterization and Preparation of Nanogaps
	Wet-Chemical Metal Deposition
	Principle
	Measurement Process
	Results

	Photo-Induced Metal Deposition
	Principle
	Nanorod Arrays on Silicon Substrates
	Measurement Process
	Results of Sample Wa2
	Results of Sample Wb3
	Conclusion

	Nanorod Dimers on Calcium Fluoride Substrates
	Measurement Process
	Sample Layout
	IR Optical Characterization before Metal Deposition
	Results of Antenna#18
	Results of Antenna#19
	Mode Assignment


	Focused Ion Beam milling
	FIB Sample Preparation and Layout
	Transmission Electron Microscopic Analysis
	Results - Natural Oxide Covered Silicon
	Effect of FIB Imaging
	FIB and SEM Characterization
	IR Optical Characterization
	TEM and EDX Characterization
	Conclusion

	Results - Thermally Oxidized Silicon
	Effect of FIB Imaging and Milling
	IR Optical Characterization
	TEM and EDX Characterization
	Conclusion


	Important Findings

	Sensing of Mercaptoundecanoic Acid
	Infrared Reflection Absorption Spectroscopy
	Sample Preparation
	Measurement Principle 
	Results

	Nanoantenna-Assisted Infrared Spectroscopy
	Oxygen Plasma Cleaning
	Identifying the Spectral Signature of MUA
	Changing the Carboxyl Configuration
	Destroying the Adsorbate by Plasma Cleaning
	Estimation of an Enhancement Factor

	Important Findings

	Summary
	Outlook
	Bibliography
	Experimental Details
	Lithographic Preparation at NIMS
	Scanning Electron Microscopy
	Carbon Contamination
	Brightness and Contrast
	Comparison between Different Microscopes

	Microscopic Infrared Spectroscopy
	Set-Up of the IR Microscope
	Schwarzschild Objective
	Non-Linearity of the MCT Detector
	Measurement Time of the MCT Detector
	Influence of Different Aperture Sizes
	Stability of the Apparatus
	CO2 Concentration Inside the Purging Box

	Argon-Sputtering
	Measurement Stability of IRRAS

	Various Spectra and Tables
	List of Publications
	Acknowledgments
	List of Abbreviations
	Index

