
Excitation and Detection of
Highly Confined Plasmonic

Gap Modes with
Subwavelength Dimensions

Anregung und Detektion
hochlokalisierter plasmonischer

Gap-Moden mit
Subwellenlängendimensionen

Der Technischen Fakultät der

Universität Erlangen-Nürnberg

zur Erlangung des Grades

DOKTOR-INGENIEUR

vorgelegt von

Jing Wen

aus Hubei, China

Erlangen-2011



Als Dissertation genehmigt von

der Technischen Fakultät der

Universität Erlangen-Nürnberg

Tag der Einreichung: 04.07.2011

Tag der Promotion: 19.10.2011

Dekan: Prof.Dr.-Ing.habil. Marion Merklein

Berichterstatter:

Prof.Dr.-Ing. Bernhard Schmauss

Prof.Dr. Ulf Peschel



i

Summary

Plasmonic gap waveguides allow for light confinement below the
diffraction limit. They have great potentials for further highly
integrated plasmonic devices, but are difficult to excite. This
thesis demonstrates the coupling of light from the far field to
highly confined plasmonic gap modes via connected nanoanten-
nas, both numerically and experimentally. Propagating surface
plasmon modes can either be detected in the far field by using a
cross polarization setup or in the near field by a scanning near-
field optical microscope (SNOM). Gap plasmonic modes are suc-
cessfully probed by focusing Gaussian optical beams on a loaded
optical antenna. In addition to probing propagating plasmonic
modes in a waveguide, the excitation of a plasmonic nano-rod
resonator is realized by an incident electron beam. The cathodo-
luminescence imaging technique for mapping plasmonic modes
by a raster scan of the electron beam is proven.

The use of nanoantennas can increase the coupling efficiency
of an incident optical beam into plasmonic gap modes dramati-
cally. An optimum coupling efficiency is achieved by matching
the impedance between the antenna and the waveguide. Far-
field measurements which allow for the detection of extremely
weak signals, re-emitted from the gap waveguides are shown. By
using a crossed-polarizer detection scheme that requires bent
waveguides, the signal-to-noise ratio is dramatically improved.
The excitation of gap modes is shown to be sensitive to the
wavelength and the position of the excitation beam relative to
the coupled nano-antenna. High transmission through the bent
waveguides with radii in the µm range is detected. It is found
that the transmission of the focused optical beam impinging on
the antenna drops by 16% at the wavelength of λ = 1.55 µm.
The measured sum of the coupling efficiency and antenna ab-
sorption reaches up to 20% compared to the simulated optimum
coupling efficiency of 15%.

Scanning experiments are performed for near-field excitation
and detection simultaneously. We prove operating double-tip
SNOM scans, for which one tip acts as a point source to provide
local excitation of propagating plasmons and the other one for
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detecting the near field.
In this thesis, a new excitation and probing method of plas-

monic waveguides by loaded optical antennas, is proven in the
far field experiments. The cross polarization detection scheme,
which is diffraction limited, can successfully resolve the scattered
light from the end of a bent waveguide with sub-wavelength di-
mension. The resonant behavior of an optical antenna allows
the selective coupling of light to the plasmonic waveguide in a
certain spectral range. The presented combination of subwave-
length waveguides with matched optical antennas paves the way
for versatile new applications: to probe nanooptics, to access
plasmonic circuitry and in general to bridge the gap between
the far field and the near field in plasmonics.
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Zusammenfassung

Plasmonische Gap-Wellenleiter ermöglichen die Führung von Licht
auf Dimensionen unterhalb der Beugungsgrenze. Sie bergen ein
großes Potenzial für zukünftige hochintegrierte plasmonische El-
emente. Diese Dissertation untersucht die Kopplung von Licht
aus dem Fernfeld in hoch lokalisierte plasmonische Gap-Moden
mit Hilfe angekoppelter Nanoantennen sowohl numerisch als auch
experimentell. Die in den Wellenleitern propagierenden plas-
monischen Moden können entweder im Fernfeld unter Benutzung
eines Aufbaus mit gekreuzten Polarisatoren oder im Nahfeld
mittels eines rasternd messenden optischen Nahfeldmikroskops
(scanning near-field optical microscope, SNOM) detektiert wer-
den. Durch Fokussieren eines Gaußstrahls auf eine mit dem
Wellenleiter verbundene optische Antenne konnte die Feldaus-
breitung im Gap-Wellenleiter erfolgreich vermessen werden. Zu-
sätzlich zur Aufnahme von sich ausbreitenden plasmonischen
Moden in einem Wellenleiter wird die Anregung eines stabför-
migen plasmonischen Resonators im Nanometermaßstab durch
einen einfallenden Elektronenstrahl realisiert. Die Abbildung
von plasmonischen Moden konnte im Zuge eines Rasterscans mit-
tels der Kathodolumineszenztechnik durchgeführt werden.

Die Verwendung von Nanoantennen kann die Kopplungsef-
fizienz eines einfallenden Lichtstrahls zu plasmonischen Gap-
Moden erheblich erhöhen. Die optimale Kopplungseffizienz wird
durch Angleichen der Impedanz von Antenne und Wellenleiter
erreicht. Es werden Fernfeldmessungen gezeigt, welche die De-
tektion von extrem schwachen, von den Gap Wellenleitern aus-
gesandten Signalen erlauben. Das Signal-Rausch-Verhältnis kon-
nte unter Verwendung von 90◦-Kurven beschreibenden Wellen-
leitern und durch den Einsatz eines Detektionsschemas mit ge-
kreuzten Polarisatoren erheblich verbessert werden. Es wird
gezeigt, dass die Anregung von Gap-Moden empfindlich von der
verwendeten Wellenlänge und von der Position des anregenden
Strahls relativ zur koppelnden Nanoantenne abhängt. Dabei
konnte eine hohe Transmission durch Wellenleiter mit Krüm-
mungsradien im Mikrometerbereich gemessen werden. Es wurde
festgestellt, dass die Transmission durch das Substrat um 16%
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abnimmt, wenn ein Lichtstrahl der Wellenlänge λ = 1.55 µm auf
die optische Antenne fokussiert wird. Die gemessene Summe aus
Kopplungseffizienz und Antennenabsorption erreicht Werte bis
zu 20%, verglichen mit einer simulierten optimalen Kopplungsef-
fizienz von 15%.

Durch optische Nahfeld-Rasterscans (SNOM) kann das Nah-
feld der Probe simultan angeregt und gemessen werden. Die Um-
setzbarkeit einer SNOM Doppelspitzen-Messung wird gezeigt,
für welche die eine Spitze als Punktquelle zur lokalen Anregung
sich ausbreitender Plasmonen dient und die andere zur Detek-
tion des Nahfelds.

In dieser Arbeit wird eine neue Anregungs- und Detektions-
methode für plasmonische Wellenleiter, verbunden mit einer op-
tischen Antenne, in Fernfeldmessungen vorgestellt. Durch ein
Detektionsschema mit gekreuzten Polarisatoren, welches beu-
gungslimitiert ist, kann das gestreute Licht vom Ende des ge-
krümmten Wellenleiters erfolgreich im Subwellenlängenbereich
aufgelöst werden. Der Resonanzbereich einer optischen Antenne
erlaubt die selektive Kopplung von Licht eines bestimmten spek-
tralen Bereiches in den plasmonischen Wellenleiter. Die vorge-
stellte Kombination aus Wellenleitern im Subwellenlängenbereich
und optischen Antennen kann Wegbereiter vielfältiger neuer An-
wendungen werden: Als Sonde für die Nano-Optik, als Zugang
zu plasmonischen Nano-Schaltkreisen und im Allgemeinen, um
eine Brücke zwischen dem Fernfeld und Nahfeld für die Nano-
photonik zu schlagen.
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Chapter 1
Introduction

The objective of this work

Optical interconnects such as fibers and dielectric waveguides,
can transport signals with the speed of light in the corresponding
medium. However, all these optical components are much larger
than electronic components, and at least in the µm range. If the
advantages of both optical interconnects and integrated electronic
circuits need to be merged into one configuration, there is no other
solution except plasmonic circuits, which have the ability to trans-
port optical signals within a confinement of several hundred nanome-
ters. The progress in fabrication techniques allow for constructing
nano-structures down to the range of tens of nanometers. Plasmonic
waveguides with various geometries have been developed and inves-
tigated [21, 75, 83, 105].

Plasmonic gap waveguides, which consist of a dielectric gap sur-
rounded by a metal film, have a much higher field confinement than
other kinds of plasmonic waveguides. As is well-known, phase match-
ing should be fulfilled by using the e.g. Kretschmann and Otto con-
figuration, to excite plasmonic modes. However, for a plasmonic gap
waveguide with a characteristic size far beyond the diffraction limit,
special techniques for excitation and detection of a highly confined
gap mode are employed. For instance, Chen et al. [25] and Han et al.
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[48] showed an integration of gap waveguides and silicon dielectric
waveguides via tapered couplers. Nomura et al. [75] achieved a plas-
monic coupler, in which nano-dots are arranged in a quarter circle to
focus surface plasmons into a hot-spot with a subwavelength width.
Hence, the excitation of gap modes is still an issue to be further
investigated in more details.

The aim of this thesis is to investigate efficient excitation and
detection of plasmonic gap modes. Numerical simulations of the
coupling efficiency from far field light to propagating gap modes
via loaded antennas are accomplished. Experiments on far field de-
tection with a cross-polarization scheme are introduced and demon-
strated. Optical antennas connected to waveguides with subwave-
length dimension enable the investigation of different nanoplasmonic
components. A combination of several antennas for receiving and
emitting light in mutually orthogonal configurations allows unprece-
dented signal-to-noise ratio in probing different waveguide configu-
rations.

Organization of this thesis

As a theoretical background, the dispersion relations of surface
plasmons at a metal-insulator interface and a metal-insulator-metal
geometry (MIM) are deduced from Maxwell’s equations, which are
discussed in chapter 2. Plasmonic gap waveguides, which consist of
a metal-insulator-metal layer with an finite thickness on top of a sub-
strate, can confine the light fields in two-dimensions. The 2D mode
solver in the commercial FEM package COMSOL Multiphysics is
used to calculate the mode properties of the gap waveguide. Field
distributions of such a gap mode are shown, and characteristic prop-
erties such as effective index and propagation length, related to ge-
ometric sizes, cladding materials and wavelength, are numerically
simulated. In comparison to classical antennas, fundamental prop-
erties of isolated optical antennas are discussed. Fabry-Pérot res-
onators can be used to explain the spectral resonances of single- and
double-rod antennas. It is explained that the information from sub-
wavelength dimensions can be transferred to the far field by using a
SNOM, for which a scanning probe with a subwavelength aperture
approaches the sample and scans across the surface.
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In chapter 3, the excitation of plasmonic modes via a nano-antenna
is numerically simulated and optimized by varying the antenna length.
It is shown that the eigenmodes of the antenna and the waveguide
with the same gap size match well. The coupling efficiency of the
excitation via a nano-antenna is increased by a factor of 90 com-
pared to the case without antennas. The properties of the antenna
and the waveguide strongly influence the coupling efficiency, for
which impedance matching plays an important role. Additionally,
by adding a reflecting metal layer underneath the antenna and the
waveguide structure, the coupling efficiency can be increased further
by a factor of 4.

Details of the fabrication process for nanostructuring are illus-
trated in chapter 4. Far-field measurements on both, straight and
bent waveguides are performed. A special confocal scanning setup
is introduced, where the total intensities of the reflected and trans-
mitted light are recorded over the sample displacement relative to
the excitation beam. With the scanning setup, the transmission
and reflection of the light from the antenna are acquired for wave-
lengths from 1 µm to 1.7 µm. A cross-polarization detection scheme
is developed, for which the polarization of the incident beam is per-
pendicular to the polarization of the light collected by the camera.
It allows for the detection of the light re-emitted from the end of
the waveguide with a high signal-to-noise ratio. In order to compare
the experimental spectrum from the antenna, the transient analy-
sis module of COMSOL is used for the numerical simulation. It is
shown that the simulated and measured spectra of the antenna have
broad bandwidths and peak values around 1.5 µm.

Experiments on near-field excitation and detection of propagating
surface plasmons by a double-tip SNOM scan are discussed in chap-
ter 5.2. Since the aperture size of the probe is much smaller than
the plasmonic wavelength, the light emitted from the probe has a
wave vector which can fulfill the phase-matching condition. Exper-
iments on excitation and synchronous detection of surface plasmon
polaritons (SPPs) with two distinct SNOM tips are demonstrated.
Additionally, single-tip scans in illumination mode are performed. A
better polarization contrast image is obtained by rotating the polar-
ization of the incident light, which is coupled to the SNOM fiber.

In addition to the optical excitation of plasmonic modes, the elec-
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tron excitation of nano-rod resonators is demonstrated in chapter 6.
The localized particle plasmons decay by emitting light, which is
then collected and analyzed by a spectrometer. Several monochro-
matic scanning images show clear resonant mode patterns along the
nano-rods.

Based on the previous far-field and near-field experiments, further
projects concerning two interesting topics are discussed in chapter 7.
By placing two adjacent gap waveguides close to each other, plas-
monic directional couplers are experimentally realized. The coupling
length is in the range of several µm, which is comparable to the de-
cay length. In the last part of this chapter, wireless communication
between a transmitting antenna and a receiving antenna is initially
proved.

The dissertation is finalized by a summary. Further details on
sputtering parameters and deposition rates of the silver film, as well
as the reflection coefficients on the glass substrate and the silver
layer are collected in the appendices.
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Chapter 2
Theoretical background

Oscillations of free electrons in an electron gas have a π phase shift
relative to the driving electromagnetic field according to the free elec-
tron Drude model [77]. This leads to a negative permittivity of most
noble metals at optical frequencies which is the most important prop-
erty permitting the existence of surface plasmon polaritons. The free
electron gas of metals can sustain collective oscillations of surface
or volume charge density with resonant waves in a distinct spec-
tral range, which are called surface plasmons or volume plasmons
(also named plasmons). Surface plasmon polaritons are strongly
enhanced electromagnetic waves which are highly confined at the
interface between a metal and a dielectric and coupled to collective
oscillations of the free electrons in the metal. Since the physics of
the interaction of light with metallic nano-structures arise from the
frequency dependent permittivity of the metal, optical properties of
noble metals are first discussed in Chapter 2.1. Then the disper-
sion relation of surface plasmons at metal/insulator interfaces is de-
duced from Maxwell’s equation in Chapter 2.2. In addition, coupled
surface plasmons in multilayer structures (dielectric-metal-dielectric
and metal-dielectric-metal) are discussed. From the dispersion rela-
tion, we know that the excitation of surface plasmons is not possible
unless specific technics fulfil both energy and momentum conserva-
tion. However, the most common methods, e.g. Kretschmann and
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Otto configurations described in Chapter 2.4 are not applicable to
gap waveguides with subwavelength confinements of light. A dou-
ble arm antenna, connected to a plasmonic waveguide, is developed
to excite gap plasmon modes efficiently. To better understand the
working principle of optical antennas, classic antennas in the RF
regime and Pocklingtons’s equation are introduced in Chapter 2.5.
Finally, the near-field detection mechanism is briefly summarized.

2.1. Optical properties of noble metals

2.1.1. Drude model

In this section, the theoretical Drude and Lorentz models for the fre-
quency dependent complex permittivity of metals is briefly reviewed.
The classical drude model describes how free electrons in metals in-
teract with an external field at a frequency ω [34]. Metals contain a
significant number of free electrons which are not bound to any atom
and can move freely without restoring force. The time dependence of
a harmonic electric field is given by E(r, t) = Re(E0exe−iωt). The
forces acting on the oscillator are written as [24, 77]:

Driving force: −eEx = −eE0e−iωt

Damping force: −meΓv = −meΓdx/dt

where Γ is the damping rate which is related to the electron mean
free path due to scattering events, and me and e are the effective
mass and the electric charge of the free electrons. x is the electron
displacement and v the velocity. Since there is no restoring force,
the natural frequency ω0 is zero. The Drude model for free-electron
gas reads as:

me
d2x

dt2
+ meΓ

dx

dt
= −eE0e−iωt. (2.1.1)

Obviously the solution has the following form:

x(t) = Ae−iωt. (2.1.2)

Substituting eq. (2.1.2) into eq. (2.1.1), leads to

A =
eE0

me

1
ω2 + iΓω

. (2.1.3)
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The resonant macroscopic polarization (dipole momentum per
unit volume) of the medium is introduced as:

P = −Nexex =
Ne2

me

1
−ω2 − iΓω

E. (2.1.4)

For isotropic material, the relative permittivity is defined as:

D = ε0E + P = ε0εrE. (2.1.5)

Combining eq. (2.1.4) and eq. (2.1.5) yields the solution which
gives the relative complex permittivity of metals

εr(ω) = 1 −
ω2

p

ω2 + iΓω
, (2.1.6)

where ωp =
√

Ne2/ε0me is the volume plasma frequency and N is
the number of free electrons per unit volume. Thus the real and
imaginary parts of the dielectric constant are given by

ε′
r = 1 −

ω2
p

ω2 + Γ2
and (2.1.7a)

ε′′
r =

ω2
pΓ

ω(ω2 + Γ2)
. (2.1.7b)

The complex refractive index can be defined from the relative
permittivity εr and the relative permeability µr of the material by

n =
√

εrµr = nr + iκ. (2.1.8)

The real part nr represents the quotient of the phase velocity of
the light in the vacuum over that in the corresponding material. The
imaginary part κ indicates the absorption in the material.

When the frequency is below ωp, metals retain the metallic char-
acter (ε′

r < 0). A negative real part of the permittivity leads to a
strong imaginary part of the refractive index. This means that light
can penetrate a metal only to a very small extent. For large frequen-
cies which are close to ωp (ωp > Γ), ω � Γ, thus the damping factor
Γ is negligible. Eq. (2.1.6) can be simplified to

εr(ω) = 1 − (
ωp

ω
)2, (2.1.9)
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which defines the dielectric function of an undamped free electron
plasma. When the frequency is above ωp, the permittivity is positive
and the metal behaves like a dielectric.

2.1.2. Lorentz model

Although the Drude model gives accurate enough results for the
optical properties of metals in the infrared regime, the measured
imaginary part of the dielectric function of gold is much larger than
the predicted value by the Drude model if the wavelength is shorter
than 650 nm [77]. This is because bound electrons in lower-lying
energy shells of the metal atoms start to interact with the incident
light and higher-energy photons can excite electrons from lower-lying
energy bands to the conduction band. The classical Lorentz dipole
oscillator model describes how the electrons, bound to atoms, inter-
act with an external field at the frequency ω. The oscillating electric
field drives the electrons respective to its nucleus atom in harmonic
motion. If ω coincides with one of the natural resonance frequen-
cies of the atom, the resonance of the atom-field system is induced.
The atoms can therefore absorb energy from the external wave and
the medium exhibits absorption. In the opposite case, if ω does not
coincide with any natural resonance frequencies, the atoms will not
show absorption and the medium will be optically transparent. The
interaction between an EM wave and an atom with a single natural
resonance frequency ω0 is considered. Various forces acting on the
oscillator are written as:

Driving force: −eEx = −eE0e−iωt

Spring force: −Ksx

Damping force: −mbγv = −mbγdx/dt

where γ is the damping rate describing mainly radiative damping
in case of bound electrons, and Ks is the spring constant with ω0 =
√

Ks/mb, mb is the effective mass of the bound electrons which is
different from the effective mass of a free electron.

Thus the equation of motion is:

mb
d2x

dt2
+ mbγ

dx

dt
+ mbω

2
0x = −eE0e−iωt. (2.1.10)
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Using the same method as for the Drude model, the contribution
of bound electrons to the dielectric function is expressed by

εr(ω) = 1 +
N ′e2

mb

1
ω2

0 − ω2 − iγω
= 1 +

ω′
p

2

ω2
0 − ω2 − iγω

, (2.1.11)

where ω′
p =

√

N ′e2/ε0mb has a different physical meaning com-
pared to the plasma frequency in the drude model. N ′ is the density
of bound electrons. The real and imaginary parts of the dielectric
constant are given by

ε′
r = 1 +

ω′
p

2(ω2
0 − ω2)

(ω2
0 − ω2)2 + γ2ω2

and (2.1.12a)

ε′′
r =

ω′
p

2
γω

(ω2
0 − ω2)2 + γ2ω2

. (2.1.12b)

For systems with multiple oscillators, the Lorentz model is a su-
perposition of more than one of the above resonances. The optical
constant can be written as:

εr(ω) = 1 +
m

∑

j=1

fjω2
pj

ω2
j − ω2 − iγjω

, (2.1.13)

where fj is the oscillator strength. The dielectric constant of silver
can be fitted by a Lorentz-Drude model, which includes both free
and bound electron effects.

The most commonly used optical constants of metals are taken
from the reference of Johnson and Christy[57] and Palik[80] (see
Fig. 2.1). Silver is chosen in our experiments since it is a low-loss
plasmonic material. The absolute value of the negative real part of
εr is much larger than the imaginary part. It has a high melting
point and a good conductivity, which is favorable for the fabrica-
tion process. The region of interband transition for silver is in the
UV range, which is far away from the infrared range. Thus the
Lorentz bound electron effects for the optical constant of silver in
the visible and infrared region are not included for our calculations.
The optical constants of Ag presented by Palik[80] combine different
measurement results of



10 2. Theoretical background

1. B. Dold and R. Mecke [9] from 0.125 to 0.98 eV (from 1.265 to
10 µm)

2. Winsemius et al. [110] from 0.65 to 3.3 eV (from 360 to 2.07 µm)

3. Leveque [64] from 3.3 to 26.5 eV (from 46 to 360 nm)

A comparison of the characteristic properties of surface plasmon
polaritons on planar metal/dielectric interfaces by taking optical
constant of silver from different sources eg. Johnson and Christy
and Palik is discussed in Fig. 2.4 and Fig. 2.5 of Chapter 2.2.1.
In FDTD (finite-difference time-domain) and FEM (finite-element
method) simulations, we only care about the infrared region of Ag
which can be well estimated by the drude model. In the frequency
domain simulations, the optical constants of Ag are used with the
real and imaginary parts converted to a convenient form:

ε′
r = A1 − A2

2

ω2 + A2
3

(2.1.14a)

ε′′
r = B3 +

B2
1B2

ω3 + ωB2
2

, (2.1.14b)

where the coefficients for Ag are A1 = 3.9000, A2 = 1.3325 ×
1016, A3 = 6.992407 × 106, B1 = 1.0907 × 1017, B2 = 1.46511 ×
1012, B3 = 0.42062. The optical constants of Ag using eq. (2.1.14)
with the above coefficients are shown in Fig. 2.1(black solid line). In
the time domain simulations which will be discussed in Chapter 4.3,
the metal (Ag) properties are expressed in terms of eq. (2.1.6) with
ωp = 1.182 × 104 THz and Γ = 1.213 × 102 THz (see Fig. 2.1(green
solid line)). Data used in the frequency domain simulations (black
solid line) fit more to the measurement value of Winsemius et al.
[110], whereas data in the time domain simulations (green solid line)
is closer to the value of B. Dold and R. Mecke [9].
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Figure 2.1.: (a) The real part and (b) imaginary part of the dielectric rel-
ative permittivity of Ag. The red markers show experimental
data points from B. Dold and R. Mecke [9], Winsemius et al.
[110] and Leveque [64]. The blue markers represent the ex-
perimental data points from Johnson and Christy [57]. The
black line is the fitted data from Drude model eq. (2.1.14)
which is used as optical constant of Ag in the frequency do-
main FEM simulations by COMSOL. The green line is calcu-
lated from the Drude model with ωp = 1.182 × 104 THz and
Γ = 1.213 × 102 THz, which is used in the time domain FEM
simulations by COMSOL.
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2.2. Surface plasmon polaritons at

metal/insulator interfaces

2.2.1. From Maxwell’s equation to surface plasmon
polaritons

In order to investigate the properties of surface plasmon polari-
tons(SPPs), we start from Maxwell’s equations of macroscopic elec-
tromagnetism which were first published by James Clerk Maxwell:

∇ · D = ρ (2.2.1a)

∇ · B = 0 (2.2.1b)

∇ × E = − ∂

∂t
B (2.2.1c)

∇ × H = j +
∂

∂t
D. (2.2.1d)

Coulomb’s law eq. (2.2.1a) describes that the flux of the electric
displacement D through a closed Gaussian surface is equal to the
electric charge inside the surface. ρ is the charge density. Gauss’ law
eq. (2.2.1b) states that the total magnetic flux through any Gaussian
surface is zero, and that there is no magnetic monopole. Farady’s
law eq. (2.2.1c) expresses that the line integral of the electric field E

around a loop is equal to the changing flux of the magnetic induction
B through the loop. Ampère’s law eq. (2.2.1d) states that the line
integral of the magnetic field H is caused by the current and the
changing flux of the electric displacement D through the loop. j is
the current density.

In optics usually, ρ = 0 and j = 0 is assumed. Then eq. (2.2.1c)
and eq. (2.2.1d) can be combined to yield the wave equation.

First one-dimensional surface plasmon polaritons(SPPs) on a sin-
gle metal/dielectric interface is considered (see the schematic graph
of Fig. 2.2). The surface plasmon waves propagate in x-direction.
Since the geometry assumed to be infinitely long in the y-direction,
the field has no spatial dependence along the y-direction. The x-y
plane overlaps with the interface between a metal (z < 0) with a
negative real part of the dielectric constant ε1(ω) = ε′

r + iε′′
r related



2.2. Surface plasmon polaritons at metal/insulator interfaces 13

dielectric

ε1(ω)
metal

ε2(ω)

x

z
z

|Ez |
βδd

δm

E
Hy

Figure 2.2.: SPPs with propagation vector β between a metal and a di-
electric material have a combined electromagnetic wave and
surface charge character. The generation of surface charge re-
quires an electric field normal to the surface. |Ex| penetrates
both adjacent media, decaying exponentially with the decay
length δd in the dielectric region and δm in the metal region.

to eq. (2.1.12) and a dielectric (z > 0) with the positive dielectric
constant ε2(ω).

For time harmonic waves ( ∂
∂t = −iω) propagating along the x-

direction ( ∂
∂x = iβ) with no spatial variation along the y-direction

( ∂
∂y = 0), Farady’s law eq. (2.2.1c) and Ampère’s law (2.2.1d) can

be directly simplified as follows:

∂Ey

∂z
= −iωµ0Hx (2.2.2a)

∂Ex

∂z
− iβEz = iωµ0Hy (2.2.2b)

iβEy = iωµ0Hz (2.2.2c)

∂Hy

∂z
= iωε0εEx (2.2.2d)

∂Hx

∂z
− iβHz = −iωε0εEy (2.2.2e)

iβHy = −iωε0εEz . (2.2.2f)

The guided electro-magnetic modes in planar film waveguides can
be classified as transverse magnetic (TM or p) modes or transverse
electric (TE or s) modes1. Since TE modes do not exist for plasmonic

1p polarized mode means E ‖ plane of incidence (p=parallel), and is also called
TM mode where only Ex, Ez and Hy are nonzero. s polarized mode means
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waves at metal/insulator interfaces, only TM modes are considered
here. For TM modes, eq. (2.2.2) reduce to

∂Ex

∂z
− iβEz = iωµ0Hy (2.2.3a)

∂Hy

∂z
= iωε0εEx (2.2.3b)

iβHy = −iωε0εEz. (2.2.3c)

Eq. (2.2.3a) and eq. (2.2.3c) can be combined with the derivative of
z in eq. (2.2.3b) to yield the wave equation for TM modes

∂2Hy

∂z2
+ (k2

0ε − β2)Hy = 0. (2.2.4)

The field components can be easily found from the solution of eq. (2.2.4)
and eq. (2.2.3b) and eq. (2.2.3c) [71]
for z > 0

Hy(z) = A2eiβxe−k2z (2.2.5a)

Ex(z) = iA2
1

ωε0ε2
k2eiβxe−k2z (2.2.5b)

Ez(z) = −A2
β

ωε0ε2
eiβxe−k2z, (2.2.5c)

for z < 0

Hy(z) = A1eiβxek1z (2.2.6a)

Ex(z) = −iA1
1

ωε0ε1
k1eiβxek1z (2.2.6b)

Ez(z) = −A1
β

ωε0ε1
eiβxek1z, (2.2.6c)

in which
k2

i = β2 − k2
0εi (i = 1, 2). (2.2.7)

E ⊥ plane of incidence (s=perpendicular (originated from the German word
’senkrecht’)), and is also called TE mode where only Hx, Hz and Ey are
nonzero.
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Figure 2.3.: Dispersion curves for planar surface plasmon polaritons on
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Ag/SiO2 interface (the black solid line). The metal dispersion
is described by a free electron gas dispersion model (the Drude
model without damping factor).

The skin depth of the fields perpendicular to the interface in the
metal region (δm) and the dielectric region (δd) which determine the
confinement of the wave are defined by

δm = 1/|k1| and δd = 1/|k2|. (2.2.8)

The continuity of Hy and Ex at the interface resulting in

A1 = A2 and
k2

k1
= −ε2

ε1
. (2.2.9)

Combing eq. (2.2.7) and eq. (2.2.1), the dispersion relation of SPPs
on the single metal/Dielectric interface is given by

β =
ω

c0

√

ε1ε2

ε1 + ε2
. (2.2.10)

This equation is valid for both real and complex ε1.
Fig. 2.3 illustrates the dispersion characteristics of SPPs on Ag/SiO2

and Ag/Air interfaces, plotted using a lossless free electron gas
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Figure 2.4.: Dispersion curves for planar surface plasmon polaritons on
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and Christy [57] (the grey or black solid line). Due to the
internal loss of the metal, the wave vector of the bound SPPs
approaches a finite limit. ωp = 1.182 × 104 THz, ωsp-air=
8.36 × 103 THz and ωsp-SiO2 = 6.73 × 103 THz.

model of Ag from eq. (2.1.9). For energies below ωSP-SiO2 (the black
dotted line), the typical bound SPP mode for a Ag/SiO2 interface
(the black solid line) lies on the right side of the silica light line
(ω = (c/nSiO2

)β). It asymptotically approaches the silica light line
at short wave vectors and the surface plasmon frequency ωSP at
large wave vectors. ωSP = ωP√

1+ε2

is defined by the wavelength where
ε′

1 = −ε2. The wave vector kSPP goes to infinity as the frequency ap-
proaches ωSP only if the lossless free electron gas model eq. (2.1.9) is
used, and the group velocity converges to zero. Above ωP, the radia-
tive plasmon polariton (RPP) mode which lies on the left side of the
silica light line can be seen. This is because the optical constant of
silver is positive (see eq. (2.1.9)), thus silver behaves like a dielectric
in this range. From eq. (2.2.7), k1 and k2 are purely imaginary. The



2.2. Surface plasmon polaritons at metal/insulator interfaces 17

electromagnetic waves are not confined to the Ag/dielectric interface
anymore, thus the waves penetrate into the metal without damping.
For energies between the SPP and RPP modes, β is purely imaginary
which means that modes in this region are forbidden. The region
between ωSP and ωP is called the plasmon bandgap. Analogue, the
grey solid line represents the dispersion relation for the SPP mode
on a Ag/air interface.

Compared to the lossless case of the metal discussed above, Fig. 2.4
shows the dispersion relations of SPPs on Ag/Air and Ag/SiO2 in-
terfaces, with ε1(ω) taken from experimental values including losses
from Palik [80] and Johnson and Christy [57]. Unlike the disper-
sion relation of SPPs with the free electron gas model, the bound
SPP modes approach to a finite wave vector at the surface plasmon
frequency ωSP. This leads to a lower wave vector at ωSP, which
represents a lower mode confinement of the field on the interface
(see eq. (2.2.8)). Above 5.6 × 1015Hz, radiative plasmon polaritons
(RPP) are observed, corresponding to the wavelength range where
ε′′

1 > |ε′
1| [30]. The imaginary part of the optical constant increases

due to the interband transition of bound electrons in this region. Ac-
cording to eq. (2.2.7), the z-component of the wavevector in the Ag
layer k1 has a relatively smaller real part compared to k2, and the
waves penetrate deeper into the metals (see Fig. 2.5(b)). Between
the bound SPP and RPP mode regions, the dispersion curve bends
back from the bound SPP region and is continuously connected to
the radiative mode region.

Fig. 2.5(a) shows the propagation lengths for SPPs on Ag/SiO2

(set of black lines) and Ag/Air (set of grey lines) interfaces as a
function of wavelength [30]. The solid lines represent the data with
ε1(ω) taken from Johnson and Christy experimentally determined
material properties [57]. And the dashed lines show the data with
ε1(ω) taken from Palik values [80]. The intensity of the electric field
decreases to 1/e of the maximum value after it propagates along the
distance 1/(2Im(β)) (called propagation length). Obviously material
data differ as shown in the graph, the propagation length of SPPs
on a Ag/air interface is 1.14 mm at λ = 1.55 µm using Johnson and
Christy data and 210 µm using Palik data. The propagation lengths
increase with increasing wavelength although internal losses of Ag
(the imaginary part of the optical constant) increase. However, the



18 2. Theoretical background

 

 

JC Ag/SiO2

JC Ag/air

Palik Ag/SiO2

Palik Ag/air

P
ro

p
a
g
a
ti

o
n

le
n

g
th

(m
)

Wavelength (nm)

Bound mode
(SPP)

Radiative
mode
(RPP)

200 800 1400 2000
10−9

10−8

10−7

10−6

10−5

10−4

10−3

10−2

(a)

 

 

in SiO2 Ag/SiO2

in metal Ag/SiO2

in air Ag/air
in metal Ag/air

S
k
in

d
ep

th
in

d
ie

le
ct

ri
cs

(µ
m

)

S
k
in

d
ep

th
in

m
et

a
l

(µ
m

)

Wavelength (nm)
200 800 1400 2000

0

1

2

3

4

0

0.05

0.1

0.15

0.2

(b)

Figure 2.5.: (a) Surface plasmon propagation lengths for Ag/SiO2 (set of
black lines) and Ag/Air (set of grey lines) interfaces. The
solid lines represents the data with ε1(ω) taken from John-
son and Christy data [57]. And the dashed lines show the
data with ε1(ω) taken from Palik data [80]. (b) Skin depths
of metal and dielectrics (air or SiO2) at Ag/air or Ag/SiO2

interface. The values are calculated with ε1(ω) taken from
Palik data [80].
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energy reside in Ag decrease due to increased skin depths in the
dielectrics shown in Fig. 2.5(b). The propagation lengths vanish
to nanometer-scale at ωSP because of large surface plasmon wave
vectors. The maximum value in propagation between 200 nm to
400 nm in wavelength corresponds to the transition from quasibound
modes (QBM) to radiative plasmon polaritons (RPP).

Fig. 2.5(b) shows the surface plasmon skin depths in Ag (left y-
axis) and dielectrics (right y-axis) versus wavelength. For bound
SPP modes with λ > 400 nm, the skin depth in Ag almost keeps
constant around 20 nm for different wavelengths in SiO2 or air. The
skin depths in SiO2 and air reach 1 µm and 2.3 µm (from Palik data)
respectively at λ = 1.55 µm and increase with larger wavelength.
This corresponds to the smaller wavevector with larger wavelength
shown in Fig. 2.4. The skin depths in both metal and dielectrics
have minimum values (the field is most confined) near ωSP. In the
region of quasibound modes (QBM) and radiative plasmon polari-
tons (RPP), Ag becomes more transparent and most of the energy
resides in the metal leading to high losses shown in Fig. 2.5(a). Note
that the skin depth in air with a Ag/air interface is always larger
than that in SiO2 with a Ag/SiO2 interface. This indicates less con-
finement and longer propagation lengths for SPPs on the boundary
of dielectrics with low refractive index.

2.2.2. Surface Plasmon Polaritons in a
metal-insulator-metal geometry

In this section, the properties of coupled multilayer systems are dis-
cussed. Normally the simplest three layer systems are divided into
two types of waveguides. One is a thin dielectric layer sandwiched
between two metal layers, which is also named a metal-insulator-
metal (MIM) waveguide. The other is the reverse structure, called
an insulator-metal-insulator (IMI) waveguide. As long as the mid-
dle layer is thin enough, evanescent coupling between the SPPs on
the individual metal/dielectric interfaces results in coupled modes of
MIM or IMI waveguides. We first start from the description of the
lowest-order TM modes, using the similar method from eq. (2.2.4)
described in the last section 2.2.1 [71]. The schematic view of a three-
layer structure is shown in Fig. 2.6 (a), in which two semi-infinite
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metal layers lie on the position of z > a (with optical constant ε3)
and z < −a (with optical constant ε2). The middle dielectric layer
lies at −a < z < a with the permittivity of ε1.
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Figure 2.6.: (a) Schematic view of a three-layer structure. Hy and elec-
tric charge distributions of symmetric mode for MIM struc-
ture (b), IMI structure (c) and anti-symmetric mode for IMI
structure (d). The central layer thickness is 20 nm.
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The electric and magnetic field distributions are:

Hy = Aeiβxe−k3(z−a) (z > a) (2.2.11a)

Hy = Ceiβxek1(z−a) + Deiβxe−k1(z+a) (−a < z < a) (2.2.11b)

Hy = Beiβxek2(z+a) (z < −a), (2.2.11c)

and

Ex = iA
1

ωε0ε3
k3eiβxe−k3(z−a) (z > a) (2.2.12a)

Ex = −iC
1

ωε0ε1
k1eiβxek1(z−a) + iD

1
ωε0ε1

k1eiβxe−k1(z+a)(−a < z < a)

(2.2.12b)

Ex = −iB
1

ωε0ε2
k2eiβxek2(z+a) (z < −a), (2.2.12c)

in which the propagation constant is given as

k2
i = β2 − k2

0εi. (i = 1, 2, 3) (2.2.13)

The continuity of Hy and Ex at the interface z = a and z = −a
results in

A = C + De−2k1a (2.2.14a)

(k3/ε3)A = −(k1/ε1)C + (k1e−2k1a/ε1)D (2.2.14b)

B = e−2k1aC + D (2.2.14c)

−(k2/ε2)B = −(k1/ε1e−2k1a)C + (k1/ε1)D. (2.2.14d)

Combining eq. (2.2.14) leads to the dispersion relation of the three
layer system

e−4k1a =
k1/ε1 + k2/ε2

k1/ε1 − k2/ε2

k1/ε1 + k3/ε3

k1/ε1 − k3/ε3
. (2.2.15)

For the symmetric structure (ε2 = ε3 and k2 = k3), the dispersion
relation eq. (2.2.15) reduces to

symmetric mode tanh k1a = −k2ε1

k1ε2
or (2.2.16a)

anti-symmetric mode tanh k1a = −k1ε2

k2ε1
. (2.2.16b)
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A symmetric mode means that the distributions of Hy and Ex

are symmetric to the central axis z = 0. Reversely, anti-symmetric
modes refer to modes with anti-symmetric distributions of Hy and
Ex respective to the central axis. Eq. (2.2.16a) describes a sym-
metric mode and Eq. (2.2.16b) an anti-symmetric ones. The mag-
netic field and electric charge distributions of symmetric and anti-
symmetric modes for IMI or MIM structures are depicted in Fig. 2.6
(b-d).
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Figure 2.7.: The effective indices of symmetric (the red line) and anti-
symmetric (the blue line) fundamental TM-modes for the
MIM structure at the wavelength of λ = 1.55 µm. The effec-
tive index of surface plasmons on a single silver/air interface
is plotted in the black dashed line. The central dielectric layer
is air with ε1 = 1. The surrounding layers are lossless silver
with ε2 = ε3 = −116.38.

First, Eq. (2.2.16a) and Eq. (2.2.16b) are solved with a lossless
silver (ε2 = ε3 = −116.38) at the wavelength of λ = 1.55 µm for
the MIM structure. Figure 2.7 shows the effective indices of sym-
metric (the red line) and anti-symmetric (the blue line) fundamen-
tal TM-modes at the wavelength of λ = 1.55 µm. The effective
index of surface plasmons on a single silver/air interface is 1.004,
which is plotted in the black dashed line. For a large thickness of
the central layer, the effective indices of the symmetric and anti-
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symmetric modes approach the value of SPPs on a single interface.
As the thickness of the central layer decreases, the effective index
of the symmetric mode increases till infinity, whereas the value of
the anti-symmetric mode decreases till zero. It is obviously shown
in Figure 2.7 that there is a cut-off width for the anti-symmetric
mode. For a central layer thinner than 730 nm, there only exists the
fundamental symmetric mode for the MIM structure.

For comparison, the properties of the IMI and MIM structures
with a lossy silver are also described. For IMI structures, ε1 can
be set to the optical constants of silver from Palik data [80]. The
insulator is air with ε2 = 1. It should be noticed that β from
Eq. (2.2.13) is complex due to the complex value of ε1. There-
fore solving Eq. (2.2.16a) is actually solving two equations with
two variables (real and imaginary parts of β). Figure. 2.8 (a)(b)
shows the dispersion relation and decay lengths of symmetric and
anti-symmetric modes for the IMI structure. The black curve rep-
resents the symmetric mode with a central layer thickness of 20 nm.
The remaining solid curves show the anti-symmetric modes with a
central layer thickness of 20 nm, 50 nm and 80 nm respectively. As
shown in the graph, β does not diverge to infinity as approaching
the surface plasmon frequency, instead it bends back for higher fre-
quencies. The behavior is similar to single interface SPPs shown
in Fig. 2.4. The dispersion curve for the symmetric mode lies close
to the light line. For a certain frequency, the symmetric mode has
a smaller propagation constant and a much larger decay length (in
the range of a few mm and cm) than the anti-symmetric one (in
the range of a few µm). Therefore these symmetric modes are also
called long-rang SPPs [90]. An important property of long-range
SPPs of the IMI structure is that both the real part and the imag-
inary part of the propagation constants decrease as reducing the
central layer thickness, which means a weaker field confinement and
a larger decay length for a smaller layer thickness. This property
of symmetric modes with different central layer thicknesses is not
shown in Fig. 2.8(a) and (b). However, the opposite case for anti-
symmetric modes of the IMI structure is illustrated in Fig. 2.8(a)
and (b).

Figure. 2.8 (c)(d) shows the dispersion relation and decay length
of symmetric modes for the MIM structure with a central layer



24 2. Theoretical background

thickness of 20, 50 and 80 nm. Symmetric modes do not have a
cut-off width for the central layer. However, the cut-off width of
anti-symmetric modes is about πc√

εdω [29]. Thus there only exists
the lowest symmetric mode for a central layer thickness below this
value, which is also discussed for a lossless case. Opposite to the prop-
erties of symmetric modes (long-range SPPs) of the IMI structure,
the real part and the imaginary part of the propagation constants
increase for thinner layer thickness. So the fields can be confined
in an arbitrarily small width at a cost of shorter decay length. As
shown in Fig. 2.6(b), field extension of symmetric mode for MIM
structure is in deep subwavelength range compared to either sym-
metric or anti-symmetric modes for IMI structure (see Fig. 2.6(c)
and (d)).

As the central layer thickness increases, conventional waveguiding
TE-modes can also be supported by a MIM structure. These modes
have a distinct property that the maximum of the fields appears at
the center of the core layer, whereas the maximum of the fields for
plasmonic modes always lies at the metal/dielectric interface.
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Figure 2.8.: Dispersion relations of three-layer coupled SPPs for IMI
(a)(b) and MIM structures (c)(d). The metal is silver with
optical constants taken from Palik data [80]. The insulator is
air. Propagation constants β (a)(c) and decay lengths (b)(d)
of IMI and MIM structures with different thicknesses of cen-
tral layer. The black curve in (a) and (b) accounts for the
symmetric mode for IMI structure with a central layer thick-
ness of 20 nm.
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2.3. Plasmonic gap modes

2.3.1. Field distributions of plasmonic gap modes

In chapter 2.2.2, coupled SPPs in two-dimensional semi-infinite MIM
multilayers were discussed. Here the properties of realistic three-
dimensional gap plasmonic modes are investigated. Different plas-
monic waveguide structures like stripes [105, 114], nanoparticle chains
[75], nanowires [31], grooves [21, 103], wedges [84] and gaps [25, 48,
68, 83, 98] have been developed and investigated. Among various
structures, a class of waveguides which consists of a dielectric core
with finite dimensions embedded in the surrounding metal layer is
particularly interesting, and is known as a plasmonic gap waveguide
(PGW). PGWs have much higher confinement than other kinds of
waveguides. The horizontal confinement of light in the dielectric
slot is due to the coupled SPPs on the two metal/dieletrics inter-
faces. The vertical confinement is realized by the effective index con-
finement mechanism which means the effective index of gap modes
should be higher than the refractive indices of the substrate and the
cladding.

In the COMSOL Multiphysics commercial FEM package, the mode
analysis module is used to find eigen-solutions of the two-dimensional
structure. FEM has the inconvenient behavior to find unphysical so-
lutions (spurious solution), so a lot of manual work has to be done
to filter out the unphysical modes, according to the aforementioned
effective index confinement mechanism.

Substrate

Ag

Cladding

Ag

z

y

Figure 2.9.: Schematic view of the cross section of a plasmonic gap wave-
guide.

We assume a wavelength of λ = 1.55 µm and a silver layer of
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100 nm thickness (ε = −116.38 + 11.1i [80]) being deposited on a
glass substrate (ε = 2.085 [80]). A focus ion beam (FIB) milling
system is used to etch into the metal layer with a gap width of
100 nm. The length and height of the computational domain are
chosen to be large enough, which should be at least a few times
of the wavelength. For a bound mode, the size of the simulation
domain does not influence the result a lot because the field at the
boundary is negligible, as long as the simulation domain is large
enough. However, the size of the simulation domain has to be taken
into account when the mode becomes leaky. In order to get an
accurate result, the minimum mesh size of the gap region was set to
3 nm.

The simulated geometry of a gap waveguide is shown in Fig. 2.9.
Although the gap between the two silver films is assumed to be a
perfect rectangle in the simulation, the experimentally realistic struc-
ture is given by Fig. 4.2 in the chapter 4. Figures 2.10(a)(c)(e) show
the mode profiles of electric fields, magnetic fields and the time av-
eraged power flows in the gap structure with a cladding of Al2O3.
In comparison, the field distributions of the gap structure without
cladding (air on top) is plotted in Fig. 2.10(b)(d)(f). Note that the
field amplitudes shown here are normalized to the maximum value
of fig. 2.10(a)(c)(e) for the structure with cladding of Al2O3. It is
apparent that the field is highly confined in lateral (z) direction, and
may extend a little further away in the vertical (y) direction, depend-
ing on the effective index. Such a structure is reasonable since the
vertical confinement is less important than the lateral confinement
for highly integrated plasmonic chips. The field confinement with
the cladding Al2O3 is much stronger than without cladding. As
expected, the electric fields inside the gap mainly point into the z
direction which is perpendicular to the side walls. It is strongly en-
hanced near the corners, indicating that a large displacement charge
density is building up in this region where it is highly-confined two-
dimensionally. The magnetic field inside the gap area is tangential
to the side walls of the gap. Hence the dominant component Hy is
along the side walls inside the gap. Fig. 2.10(e) and (f) show that
the power flow transverse to the propagation direction is pointing
from the gap area to the metal. This is a signature of the absorp-
tion in the metal. Similar to the electric fields, the power flow in the
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Figure 2.10.: Mode profiles of electric fields, magnetic fields and power
flows of the structure with cladding of Al2O3 (a) (c) (e) and
without cladding (b) (d) (f) at λ = 1.55 µm. Normalized
| ~E|, | ~H | and power flows in the x-direction are indicated in
colormaps. ~E, ~H and power flows in the plane of the plot
are indicated in white arrows.
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propagation direction is largest along the corners, and a significant
amount is along the sidewall. Due to the continuity of Dz and Hy

on the metal/dielectric sidewall, the power flow into the propagation
direction (along the x direction) inside the metal is negative, which
means that its direction is opposite to the direction of the power
flow in the gap.

2.3.2. Geometric size and frequency dependent
properties of plasmonic gap modes

In this section, geometric size and frequency dependent properties
of plasmonic gap modes are investigated. The effective index of an
eigenmode is defined as

neff = β/k0 = n′
eff + in′′

eff, (2.3.1)

where k0 is the wave vector in vacuum, and β is the corresponding
complex propagation constant of each eigenmode which is directly
determined by the COMSOL eigenmode solver2. The time-harmonic
presentation of the electric field with a known propagation in the
out-of-plane direction is

~E(~r, t) = Re[ ~E(y, z)eiωt−iβx] (2.3.2a)

= Re[ ~E(y, z)eiωte−ik0(n′
eff

+in′′
eff

)x] (2.3.2b)

= Re[ ~E(y, z)ek0n′′
eff

xeiωte−ik0n′
eff

x]. (2.3.2c)

From eq. 2.3.2c, we can see that negative n′′
eff means damping of

the mode along propagation direction (x-axis). −1
2Im(β) = −1

2k0n′′
eff

is
then defined as propagation length or decay length through which
the intensity attenuates to 1/e of the value at x = 0. Figure. 2.11
and Fig. 2.12 depict how effective index and propagation length
vary with thickness and gap width for a cladding of air and SiO2

2In COMSOL, the harmonic term of a wave propagation is eiωt−iβx. However,
in physics a wave is always presented as e−iωt+iβx. Therefore in COMSOL,
a negative imaginary part of an optical constant means losses. However, it
is just the opposite case in general physics books that a positive imaginary
part of an optical constant means losses.
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respectively. As shown in Fig. 2.11(a) and Fig. 2.12(a), the effec-
tive index decreases if the gap width or the layer thickness increase,
which means that the confinement of the fields becomes less. Since
the fields are confined mainly around the four corners of the gap,
increasing the gap width or the layer thickness means placing the
four corners further away and the fields around the corners become
less compact. It is known that there is always a trade-off between
confinement and loss. Thus, the corresponding propagation length
increases if the gap width or the layer thickness increase as shown
in Fig. 2.11(b) and Fig. 2.12(b). If the structure is asymmetric (eg.
the substrate is SiO2, the cladding is air), there are always cut-off
gap widths for different layer thickness which means that the gap
width should be small enough to have bound modes. The blank
area in Fig. 2.11(a) and (b) show the region of no guided mode. For
example, the cut-off gap width is around 65 nm if the layer thick-
ness is 100 nm. And the cut-off width becomes smaller if the layer
thickness increases. This is reasonable since the decrease of cut-off
width causes larger confinement, and this can compensate the de-
crease of confinement with increasing layer thickness. However, if
the structure is symmetric (eg. the materials of the substrate and
the cladding are both SiO2 shown in Fig. 2.12), there is no cut-off
width for the fundamental modes.

Figure 2.13(a) and (b) illustrate the dependence of effective index
and propagation length on gap width and refractive index of the
cladding. The substrate is glass, and the wavelength is fixed to
λ = 1.55 µm. The thickness of silver layer is 100 nm. Multiple color
lines represent values with different refractive indices of cladding. It
indicates that matching the refractive indices of the cladding and the
substrate is quite necessary. If the refractive index of the cladding
is smaller than the value of the substrate (n = 1.444), the effective
index of the propagating mode decreases fast below the black line
of the refractive index of glass with increasing gap widths. This
results in cut-off gap widths shown as the black dots on the dark
blue lines (n = 1, 1.2) in Fig. 2.13(a). Here, geometries with gap
widths larger than the cut-off value don’t have bound modes. The
field distribution of a leaky mode with a air cladding is already shown
in Fig. 2.10(b), (d) and (f). If the refractive index of the cladding is
close to the value of the substrate (approximately symmetric case),
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Figure 2.11.: Dependence of effective index and propagation length on
layer thickness and gap width. The substrate is glass with
no cladding material (air) on top. λ = 1.55 µm. The colored
area gives the values of the effective index and the propaga-
tion length for the fundamental mode. The blank area is the
region of no guided mode.
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layer thickness and gap width. Both the substrate and the
cladding materials are SiO2 with n = 1.444 [80] at λ =
1.55 µm. The colored area gives the values of the effective
index and the propagation length for the fundamental mode.

the effective index decreases with increasing gap width until it asymp-
totically approaches a value for which the gap width is infinitely
large. There doesn’t exist cut-off values for the gap width. This
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Figure 2.13.: Dependence of effective index (a) and propagation length
(b) on gap width and refractive index of the cladding. The
substrate is glass. λ = 1.55 µm. Multiple color lines repre-
sent values with different refractive indices of cladding. The
black dots show the cut-off widths, which exist for certain
gap widths with low-index cladding materials. The values of
only bound modes are displayed, and those of leaky modes
are blocked. The trade-off between confinement and losses
(here shown as propagation length) can be seen quite clear
in this graph.

graph offers a design guide of different structure parameters to have a
proper waveguide with bound modes if the wavelength and the layer
thickness are fixed. For a certain gap width, the effective index of the
bound mode increases with higher refractive index of the cladding
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which means higher confinement of the light. As what we expect,
the losses will increase due to higher confinement. For example,
the decay length is only 2.5 µm when the gap width is 100 nm and
cladding index is up to n = 2.8. In order to have a bound mode
without high height-to-width aspect ratio and with low losses, the
cladding should be chosen to dielectrics with not too high index and
match the refractive index of the substrate.

Figure 2.14.: Dependence of the effective index (a) and propagation length
(b) on the wavelength and the gap width. Multiple colored
lines indicate values with different gap widths.

Figure 2.14(a) and (b) depict how the properties of the fundamen-
tal gap mode depend on the wavelength for different gap widths.
The thickness of the silver film remains unchanged (100 nm). The
structure has no cladding (cladding material is air). Multiple col-
ored lines indicate values with different gap widths which range from
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25 nm to 175 nm. The real part of the effective index of SPPs (nspp)
on the single interface of silver and the substrate is calculated from
eq. (2.2.10) and plotted as black solid line. This line is the criteria
to justify whether the mode is bound inside the gap or leaky into the
substrate. If neff > nspp, the field is highly confined inside the gap
region. If neff < nspp, in this case the mode will propagate along the
substrate/metal interface. For a gap width of 25 nm and 50 nm, there
is no cut-off wavelength in the range from λ = 500 nm to 2 µm. How-
ever, as the gap width increases, the cut-off wavelength decreases as
shown in Fig. 2.15. This is reasonable, since the modes with shorter
wavelength have larger confinements, and the fields along the side-
wall of the metal are not tend to leak out from the gap. There is
no bound mode for wavelengths larger than the cut-off value. For a
certain gap width, the effective index decreases and the decay length
increases with longer wavelength. The behavior on the wavelength
is similar to SPP mode at semi-infinite silver/dielectrics interface.
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Figure 2.15.: Cut-off wavelengths for different gap widths. The layer thick-
ness is 100 nm, and the cladding material is air.

Previous simulations investigated structures which posses only one
bound mode. As the thickness of the silver increases, the structure
will support multiple modes in the vertical direction. Figure 2.16(a)
and (b) show the real part of the effective index and the propagation
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length of the multiple modes. The insets depict the field distribution
of | ~E| for the corresponding modes. The second order mode appears
when the film thickness increase until 400 nm. The higher order
mode has more losses compared to the fundamental mode. It should
be noted that the effective indices of the fundamental mode and the
second order mode both increase with thicker metal films.

In summary, making the gap smaller, increasing the refractive
index of the cladding or increasing the frequency of the incident
field, cause larger losses. The height to width aspect ratio of the
gap should be large enough for a bound mode when the cladding is
a rather low index material, while it should be small enough when
the cladding has a relatively high index compared to the substrate.
The fundamental mode has the lowest loss and the highest confined
field compared to other higher modes.
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(a)

(b)

Figure 2.16.: Real part of the effective index (a) and the propagation
length (b) of the fundamental mode and the second order
mode of the structure versus silver thickness at λ = 1.55 µm.
The gap width is 50 nm. The cladding is silica nitride with
a refractive index of 2. The two insets in (a) show the field
distribution | ~E| of the fundamental mode and the second
mode of the structure with the silver thickness of 400 nm
respectively.
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2.4. Excitation of surface plasmon polaritons

Both energy and momentum conservation have to be fulfilled in order
to excite SPPs. The dispersion relation in Fig. 2.3 and Fig. 2.4 shows
the relation between the energy in terms of ω and the momentum in
terms of k. For example in Fig. 2.3, we can see that the SPP mode for
a Ag/SiO2 interface (the black solid line) lies on the right side of the
silica light line which means for a given energy ~ω the momentum of
SPPs is always larger than the momentum of light in free space. The
physical reason for the increased momentum of SPPs is the strong
coupling between light and surface charges. The light field has to
drag the electrons along the metal surface [77]. Consequently, the
direct excitation of SPPs on a translationally invariant structure is
not possible unless special phase-matching techniques are employed
such as prism or grating coupling and etc. [71, 112].

Figure 2.17 shows a sketch of possible experimental configurations
for excitation. In the Otto configuration (see Fig. 2.17 (c)), the
evanescent wave of attenuated total reflectance (ATR) at a glass/air
interface can be coupled to SPPs at a metal/air interface via phase
matching [78]. By tuning the angle of the incident beam to θsp, the
parallel component of the wavevector at the glass/air interface can
match the SPP wavevector at the metal/air interface.

Since the control of the small air gap between the prism and the
metal layer in the Otto configuration is inconvenient, Kretschmann
improved the prism coupling by his alternative method in which a
metal layer is directly deposited on a prism (see Fig. 2.17 (a)). The
evanescent wave at a glass/metal interface can penetrate through the
metal film to excite SPPs at a metal/air interface with the incident
angle θsp [59]. It should be noted that SPPs on the inner side of
the metal film at a metal/glass interface can not be excited, because
there the effective index is higher than that of the glass.

Figure 2.17 (b) shows a two-layer Kretschmann configuration. An
additional layer with a refractive index smaller than the value of
the prism is sandwiched between the prism and the metal layer. In
this case, photons of ATR can penetrate through the dielectric layer
to excite SPPs at the metal/dielectrics interface with the incident
angle θsp2. By decreasing the incident angle to θsp1 (θsp2 > θsp1),
SPPs on the outer side of the metal film at the metal/air interface
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can be excited.
Compared to the far-field excitation method, a scanning near-field

optical probe in illumination mode can provide a point source for
SPPs (see Fig. 2.17 (d)) [49]. This will be discussed further in Chap-
ter 5.2. Figure 2.17 (e) shows the schematics of grating coupling.
The requirement of phase matching can be satisfied when

β = k sin θ ± mΛ, (2.4.1)

where m = 1, 2, 3..., Λ = 2π/d. k = k0nsilica is the wavevector in the
dielectrics, θ is the incident angle with respect to the normal direc-
tion and d is the period of the grating. SPPs can also be excited by
the light diffracted on surface features (see Fig. 2.17 (f)) eg. disconti-
nuities of a metal film [88]. Non-resonant excitations can take place
since wavevectors are produced in all directions by surface features.

Additionally, Stegeman et al. [91] proved end-fire coupling for
which the light is focused onto the facet of a sample. A coupling
efficiency of 90% for exciting plasmons at metal/dielectric interface
was reported.

(a) (b)

(d) (e)

(e)

(f)

( c )

Figure 2.17.: SPPs excitation methods: (a) Kretschmann configuration,
(b) two-layer Kretschmann configuration, (c) Otto configu-
ration, (d) near-field excitation with a SNOM tip, (e) diffrac-
tion on a grating, (f) diffraction on surface features [112].
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2.5. Nano-antennas

Similar to classic antennas, optical antennas can be used to convert
a free space wave to a guided wave, and vice versa. However, distinct
properties of optical antennas, lead to more complex problems in the
optical frequency range compared to classic antennas3. This is be-
cause metals are no longer perfect conductors but plasmas coupled
with the light wave. Depending on the permittivity of the antenna
material, the induced currents along the antenna arms are no longer
surface currents but volume currents with large skin depth into the
metal compared with the antenna size. Therefore the solutions in
classical antenna theory have to be modified for the optical frequency
range. However, basic classical parameters and figures-of-merit, such
as antenna impedance, radiation efficiency, emission directivity and
gain, associated with optical antennas, are discussed only in a few pa-
pers, and most papers characterize optical antennas by field enhance-
ment and scattering cross-section. Novotny [76] and Dorfmüller et al.
[32] investigated scaled antenna lengths and compared the results of
numerical simulations and an analytical approximation model. The
analytical model is useful for better understanding of the physics
but can hardly be used in the real experimental case. Alù and En-
gheta [6] used equivalent circuits to calculate input impedance and
radiation efficiency of an antenna and discuss the possibility to tune
antennas with different dielectric loads. Later on a few other papers
[17, 32, 69] presented different methods to yield antenna impedance.
The antenna emission directivity is optimized [51, 58, 66, 67] and
highly directional emitting antennas (optical Yagi-Uda antennas)
can be realized theoretically and experimentally by using arrays of
nanorods. However, these characteristic parameters are difficult to
analyze if the fabrication limit and imperfections are included. For
example, in classical antenna theory the current distribution can be
analytically solved by applying a delta-gap source to Pocklington’s
integral equations. But for optical antennas, the feed-gap width of
the antenna is limited in size by the preparation method of the fo-

3Since the size of the investigated optical antennas are not small enough com-
pared to the wavelength, the problems can not be analyzed with quasi-static
approximation which is commonly mentioned in most references for localized
plasmons [71]
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cused ion beam machine (FIB). The shape and size of the ion beam
on the sample surface is crucial for the achievable aspect ratio of the
written structure. The resulting gap width is no longer neglectable
compared to the antenna length. Since there does not exist a gen-
eral analytical method to fully represent the realistic case, numerical
methods which include either finite-difference time-domain (FDTD)
or finite element method (FEM) can take the real antenna shape
design into account. The disadvantages of the numerical methods
are heavy costs of computational memory and time. However, those
methods which include analytical models have further limits, since
they hardly can consider the exact structural shape, surface rough-
ness or grain-boundaries. Borneman [20] has included effects of sur-
face roughness in the calculation in the commercial FEM software
COMSOL.

Dipole and bowtie antennas which are composed of a pair of
nanorods or triangles are most interesting optical antennas due to
their simple geometries. Crozier et al. [26] and Fischer and Martin
[38] investigated properties of different antenna shapes which include
linear, triangular with various bow angles as well as circular anten-
nas. It is shown that the field enhancement of a dipole antenna is
stronger than that of a bowtie antenna, and the field amplitude de-
creases if the bow angle is broadened. The resonance will broaden
gradually with increasing bow angle. Bowtie antennas are normally
chosen to achieve broadband resonances.

2.5.1. Basics of classical antennas

In this chapter, a simple model of classical antennas is introduced.
For a two-wire balanced transmission line (see Fig. 2.18(a)), the
current in one wire is of the same magnitude but 180◦ out of phase
from that of the other wire. If the spacing between the two wires
is negligible compared to the wavelength λ, the radiation by each
wire is cancelled due to destructive interference. This results in a
nonradiating transmission line. As the transmission line begins to
bend, shown in Fig. 2.18(b), the current distributions of both arms
are in phase. Because of the standing wave current pattern4, it is

4When the current arrives at the end of the wire, it undergoes a complete
reflection with the same amplitude but π phase shift. Therefore, the incident
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also called a standing wave antenna or resonant antenna [12]. For
center-fed dipoles (the diameter of the antenna rod d << λ) with the
total length of the antenna l = λ/2, λ/2 < l < λ and λ < l < 3λ/2,
the current distribution is shown Fig. 2.18(c)(d)(e). If l < λ, the
current standing waves in both arms are in phase. However if l > λ
(see Fig. 2.18(e)), the current standing wave pattern undergoes π

phase shift on each arm. This results in a significant interference
and cancelling effects in the total radiation pattern.
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Figure 2.18.: Current distribution of (a) a lossless two-wire transmission
line; (b) a dipole antenna and transmission line; a dipole
antenna with antenna length (c) l = λ/2 (d) λ/2 < l < λ
(e) λ < l < 3λ/2

Provided that the current density is known, the vector potential
A can be determined by5

A(x, y, z) =
µ

4π

∫

V ′

J(x′, y′, z′)
e−ikR

R
dx′dy′dz′, (2.5.1)

where the primed coordinates represents the source points inside
or on the surface of the antenna volume V ′ (see Fig. 2.19). The

current and the reflected current form a standing wave current distribution
along the antenna arm. The voltage distribution also forms a standing wave
pattern, except that it has maxima at the line end instead of null as the
current

5The detailed derivation of formulas is from the text book [12]
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Figure 2.19.: Dipole antennas in (a) transmitting mode (b) receiving
mode; (c) The coordinate system for computing fields ra-
diated by the source.

unprimed coordinates are the points of observation, and R is the
distance from the source point to the point of observation and is
given by

R =
√

(x − x′)2 + (y − y′)2 + (z − z′)2. (2.5.2)

If only electric currents with no magnetic sources are considered,
the electric and magnetic fields radiated by the antenna are given
by

E = −iωA − i
1

ωµε
∇(∇ · A) (2.5.3a)

H =
1
µ

∇ × A. (2.5.3b)

Different characteristic parameters of antennas can be calculated
if the field distribution of an antenna is known [11, 17]. Input
impedance is defined as the ratio of the voltage to current or the
ratio of the appropriate components of electric to magnetic fields.
Radiation efficiency is defined as the ratio of the total power radi-
ated by an antenna to the net power accepted by an antenna from
the source:

erad =
Prad

P
=

Prad

Prad + Ploss
. (2.5.4)
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Directivity is one of the most important figures-of-merit that de-
scribes the performance of an antenna. It is defined as the ratio of
the radiation intensity in a given direction from the antenna to the
radiation intensity average over all directions. First, the normalized
angular power density p(θ, φ) is defined as

∫

π

0

∫ 2π

0

p(θ, φ) sin θdθdφ = Prad. (2.5.5)

Formally directivity is expressed as

D(θ, φ) =
4π

Prad
p(θ, φ). (2.5.6)

The gain G has a similar definition as the directivity, but instead of
normalizing with the radiated power Prad, the gain is defined relative
to the total power P .

G(θ, φ) =
4π
P

p(θ, φ) = eradD(θ, φ). (2.5.7)

D and G are usually measured in decibels. These standard defini-
tions have been extended from radio to optical frequency range. The
influence of an optical antenna on the radiation pattern of a single
molecule was studied recently by Taminiau et al. [93] and Gersen
et al. [40]. Additionally, the emission directivity of highly direc-
tional emitting antennas by using nanorods array (optical Yagi-Uda
antennas) was discussed recently [51, 58, 66, 67].

2.5.2. Pocklington’s equations for classical antennas

For very thin wires, the current distribution is usually assumed to
be of sinusoidal form in space along the wire. For finite diameter
wires (usually diameters d of d > 0.05λ), the sinusoidal current dis-
tribution is representative but not accurate. To find a more accurate
current distribution on the antenna, an electromagnetic boundary-
value problem is analyzed. One of the solutions to this problem is
described by Pocklington’s [86] and Hallén’s integral equations [47].
However, Pocklington’s equation is more general and adaptable to
many types of feed sources [12].
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Every antenna can be driven by a primary external source ~Ei(r).
This external source can be either a generator which the antenna is
connected to (in transmitting mode, see Fig. 2.19(a)) or an imping-
ing wave by which the antenna is illuminated (in receiving mode, see
Fig. 2.19(b)). ~Ei(r) induces on the antenna’s surface a current den-
sity ~Js. The induced current density ~Js reradiates and generate the
scattered electric field ~Es(r). To solve the problem, the boundary
conditions for the total field ~Et(r) on the antenna surface need to
be specified.

~Et(r) = ~Ei(r) + ~Es(r). (2.5.8)

Since the antenna wire is assumed to be a perfect electric conduc-
tor, the tangential component of the electric field Ez on the surface
of the wire (r = rs) vanishes (in cylindrical coordinates).

Et
z(r = rs) = Ei

z(r = rs) + Es
z(r = rs) = 0. (2.5.9)

We assume that the current driving the scattered field goes only into
z-direction. The z component of the scattered field is then given by

Es
z(r) = −iωAz − i

1
ωµε

∂2Az

∂z2
(2.5.10)

= −i
1

ωµε
(k2Az +

∂2Az

∂z2
). (2.5.11)

The current in z-direction is assumed to be a pure surface current.
Eq. (2.5.1) reduces to

Az =
µ

4π

∫ ∫

s

Jz
e−ikR

R
ds′ =

µ

4π

∫ l/2

−l/2

∫ 2π

0

Jz
e−ikR

R
adφ′dz′.

(2.5.12)
s is the outer-surface of the antenna rod. a is the radius of the
cylindrical antenna rod. If the wire is very thin, the current density
Jz is not a function of the azimuthal angle φ. Iz(z′) = 2πaJz where
Iz(z′) is the pure surface current located at a radial distance ρ = a
from the z-axis. Eq. (2.5.12) can be written as
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Az(ρ = a) =
µ

4π

∫ l/2

−l/2

[ 1
2πa

∫ 2π

0

Iz(z′)
e−ikR

R
adφ′

]

dz′ (2.5.13)

= µ

∫ l/2

−l/2

Iz(z′)G(z, z′)dz′, (2.5.14)

and

G(z, z′) =
1

2π

∫ 2π

0

e−ikR

4πR
dφ′. (2.5.15)

Combining eq. (2.5.13) with eq. (2.5.9) and eq. (2.5.10), we yield

∫ l/2

−l/2

Iz(z′)
[

(
∂2

∂z2
+ k2)G(z, z′)

]

dz′ = −iωεEi
z(ρ = a), (2.5.16)

where G(z, z′) is given by eq. (2.5.15). Eq. (2.5.16) is called Pock-
lington’s integral equation. This function can be discretized using
the method of moments [12] leading to a linear equation

M
∑

m=−M

GnmIm = Ei
n. (2.5.17)

The unknown current distribution of an antenna can be found by
solving eq. (2.5.17). Once the current distribution of an antenna is
given, the vector potential can be calculated using eq. (2.5.1). And
the radiated electric and magnetic fields can be specified by the
vector potential (See eq. (2.5.3)).

2.5.3. Numerical simulations of single- and
double-rod antennas

In order to better understand the spectral properties of single- and
double-rod antennas, a simple model of a Fabry-Pérot resonator can
be applied. The SPP waves which propagate along an infinitely
long nanorod waveguide with identical cross-section don’t radiate
to the far field, unless they encounter metal ends in the case of a
single-rod antenna. There the SPPs partially reflect backwards and
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partially scatter into free-space. From well-known Fresnel equations,
the phase shift due to reflection from metal to air at an infinite
metal/air interface would be zero if the metal was lossless. However,
the loss of real metals in the visible and near infrared region can con-
tribute to a non-negligible phase shift. In addition, the fields extend
outside the physical boundaries of the rod and the mode mismatch
between the SPP mode and free-space mode will results in a more
significant phase shift [14, 18, 33, 76] (see Fig. 2.20(a)). By choosing
the correct geometry size and material at the corresponding wave-
length, constructive interference of propagating and reflected SPPs
should be fulfilled to have a resonator. Therefore, the antenna length
L can be related to the propagation constant β of the infinitely long
nano-rod waveguide by

2βL + 2φR = 2nπ (n = 0, 1, 2...), (2.5.18)

where φR is a function φR(a, L, λ0, εm, εd). a and L are radius and
length of the rod. εm and εd are optical constants of the metal and
surrounding dielectrics.

From eq. (2.5.18) the relation between the resonant length L and
free-space wavelength λ0 is obtained. The additional phase shift φR

will induce an offset of the effective wavelength which is defined by
L = λeff/2 (n = 1). Novotny [76] derived an analytical solution of
λeff by

λeff = λ0/neff − 4a, (2.5.19)

where neff is the effective mode index of the propagating SPPs in
an infinitely long waveguide and a is the radius of the rod. The
substraction of 4a is due to the increase of antenna length by the
reactance of the rod ends.

After the Fabry-Pérot model for nanoantennas is introduced, full-
field simulations of isolated single- and double-rod antennas are im-
plemented by COMSOL time domain and frequency domain mo-
dules. An oscillating electric field modulated by a Gaussian shape
is excited in the middle of the gap for double-rod antennas or 10 nm
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Figure 2.20.: (a) Schematic view of the phase shift due to the propagation
along the rod and reflection from the metal end. (b) Near-
field spectra of single- and double-rod antennas. Black curve:
single-rod antenna with a length of 460 nm. Both the width
and the height of the rod are 100 nm. Double-rod antenna
consisting of identical rod, gap size of 150 nm (blue curve)
and 80 nm (red curve). The antennas are on top of silica
substrates.

away from the middle position of the rod of a single-rod antenna.
The polarization of the electric field is parallel to the long axis of
the antenna. A detection port which is 1 µm away from the antenna
is placed in the air. Figure 2.20(b) shows the near-field spectra
of single- and double-rod antennas. For double-rod antennas, the
resonance curves split into two peaks. The dominant peak at around
λ = 2 µm is where the resonant bright mode occurs. The oscillations
of both rod-arms are in phase which can be always excited under
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symmetric illumination conditions. The minor peak at around λ =
900 nm is where the dark mode is resonant. Such a mode does not
radiate to the far field, since two coupled rods oscillate out of phase.
Therefore, it can only be excited by an asymmetric excitation e.g. a
displaced optical beam. The lower energy of bright modes, compared
to the energy of a resonant single rod, results from the decreased
restoring force of two coupled harmonic oscillators. The reason is
that the charges of one rod in the gap induce the opposite charges on
the other rod (see the inset in Fig. 2.20(b)). In the opposite case, the
dark mode possesses higher energy, since the charges in the gap on
each rod have the same sign and repel each other. For bright modes,
a clear red shift is observed in Fig. 2.20(b) from a single-rod antenna
with arm length of 460 nm (λ = 1.45 µm) to a 150 nm-gap double-
rod antenna (λ = 1.89 µm) consisting of rods with the same length,
and further to a 80 nm-gap double-rod antenna (λ = 1.98 µm).

Eq. (2.5.19) is applied to explain the relation of the resonant wave-
length in Fig. 2.20(b) and the current distributions in Fig. 2.21(d),
(e) and (f). For example, the current distribution of the single-
rod antenna indicates a λ/2 antenna for which L = λeff/2 is ful-
filled. From eq. (2.5.19), we have λeff = 1.45

1.4 − 0.12 = 0.92 µm with
neff ' 1.4 a = 30 nm 6. However, the double-rod antennas behave
like a full-λ antenna where the current distribution has two max-
ima on each rod (see Fig. 2.21(e) and (f)), the total length of the
double-rod antenna should be roughly equal to the effective wave-
length. For the 80 nm-gap double-rod antenna, the resonant wave-
length of the bright mode occurs at 1.98 µm. From eq. (2.5.19),
λeff = 1.98

1.4 − 0.4 = 1 µm with neff ' 1.4 a = 100 nm. The red-shift
resonance of double-rod antennas will increase the effective value of
a which is twice of the real physical value.

Since the total current density changes more steeply at the rod
end than the middle of the rod (see Fig. 2.21 (d), (e) and (f)), the
charges accumulate at the ends due to the continuity equation. The
large charge density (see Fig. 2.21 (g), (h) and (I)) will then induce

6Eq. (2.5.19) is valid for a single cylindrical rod with hemispherical end caps
(a is the radius of the cylindrical rod). In our case, we have a single cuboid
rod for which effective a is a bit smaller than the real physical value.
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Figure 2.21.: FEM simulations of single- and double-rod antennas consist-
ing of 460 nm-long rods. Electric field enhancement | ~E| in
the plane of the top metal surface is shown in panels (a) for
single-rod antenna at the resonant wavelength λ = 1.45 µm,
and for double-rod antenna with gap width of 150 nm at
λ = 1.89 µm (b) and 80 nm at λ = 1.98 µm (c). Panels (d),
(e), (f): normalized total volume current density of the same
structure in the same cut plane. The current density in panel
(d) is magnified by 10 times compared to panel (e) and (f).
Panels (g), (h) and (I): normalized charge density calculated
from the volume current density by the continuity equation
∇ ·~j + ∂ρ

∂t
= 0.
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a strong enhanced electric field at the rod end shown in Fig. 2.21 (a),
(b) and (c). The maximum charge density of the single-rod antenna
is around 10 times smaller than that of the double-rod antenna. This
is due to the fact that the charges are extracted and pushed strongly
to the end because of the attractive force of positive and negative
charges on the gap side of each rod when they are near enough
and strongly coupled. Therefore larger charge densities and much
stronger field enhancements exist around the middle gap of double-
rod antenna compared to the relatively weaker fields at both ends
of the single-rod antenna. Consequently, decreasing the gap size has
the effect of an increasing charge accumulation and stronger field
enhancement at the gap (compare Fig. 2.21 (b) and (c)).

2.6. Detection in the near field

It is a challenging task to experimentally detect highly confined plas-
monic modes. Since there is a phase mismatch between plasmonic
modes and free-space light in the surrounding dielectrics, the highly
confined modes do not radiate to the far-field unless a metal end or
a second transmitting antenna is used for the scattering of the light.
This is later described in Chapter 4. However, it is always necessary
to break the diffraction limit in order to investigate details in the
deep subwavelength range. Therefore, Scanning Near-Field Optical
Microscopy (SNOM) is introduced which can transfer the informa-
tion of the evanescent field to a detectable radiation in the far-field.
However, some difficulties are still unsolved and under discussion by
using SNOM for the detection of a gap mode. One thing is that im-
proving the resolution by using probes of small diameter is realized
at the expense of rather low illumination and collection efficiency.
The transmission of a probe is decreased from 10−6 with a probe
diameter of 100 nm to 10−8 with a diameter of 10 nm [50]. Another
interesting point is that, a metal-coated probe in close proximity to
the metal layer might have strong probe-to-sample light interaction
[104], and may induce SPPs between the bottom of the probe and
the top surface of the metal layer. This will strongly disturb the
gap modes inside the waveguide. However, it is found that uncoated
tapered fiber probes have low probe-to-sample interaction, but a po-
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larization filtering ability. They can strongly suppress the electric
field components parallel to the tip axis [44, 45].

2.6.1. Scanning Near-Field Optical Microscopy

Synge suggested a method to obtain optical images beyond the
diffraction limit [92]. Three important requirements have to be ful-
filled to get information of the near field. First, a light source with
subwavelength dimension is needed. Second, the light source should
be in close vicinity of the sample surface. Finally, experimental im-
ages with subwavelength features have to be obtained by scanning
the source over the surface in a raster pattern. The first experimen-
tal application in the microwave range was reported in 1972 by Ash
and Nicholls [8]. Later Pohl et al. [87] and Lewis et al. [65] realized
super-resolution in the visible range. Nowadays, technical progress
has been achieved. A metal coated, adiabatically tapered optical
fiber (either single mode or multimode) is used as a nanosource in-
stead of a small hole in a flat screen. The control of the distance
between the source and the sample is well managed by detecting the
short-range force between the tip and the sample. The most com-
mon used shear-force regulation is introduce by Toledo-Crow et al.
[95] and Betzig et al. [16]. The tip oscillates parallel to the sample
surface. And it is attached to a quartz tuning fork which is driven
at its resonance frequency. The tuning fork delivers a piezoelectric
signal which is proportional to the oscillation amplitude of the tip.
Both the oscillation amplitude and the phase signals can be used
as feed-back signals. Another regulation is the normal force (also
called tapping mode), where the tip oscillates perpendicular to the
surface. Compared to shear-force regulation which is difficult to scan
in liquids or soft samples [22, 41], tapping mode is better for oper-
ating on soft materials. Figure 2.22 shows different working modes
of a SNOM. A near-field probe, which is a tapered optical fiber, can
be feeded by a laser at one end. A sample is then illuminated by
the light coming through the small aperture of the probe. Features
of the sample with high spatial frequencies scatter the fields to the
far field. Either transmitted or reflected light is collected by the
detector. Those modes of operation are called either illumination
mode or reflection mode respectively as depicted in Fig. 2.22(a) and
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Figure 2.22.: (a) illumination mode; (b) reflection mode; (c) collection
mode; (d) reflection collection mode; (e) apertureless.

(b). In the opposite way, the sample can be also illuminated by a
focused laser beam from the far field. A probe is scanned along the
sample at subwavelength distance and the signal at the end of the
fiber is recorded. The light source can be either underneath or above
the substrate which is called collection mode or reflection collection
mode as shown in Fig. 2.22(c) and (d). The above mentioned modes
are working with aperture probes. There is another kind of probe
which is apertureless and has no metal coating (see Fig. 2.22(e)).
Such a method has both excitation and detection in the far field.
In order to encode subwavelength features of the sample to far-field
detected light, an apertureless probe is brought in close vicinity with
the sample.

2.6.2. Information transfer from near-field to far-field

One important requirement of SNOM is that a subwavelength probe
should be in close proximity to the sample surface. The electromag-
netic near-field of the light source (the SNOM probe in illumina-
tion mode) interact with the sample and propagates to the far-field
which is detectable. Similarly, the other case is that the high spatial
frequency light (the evanescent wave) of the sample which is illumi-
nated from the far-field is pertubated by a near-field probe (in collec-
tion mode), thus once again transfers to propagating waves. In the
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following, how the information of subwavelength structures gets en-
coded in far-field radiation is explained [77]. Figure 2.23 shows three
different planes: (a) the source plane at z = −a which is the facet of
a SNOM probe, (b) the sample plane at z = 0 (the sample is assumed
to be infinitely thin), and (c) the image plane at z = ∞. The spatial
spectrum Êsource(kx, ky; 0) of the field Esource(x, y; 0) at the sample
plane z = 0 is defined by the spatial spectrum Êsource(kx, ky; −a) of
the incident field Esource(x, y; −a) at the source plane z = −a.

Êsource(kx, ky; 0) = T̂ (kx, ky, a)Êsource(kx, ky; −a) (2.6.1a)

T̂ (kx, ky, a) = eikza, (2.6.1b)

where T̂ is called the optical transfer function and the spatial spec-
trum is defined by

Esource(x, y; −a) =
∫ ∞

−∞

∫ ∞

−∞
Êsource(kx, ky; −a)ei(kxx+kyy)dkxdky.

(2.6.2)
It should be noticed that in a dielectric medium with permittivity

ε, kz =
√

εk2
0 − (k2

x + k2
y). For low spatial frequencies |k‖| ≤ k0,

k‖ = (kx, ky), kz is real which means the transfer function T̂ is an
oscillation function. Thus the corresponding plane waves which lie
inside the circle of Fig. 2.24(a) are homogeneous and can propagate
from the source plane to the sample plane with the amplitude of
the angular spectrum being unchanged (see Fig. 2.24(b)). For high
spatial frequencies |k‖| > k0, kz is purely imaginary. The field with
such a property is called an evanescent wave and lies outside the
circle in Fig. 2.24(a). After the propagation of distance a, the mag-
nitude of the evanescent waves is attenuated as |k‖| increases (see
eq. (2.6.1b) and Fig. 2.24(b)). The evanescent waves disappear after
propagating over a large distance, which means that the informa-
tion of high spatial variations gets lost and can’t be detected by e.g.
a microscope objective. For spatial frequencies much larger than
k0, Im(kz) ∼ |k‖|. The field decay factor is e−|k‖|z. For a given
spatial frequency k‖, the decay length of the evanescent wave in z
direction is 1/k‖. The near field is not only the region where the
far-field approximation is not valid. Strictly speaking, the near field
is defined
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Figure 2.23.: Mapping the information from a sample plane (z = 0) to
a detector plane (z = ∞) in the far field using a subwave-
length source field (z = −a) in close proximity to the sample
surface[77].

as the region where the evanescent waves contribute significantly to
the field [43]. For a detection of an object with a feature size of d,
the tip-sample distance should be smaller than d/2π, which is the
extension of the near field. The smallest lateral dimensions which
can be resolved from the far field is

4x ≈ 1
k

=
λ

2πn
. (2.6.3)

We assume that the influence of the sample on the probe field
is neglected and the transmission function of the sample is T (x, y).
The transmitted field is

Esample(x, y; 0) = T (x, y)Esource(x, y; 0). (2.6.4)

The angular spectrum relation is

Êsample(kx, ky; 0) = T̂ (kx, ky) ⊗ Êsource(kx, ky; 0), (2.6.5)

with T̂ (kx, ky) being the Fourier transform of T (x, y). In order to
simplify the convolution of T̂ (kx, ky) and Êsource(kx, ky; 0), the spec-
trum of the source field at the sample plane is rewritten as

Êsource(kx, ky; 0) =
∫ ∞

−∞

∫ ∞

−∞
Êsource(k̃x, k̃y; 0)δ(k̃x−kx)δ(k̃y−ky)dk̃xdk̃y .

(2.6.6)
It is an integration of an infinite number of source fields with discrete
spatial frequencies, which is illustrated in Fig. 2.24. For each single
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Figure 2.24.: (a) The transverse wavenumbers kx, ky of propagating plane
waves are limited to a circle with radius nk. n is the re-
fractive index of the medium where the waves propagate.
Evanescent waves lie outside the circle. Angular spectra of
the end facet of a probe change from (b) to (c) after waves
propagate from the source plane (z = −a) to the sample
plane (z = 0). Plane waves (k‖ < k) retain the amplitude
while evanescent waves (k‖ > k) are exponentially damped
during propagation, where the damping is stronger for larger
k‖. The continuous spectrum can be discretized by many
delta functions. And only three components δ(k‖), δ(k‖ −k),
δ(k‖ − 2k) are shown[77].

partial source field with a δ frequency, the transmitted light of the
sample is calculated from the convolution equation (2.6.5) separately
and all of the values are summed afterwards. Figure. 2.25 shows the
sample spectrum T̂ is shifted by mk due to its convolution with
δ(k‖ − mk) (m = 0, 1, 2). δ(k‖) represents the plane wave at normal
incidence, and it does not shift the sample spectrum. The plane
wave δ(k‖ − k) is at parallel incidence, and it shifts the original
spectrum by k. Thus, the angular spectrum range k ∼ 2k of sample
transmission can be shifted to the detection window |k‖| < k where
the propagating waves exist. δ(k‖ − 2k) is an evanescent wave from
the source field at the sample plane. The spectral range at 2k ∼
3k of the sample transmission, which corresponds to subwavelength
features of the sample, can be transferred to detectable plane waves
in the far field. This explains well why near-field images with super-
resolution should fulfil two important requirements. One is that
size of the probe should be in the subwavelength range in order to
obtain source fields with large spatial frequencies which can drag
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the evanescent components of the sample transmission back to the
detection window. The second is that the probe should be close
enough to the sample, because the large spatial frequencies k‖ of
the source fields, which exponentially decay, are still strong enough
after it arrives at the sample plane.
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Figure 2.25.: Convolution of angular spectra of the sample transmission
(T̂ ) and the source field (Êsource(z = 0)). Convolution with
δ(k‖ − mk)(m = 0, 1, 2) shifts the angular spectrum T̂ by
mk. m = 0 and m = 1 relate to a plane wave with normal
incidence and parallel incidence. m = 2 is an evanescent
wave. Only the evanescent component of the source field at
(z = 0) can shift the high spatial frequencies of the sample
to the detection window[77].
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Chapter 3
FEM simulation of
coupling far-field light to
plasmonic gap mode
waves

Plasmonic waveguides posses highly confined modes thus allowing
to increase the level of circuit integration [79]. Different plasmonic
waveguide structures like stripes [114, 115], nano-particle chains
[75], nanowires [31, 106], grooves [21, 102], wedges [84] and gaps
[68, 83, 99, 100] have been developed and investigated. Among
various structures, the gap plasmon waveguide (GPW) is partic-
ularly interesting, because its modes are highly confined and its
fabrication process is comparably simple. However, most investiga-
tions of GPWs concentrated on the field distribution, the dispersion
and the losses of respective modes. Up to now only a few papers
[70, 75, 82, 91] dealt with the efficient excitation of GPW modes by
external radiation. Prism, grating and end-fire coupling [71] have
been used, but require a good matching of the spatial field distri-
butions of the plasmonic waveguide with the exciting beam. This
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works well for weakly confined modes. Stegeman et al. [91] showed
for such a case that the coupling efficiency may exceed 90% when
exciting plasmons at the interface between semi-infinite metallic and
dielectric media by focusing light onto the facet of the sample. Maier
et al. [70] also used tapered optical fibers to bring light to the input
facet of the waveguide. But for extremely confined modes as they
are found in GPWs, the overlap between the exciting beam and the
nanoscale waveguide mode becomes extremely small, because even
in the case of extreme focusing the width of the excitation exceeds
half a wavelength. Therefore the problem of an efficient excitation
of GPWs with nanoscale cross-section is still under discussion. How-
ever, recently various investigators explored nanoantennas in the
optical regime [10, 26, 74]. Nanoantennas can be seen as a miniatur-
ized version of conventional antennas which can convert free-space
radiation to guided waves in waveguides like transmission lines and
vice versa. However, in the optical regime metals do not behave
like ideal conductors. Nevertheless, some of the concepts developed
in electrical engineering still work in the optical regime and others
only have to be modified as it was shown recently [6, 36, 37]. The
efficient delivery of electromagnetic radiation to nanoscale waveg-
uides can be considered as a problem of either mode or impedance
matching, where the first represents the optical point of view and
the second that of electrical engineering.

3.1. Field distributions of nanoantennas and
gap waveguides

First, the eigenmodes of plasmonic antennas and waveguides are
calculated using the 2D mode analysis in COMSOL. We assumed
a wavelength of λ = 1.55 µm and a silver layer of 100 nm thick-
ness (ε = −116.38 + 11.1i [80]) being deposited on a glass substrate
(n = 2.085 [80]). The size of the computational domain was always
3 µm × 3 µm × 3.5 µm, which was large enough that fields were small
enough at the boundaries to be efficiently absorbed by perfectly
matched layers surrounding the computational domain. In order to
get an accurate result, the minimum mesh size was set to 3 nm. Fig-
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ure 3.1(c) and (d) show typical distributions of the electric field in
the gaps of a nanoantenna and a plasmonic waveguide. Obviously
the fields are highly confined and almost coincide. The light of the
mode inside the GPW leaks neither to the substrate nor to the air
since the effective index of the fundamental mode is 1.65 + 0.023i,
which has a real value larger than the refractive index of the glass
substrate.
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Figure 3.1.: The incident beam is focused from air to the center of the
antenna, which feeds the GPW (see principal sketch of the
structure as 3D (a) and top view (b)). Field distributions | ~E|
of fundamental modes are displayed for a nanoantenna (c)
with a gap width G = 30 nm and an arm length L = 675 nm
and for a GPW (d) with the same gap width.

Besides the 2D mode analysis, the excitation of the GPW by an
antenna (see Fig. 3.1(a) and (b)) was analyzed applying a 3D har-
monic propagation module in COMSOL. The sample was assumed
to be irradiated from air. In the later experiments shown in Chap-
ter 4, the exciting beam is tightly focused onto the center of the
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nanoantenna with a diffraction-limited diameter. In the simulation,
electric fields with a homogenous distribution are excited on a circu-
lar port with a diameter of 1 µm. Obviously the pure entrance facet
of the GPW allows for a moderate excitation of the GPW mode as
well. However, the presence of an antenna improves the coupling to
external radiation considerably.
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Figure 3.2.: The field distributions |Re( ~E)| on the xz plane (y = 0) (a)
when exciting with the antenna L = 675 nm, G = 30 nm; (b)
when exciting without antennas G = 30 nm. The antenna
arm length L of (a) is optimized for a gap width of G = 30 nm.
Because the field enhancement changes dramatically, different
color bars are used in (a) and (b).

As shown in Fig. 3.2(a), surface plasmon polaritons are excited on
the nanoantenna by the external incident field. At the same time,
the confined mode with large intensity enhancement appears in the
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gap of the two nanorods and then propagates along the waveguide.
The incident light power is defined by integrating the time-averaged
power flow over a circular area of 1 µm diameter. The coupled light
power is determined by integrating the time-averaged power flow
over the area of the gap at the terminal a − b shown in Fig. 3.1(b).
For G = 30 nm with the antenna in Fig. 3.2(a), the optimized cou-
pling efficiency is 10.6%. And the coupling efficiency without anten-
nas in Fig. 3.2(b) is 0.082%, which is nearly 129 times smaller. At
the same time, the intensity enhancement inside the waveguide is
around 400 relative to the incident beam when exciting with the res-
onant nanoantenna compared to less than 4 without nanoantennas.
For a gap width of G = 100 nm the coupling efficiency even for an op-
timized antenna does not reach more than 2.7%, while the coupling
efficiency without antennas is 0.22%, which is 12 times smaller. The
apparent differences of the coupling efficiency even for an optimized
antenna length are surprising and will be discussed below.

3.2. Optimization of geometric sizes

Figure 3.3.: The nanoantenna in the receiving mode (a) can be described
by an equivalent circuit model (b). V : optical voltage in-
duced by the incident wave, Ra: resistance of the antenna,
Xa: reactance of the antenna, Rg: resistance of the plasmonic
waveguide, Xg : reactance of the plasmonic waveguide.

At optical frequencies noble metals are no longer highly conductive
materials. Hence, standard optimization schemes developed for the
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microwave domain cannot be applied in a straight forward way. Size
and shape dependent plasmonic resonances influence the optical re-
sponse considerably. Still, it would be highly desirable to reduce this
increased set of free parameters and to characterize the individual
elements by a few numbers only, e.g. a complex impedance. Follow-
ing that approach Alù and Engheta have shown [5] that plasmonic
waveguides can to a certain extend be regarded as optical transmis-
sion lines. Hence, our system can be optimized like an equivalent
electric circuit (see Fig. 3.3), where impedance matching between
source and load or antenna and GPW has to be obtained. To this
end the impedance of our elements are determined first. The clas-
sical impedance is defined as the ratio between voltage and current
at the termination port of an element. Here this port (also called
reference plane) is set between the points a and b in Fig. 3.1(b) and
Fig. 3.3. Hence, we are now going to investigate how well voltage
and current delivered by the antenna fit to the respective values
required by the GPW. As long as the fields are quite homogenous
in the gap between points a and b, the ratio between voltage and
current can be replaced by the ratio of the appropriate components
of the electric and the magnetic field [6]. In what follows the ratio
of Ex and Hy in the middle between the points a and b is chosen.

Z = R + jX = Ex/Hy. (3.2.1)

In general the impedance of the GPW Zg can be easily deduced
from the field structure of the respective waveguide mode. However,
in our particular situation Zg is the impedance of the GPW and
of a correspondingly matched load because the GPW is terminated
with the PML. Hence, we optimize the system for a slightly modified
load impedance, which we determine by driving the GPW with an
antenna and measuring the fields on port a-b. The impedance of the
antenna Za is determined by reversing the experimental situation
and operating the antenna as load in an emitting mode. We assume
no incident field, but drive the antenna by a point like source placed
in the GPW far away from the points a and b and close to the
perfectly matched layers.

Figure 3.4(a) and (b) show the impedance of antennas of various
lengths with gap widths of 30 nm and 100 nm. Actually the calcu-
lated impedance is not the real impedance of the dipole antenna but
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that of the antenna combined with a part of the GPW, because the
impedance is calculated based on the terminal a − b. It should be
further kept in mind that assigning a classical impedance to a plas-
monic nanoantenna can also yield unphysical results. For vanishing
antenna arms where the antenna consists of the GPW only the re-
sistance approaches slightly negative values (see Fig. 3.4(a) for an
antenna length smaller than 0.3λ). When looking to the respective
field structures one notices that the field is no longer homogenous at
the port between the points a and b. Strong back reflections from
the residuals of the antenna and an excitation of fields propagating
above the waveguide result in an inhomogenous field structure in the
gap causing a local back flow of energy. However, for that parame-
ter range, the impedance is dominated by its imaginary part. It will
turn out that this value can still be used to optimize the structure.

Having determined the impedance of each of the elements we are
now going to construct an equivalent circuit model ( see Fig. 3.3(a)).
The incident wave is assumed to create a voltage V . This voltage
will induce a current defined by the impedance of the respective
circuit elements (see Fig. 3.3(b)) as

I = V/(Za + Zg) = V
/

[(Ra + Rg) + j(Xa + Xg)] and (3.2.2)

|I| = |V |
/

[(Ra + Rg)2 + (Xa + Xg)2]1/2, (3.2.3)

where Ra and Rg are resistances, while Xa and Xg are reactances.
Indices a and g stand for antenna and GPW.

Hence, the power delivered to the load or the GPW is given by

Pt = |I|2Rg/2 = |V |2Rg/{2[(Ra + Rg)2 + (Xa + Xg)2]}. (3.2.4)

In what follows we look for the optimum antenna for a certain
GPW. Hence we assume Rg and Xg to be fixed, but vary the impedance
of the antenna. The maximum power will be delivered to the GPW,
if

Xa = −Xg (3.2.5)
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Figure 3.4.: Antenna resistance (a) and reactance (b) as well as power
delivered to the waveguide (c) as a function of the antenna
length for gap widths of 30 nm and 100 nm.



3.2. Optimization of geometric sizes 65

holds and Ra is as small as possible.
The above condition is the ideal case of conjugate matching result-

ing from an optimization of (3.2.4). Note, that it differs from the
standard result, where the load is adapted to a given source. Still
the above result must be interpreted carefully, because it is based
on the assumption of a constant voltage V . But a vanishing Ra will
finally also cause a drop of the voltage. Still we find the ratio be-
tween voltage and current delivered by the antenna to vary in a wide
range and that the maximum power is in fact usually delivered to the
GPW, if Ra is relatively small compared to Rg. However, it turns
out that matching the reactance is by far more critical. It is indi-
cated in Fig. 3.4(b) that only for the 30 nm gap width, the reactance
of the antenna and of the waveguide can match for certain antenna
lengths. But only for some of these matching points the antenna
resistance is small resulting in a maximum power transfer. In fact
the two peaks of high power flow displayed in Fig. 3.4(c) correspond
to extremely small values of the antenna resistance (i.e. Ra=14 and
39 Ohm), which are much smaller than the respective values of the
waveguide (i.e.96 Ohm). This result is in good agreement with the
power flows derived from FEM simulations of the complete system
(see Fig. 3.4(c)).

For the 100 nm gap width, antenna and waveguide reactance do
never match. Therefore the power flow at the terminal a − b shown
in Fig. 3.4(c) is considerably smaller and does not have pronounced
peaks. The same behaviour is also found for other values of the gap
width (see Fig. 3.5).

Although the cross section of the waveguide increases linearly, this
cannot compensate the lack of impedance matching for larger waveg-
uides. As shown in Fig. 3.5, the maximum coupling efficiency de-
creases dramatically, when the gap width increases to 40 nm, and
then increases slightly due to the increased gap area. However, the
propagation length of the field inside the waveguide is smaller for
narrower gaps due to the stronger confinement of the field inside the
gap. Hence, a trade-off has to be found according to the respective
application.
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Figure 3.5.: The coupling efficiency to an incident beam obtained for an
optimized antenna length is displayed as a function of the gap
width.

3.3. Far-field radiation pattern of
double-arm antennas

Far-field radiation patterns of antennas of different sizes are investi-
gated. As can be seen from Fig. 3.6(a), the beam becomes narrower
with larger directivity as the length of the antenna arm increases
from λ/4 to λ. As the length increases further, the main lobe splits
into several minor lobes. The whole process is similar to the case of
a conventional antenna. Fig. 3.6(b) indicates that the radiation pat-
tern depends weakly on the gap width unlike the field enhancement
and the coupling efficiency.
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Figure 3.6.: (a) Radiation patterns of antennas with different lengths of
each arms which varies from λ/4 to λ. The gap width is
30 nm; (b) Radiation patterns of antennas with different gap
width from 30 nm to 100 nm.

3.4. Improving the coupling efficiency by

adding a metal layer

From experimental transmission measurements of the antenna shown
in Chapter 4, it is known that the light transmitted through the an-
tenna into the substrate has about 15% drop when the antenna is in
resonance. That means approximately 15% of the incident beam is
either coupled to the gap plasmonic modes or contributes to losses
of the antenna.

Unfortunately a rather large amount of the light leaks into the
substrate. In order to make full use of the light which leaks into the
substrate and to improve the coupling efficiency of far-field light to
gap plasmonic modes, a reflecting metal layer can be added inside
the substrate underneath the layer of the antenna and the waveguide.
Such a reflecting metal layer behaves similar to a reflector element of
a Yagi-Uda antenna. The transmitted light through the antenna is
reflected at the metal layer (inducing a π phase shift upon reflection)
and re-coupled into gap plasmonic modes via the antenna. If the
space between the reflecting metal layer and the layer of the antenna
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and the waveguide is λSiO2

4 = 1.55 µm
4×1.444 = 268.35 nm (with λSiO2

the
wavelength of the incoming beam in the substrate), the incident
field and the reflected field on the antenna will be in phase (π2 × 2 +
π = 2π). The coupling efficiency increases to 25% compared to 6%
without reflecting Ag layer (see Fig. 3.7).
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Figure 3.7.: Cross section cut view in x-z plane. The light propagates in z-
direction. Normalized time averaged power flow in z-direction
(a) with reflecting Ag layer underneath the antenna and the
waveguide; (b) without reflecting Ag layer. The reflecting Ag
layer is 100 nm thick.

3.5. The propagation properties of 90
◦ bent

waveguides

The propagation properties of 90◦ bent waveguides are studied nu-
merically using commercial FEM package COMSOL. The schematic
picture is shown in Fig. 3.8(a) and (b) in top-view (x-z plane) and
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side-view (y-z plane). The designed gap width w is 80 nm. The
thicknesses of the silver film and the cladding are 100 nm and 70 nm
respectively. The cladding material is set to be either air or SiO2.
Fig. 3.8(c) shows the distribution of electric field | ~E| in the x-z plane
when the bend radius r = 200 nm with cladding material to be SiO2.
The bending losses are caused by the back reflection from the cor-
ner and the mode mismatch between the straight part and the bent
part.
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Figure 3.8.: Schematic picture of a 90◦ bent waveguide in top-view (x-z
plane) (a) and side-view (y-z plane) (b). The designed gap-
width w is 80 nm. The thicknesses of the silver film and the
cladding are 100 nm and 70 nm respectively. The distribution
of electric field | ~E| in the x-z plane when the bend radius
r = 200 nm with cladding material to be SiO2 (c).

Fig. 3.9 shows the power transmissivity of 90◦ bend versus the
bend radius. It is normalized to the internal plasmonic loss of a
straight waveguide with the same total waveguide length. The bend
radius r varies from 100 nm to 1500nm. The total length of the
waveguide is fixed to 10.22 µm. Cases for cladding material to be air
and SiO2 are both considered. It is shown that the power transmis-
sivity can be as high as 70% for a rather small bend radius of 100 nm
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with the cladding SiO2. It gradually increases up to around 80% as
the bend radius increases to 1.5 µm. This high transmission through
sharp bends can only be realized by highly bound plasmonic modes,
since there is no good way for the energy to leak out. However, this
is not the case for a plasmonic gap mode with low confinements. As
shown in Fig. 3.9, the power transmissivity is only 30% if the struc-
ture has no dielectric cladding. As we discussed in previous section
2.3.2, for such a structure with no dielectric cladding, the gap width
w of 80 nm is near the cut-off gap width of a bound mode. Thus it
induces larger bend losses compared to the structure with cladding
material of SiO2.
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Figure 3.9.: The normalized power transmissivity versus the bend radius.
The black line is the case without cladding and the red line
is for the case with cladding of SiO2.



3.6. Conclusion 71

3.6. Conclusion

The excitation of a plasmonic gap waveguide by a dipole antenna is
modeled and optimized. The coupling efficiency strongly depends on
antenna and waveguide properties, where impedance matching plays
a critical role. The optimization of antenna lengths and gap widths
shows that concepts of circuit networks can likewise be applied to
optical frequencies.

In conclusion, using classical optimization schemes known from
electrical engineering we manage to increase the coupling efficiency
by a factor of 129 compared with the situation without antennas.
It has been found that the use of nanoantennas can increase the
conversion of an incident beam into a waveguide mode dramatically.
Although an excitation at optical frequencies is considered, classical
arguments from the microwave domain can be applied. It turns out
that impedance matching between the antenna and the waveguide
plays an important role to achieve an optimum coupling efficiency.
Only for a small gap width of 30 nm the reactance of the waveg-
uide and the antenna can be matched, resulting in a considerably
increased coupling efficiency.
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Chapter 4
Far-field experimental
detection of plasmonic
gap modes

Various plasmonic waveguide modes were investigated in the past
few years [21, 25, 31, 48, 55, 70, 75, 83, 98, 105, 114]. Bozhevol-
nyi et al. [21] reported a channel waveguide with a mode width of
1.1 µm and a propagation length of 100 µm. However, most of the
experimentally realized plasmonic modes which have been reported
recently [21, 31, 70] have confinements in the micro-meter range and
do not reach deep subwavelength dimensions. Thus, they do not
have obvious advantages compared to conventional dielectric waveg-
uides but considerably higher losses. A real deep subwavelength gap
between two metal surfaces (metal-insulator-metal, MIM) can sup-
port an extremely confined mode, but such a compact geometry is
more challenging to operate for excitations and detections compared
to other structures. Verhagen et al. [98] reported the near-field de-
tection of MIM modes with multilayer structures which proved high
confinements in the vertical direction relative to the sample surface.
Usually phase matching techniques are employed to excite SPPs
such as Kretschmann, Otto and grating configurations. Other exci-
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tation techniques need to be developed for launching SPPs in deep
subwavelength dimensions. For the excitation of less confined stripe
waveguide modes, generators like arc-shaped nanodots and slits were
reported by Imre et al. [55] and Nomura et al. [75]. Recently, two-
dimensional highly confined gap modes were experimentally realized
by Chen et al. [25] and Han et al. [48], and they showed the in-
tegration of slot waveguides with silicon dielectric waveguides via
tapered couplers. However, the aforementioned excitation schemes
often lack the compactness, which is required for integration into
subwavelength plasmonic circuitry. Nanoantennas are highly com-
pact and were proposed as a kind of nano-coupler to couple light
from the far-field to two-dimensionally highly confined gap modes
[53, 108]. Recently the idea of optical wireless interconnects via
nanoantennas was theoretically proposed by Alù and Engheta [7].
Thus, loading the nanoantennas with plasmonic waveguides is the
first step towards optical wireless communication analog to loading
RF antennas with coaxial cables in the RF region.

4.1. Sample fabrication

Figure 4.1 depicts main steps of the nanostructuring process. A
100 nm silver layer with a surface roughness of around 1 nm to 5 nm
was deposited on a glass substrate using a magnetron sputtering
machine shown in Fig. 4.1(a). In the sputtering machine, argon is
used as a working gas for efficient momentum transfer to the tar-
get atoms. When a high voltage is applied to the target, the free
electrons inside the vacuum chamber are immediately accelerated,
and hit the neutral argon atoms. Then the argon gas becomes ion-
ized and generates secondary electrons. The ions are trapped by the
magnetic fields which is applied on the target, thus these ions are
accelerated towards the target, and the target atoms are ejected out.
A chromium layer with a thickness of 1 nm was used as a wetting
layer (or adhesion layer). One advantage is that, without a wetting
layer, the sputtered silver or gold can not stick to the substrate well.
The other is that the quality of the silver layer can be improved a
lot since the lattice constant of the silica substrate matches better
to that of the chromium layer (see Fig. A.1 in appendix A). How-
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ever, it has been discussed by Jiao et al. [56] that these wetting
layers might increase the damping of SPPs. Appendix A discussed
the layer quality influenced by different sputtering parameters and
listed figures of deposition rates for silver and gold.

dose step-
size

current scan
direc-
tion

scan
type

number
of
loops

layer1 3300 µAs/cm2 4 nm 10 pA U Line 7
layer2 480 µAs/cm2 6 nm 80 pA1 U Line 7
layer3 3300 µAs/cm2 4 nm 10 pA V Line 7
layer4 480 µAs/cm2 6 nm 80 pA V Line 7

Table 4.1.: FIB parameters used for different layers. Layer1 includes
the waveguide and the first antenna. Layer2 includes the
10 µm×10 µm open area around the first antenna. Layer3 in-
cludes the second antenna at the other end of the waveguide.
And the orientation is perpendicular to that of the first an-
tenna if the waveguide has a 90◦ bend. Layer4 includes the
10 µm×10 µm open area around the second antenna. If there
is only one antenna connected to the waveguide, the design of
layer1 and 2 is enough.

Afterwards 80 nm-100 nm wide grooves were structured into the
silver layer using a focused ion beam milling system (FIB) (see
Fig. 4.1(c)). Ga+ ions are extracted from a filament gun, and fo-
cused by magnetic lenses to a spot with a size of a few nm. The fo-
cused beam is controlled to do raster scans over the substrate. Thus
the atoms of the sample are ejected off with a certain writing pattern.
Silver around the antenna within a large area of 10 µm×10 µm needs
to be etched away. This is to make sure when the optical beam is
focused on the antenna, the rest of the beam is not overlapping with
the surrounding metal film which will cause multi-reflections. The
whole structure was written in separate writing layer processes with
different dose parameters shown in Table 4.1. Fig. 4.2 shows SEM
images of one measured sample. The measured gap width is 80 nm.

1In the dose calculator of the Zeiss software, keep the current setting to be
10 pA, but run the current file with 80 pA.
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Figure 4.1.: Sketch of the main steps in the nano-structuring fabrication
process. (a) Magnetron sputtering machine. (b) A thin
chromium layer is sputtered as a wetting layer first and then a
silver layer is deposited. (c) Focused ion beam milling system.
(d) A patterned structure.
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Figure 4.2.: SEM images of a sample with the antenna and part of the
waveguide (a) and the cross-section of the waveguide (b).

The measured lengths of the left and right antenna arms are 452 nm
and 455 nm respectively. Gaps cut by FIB always have tapered
angles compared to straight ones (see Fig. 4.2(b)). The angle of the
left sidewall of the waveguide is around 60◦ ± 5◦ which is smaller
than the right side 70◦ ± 5◦. This is due to the fact that the ion
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beam scans from the left to the right side, and metal residuals in the
vacuum chamber are reposited again on the left side quickly. And
it is also found that the gap is etched completely through the metal
film into the glass substrate by around 30 nm.

4.2. Measurements on straight waveguides

The configuration of the experimental set-up [13] is displayed in
Fig. 4.3. For measuring the spectral response of antennas, a tunable
broadband light source (pumped highly nonlinear photonic-crystal
fiber with a spectral range of 0.8 µm to 1.8 µm) is used. To select a
certain wavelength, a liquid-crystal spectral filter with a band-width
of 5−8 nm is used. A linearly polarized Gaussian beam (polarization
parallel to antenna) is achieved after the beam is filtered by a linear
polarizer, and then it is focused with an high NA (0.9) microscope
objective lens onto the substrate surface at the resonant wavelength
1.5 µm. The sample is placed on a 3D piezo stage. Below the stage,
there is an immersion microscope objective with a NA of 1.3 which
matches the immersion oil to the glass substrate. The reflected
and transmitted light from the sample are then collected by the
objective lenses above and below the stage, and imping to distinct
photodiodes which measure the total intensity of the reflected and
transmitted light respectively. For recording the spatial distribution
of the reflected light, a camera can replace the photodiode with an
additional lens, imaging the collimated beam to the camera.

The focused Gaussian beam is incident from air on the center
of the antenna. Fig. 4.4(a) shows an SEM image of the measured
sample. Fig. 4.4(b) and (c) show the reflection recorded by a camera
which images the sample surface. The large bright spot in Fig. 4.4(b)
represents the reflection image of the focused beam overlapping with
the nano antenna (as well as the metal surface). On the left side
of the camera image we find a tiny bright spot which is the light
scattered out from the end of the gap waveguide. It illustrates that
the focused optical beam is coupled to the highly confined mode of
the plasmonic waveguide via the resonant antenna. The observed
scattering at the end of the waveguide weakens and shifts if the
sample is moved relative to the optical beam. Fig. 4.4(c) shows a
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Figure 4.3.: The configuration of the experimental set-up and the
schematic view of the measurement [13].
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Figure 4.4.: SEM image of (a) the measured sample. Reflection images
recorded with a camera focused on the substrate when the
highly focused exciting beam at 1.5 µm is (b) on the resonant
antenna; (c) spatially shifted relative to position of the an-
tenna (no overlap with antenna). The large bright spot on
the right hand side of each image shows the reflection of the
focused beam. Both images were taken with the same camera
settings. The stronger reflection in (b) results from a overlap
of the focused beam with the neighbouring metal surface.
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case at which the optical beam is shifted by some microns relative
to the position of the antenna. No excitation of the waveguide is
observed. The same happens for an excitation with a polarization
perpendicular to the axis of the antenna, at a non-resonant wave-
length or without an antenna (not presented here).
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Figure 4.5.: Scanning measurements in transmission (a) and reflection (b)
at resonant wavelength of 1.5 µm. Scanning measurements
in transmission (c) and reflection (d) at non-resonant wave-
length of 1 µm. (e) Scanning electron micrograph of the corre-
sponding scanning area including the antenna and part of the
straight waveguide. Polarization of the incident beam (white
arrow) is parallel to the antenna axis. The transmission and
reflection coefficients are normalized to the assumption that
100% reflection is for the silver layer and 100% transmission
for the glass substrate.

A special scanning technique is introduced here where the total
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intensity of the reflected and transmitted light are recorded by the
two photodiodes with the displaced position of the sample relative to
the excitation beam [13]. The sample is positioned by the 3D piezo
stage shown in Fig. 4.3 with sub-nanometer resolution. Fig. 4.5
shows scanning transmission and reflection images at the resonant
wavelength of 1.5 µm in (a), (b) and at the non-resonant wavelength
of 1 µm in (c), (d) respectively. Each pixel value in the scanning
images represents the normalized transmission or reflection when the
incident beam is focused on the position of the corresponding pixel.
The transmission through the sample (when the beam coincides with
the antenna) at resonant wavelength is lower (yellow in Fig. 4.5(a))
than the value at non-resonant wavelength (red in Fig. 4.5(c)). In
the same situation, the reflection does not vary much (see Fig. 4.5(b)
and (d)).

The transmission and the reflection spectra of the antenna were
measured from λ = 1 µm to 1.7 µm (see Fig. 4.6). Different scanning
images in transmission and reflection are acquired with λ from 1 µm
to 1.7 µm. The maximum and minimum intensities of a reflection
scanning image, e.g. shown in Fig. 4.5, occurred when the optical
beam was incident on the silver layer and the glass substrate. The
position of the metal edge along the open area can be determined
roughly by an intermediate value between the minimum and maxi-
mum intensities. The reflection and transmission intensities of the
antenna are then extracted from the scanning images, according to
the well-known position of the antenna relative to the metal edge.
To get a real physical reflection coefficient of the antenna, the in-
tensity is normalized to the maximum and minimum values where
the beam is on the silver layer with a calculated reflection coeffi-
cient of 98% and on the glass substrate with a coefficient of 3% (see
Appendix B). It is shown in Fig. 4.6 that the transmission drops
by about 16% close to λ = 1.55 µm, but the reflection stays almost
constant.

A quite intuitive explanation suggests that at resonance energy is
coupled to the waveguide mode, resulting in a reduced transmission
but leaving the reflection almost unaffected. Figure 4.6 compares
the simulated coupling efficiency from Fig. 4.8(b) with the exper-
imental resonance. Both spectra have a maximum around 1.5 µm.
The spectrum is relatively broadband compared to sharp resonances
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Figure 4.6.: Normalized experimental transmission and reflection spectra
of the antenna and simulated coupling efficiency to the waveg-
uide from λ = 1 µm to 1.7 µm. The simulated coupling effi-
ciency corresponds to the calculation shown in Fig. 4.8(b).

for particles with size in the range of ∼ 100 nm. The bandwidth
(FWHM) is almost 1 µm which is comparable to the broad band-
width of the isolated double-rod antenna shown in Fig. 2.20. The
measured sum of the coupling efficiency and antenna absorption
reached up to 20% compared to the optimum simulated coupling
efficiency of 15%. Experiments and simulations suggest that about
15% of the beam’s energy is coupled to the waveguide. The dif-
ference between the experimental and numerical spectra may have
several reasons. First, the optical constant of silver in the calcula-
tion matches to the Palik data [80] which may differ from the real
physical value of our own sputtered silver film. Second, the fabri-
cated geometry has defects and roughnesses along the sidewalls due
to the FIB writing process on poly-crystalline silver film. And those
defects are not included in the simulation geometry yet. Third, the
measured data (blue curve) is the sum of the coupling efficiency
and the antenna absorption which can’t be distinguished by means
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of present far-field detection, while the simulated spectrum (green
curve) is only the coupling efficiency from the far-field to the waveg-
uide which does not include the loss of the antenna.

4.3. Simulated spectra from transient

analysis

For comparison, the coupling efficiency was simulated by using the
COMSOL Multiphysics commercial FEM package. In order to get a
continuous spectrum, the transient analysis module was used. As in
the time domain simulation, a pulse which covers a spectral range
of interest can be used for excitation. Thus information of spectra
can be extracted from a single calculation instead of different calcula-
tions with varied frequencies in the frequency domain. To implement
the temporal dispersion of silver in the transient analysis module, a
coefficient PDE (partial differential equation) module was added to
this model [96], with the polarization ~P = (Px, Py, Pz) as the de-
pendent variable and coefficients defined by (4.3.1). (4.3.1) can be
solved in the transient module and the PDE module simultaneously.

∂2P

∂t2
+ γ

∂P

∂t
= ε0ω2

pE(t), (4.3.1)

where ωp = 1.182 × 104 THz and γ = 1.213 × 102 THz are the plasma
frequency and the damping rate of Ag in the drude model respec-
tively (see (2.1.1)). The corresponding dielectric constant of Ag is
shown in Fig. 2.1 (green solid line).

The maximum mesh size is 10 nm inside the gap of the waveguide
and 20 nm inside the antenna and the connection arm. Outside the
critical region of the antenna and the waveguide, the maximum mesh
size is set to 200 nm. Usually the file is quite large when fields in
the full domain with hundreds of time stepping need to be saved for
postprocessing. A special setting by using the current solution as
an initial value in the window of the solver manager can be used to
decrease the size of the file from 50GB to 10GB. For computation
stability the time step (∆t) should be small enough depending on the
minimum mesh size (∆x), which is well known as the Courant-limit.
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∆t ≤ 1/(cmax

√

1/∆x2 + 1/∆y2 + 1/∆z2), (4.3.2)

where cmax is the maximum speed of light inside the simulation
domain. For ∆x = ∆y = ∆z, ∆t ≤ ∆x/(cmax

√
3). For example, if

the minimum mesh size is 30 nm, the step time should be smaller
than 0.058 fs.

An excitation port A (see the inset of Fig. 4.8(a)) which gener-
ated an ultrashort pulse (spectral width 1.8 µm, central wavelength
1.54 µm) was set at the end of the waveguide far away from the
antenna. The excitation pulse was

Ey = E0e−(
t−t0

dt
)2

cos(ω0t), (4.3.3)

with t0 = 6fs, dt = t0/2 and ω0 = 2πc/λ, λ = 1.55 µm
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Figure 4.7.: (a) The pulse (continuous wave modulated with gaussian
pulse) at the excitation port. (b) The fourier transform of (a).
The central wavelength is 1.54 µm. The range of full width
half maximum (FWHM) is from 1.06 × 1014 Hz (left side)
to 2.84 × 1014 Hz (right side). And the corresponding wave-
lengths are 1.06 µm and 2.84 µm (spectral width ∼ 1.8 µm).

Figure 4.7 shows the shape of the excitation pulse in the time
domain and the frequency domain. The detection port D and E (see
the inset of Fig. 4.8(a)) with an area of 1.5 µm × 1.5 µm (40 × 40
grid) was placed 200 nm either above or below the antenna. The
corresponding calculated numerical aperture (NA) of the detection
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port is 0.78 compared to NA of 0.9 of the experimental objective.
Fields are extracted from the 40 × 40 grid on the detection port.
The powerflow at each point of the detection port in the frequency
domain was calculated from the fourier transform of the electric and
magnetic fields.

S(ω, y, z)x =
1
2

Re[F(E) × F(H)∗] (4.3.4a)

=
1
2

Re[(F(Ey)y + F(Ez)z) × (F(Hy)∗y + F(Hz)∗z)]

(4.3.4b)

=
1
2

Re[F(Ey)F(Hz)∗ − F(Ez)F(Hy)∗]. (4.3.4c)

We are only interested in the powerflow along x direction for the
detection port D and E (see the axis direction in Fig. 4.8). The
power in frequency domain is the integral of the powerflow over the
area of the detection port.

S(ω)x =
∫ ∫

dydzS(ω, y, z)x. (4.3.5)

The spectrum is finally normalized to the value of the port C
(see the inset of Fig. 4.8(a)) at the connection position between the
antenna and the waveguide with an area of 200 nm × 200 nm. This
is to exclude the dispersion effect of the waveguide. Figure 4.8(a)
shows the dispersion of the waveguide which is the power of the port
B in the frequency domain normalized to the value of the port A.
The spectrum only varies by 4% from λ = 750 nm to 2 µm. And it
increases with larger wavelength since the loss of the waveguide is
less with larger wavelength. There is no significant spectral response
from the waveguide and the shape of the temporal pulse still stays.
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Figure 4.8.: (a) The simulated spectrum S(ω)x from (4.3.4) and (4.3.5)
of the detection port B normalized to the spectrum of the
excitation port A. The position of the ports are shown in the
inset. The distance between the port A and B is 3.2 µm. (b)
The simulated spectra S(ω)x of the detection port D in the
air (solid line) and the port E in the substrate (dash line)
normalized to the spectrum of the port C inside the waveg-
uide from λ = 750 nm to 2 µm. The distance between the
antenna and the detection port D or E is 200 nm. The recip-
rocal case of the simulation (the excitation port is inside the
waveguide and the antenna is a transmitting antenna) is the
experimental way where the antenna acts as a receiving an-
tenna. Thus the simulated spectra of a transmitting antenna
with the detection port in the air (solid line) defines the up-
per limit for the efficiency of a receiving antenna, which can
only be reached if the shape of the exciting beam is matched
to the emission pattern of the antenna.
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The simulated spectra from λ = 750 nm to 2 µm are shown in
Fig. 4.8(b) with the detection port D in the air (solid line) and the
port E in the substrate (dash line). It should be noticed that the
coupling efficiency with excitation from the substrate is much higher.

In order to prove further that the antenna arms play an impor-
tant role in the spectral response near 1.5 µm, the structure which
includes only connection rods but no antenna arms is also simulated
(see Fig. 4.9). The positions and areas of the detection ports are the
same as Fig. 4.8 and the spectrum is normalized to the port which
has the same position as port C in Fig. 4.8(a). However, we can
see that the spectral response differs completely from Fig. 4.8(b). A
maximum of 5% of the excitation light is emitted to the air which
is only one third of the value with antennas. In the substrate, large
coupling efficiency till 50% at 1.2 µm can be achieved.
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Figure 4.9.: The simulated spectrum S(ω)x of the structure which in-
cludes only connection rods but no antenna arms.

4.4. Measurements on curved waveguides

by cross-polarization detection

Since the polarization of gap modes is always perpendicular to the
tangent of the waveguide, the polarization of electric fields at the
waveguide end can be turned for instance by 90 degrees via a waveg-
uide bend [107]. Cross polarization detection means, by controlling
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the polarizers behind the laser and in front of the camera shown in
Fig. 4.3, the polarization of the incident beam is perpendicular to
the polarization of the light which can be detected in the camera.
Thus the main part of back reflection of the incident beam is filtered
out where the scattered light from the very end of the waveguide is
detected. The inset of Fig. 4.10 indicates a schematic view of a
curved waveguide by cross-polarization detection. Fig. 4.10(a) is an
SEM image of the measured structure containing a bent gap waveg-
uide with a receiving antenna. Fig. 4.10(b) gives the same structure
as Fig. 4.10(a) but includes an additional transmitting antenna at
the other end of the bent waveguide. The gap width is 80 nm which
is limited by the aspect ratio of the FIB. The optimized total length
of the antenna is designed for a resonance at around λ = 1.5 µm.
Fig. 4.10(c) shows the reflection recorded by a camera which images
the sample surface without a crossed polarizer in front of the cam-
era. Fig. 4.10(d) and (e) reveal two cases with a crossed polarizer in
front of the camera. The large bright spot in Fig. 4.10(c) is caused
by the reflection of the focused beam overlapping with and reflected
at the nano antenna. On the upper-left side of the reflected focused
beam, there is only a tiny weak spot with strong background noise.
However, in the crossed polarizer detection scheme a small but clear
spot can be observed (see spots inside the white-dashed circles in
Fig. 4.10(d)(e)). It illustrates that the focused optical beam is cou-
pled to the highly confined mode of the plasmonic waveguide via the
receiving resonant antenna and the cross polarization detection in-
creases the signal-to-noise ratio (SNR) dramatically. High transmis-
sion is observed through bent waveguides with radii in micro-meter
range. The emission intensity with a second transmitting antenna
is enhanced by at least a factor of 2 compared to the case without
a second antenna.

Experimentally the propagation length of gap modes with a width
of 80 nm was measured at λ = 1.5 µm. As shown in Fig. 4.11, the
radius of the bent part(R) is fixed to 3 µm and the length of the
straight part(L) varies from 1 µm to 4 µm. The metal end rather
than a second transmitting antenna is used for detection, since the
reproducibility of the FIB etched waveguide end is much higher
than a second antenna. The light power at the waveguide end is
extracted and normalized to the power of the optical beam focused
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Figure 4.10.: The inset shows a schematic view of a curved waveguide by
cross-polarization detection. Scanning electron micrograph
of a receiving antenna connected to the waveguide (a) and a
receiving antenna connected to the waveguide with a trans-
mitting antenna at the other end (b) (white arrows are the
polarization direction of the incident beam and the cross po-
larizer in front of the camera). Reflection images focused
on the substrate surface recorded with a CCD camera when
the incident beam at λ = 1.5 µm without (c) and with (d)
the cross polarizer in front of the camera at the sample (a).
Reflection image (e) with the cross polarizer at sample (b).

on the pure glass substrate to exclude the sensitivity on instabil-
ity of the laser power. The coupling efficiency of the antenna on
each measured sample is maximized by adjusting the position of the
nanoantenna relative to the focused beam by the piezo stage. By
fitting an exponential decay function to the derived data the decay
length is 2.1±0.8µm. In eigenmode analysis of such gap waveguides
from FEM simulations, the cutoff width for a bound mode without
cladding on top of the substrate is around 60 nm when the silver
layer thickness is 100 nm. In the experimental samples, the gap was
found to be etched down around 30 nm into the glass substrate by
cutting the waveguide using the FIB and observing the cross section
of the gap. The real cutoff width should be slightly larger than the
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Figure 4.11.: Power emitted from the end of the waveguide versus total
waveguide length which is fit exponentially (the red line).
Inset: scanning electron micrograph of one measured sample.
Radius of the bent part(R) is 3 µm. Length of the straight
part(L) varies from 1 µm to 4 µm.

aforementioned value of 60 nm. The rather low value of the decay
length might be due to the fact that the fabricated waveguide width
of 80 nm is expected to be near cutoff. Also the losses of sputtered
silver layers seem to be much higher than the values for silver [80]
used in the simulation. Another reason for the low decay length
might be that the FIB structuring process introduces roughness on
the sidewalls of the gap, which results in additional scattering losses.

4.5. Conclusion

In this chapter, the coupling of far field light to highly confined
plasmonic gap modes via connected nanoantennas is experimentally
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demonstrated. The excitation of plasmonic gap modes is shown
to depend on polarization, position and wavelength of the incident
beam. Coupling of the far-field light to the plasmonic waveguide can
only be successfully achieved when the optical beam hits the antenna
spatially and at resonant wavelength with the correct polarization
direction. Both the numerical and experimental spectra have a max-
imum around 1.5 µm. A relative broad resonance of the antenna is
observed. Experiments and simulations suggest that about 15% of
the beam’s energy is coupled to the waveguide. Far-field measure-
ments in crossed polarization allow to detect extremely weak signals
from gap waveguides and can increase signal-to-noise ratio dramat-
ically. The bend loss of the gap mode is low with a bend radius
in µm range. The measured propagation length of the excited gap
modes with the gap width of 80 nm is 2.1 ± 0.8 µm. It is proved that
optical antennas can potentially be used for selective excitations of
highly confined plasmonic waveguide modes in further integrated
plasmonic chips.
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Chapter 5
Scanning near-field
measurements

5.1. Tip-Sample interactions

Normally in non-contact atomic force microscopy, the tip is driven
to vibrate at a certain frequency ω with an oscillation amplitude of
a few nanometers (∼ 10 nm), and is approached to the sample at
a constant speed. When the tip is far away from the sample, the
tip-sample interaction can be neglected. The model of a damped
harmonic oscillator can be applied as

m0
∂2x

∂t2
+ (m0ω0/Q)

∂x

∂t
+ m0ω2

0x = F0eiωt. (5.1.1)

If we assume x(t) = Aeiωt, the amplitude and the phase of the tip
are

A(ω0) =
A0(ω0/ω)

√

1 + Q2(ω/ω0 − ω0/ω)2
and (5.1.2a)

θ0 = tan−1[
ω0ω

Q(ω2 − ω2
0)

], (5.1.2b)
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where A0 = F0Q
m0ω2

0

is the oscillation amplitude at the resonance fre-

quency ω0 which is defined as ω0 =
√

Ks/m0. Q is the quality factor
(Q � 1). m0 is the effective mass. Ks is the spring constant.

When the tip is close enough to the sample surface (normally tens
of nanometers), the force gradients of the interactions between the
tip and the sample surface are detected as shifts of the tips’s res-
onance frequency. It should be noticed that the technique of the
scanning force microscopy does not measure the force but the force
gradients [109]. The shift in the resonance frequency will induce
changes of the amplitude and phase of the vibration. Thus either
frequency, amplitude or phase are used as a feedback signal and can
be controlled by a feedback loop system. The distance between the
tip and the sample is adjusted to maintain a constant oscillation
frequency, amplitude or phase during the scanning process. In the
feedback control of the Nanonics’ SNOM, there is an option of ampli-
tude feedback and phase feedback. It is better to use phase feedback
rather than amplitude feedback, since the change in amplitude of the
tip vibration is less sensitive and does not respond to a change of the
tip-sample interaction instantaneously. The force gradients between
the tip and the sample surface modifies the effective spring constant
of the tip by keff = k − F ′, where F ′ = dFn

dn . Suppose the tip os-
cillates vertically to the sample surface, so that the approximation
~n = ~z can be made. F ′ is then simplified as F ′ = dFz

dz .
The change in spring constant k due to the force gradient induces

a shift of the resonance frequency of the tip [109]. The resonance
frequency of the tip with the existence of the force gradient can be
expressed by

ω′
0 =

√

keff/m0 =
√

(k − F ′)/m0. (5.1.3)

If F ′ is small compared to k, the equation can be written as

ω′
0 = ω0

√

1 − F ′

k
' ω0(1 − F ′

2k
), (5.1.4)

where ω0 is the resonance frequency without a force gradient. In case
that the attractive force of the surfaces increases, when the tip comes
close to it, F ′ is positive and the frequency decreases (ω′

0 < ω0).
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Figure 5.1.: The curve of the oscillation amplitude versus the oscillation
frequency for atomic force microscopy in a non-contact mode.
(a) In the constant Q mode, the resonant amplitude stays
constant. But a change in force gradients F ′ causes a lateral
shift of the resonance curve. When the tip is driven at the
frequency ωD which is slightly larger than the intrinsic reso-
nance frequency, the change of the oscillation amplitude δA
is induced. (b) In the constant frequency mode, the oscilla-
tion amplitude A is a direct measure of the dampling γ or
the Q factor (γ = k/ωQ). (c) The resonance property as a
combination of case (a) and (b).
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Figure 5.1(a) [4, 54] shows how the resonance frequency shifts in
the presence of the force gradients F ′.

Similar to eq. 5.1.2b, the vibration amplitude of the tip with mod-
ified resonance frequency ω′

0, due to the presence of the force gradi-
ents, can be expressed as

A′(ω′
0) =

A′
0(ω′

0/ωD)
√

1 + Q2(ωD/ω′
0 − ω′

0/ωD)2
, (5.1.5)

where A′
0 is the oscillation amplitude at the modified resonance fre-

quency ω′
0. ωD is the driven frequency applied to the tip. The

change of amplitude (δA) is maximized for a small change of F ′

(δF ′) if the driven frequency is [72]

ωD = ω′
0(1 ± 1/

√
8Q) = ω0(1 ± 1/

√
8Q)(1 − F ′

2k
). (5.1.6)

The corresponding change of the amplitude has the value

δA =
∂A

∂F ′ δF ′ =
2A0Q

3
√

3(k − F ′)
δF ′. (5.1.7)

The effect on the phase of the tip’s vibration can be analyzed in
a similar way.

As described above, mainly the resonance frequency shift is dis-
cussed. In fact, the Q factor is also influenced by the tip-sample
interaction. In the constant frequency mode shown in Fig. 5.1(b),
the oscillation amplitude A is a direct measure of the damping γ or
the Q factor (γ = k/ωQ) [46, 54]. The changes ∆Q is observed by
measuring the change of the driving amplitude at the fixed resonance
frequency ω0.

4A

A0

∼= ∆Q

Q0
. (5.1.8)

In reality, the change of the resonance property under the tip-
sample interaction is a combination of the constant Q mode (see
Fig. 5.1(a)) and the constant frequency mode (see Fig. 5.1(b)) which
is shown in Fig. 5.1(c). And it is difficult to distinguish between
these two modes.
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The principal of non-contact mode and tapping mode atomic force
microscopy (AFM) are similar except that the oscillation amplitudes
of the tips are different. For a tapping-mode AFM, the distance
between the tip and the sample is tens of nm which is much larger
than the case for a non-contact AFM (<10 nm). The disadvantage
of non-contact AFM is that once the tip has a contact with the
sample accidentally, the tip can stick to the sample surface and stop
vibrating (due to the meniscus force of the liquid layer on top of the
sample). Therefore a larger vibration amplitude is used in tapping
mode AFM [113] in order to detach the tip away from the sample
surface. Since the tip makes strong contact with the sample, the
tip can be easily degraded and the sample is tend to be damaged.
This causes a lower resolution of tapping mode AFM compared to
non-contact AFM.

In the Nanonics software you have to set a driven frequency for the
tip and a set-point value which controls the force between the tip and
the sample. The amplitude and phase responses of the tuning fork
are measured first(see Fig. 5.2). The red solid dot in the plot is the
position where the driven frequency is set. At this driven frequency,
the slope of the phase response over the frequency is steepest, which
means that the change of the phase is the most sensitive around this
point.

Error = SignalLock-in+Set-point. The set-point is always negative.
In amplitude feedback mode, the absolute value of the set-point is
approximately 80% of the lock-in amplitude. Therefore the error
signal should be 20% of the lock-in amplitude when the tip is far
away from the sample. Eq. (5.1.7) yields

4A

A0
= (

2Q

3
√

3(k)
)F ′. (5.1.9)

Suppose we have following parameters: Q = 700, k ' 13.000N m−1,
F ′ ' 10 ∼ 30 N m−1. The shift of the amplitude 4A, which is equal
to the error signal before approaching the tip, is normalized to the
lock-in amplitude, 4A

A0
∼ 0.2 (also see Fig. 5.3). And this matches

the above general rules of the error settings.
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Figure 5.2.: The measured amplitude and phase responses of the tuning
fork/tip assembly. The unit of y axis is in volts. The red solid
dot is the point where the driven frequency is set.

In addition, the force-distance curve shown in Fig. 5.3 is measured
experimentally using the function "Force calibration" in the SPM
(scanning probe microscope) control settings of the software. When
the tip is far away from the sample surface, this amplitude stays con-
stant (the left side of the graph). When the tip is approached to the
sample inside the zone A, the oscillation amplitude decreases but the
tip is still far enough from the sample (around 35 nm). In the zone B,
the tip starts to interact with the sample, and it stops its approach-
ing when the real amplitude reaches the reference amplitude (80% of
the total amplitude shown as the reference point in Fig. 5.3). From
this curve, the real physical amplitude of the fork oscillation can be
obtained and it should be in the range of the total width of the zone
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A and B where the amplitude decreases from the maximum value in
volts (far away from the sample) to zero (in contact to the sample).
The real physical oscillation amplitude of the tip is determined by
"total gain" and "osc out1" in the lock-in setting. And the measured
physical amplitude of one test SNOM tip is around 50 nm with the
total gain setting of 50. In the Nanonics system, the settings of "to-
tal gain" and "oscillation amplitude" should be adjusted to achieve a
standard lock-in amplitude of 8 V. This means the set-point should
be −6.4 V and the corresponding error should be around 1.6 V. For
soft samples, a low oscillation amplitude is needed and the total gain
should be high enough (50 ∼ 80). For hard sample, low total gain
(10 ∼ 20) can be used. In the phase feedback mode, an initial value
of the phase (0 or a little below 0) is set in the phase curve, because
at this postion the slope of the curve is largest and the change of
the phase is most sensitive to the shift of the frequency. Usually an
error of 0.3 is chosen before approaching the tip. If the tip-sample
interaction needs to be minimized in order to avoid damage of soft
samples, the setpoint should be carefully adjusted to achieve a small
error (0.03 ∼ 0.2).
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Figure 5.3.: The measured force-distance curve.

Normally the error signal is small, and it is amplified by PID
(proportional-integral-differential) gains of the SPM controller as
shown in Fig. 5.4. And the height signal is actually the error post-
processed by the gain amplifier. To obtain a scanning image, the
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height signal is converted to a voltage signal (also called a correction
signal) which can control the Z-piezo of either the sample scanner
(lower scanner) or the tip scanner (upper scanner) to maintain a con-
stant tip-sample distance. If the tip scans over a protruding area,
the tip-sample interaction reduces the oscillation amplitude of the
tip. Therefore the error signal becomes negative, and the tip or the
sample is retracted by the scanner. In the opposite case for a con-
cave area, the oscillation amplitude increases and the error signal is
positive so that the tip or the sample approaches towards the other.

Lock in
SPM controller

PID gains

Sensor

Scanners

Scanners

Ref

set-point

lock-in signal

Error signal

Error signal= set-point + signal lock-in

ΔA  or Δφ

Height
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Correction
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Au
Substrate

HV

amplifier

Z drive
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Figure 5.4.: Schematic view of the AFM feedback loop of a SNOM for
controlling the tip-sample distance. A reference amplitude
(phase) and the measured data are sent to the lock-in am-
plifier. The output of the error signal with 4A or 4ϕ is
amplified by a Nanonics SPM controller. The height signal
is actually the error postprocessed by the PID gains. After-
wards the correction signal which is obtained from the HV
amplifier is used to control the z scanner of either the sample
or the tip.

In order to test the resolution of the Nanonics SNOM system, an
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AFM tip with a diameter of 10 nm is used for a scan over the sample
of a waveguide array connected with an antenna1. Figure 5.5(a)
shows the scanning image of the sample. The topography profile
on the cross section (black solid line) is shown in Fig.5.5(b). The
measured width of the etched groove is around 60 nm, and the width
of the silver stripe is around 100 nm.
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Figure 5.5.: (a) The AFM scan image of a waveguide array connected with
an antenna. (b) The topography profile on the cross section
(black solid line) in (a).

5.2. Near-field excitation and detection of

surface plasmon polaritons by
double-tip SNOM scans

As was discussed in the Chapter 5, scanning near-field optical mi-
croscopy (SNOM) can either work in collection mode or illumination
mode. However, the most commonly used scheme for the study of
propagating properties of plasmonic waveguide modes is far-field ex-
citation and near-field detection using a SNOM in collection mode
[21, 98]. SPPs can be excited from far field by ATR prisms, gratings
and strongly focused beams as we discussed previously. In this sec-
tion, double-tip SNOM scans are demonstrated in which one tip is

1The sample is fabricated by Arian Kriesch and Daniel Ploss
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for near-field excitation and the other for near-field detection. Dal-
lapiccola et al. [27] has performed a similar experiment and has
drawn conclusions as we had.

In contrast to conventional excitation schemes such as prism or
grating coupling, the near-field optical probe acts as a point source
to provide local excitation of SPPs over a subwavelength area. The
illumination light from a small probe with an aperture size of a
(a ≤ λspp ≤ λ0) has a wave vector which fulfills the requirement
of phase matching to surface plasmonic waves (k ≥ kspp ≥ k0).
The excitation area of the metal surface can be chosen freely by
controlling the X-Y position of the illumination probe.

A schematic view of the configuration of the double-tip scans is
shown in Fig. 5.6. As shown in this figure, tip-2 is connected to
AOTF laser source and works in illumination mode. For AOTF set-
ting, both the laser power and the AOTF power were set to 100%
and the wavelength of the laser was chosen to 1.55 µm. The direct
output power of the AOTF (point A) was 22 mW, and after the cou-
pling stage, including the coupling objective towards the fiber, the
power dropped to 13.6 mW (point B) as a maximum value. The laser
light with this power was then coupled into a multi-mode fiber and
reaches at its end (point C) with a measured power of 6 mW. The
light was finally coupled into the end facet of tip-2 for excitation.
The tip-2 has a diameter of ø = 500 nm with an oscillating central
frequency of 42.665kHz, whereas tip-1 has a diameter of ø = 200 nm
with an oscillating central frequency of 40.13 kHz. Both tips were
trigged by the tuning fork in tapping-mode. The upper scanners and
the AFM-feedbacks for tip-1 and tip-2 are controlled by separate
systems like controller-1 and controller-2. The lower scanner and
the AFM-feedback for the lower stage are controlled by controller-1.
Illumination tip-2 was in a fixed position while tip-1 scanned over
the sample in collection mode, measured the near-field light intensity
and then transferred the light to an avalanche photodetector (APD).
To achieve this, first of all, the tips were brought close to each other
by the step motor until both of them could be seen under the micro-
scope objective. Then the tips were approached towards the sample
surface separately until the contact point. Both tips must work in
the scan and offset mode. By choosing this mode, the X and Y chan-
nels of the controller control the X-Y movement of the tip via the
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upper-scanner. The X channel and Y channel knobs of controller-1,
which control the X-Y movement of tip-1, were adjusted in order to
move tip-1 slowly to the vicinity of tip-2. When tip-1 touched tip-
2, the Z channel (AFM-feedback) of controller-2 changed its value.
By observing the Z channel of controller-2, we immediately stopped
the motion of tip-1 and were able to bring both tips very near to
each other without crashing them. The minimum distance between
the tips is approximately the sum of the aperture radii of the fiber
and coating thicknesses. Afterwards tip-1 was moved back parallel
to the sample surface by some distance (eg. 20 µm) depending on
the scanning area. Before doing that, we have to make sure that
the maximum displacement of the upper scanner is 30 µm, and the
range of the piezodriver in volts is 290 V (from −145 V to 145 V).
Now the corresponding voltages can be calculated to adjust the X
and Y channel in order to move tip-1 by 20 µm. Attention should
be paid to the relation of the direction of motion and the sign of
the voltage. To make sure that tip-1 does not crash into tip-2, a
small scanning area was chosen in the beginning with a size less
than 20 µm (the distance between the two tips). Please note that
the tips scan in an angle of 45◦ with respect to the direction of the
lower scanner.

The scan area of tip-1 is 20 µm × 20 µm with a scan speed of
12 ms/point. During the scan, the information of height and col-
lected light intensity were recorded simultaneously. Fig. 5.7(a) shows
the AFM image of the scanning surface. The SNOM image of the
corresponding area measured at the wavelength of 1.55 µm is shown
in Fig. 5.7(b). The images were captured by scanning with tip-1 in
collection mode while keeping the tip-2 in contact with the sample
surface. In Fig. 5.7(b), an exponentially damping with oscillation
patterns can be observed which shows the similar result as Dallapic-
cola et al. obtained in [27]. The intensity oscillations might be
caused by different effects. When the collection tip-1 is far away
from the excitation tip-2, there might be an interference between
the near-field light from tip-2 and the SPPs which are excited by
tip-2. As long as tip-1 is close enough to tip-2, the decayed total
fields can be reflected back from the coated surface of tip-1. The
field distribution shown in Fig. 5.7(b) is a combined effect which
should be investigated further with more experiments.
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Figure 5.6.: Schematic of the experimental setup for the near-field excita-
tion and near-field detection with the double-tip SNOM. The
inset shows the camera image of the double tips when they
are near to each other and in contact with the sample surface.
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Figure 5.7.: (a)The AFM image of the scanning surface of the Au film.
(b) The SNOM image acquired in the same area as (a).
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5.3. Scanning near-field detection in

illumination mode with polarization
control

Unlike the double-tip scanning measurement described in the last
section 5.2, we work with only one controller and make an illumi-
nation mode scanning with polarization control of the light through
the tip in order to obtain a scanning image with better contrast.
The infrared laser has a power of 2.7 mW ± 0.05 mW at the wave-
length of 1.55 µm. The setup for coupling the infrared laser to the
end facet of the SNOM fiber is shown in Fig. 5.8. The light from
the infrared laser passes through an optical isolator which prevents
unwanted feedback into the laser cavity. It is then coupled to a
single-mode fiber, and collimated by an objective with a numerical
aperture (NA) of 0.25. Afterwards the polarization of the light is
adjusted by a half-wave plate, and is then filtered with a polarizer.
Finally, the light is focused by a second objective with a NA of 0.4
to the end facet of a multi-mode fiber, which is connected to the
end of the SNOM fiber (point A). The tower-2 and controller-2 are
used to control the tip scanning. An illumination tip with a diam-
eter of 50 nm and a resonance frequency of 45.09 kHz is fed with
a laser light at the coupled facet. A InGa photodiode detector is
located underneath the sample. A home-made photodiode amplifier
is used for the magnification of the signal. The setting should be
adjusted to step-6 (magnification of 501×) with a detected signal
around 1.3 V. The BNC cable out of the amplifier is connected to
the channel aux-2 of the SPM controller box which allows the trans-
portation of the external signal. To avoid the multi-reflections of
the glass substrate and increase the collection efficiency of the de-
tector, an index matching liquid is used between the sample glass
substrate and the photodiode. Since the sample should keep static
relative to the photodiode, the X-Y scanning should be controlled
by upper scanner (tip scanning). And the Z-axis feedback is set to
be upper scanner as well. Scan and slope compensation mode is
chosen for the controller of the upper scanner. And scan and offset
mode is used for the controller of the lower stage. The scan area is
5.11 µm × 5.11 µm with resolution 216 × 216 points. The scan speed
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is 20 ms/point.
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Figure 5.8.: The setup for coupling the infrared laser to the end facet
of the SNOM fiber. The polarization of the incident light
coupled to the SNOM fiber is controlled by the half-wave
plate and the polarizer of the coupling stage.

The measured structure which includes a single waveguide and a
waveguide connected with an antenna is shown in Fig. 5.9(a). Fig-
ure. 5.9 shows the scanning near-field optical images in illumination
mode with polarization of the light at point B being h-pol (horizon-
tal to the sample surface y-z plane shown in Fig. 5.8, θ = 90◦ means
the axis of the polarizer is 90◦ relative to the x axis) in (b), v-pol
(vertical to the sample surface, θ = 0◦) in (c) and θ = 45◦ in (d).
The power of the laser light to the SNOM fiber at the point A is
optimized till 2.9 mW (polarizer: h-pol), 3.6 mW (polarizer: v-pol)
and 2.95 mW (polarizer: θ = 45◦) by rotating the half-wave plate.

In Fig. 5.9(b), by comparing the field distributions along the sin-
gle waveguide and the other waveguide connected to the antenna,
we can see that the gap mode is not successfully excited by scan-
ning the illumination probe on top of the waveguide. Because if
the gap mode is excited, a clear difference between the field dis-
tributions along the two waveguides will be observed, due to the
enhanced emission from the antenna. The field distributions along
the waveguide do not exponentially decay, and the intensity may
arise from the transmission of the near-field light from the aperture
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of the tip through the slit. Thus Fig. 5.9(b), (c) and (d) are rather
image formations of the structure than the detection of plasmonic
gap modes. Figure 5.9(b) shows a better signal to noise ratio com-
pared to Figure 5.9(c) and (d). At point B in Fig. 5.8, suppose the
linear polarized light along the y axis (h-pol) maintains most of the
polarization state after it propagates through the multi-mode fiber
and the tapered bent SNOM fiber. This is the simplest case and in
reality much more complicated interaction happens. However, we
assume that a large component has polarizations along the y axis
of the sample coordinate (see Fig. 5.8), which is perpendicular to
the direction of the waveguide. Light with the polarization along
the x axis (v-pol) at point B will turn the direction along the bent
fiber to the z axis of the sample coordinate system, which is paral-
lel to the direction of the waveguide. Since the transmission of the
light is higher for the incident polarization direction perpendicular
to the waveguide slit, Fig. 5.9(b) has a better polarization contrast
compared to other cases. Another effect which should not be ne-
glected is that, when a coated tapered near-field probe approaches a
metallic surface with a distance much smaller than a wavelength, a
cavity forms between the bottom of the tip and the metallic surface.
This causes electric fields to align mainly perpendicular to the sam-
ple surface [35]. Thus what is measured in Fig. 5.9 is a combined
probe-sample interaction due to the light perpendicular to the sam-
ple surface in the probe-sample cavity, as well as the maintained
polarized light which is controlled by the polarizer before point B.

5.4. Conclusion and outlook

In this chapter, experiments of double-tip SNOM scans are per-
formed for excitation and detection of propagating surface plasmons
on a planar silver film. In the scan measurement, two tips are con-
trolled by separate systems, for which one offers local excitation
of SPPs and the other collects the light from the near field. The
images are acquired by scanning the detection probe in collection
mode while keeping the excitation probe in contact with the sam-
ple surface. The scanning image shows an exponential decay with
oscillation patterns. The intensity oscillations may come from the
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Figure 5.9.: (a) SEM image of the measured structure which includes a
single waveguide and a waveguide connected with an antenna.
Scanning near-field optical images in illumination mode with
the polarization of the light sent into the fiber being (b) po-
larized horizontal to the sample surface (h-pol), (c) polarized
vertical to the sample surface (v-pol), (d) 45◦ polarized rela-
tive to v-pol. The intensities in panels (b), (c) and (d) are
normalized to the maximum and minimum values in panel
(b).

interference between the near field of the excitation tip and the prop-
agating plasmons excited by the tip. Additionally, single-tip scan in
illumination mode is performed. A better polarization contrast im-
age is obtained by rotating the polarization of the incident light,
which is coupled to the SNOM fiber.

The polarization state of the light emitted by the SNOM tip
should be measured without a sample and the properties is still
under discussion. When an incident light with linear polarization is
coupled to the SNOM tip, the light coming out of the bent SNOM
tip is elliptically polarized, due to the anisotropy in deformation of
the core in the tapered process [73]. Mitsuoka et al. [73] reported
a linear polarized light with an extinction ratio of around 70 : 1
emerging from a SNOM tip by adjusting the quarter-wave plate for
the incident beam. They found that a tapered bent tip degraded
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the extinction ratio from 100−200 : 1 of a non-tapered bent fiber to
70 : 1. It is unknown at the moment that how the aperture size of the
tip influences the extinction ratio of the polarization state. Recently,
Adiga et al. [3], Patanè et al. [81] developed polarization-maintaining
near-field probes from which linear-polarized light maintains. For a
complete understanding of polarization effects in near-field scanning
images, further experiments with the control of polarization state
for both the incident and detected beam are needed.
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Chapter 6

Cathodoluminescence of
plasmonic resonators

As is well known, SPPs in a thin film can not directly couple to
external light because of the existing phase mismatch. However
they become radiative if a grating is used to achieve phase match-
ing. Teng and Stern [94] have been the first to observe the optical
emission of the excited SPPs by electrons impinging on a grating.
Recently Bashevoy et al. [15], van Wijngaarden et al. [97] have fur-
ther shown out-coupling SPPs from planar metal surfaces excited by
an incident electron beam using a distant grating. A propagation
length in the range of hundred nm was reported, and an increase
in propagation length with increased wavelength was observed [97].
Several experiments have been successfully performed by investigat-
ing various nano-structures such as spherical metallic particles [111],
metallic triangles [23] and nanorods.
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6.1. Introduction of cathodoluminescence

spectroscopy

For cathodoluminescence measurements of our plasmonic resonators,
the sample is scanned by the electron beam and the emitted light
is detected. Thus information on the optical properties of the sam-
ple are obtained with a resolution close to that of an SEM. In our
institute we possess a Gatan MonoCL3 cathodoluminescence spec-
troscopy, which is attached to a Hitachi scanning electron microscope
(SEM). The SEM can offer an electron beam with a high accelera-
tion voltage up to 30 kV. Figure 6.1(a) shows the schematic view of
the inner setup inside the vacuum chamber of the SEM. A parabolic
aluminum mirror is placed 1 mm above the sample surface, with
which the mirror’s focal point should coincide. An electron beam is
injected to the sample through a hole in the mirror. The emitted
light from the sample is collected by the parabolic mirror and is
reflected as a collimated beam by the parabolic shape of the mirror
to a hollow waveguide tube. The light is then transferred to a black
box of a Czerny-Turner monochromator shown in Fig. 6.1(b). There
are two primary modes which are monochromatic and panchromatic
modes respectively. The following three combinations from these two
modes can be used for the detection of the light.

Panchromatic with PMT can acquire spatially scanning images (also
called panchromatic images) of the sample surface over the
whole spectral range of the PMT detector1.

Monochromatic with PMT can acquire spatially scanning images
(also called monochromatic images) of the sample surface at a
specific wavelength. A spectrum analysis can also be achieved
by scanning through the wavelength serially with a mechani-
cally rotated grating.

Monochromatic with CCD can acquire the spectrum simultaneously
by the CCD-detector without scanning the wavelength. The
spectrum 2 can arise either from the emission of one single
point on the sample or from a certain area of the sample.

1The detection spectral range of PMT is 185 ∼ 930 nm
2The detection spectral range of CCD is 200 ∼ 1100 nm
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Figure 6.1.: (a)Schematic of the excitation by the electron beam and the
collection of the emitted light by the parabolic mirror in the
CL system. The waveguide tube which is attached to the mir-
ror guides the light to the black box of spectrometer shown
in (b). (b) Schematic of the Czerny-Turner monochromator
(taken from Ref. [1]). Light(A) is focused onto an entrance slit
(B) and is collimated by a curved mirror(C). The diffracted
beam from a rotatable grating (D) is refocused by a second
mirror (E) at the exit slit (F). The wavelength of the outcom-
ing beam (G) can be selected by rotating the grating (D).

Inside the monochromator, the two slit widths have the same
value. For the 1200 lines/mm grating, the resolution of the spec-
trum is approximately 2.7 nm with a slit width of 1 mm. The small-
est achievable slit width is 0.1 mm. The corresponding maximum
resolution for the 1200 lines/mm and the 300 lines/mm gratings are
0.1 nm and 0.4 nm respectively. Both gratings are blazed for a wave-
length of 500 nm. By using the monochromator, the emitted light
can be resolved spectrally. And by accurately positioning the elec-
tron beam, the scanning monochromatic or panchromatic images
can be spatially resolved with a resolution limit of the focal size of
the electron beam. The beam diameter with an acceleration voltage
of 30 kV and a current of 30 nA is about 10 nm [63]. Thus the spatial
resolution of a CL detector is much smaller compared to the resolu-
tion of a SNOM which is limited by the aperture diameter of the tip
(smallest ∼ 50 nm). Such a high resolution allow us for a detailed
study of the plasmonic resonance structures.

Figure. 6.2 illustrates multiple excitation processes by an electron
beam impinging towards the sample surface [39]. Localized plasmons
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in metallic nanoparticles can be excited by the electron and
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Figure 6.2.: Sketch of the excitation process in a metal film by impinging
an electron beam [39]. The electron beam can excite propa-
gating SPPs or localized resonant plasmonic modes (particle
plasmon). Localized particle plasmons can decay by coupling
to emitted light ( path (1) of CL). The material can also be
excited which are then decay radiatively. The electrons of
high energy level can go back to the initial state or a differ-
ent excited state (path (2) and (3) of CL). In metals, the
dominant decay channel is the secondary electron emission
(SEE) which consist of detected Auger electrons (AEs) and
direct secondary electron excitations (SE). Therefore various
detectable signals are available: CL, secondary electron emis-
sion (SEE) and electron energy-loss spectroscopy (EELS).

then decay radiatively. Besides, propagating surface plasmons on
planar metallic surfaces can also be launched. Compared to local-
ized particle plasmons, propagating surface plasmons can not decay
radiatively unless there is an obstacle (an edge or a grating) nearby.
However, both plasmons can partially decay by transferring their en-
ergy to excitations of the material or to secondary electron emission
(SEE).
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6.2. Detection of plasmonic resonators

A silver layer with a thickness of 100 nm was deposited on a quartz
substrate. Nanorods with a fixed width of approximately 50 nm
and various lengths were fabricated using Focus Ion Beam milling
system (FIB). Figure 6.3(a) shows a scanning electron micrograph
of a nanorod structure with a measured length of 666 nm. The
quartz substrate gives an emission spectrum. The slit width is set
to be 5 mm and the corresponding bandwidth is 13 nm for the 1200
lines/mm grating. The slit width is wider than in the normal case to
obtain a large enough count rate of 300 ∼ 600 cps. It is found that
the count rate is neglectable if the slit width decreases to 2.5 mm.
This is due to the fact that cathodoluminescence of plasmonic struc-
tures is very weak. Figure 6.3(b)(c) shows CL monochromatic scan-
ning images of the nanorod at the central wavelength of 400 nm and
600 nm. Each pixel value corresponds to the luminescence intensity
with the electron beam impinges on the position of the correspond-
ing pixel. For the wavelength of 400 nm, we can see that a clear
modulated intensity pattern with four maxima and three minima
exist along the long axis of the nanorod. This can be explained
as a standing wave pattern induced by the interference of propa-
gating surface plasmonic waves and reflected waves from the edge
of the rod. Therefore it forms a Fabry-Pérot condition at the res-
onant wavelength. When the incident beam impinges an antinode
position of the pattern, the emission intensity is strong where the ex-
citation should be the most efficient. The nanorods behaves like an
antenna and the excited particle plasmons decay radiatively which
contributes to CL. For the wavelength of 600 nm, no clear pattern
is obtained. The resonant pattern image can be only successfully
acquired with an extremely high magnification of 100K. In contrast,
no good emission pattern is observed with a relatively low magnifi-
cation of 35K as shown in Fig. 6.3(d).

As shown in Fig. 6.4, the background emission of the pure quartz
substrate is strong which indicates that quartz glass is not an ideal
choice for a substrate. In contrast, a n-doped silicon substrate has
no significant background emission. Thus n-doped silicon substrate
should be chosen for further experiments. Enhanced emission is
observed with the nanorod at the peak position of the background
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Figure 6.3.: Cathodoluminescence images of a nanorod. (a) A scanning
electron micrograph of the nanorod with a measured length
of 666 nm. Monochromatic scanning cathodoluminescence
images with the magnification of 100K at λ = 400 nm (b),
λ = 600 nm (c), and with a smaller magnification of 35K at
λ = 400 nm (d). All images are taken with the same set-
tings except the magnification of the images and the detected
wavelength.

spectra. An intuitive explanation could be that the direct excitation
of particle plasmons by the electron beam and indirect excitation of
plasmons by the re-emission light from the substrate contribute to
the enhanced emission.

6.3. Conclusion

The excitation of localized SPPs by the source of electron beam is
demonstrated. Localized surface plasmons can decay by coupling to
emitted light. Cathodoluminescence is used to map resonant plas-
mon modes by scanning the electron beam over the structures. The
scanning electrons allow for acquiring images with a resolution limit
of the focal size of the electron beam (∼ 10 nm). The nano-rod be-
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haves as a Fabry-Pérot resonator at the resonant wavelength. The
magnification of the electron scans should be high enough to obtain
a good monochromatic image.
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Figure 6.4.: The strong background emission of the pure quartz substrate
(black square) and the emission of the nanorod on top of the
substrate (red dot). The emission peaks at λ = 450 nm and
650 nm are enhanced by the existence of the nanorod.
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Chapter 7
Outlook

The properties of plasmonic directional couplers are interesting for
plasmonic waveguide-based metamaterials. The geometry configu-
ration of the two coupled waveguides for the current experiments
allow us to develop a system with negative coupling, which means
that the phase of the field in the crossed waveguide is ahead of that
of the bar waveguide. Negative coupling is an important factor for
negative diffraction, which could be realized by a plasmonic waveg-
uide array. Additionally, a combination of multiple optical antennas
and waveguides produces a new functionality. The communication
between two antennas is an alternative method of guiding signals
instead of plasmonic waveguides. A concept of wireless communi-
cation between optical antennas is demonstrated experimentally for
the first time.

7.1. Plasmonic directional couplers

Similar to the well-known directional couplers of dielectric waveg-
uides, plasmonic waveguides in terms of stripes, gaps, particle chains
also present coupling properties between two or more closely posi-
tioned waveguides. It is particularly interesting, since the maximum
integration level of plasmonic circuitry depends on the crosstalk of
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two adjacent waveguides. Thus the coupling strength needs to be
decreased as much as possible to avoid cross talk in order to increase
the integration level. Another function like splitting and combining
waves on a subwavelength scale allows us to develop and optimize
plasmonic directional couplers with a coupling length of only a few
microns. This is smaller or comparable in size to the decay length
of propagation modes. Boltasseva et al. [19] have experimentally re-
alized a directional coupler from stripe waveguides with a coupling
length of a few millimeters. Unfortunately, both the coupling length
and the decay length of the coupled system using stripe waveguides
are not on a subwavelength scale. Gramotnev et al. [42], Veronis
and Fan [101] discussed the coupling properties of two gap waveg-
uides and demonstrated that the majority of coupling is not due
to the evanescent tails inside the metal between the two gaps, but
rather from the surrounding dielectric medium. This is a reason
to explain a relatively strong coupling strength of two gap waveg-
uides. Figure 7.1(a) depicts such a directional coupler consisting of
two plasmonic gap waveguides on a glass substrate. Coupled-mode
theory can be used to describe the coupling between two adjacent
waveguides.

The electric field of the coupled structure can be approximated
by

E = A(z)Eaei(wt−βaz) + B(z)Ebei(wt−βbz), (7.1.1)

where A(z) and B(z) represent the magnitude changes over the prop-
agation direction (z-axis) in the bar waveguide a and the crossed
waveguide b, while Ea and Eb are mode distributions in the waveg-
uides when they are far away from each other.

Eq. 7.1.1 should fulfill the wave equation, thus the following equa-
tions for a coupled system are obtained

i
∂

∂z
A + κB = 0 i

∂

∂z
B + κA = 0. (7.1.2)

The solution is given by

Pa = P0e−αz cos2(κz) Pb = P0e−αz sin2(κz), (7.1.3)

where P0 is the input power to the bar waveguide a. κ is called cou-
pling constant, and α is decay length of the coupled system in which
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Figure 7.1.: (a) The directional coupler consists of gap waveguides on a
glass substrate. The bar waveguide a is fed by an input power,
and the crossed waveguide b is placed adjacent to waveguide
a. (b) Power distributions in the bar waveguide a and the
crossed waveguide b with κ = π/6 µm (coupling length: 3 µm)
and α = 1/6 µm (decay length: 6 µm).

the fields exponentially decay over z. After waves propagate for a
distance Lc = π/2κ (also named coupling length), the power trans-
fer from the bar waveguide a completely to the crossed waveguide b.
Here we assume that the phase velocities of the propagating fields
inside the two waveguides are equal. Figure 7.1(b) shows the power
distributions inside the coupled waveguides according to (7.1.3).

The coupling length can be obtained not only from the coupling
constant κ, but also from the propagation constants of the sym-
metric and anti-symmetric modes of the system. Thus the eigen-
modes of the coupled system are calculated by COMSOL 2D mode
solver. The structure consists of two identical gaps (width: 50 nm,
height: 100 nm) separated by a metal web (width: 100 nm) on a
glass substrate with λ = 1.55 µm. The whole structure is covered by
a cladding layer of silicon-nitride (n = 2). Figure 7.2 shows the field
distribution of Ex for anti-symmetric and symmetric eigenmodes of
such a structure.

The coupling length can also be calculated by

Lc =
π

|βs − βa| , (7.1.4)
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Figure 7.2.: Field distributions Ex of anti-symmetric (a) and symmetric
(b) modes of a coupled waveguide structure.

where βs and βa are the propagation constants of the symmetric and
the anti-symmetric mode of the coupled system respectively. The
cross-section field distributions of such a coupled system is a superpo-
sition of symmetric and anti-symmetric modes. The coupling length
depends on geometric parameters (gap widths, web widths and film
thickness) as well as the surrounding dielectric medium. It has al-
ready been found that the coupling length increases with increasing
the web width or gap width. Larger web width which means that the
two gaps are further away from each other, will weaken the coupling
effect, and this will induce a larger coupling length.

Figure 7.3 shows distributions of the time averaged powerflow of
two gap waveguides along the propagation direction. For the simula-
tion, the COMSOL 2D harmonic propagation module is used. The
widths of both gap waveguides are 80 nm and the distance between
those (web width) is 50 nm. The plasmonic gap mode is excited in
the top waveguide. As expected, field beating occurs along the prop-
agation direction transferring power forward and backward between
the bar waveguide and the crossed waveguide.

The first experimentally realized directional couplers with a cou-
pling length of only a few microns is depicted in Fig. 7.4. Fig-
ure 7.4(a) shows an SEM image of such a structure which includes
a receiving antenna, a bar waveguide and a crossed waveguide. The
bar waveguide is bent by 90 degrees and the crossed waveguide is
placed in close vicinity to the bar waveguide. The infrared camera
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Figure 7.3.: Distributions of time averaged powerflow in a coupled waveg-
uide structure at λ = 1.55 µm. The gap width is 80 nm, and
the web width is 50 nm. The gap is filled by silica.
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Figure 7.4.: (a) SEM image of a plasmonic gap coupler including a receiv-
ing antenna connected to a bar waveguide, and a crossed cou-
pled waveguide which is in close vicinity to the bar waveguide.
(b) Camera image of the corresponding structure (a) in cross-
polarization detection. The bright spot, which is marked as
Icoupled, proves that coupling has occurred, and the power
is indeed transferred from the bar waveguide to the crossed
waveguide. The polarizations of the incident beam and de-
tected light are indicated with white arrows [60].

image of the structure with incident light impinging on the receiv-
ing antenna is shown in Fig. 7.4(b) and the polarizations of the
incident beam and detected light are indicated with white arrows.
The incident light is coupled into the bar waveguide via the receiving
antenna and transferred to the crossed waveguide after a distance of
Lc. The light is finally scattered out at the end of the crossed waveg-
uide (marked as Icoupled) with its orientation perpendicular to the
long axis of the receiving antenna, which allows cross-polarization
detection.
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7.2. Wireless communication between

optical antennas

Plasmonic waveguides have already been investigated a lot by many
groups in the application of nanoscale optical circuits. However,
signals can also be transferred from one point to another in free space
if a transmitting antenna and a receiving antenna are used. Alù
and Engheta [7] theoretically proposed and discussed optical wireless
interconnects. As shown in Fig. 7.5, a transmitting antenna at the
starting point A and a receiving antenna at the destination point B
are fed by gap waveguides. The transportation of signals from the
starting point A to the destination point B are realized by wireless
broadcasting. Since the optical signal inside the wireless region is
not confined inside the metal, the losses are much less compared to
the case when the two points A and B are connected by a gap or
stripe waveguide. Hence, the signal strength decays not faster than
1/(d2) (d is the propagation distance) and not exponentially as in
the case of a lossy plasmonic waveguide. Inspired by RF wireless
communication, the first experiment of communications between two
optical antennas was done.

Figure 7.6(a) shows a SEM image of a FIB-fabricated structure
with three antennas combined with two waveguides. The distance
between antenna B and C is 1 µm. The incident optical beam is
coupled into a gap waveguide mode via antenna A for which the ge-
ometry is optimized for the wavelength of 1.55 µm. Antenna B is fed
by the gap waveguide, re-emits light to the surrounding environment.
The optical signal is transferred from antenna B to C in the wireless
region, and then coupled to 90 degrees bent waveguide. Finally the
light is scattered out at the waveguide end D. The large red spot
shown in Fig. 7.6(b) is the over-exposure of the reflected incident
optical beam. And above the incident beam there is a tiny spot
which indicates that the light captured by the receiving antenna C
is the re-emitted light from antenna B. This tiny spot disappeared
if the incident beam is moved up and down relative to the position
of antenna A.

Since most light emitted from the transferring antenna tends to
leak into the substrate which has a higher index ns than air, a
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Figure 7.5.: The schematic view of a wireless interconnect A to B with
two communicating antennas fed by gap waveguides and a
gap waveguide as an alternative communication channel from
A to B.
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Figure 7.6.: (a) SEM image of the wireless structure. The distance be-
tween antenna B and C is 1 µm. (b) Camera image of the cor-
responding structure (a) in cross-polarization detection. The
polarization of the incident beam is parallel to the long axis
of antenna A which is perpendicular to the polarization of the
detected light (indicated by white arrows) [85].



124 7. Outlook

cladding with the index nc > ns > 1 can be added on top of the
whole structure. Therefore a planar dielectric waveguide
(air/cladding/SiO2) is formed in the area between the two commu-
nicating antennas. A proper cladding material with a certain thick-
ness is required to have only a fundamental TE mode in the planar
dielectric waveguide (air/cladding/SiO2) between antennas and to
suppress any TE modes on top of the silver film (air/cladding/silver).
Thus the cladding thickness should fulfill dSiO2

< d < dAg, in which
dSiO2

and dAg are the calculated cut-off thicknesses for the funda-
mental TE modes according to (7.2.1). The cut-off thickness of the
(V + 1)th mode is

dcutoff =
c

ω

1√
εf − εc

{arctan

√

εc − εs

εf − εc
+ V π} (εf ≥ εc ≥ εs),

(7.2.1)
where c is the light speed in vacuum and V = 0, 1, 2....

Figure 7.7(a) shows the two waveguide structures with εc and εs

in (7.2.1) in accordance to the corresponding layer. The SEM inset
shows the antenna and waveguide structure covered by a 316 nm
thick Al2O3 layer. It can be seen that the gap is not completely
filled by the sputtered cladding layer.

Figure 7.7(b) shows the cut-off thickness of the cladding versus
various cladding materials with different refractive indexes at λ =
1.55 µm. From the figure, we can choose the cladding material to
be Al2O3 which has a refractive index n = 1.746 at λ = 1.55 µm
[2]. The cutoff thicknesses of the structures air/Al2O3/SiO2 and
air/Al2O3/silver are 205 nm and 248 nm respectively. Thus a 230 nm
thick Al2O3 is sputtered on top of the whole structure in the experi-
ment. It should be noticed that at this thickness, there always exists
a fundamental TM mode in the structure air/cladding/silver, which
is actually a SPP mode at the cladding/silver interface. However,
there is no TM modes in the structure air/cladding/SiO2. Thus
the weak SPP components at the cladding/silver interface are sup-
pressed during the light propagations between the two communi-
cating antennas. Therefore the most part of the communication
signal arises from the electric field inside the gap waveguide which
is feeded to the antenna. Figure 7.7(c) shows the cut-off thickness
of the Al2O3 layer versus different wavelengths. Since the antenna
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Figure 7.7.: (a) Schematic view of waveguide structures
air/cladding/silver and air/cladding/SiO2. SEM image
of the antenna and waveguide structure with a 316 nm thick
Al2O3 layer on top. (b) Cut-off thickness of the cladding
versus various cladding materials with different refractive in-
dexes (c) Cut-off thickness of the Al2O3 layer versus different
wavelengths for the waveguide structures air/cladding/silver
(grey and black dashed line) and air/cladding/SiO2 (grey
and black solid line).
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resonance is broad, the thickness of the Al2O3 layer should be cho-
sen so that it is between the grey dashed and solid lines in the
spectral range. For example for a 230 nm thick Al2O3 layer, the
working spectral range is from 1.45 µm to 1.7 µm. The fundamental
TE mode in the structure air/Al2O3/SiO2 is lost if the wavelength
goes up to λ > 1.7 µm. And the unwanted fundamental TE mode
in the structure air/Al2O3/silver appears with λ < 1.45 µm. From
the eigenvalue calculation in 2D mode solver shown in Fig. 2.13 of
Chapter 2.3.2, the effective index of the fundamental gap mode is
around 2.3 and the decay length is 5 µm which is roughly only half
of the value for the structure without any cladding filled inside the
gap.
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Appendix A
Sputtering parameters
and deposition rates

A.1. Surface qualities with different
sputtering parameters

The surface quality of polycrystalline silver layers needs to be opti-
mized in the sense of roughness and grain size. For FIB fabrication,
the grain size should not be too large as long as structures have fea-
tures with subwavelength dimensions. And layers with smaller grain
size are easier for the ion beam to cut through. However, different
layers with various grain sizes have large difference in dielectrics
constants, since the existence of grain boundaries and roughness re-
duce the mean free path for electrons [62]. It shows that layers
with smaller grain sizes have higher Ohmic losses. Besides, grain
boundary scattering losses is a dominant loss mechanism for both
the bulk and surface plasmons [28, 61, 89]. Compared to polycrys-
talline silver, single-crystalline silver layers have the advantage of
lower Ohmic losses, no grain boundary scattering losses and much
smoother and more highly reproducible FIB structuring [52].

We compared the surface quality of different layers using different
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(a) (b)

Figure A.1.: SEM images of 100 nm thick silver films without chromium
layer (a) and with a 2 nm thick chromium layer as a wetting
layer. The sputtering parameters for the chromium layer are:
RF voltage, 150 W (power), 1mtorr (pressure), 18s (sputter-
ing time). For the silver layer: RF voltage, 150 W (power),
1mtorr (pressure), 275s (sputtering time).

sputtering parameters. Figure. A.1 shows SEM images of 100 nm
thick silver films without and with a 2 nm thick chromium wetting
layer. It is apparent that the chromium wetting layer helps to de-
crease the grain size of the silver layer. Different powers are used to
sputter silver films with the same thickness and it is found that the
grain size is smaller with larger power (see Fig. A.2). Probably the
chamber is less heated by shorter sputtering time with larger power.
However, Fig. A.3 shows that the grain sizes do not deviate much
if a 2 nm chromium wetting layer is added under the silver layer,
no matter which power is used. This illustrates that the presence
of the chromium layer is the dominant effect which influences the
layer quality. In addition, tests with different bias e.g. 30%, 50%
and 100% on the sample stage show that the surface quality is not
improved compared to the sputtering parameters without bias (see
Fig. A.4).
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(a) (b)

Figure A.2.: SEM images of silver films with different powers but the same
thickness of 100 nm. Different from Fig. A.3, both layers do
not have chromium wetting layers. For the silver layer (a):
RF voltage, 150 W (power), 1mtorr (pressure), 275s (sput-
tering time). For the silver layer (b): RF voltage, 200 W
(power), 1mtorr (pressure), 208s (sputtering time).

(a) (b)

Figure A.3.: SEM images of silver films with different powers but the
same thickness of 100 nm. Both layers have 2 nm chromium
wetting layers. For the silver layer (a): DC voltage, 150 W
(power), 1mtorr (pressure), 340s (sputtering time). For the
silver layer (b): DC voltage, 300 W (power), 1mtorr (pres-
sure), 106s (sputtering time).
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(a) (b)

Figure A.4.: SEM images of silver films with different bias. Both layers
have 2 nm chromium wetting layers. The parameters: RF
voltage, 150 W (power), 1mtorr (pressure), 275s (sputtering
time). Bias percentage: 30% for (a) and 50% for (b).

A.2. Measured deposition rates of silver and

gold

Deposition rates of the magnetron sputtering machine are deter-
mined by lift-off samples with 100 µm pitches. First, to test the
linearity of thickness with time, three silver layers are fabricated
with DC voltage, power of 200 W, pressure of 1mtorr, deposition
time of 150s, 300s and 600s. The measured data is shown in Fig. A.5.
The deposition rate from the linear fit is 4.87Å/s. Next, the linearity
of deposition rate with power is examined for samples with fix depo-
sition time of 300s. Figure. A.6 shows the experimental data from
power of 100 W to 600 W. For power less than 300 W, the deposition
rate is linear with power. However, it become saturate with power
larger than 400 W. The deposition rates of gold and silver for RF
voltage are shown in Fig. A.7 and Fig. A.8 respectively.
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Appendix B

Analysis for the far-field
scanning experiment

In the far-field scanning experiments, we assume that the reflection
coefficients of a focused beam impinging on a glass substrate and a
silver layer is 0 and 100% respectively at the beginning. In order
to get a real physical reflection coefficient of the optical beam on
the resonant antenna, the physical values for a glass substrate and
a silver film should be used as normalization factors. With known
refractive indexes of the glass substrate and the silver layer as well
as the fill factor (FWHM width of the incident beam compared with
the width of the objective), the reflection coefficients of a focused
beam impinging on a glass substrate and a silver layer are calculated
for different wavelengths.
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λ
(nm)

nglass nsilver Fill
factor

Reflection
coefficient
glass (%)

Reflection
coefficient
silver (%)

1650 1.443 0.509+9.952i 0.3833 3.29 97.99
1525 1.444 0.46+9.162i 0.3655 3.31 97.86
1400 1.446 0.418+8.37i 0.3447 3.33 97.68
1325 1.447 0.394+8.091i 0.3107 3.34 97.66
1250 1.448 0.347+8.206i 0.3019 3.35 97.99
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