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1 Introduction

Surface plasmon polaritons (SPPs) are confined propagating waves at metal/di-

electric interfaces. They occur as a result of interaction between an illuminating

electromagnetic wave and a surface free electron of the conductor. SPPs can takes

various forms, ranging from freely propagating waves along metal structures, to lo-

calized electron oscillation on metal nano-particles. They provide a possible route

towards the miniaturization and integration of optical components.

The first experimental observation of excitation was observed in 1902 by Wood.

The combination of material properties, size and shape of the structures and also

the surrounding area, is important. Many studies have been done concerning the

matter [1–3]. SPP excitation have been studied on metal films and propose the use

of patterned metal structures as tiny optical wave-guides to transport electromag-

netic energy between nano-scale components.

The worked presented in this thesis concerns a comprehensive study on propagation

and transmission of surface plasmons over different constriction and gaps. The work

presented the electromagnetic response of gratings and the behavior of excited SPPs

at the interface of a metal and a dielectric. The aim of the thesis is to understand

the excitation of SPPs in the visible near-infrared regime. Therefore, we study the

excitation, the propagation and the damping of SPPs experimentally and by lumeri-

cal simulation. Our findings with the help of far-field technique extends the existing

literature [4–8] by a detailed study for gold stripe. Our findings are important for

designing nano plasmonic functional devices, since they can be used to maximize or

to minimize the transmission according to the envisaged functionality of the device.

In Chapter 2 represents the introduction of the fundamental theory of SPPs and

Fabry-Perot interference. We start with simple Drude-Lorentz model for the free

electron gas and real metal in response to the electromagnetic waves. We solve the

Maxwell equations and discuss the existence of generated waves in the interface of a

metal and a dielectric where the SPPs are exist. The dispersion relation is discussed

and it is shown that it is dependent on the negative index of the metal. Methods

for generating SPPs are described with special emphasis on grating method which is

the method employed in our experiments. The four important length scales are dis-

cussed and for gold the values are indicated. Fabry-Perot interference is introduced

by concept of reflection and transmission at an interference between two materials.

Phase shift introduce to the metal response under light illuminating. In the last

9
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section the theory behind the simulation software lumerical, used in this work, is

presented.

In chapter 3 first the research and results of other group’s regarding the efficiency of

the grating, the decay length and transmission is presented. This helps to improve

the level of knowledge, which underpins this dissertation.

Chapter 4 presents an overview of the sample manufacturing and the experimental

setup used for the optical measurement. The methods which are used to produce

the results of the subsequent chapters is discussed.

Chapter 5 presents insight into the experimental and simulation details. We use a

far-field measuring technique and as well as excitation and detection of the plas-

mons by gratings. We start with finding the decay length of metal stripe. Detailed

treatment of the FDTD simulation of supported gold stripe by two dielectric de-

scribed. For the optical investigations we used different nano-scale structures. The

idea started with the sample design of the mechanically controlled break-junctions

(MCBJs). Different constriction suggested and transmission and decay length are

investigated numerically and experimentally.

In chapter 6 a comprehensive study of SPPs across nano and micro gaps in thin

and narrow gold stripes investigated. Our observations demonstrate that the SPPs

can transmit over gaps with sizes up to 1 µm with a transmission probability in the

order of 40%. For gap sizes bigger than 1 µm the transmissivity decays exponen-

tially. A more detailed is studied on gap sizes smaller than 1 µm. It is discussed

that transmission depends non-monotonically on the size of the gaps because of the

formation of Fabry-Perot modes in the gap. Quantitative agreement between exper-

imental results and FDTD modeling is presented when the finite skin depth of the

electromagnetic waves in metals is take into account.



2 Surface Plasmon Polaritons: Theory

and applications

2.1 Maxwell equations and electromagnetic wave

propagation

The interaction between light and material can be understood by Maxwell’s equa-

tions. Even metallic nanostructures down to sizes of a few nanometers can be

described by Maxwell’s equations, without need of quantum mechanics. The optical

behavior of metals is strongly dependent on the frequency of the incident electro-

magnetic wave. The complex dielectric function ε(ω) is responsible for the dispersive

optical properties of the metals.

Before starting to investigate any optical properties of the metals, the basic Maxwell’s

equations are necessary. The Maxwell’s equations are the following:

−→
∇ ·
−→
D = ρext (2.1)

−→
∇ ·
−→
B = 0 (2.2)

−→
∇ ×

−→
E = −∂

−→
B

∂t
(2.3)

−→
∇ ×

−→
H = Jext +

∂
−→
E

∂t
(2.4)

−→
D is the dielectric displacement,

−→
E is the electric field,

−→
H is the magnetic field

and
−→
B the magnetic induction, with the external charge ρext and external current

densities Jext.

Those four fields can be matched in more compact equations via the polarization
−→
P

and magnetization
−→
M by:

11
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2.1. MAXWELL EQUATIONS AND ELECTROMAGNETIC WAVE

PROPAGATION

−→
D = ε◦

−→
E +

−→
P (2.5)

−→
H =

1

µ◦

−→
B −

−→
M (2.6)

Where ε◦ is the electric permittivity and µ◦ is the magnetic permittivity of the

vacuum and they satisfy the relation ε◦µ◦ = 1
c2

which c is the speed of light. Here we

only assume nonmagnetic media, so we can ignore the magnetization of the material

and only focus on electric polarization effects. Here
−→
P describes the electric dipole

moment per unit volume, caused by the alignment of microscopic dipoles with the

electric field.

If we assume that the medium is linear, isotropic and nonmagnetic, one can define

the relations as

−→
D = ε◦ε

−→
E (2.7)

−→
B = µ◦µ

−→
H (2.8)

where ε is the constant dielectric permittivity and µ = 1 the relative permittivity of

the nonmagnetic medium.

In order to investigate the physical properties of SPPs, we apply the Maxwell’s

equations to the interface of a metal and a dielectric. In absence of external charge

and current densities, by applying the curl operator to Eq. 2.4, we obtain a modified

wave equation:

−→
∇ ×

−→
∇ ×

−→
E = −µ◦

∂2−→D
∂t2

(2.9)

Since we assume that there are no external charge and current densities, Eq. 2.9

can be rewritten as:

−→
∇(−1

ε

−→
E .
−→
∇ε)−

−→
∇2−→E = −µ◦ε◦

∂2−→E
∂t2

(2.10)
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For negligible variation of the dielectric profile ε = ε(r) over distance on the or-

der of one optical wavelength, Eq. 2.10 can be simplified to the homogeneous wave

equation:

−→
∇2−→E − ε

c2

∂2−→E
∂t2

= 0 (2.11)

The same equation is valid for the magnetic field in absence of external charge and

current densities:

−→
∇2−→H − ε

c2

∂2−→H
∂t2

= 0 (2.12)

Assuming a time-harmonic dependence for the electromagnetic field:

−→
E (−→r , t) =

−→
E (−→r )e−iωt (2.13)

where ω is the angular frequency and i is the imaginary unit. Inserting Eq. 2.13

into Eq. 2.11 and Eq. 2.12, yields the Helmholtz equation:

−→
∇2−→E + k2

◦ε
−→
E = 0

(2.14)
−→
∇2−→H + k2

◦ε
−→
H = 0

where k◦ = ω
c is the wave vector of the propagating wave in vacuum.

The simplest geometry of surface waves is a one-dimensional interface that separates

two homogeneous media. Fig. 2.1 shows the geometry of the two media. Medium

1, characterized by a complex permittivity ε1 (or refractive index n1 =
√
ε1), and

medium 2 by the dielectric constant ε2 (or refractive index n2 =
√
ε2).

The wave equation has to be solved separately in each region of constant ε and

the corresponding boundary conditions tell us how to match the two solutions at the

interface. Now that we are talking about the propagating wave surface, according to
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2.1. MAXWELL EQUATIONS AND ELECTROMAGNETIC WAVE

PROPAGATION

Figure 2.1: Geometry for propagation of surface waves at the interface of a metal and a

dielectric.

Fig. 2.1 one can consider that the wave is propagating along x direction in Cartesian

coordinates, so electric and magnetic field can be defined as:

−→
E (x, y, z) =

−→
E (z)eiβx

(2.15)
−→
H (x, y, z) =

−→
H (z)eiβx

Inserting these two equations into Eq. 2.15 yields:

∂2−→E (z)

∂z2
+ (ε(z)k2

◦ − β2)
−→
E (z) = 0

(2.16)

∂2−→H (z)

∂z2
+ (ε(z)k2

◦ − β2)
−→
H (z) = 0

where ε(z) is ε1 for z < 0 and ε2 for z > 0. The solutions of Eq. 2.16 are complex

exponential functions, with the form
−→
E 1(z) = E1ek1z for z < 0 and

−→
E 2(z) = E2ek2z

for z > 0 with positive real part of k1 and k2.

As shown in Fig. 2.6, surface electromagnetic fields decay exponentially away from

the interface. k1 and k2 represent the exponential decay of the field, and the pen-

etration depth can be deduced from them. In section 2.4 we discuss more about this.



2.2. DRUDE-LORENTZ MODEL 15

Figure 2.2: Illustration of the electric field amplitude as function of position, the surface

waves decays exponentially away from the surface.

2.2 Drude-Lorentz model

Surface Plasmon Polaritons (SPPs) are electromagnetic waves confined to the inter-

face of two materials, a dielectric and a metal. They occur as a result of resonant

interaction between an illuminating electromagnetic wave and a collective surface

electron density oscillation of the free electrons of the conductor.

The existence of surface waves requires a metal, the free carriers of the metal play

a major role in the optical response. In the picture of the Drude model, the elec-

trons are not bound to specific atoms, they are modeled as a free gas of electrons of

density n. Thus there is no restoring force is taken into account. This description is

valid for a wide range of frequencies and quite suitable to the predict the behavior

of metals in the near-infrared range and for large wavelengths. For noble metals the

validation is limited to infrared frequencies. But for alkali metals it extends up to

the ultraviolet. One should consider that in the plasma model, the influences of the

lattice potential and electron-electron interactions are not assumed. Instead, some

aspects of the bond structure are incorporated into the effective optical mass m of
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each electron. The electrons oscillate in response to the applied electromagnetic

field. To be more precise we can look at how the electrons respond to a time-varying

field. The equation of motion can be reduced to a damped driven motion [9]:

me
d2−→x (t)

d2t
+meγ

d−→x (t)

dt
= −e

−→
E (2.17)

where me is the effective mass, e is the electron charge and −→x (t) stands for the

displacement of an electron from its equilibrium position. The damping factor γ is

due to electron-electron and electron-phonon scattering and depends on the Fermi

velocity vF and the electron’s mean free path l as γ = vF
l . The motion of the

electrons is damped via collision accruing with a characteristic collision frequency

γ = 1
τ , where the time constant τ is the relaxation time of the free electron gas. The

relaxation time τ (or scattering time) is the characteristic time for a distribution of

electrons in a solid to relax to equilibrium after a disturbance is removed. This τ is

in the order of 10−14 s at room temperature which yields γ = 100 THz.

Fig. 2.3 shows the Lorentz oscillator model as the simplest picture of atom-field

interactions. When Lorentz’s system comes into contact with an electric field, the

electron will simply be displaced from equilibrium [10]. The oscillating electric field

of the electromagnetic wave will set the electron into harmonic motion. We assumes
−→
E =

−→
E◦e

−iωt as a periodic electric field, where ω and
−→
E◦ are the frequency and

amplitude of the applied electric field, respectively. Using the solution −→x (t) =
−→x◦e−iωt for the oscillation of the electrons, Eq. 2.17 can be rewritten as:

−meω
2−→x◦ − imeγω

−→x◦ = −e
−→
E◦ (2.18)

Which leads to the position of electrons:

−→x◦ =
e

me(ω2 + iγω)

−→
E◦ (2.19)

Mathematically the measure for the effect of an electric field on a medium, is the

permittivity ε(ω) which is expressed via the susceptibility χe(ω), ε(ω) = 1 + χe(ω).

On the other hand, the susceptibility is related to the polarization
−→
P (ω) of the

medium with the applied electric field:

−→
P (ω) = Ne−→x (ω) = ε◦χe(ω)

−→
E (ω) (2.20)

here N represents the number of the electrons per unit volume. Combining Eq. 2.18
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Figure 2.3: Lorentz oscillator model for interaction between light and an electron in an

atom.

and Eq. 2.19 into the dielectric displacement leads to:

−→
D = ε◦(1−

Ne2/ε◦
m(ω2 + iγω)

)
−→
E◦ (2.21)

Therefore the dielectric function (or permittivity) of the metal can be expressed

in the Drude model as:

ε(ω) = 1−
ω2
p

ω2 + iγω
(2.22)

where ωp = ( Ne2

ε◦me
)1/2 is the plasma frequency of the metal.

The complex dielectric function of ε(ω) = εR(ω) + iεI(ω) from Eq. 2.22 can be
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divided into a real and an imaginary part:

εR(ω) = 1−
ω2
pτ

2

1 + ω2τ2
(2.23)

εI(ω) =
ω2
pτ

ω(1 + ω2τ2)
(2.24)

In the metal with the complex dielectric function of ε(ω), the plasma frequency

ωp describes the resonance frequency of the electron’s oscillation around the metal

ions which defines a boundary in the metal’s response to the electromagnetic radia-

tion. The relaxation time of the silver and gold is higher than copper and aluminum.

Thus the gold and silver are most popular used metals in plasmonic applications.

Aluminum is a bad plasmonic material due to its low relaxation time, meaning high

loss.

For frequencies lower than the plasma frequency (ω < ωp), the metal absorbs light

and the electrons follow the applied electric field. Thus, in presence of an interface

with a dielectric medium, the large difference of indexes (between metal and dielec-

tric) causes light reflection at the metal surface. For large frequencies above the

plasma frequency ω > ωp (ultraviolet region) the imaginary part of the dielectric

function vanishes, the optical properties of the metal changes drastically. There the

electron cannot longer follow the rapid oscillations of the electric field. Therefore

the electric field can pass through the metal without losses due to charge oscillation,

then the metal becomes transparent and the dielectric function is real and positive:

ε(ω) = 1−
ω2
p

ω2
= 1− λ2

λ2
p

(2.25)

The free-electron expression of ε(ω) is useful only for photon energies below the

threshold energy for the onset of interband transitions. Above this energy the form

ε(ω) depends on the specific band structure of the materials. Fig. 2.4 shows the

experimental results for dielectric constants of gold by Johnson and Christy [12].

In this figure the curves represent the average of values from the film thickness of

34.3 and 45.6 nm. In Fig. 2.4, the agreement of the two experiments is well within the

estimated error, shown by the width of the curves. Johnson and Christy showed that

dielectric constants above a constant thicknesses are independent of film thickness,

which for gold is about 25 nm. That means below 25 nm gold film thickness the
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Figure 2.4: Real part (εR) and imaginary part (εI) of the dielectric function of gold.

Experimental data from Johnson and Christy (JC) (1972). The width of the curves is

representative for the instrumental error [12].

value for εI is well outside of the estimated for thicker films, but above 25 nm the

behavior of εR and εI are following the curve in Fig. 2.4 and demonstrate that in

this range there is no thickness dependence of the inferred values of εR and εI .

2.2.1 Real metals

The Drude model describes the optical response of metals only for photon energies

below the threshold of transitions between electronic bands. The Drude model is

not adequate for describing εR and εI at high frequencies. For gold the validity

of Drude model breaks down at the boundary between the near-infrared and the

visible light. Fig. 2.5 shows the complex refractive index of gold corresponding to

the free-electron dielectric function in Fig. 2.4 (εI(ω) = n2 − k2 and εR(ω) = 2nk),

determined by the Johnson and Christy data base for optical constants for the noble

metals [12]. Eq. 2.22 is accurate for light in the infrared regime, but in order to
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Figure 2.5: Complex refractive index corresponding to the free-electron dielectric function

in Fig. 2.4, determined by Johnson and Christy data base for optical constant for noble

metals.

describe the optical properties of metals one has to include the ability of light at that

regime to excite the electrons of the lower bands into the conduction band. Because

the electron in the lower lying valence band may be promoted to the conduction

band, the optical response of the metal change drastically.

Therefore this effect has to be taken into account in the permittivity. Now we

assume the electrons are bound to atoms, thus the equation of motion changes to:

me
d2−→x (t)

d2t
+meγ

d−→x (t)

dt
+meω

2
◦x = −e

−→
E (2.26)

The additional term implies the position dependent restoring force with spring con-

stant α = meω
2
◦ as in the Lorentz oscillator model. Solving the equation by assuming

free electron leads to permittivity of electrons as:

εbound(ω) = 1−
ω2
p

ω2
◦ + ω2 + iγω

(2.27)

This equation is valid for metal under light illumination above a wavelength of

500 nm. For noble metals at optical frequencies, typically ω < ωp, therefore this

model exhibits first a negative real part, meaning that the conduction electrons do

not oscillate in phase with the applied external field, which is the reason for the high

reflectivity of metal surfaces, and second a significant imaginary part.

The real part of the permittivity is negative and this causes a large imaginary
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part in the refractive index, therefore strong damping of the light inside the metal

will occur, which is due to the dissipation of energy corresponding to the motion of

electrons in the metal. The strong damping explains the small penetration depth of

light into the metals, will discuss in more detail in section 2.4.

2.3 Dispersion relation

In this section I discuss the dispersion relation of SPPs which propagate along the

interface of a metal and a dielectric. Four characteristic length scales of the SPPs are

presented. For frequencies smaller than the plasma frequency, light can couple to the

electron plasma and propagate along the metal surface. The surface wave originate

from light and plasma oscillations of the electrons generate the SPPs. Polaritons are

particles resulting from strong coupling of electromagnetic waves with an electric or

magnetic dipole-carrying excitation. Where the dispersion relationships of light and

plasmons are crossing each other they have the same energy and therefore coupling

occurs [13].

In order to obtain the dispersion relation of surface waves, we use the Maxwell’s

equations in absence of external charge and current densities. According to Fig. 2.1

the simplest geometry is the interface between a metal (z < 0, with a complex di-

electric constant ε1 with negative real part) and a dielectric (z > 0, with a dielectric

constant ε2 which is positive). As in section 2.1 we assumed that the propagation

is along the x−direction with a wave vector β, and no variation along y−direction,

then the Maxwell’s equations read:

∂Ey
∂z

= −iωµ0Hx

∂Ex
∂z

iβEz = iωµ0Hy

iβEy = iωµ◦Hz (2.28)

∂Hy

∂z
= iωε◦εEx

∂Hx

∂z
iβHz = iωε0εEy

iβHy = −iωεε◦Ez
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Eq. 2.29 can be divided into two independent sets, the transverse magnetic (TM

or p) modes with the field components Ex, Ez and Hy being nonzero. The trans-

verse electric (TE or s) modes where only the field components Hx, Hz and Ey are

nonzero.

2.3.1 TE mode

The TE mode occurs when the polarization state is such that the electric field of the

incident light is perpendicular to the plane of incidence. For the TE mode, the field

components can be written for different half space, where the dielectric and metal

are separated by the interface at z = 0 :

For z < 0 :

Ey(z) = A3eiβxek1z

Hx(z) =
iA3k1

ωµ◦
eiβxek1z (2.29)

Hz(z) =
A3β

ωµ◦
eiβxek1z

For z > 0 :

Ey(z) = A4eiβxe−k2z

Hx(z) =
iA4k2

ωµ◦
eiβxe−k2z (2.30)

Hz(z) =
A4β

ωµ◦
eiβxe−k2z

Continuity of Ey and Hx at the boundary z = 0 leads to A3 = A4 and k1 = −k2

which is in contradiction with initial condition of Re[k1] > 0 and Re[k2] > 0. By

this, we can conclude that no surface modes exist for s polarization.
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2.3.2 TM mode

The TM mode occurs when the electric field of incidence light is parallel to the

plane of incidence. As it described from the last section, the simplest geometry for

sustaining SPPs is the flat interface between a dielectric, non-absorbing half space

(z > 0) with positive real dielectric constant ε2 and conducting half space (z < 0)

with dielectric function ε1(ω) with Re[ε1] < 0. A propagating wave confined to

the interface of two media with evanescent decay in the perpendicular z-direction is

investigated.

By using solutions fulfilling the equations of TM mode in both half spaces one

obtains:

For z < 0 :

Hy(z) = A1eiβxek1z

Ex(z) =
−iA1k1

ωε◦ε1
eiβxek1z (2.31)

Ez(z) =
−A1β

ωε◦ε1
eiβxek1z

For z > 0 :

Hy(z) = A2eiβxe−k2z

Ex(z) =
iA2k2

ωε◦ε2
eiβxe−k2z (2.32)

Ez(z) =
−A2β

ωε◦ε2
eiβxe−k2z

in which k2
1 = β2 − k2

◦ε1 and k2
2 = β2 − k2

◦ε2. At the boundary z = 0, the con-

tinuity of Hy and Ex implies A1 = A2 and k2
k1

= − ε2
ε1

. Since the SPP field is confined

to the interface and evanescently decays in the z-direction, the conditions Re[k1] > 0

and Re[k2] > 0, demand that Re[ε1] < 0 if ε2 > 0. For most metals and dielectrics

this condition is satisfied in the visible and infrared wavelength range [9], thus SPPs

can exist for p polarization.

Combining the wave vectors of the two materials leads to the dispersion relation of

SPPs propagating at the interface between the two half spaces:



24 2.3. DISPERSION RELATION

β = k0

√
εmεd
εm + εd

(2.33)

km,z = k0

√
εm2

εm + εd
(2.34)

kd,z = k0

√
εd2

εm + εd
(2.35)

β is the dispersion relation of the SPPs in x−direction (equal to the propagation

constant kx). I assumed ε1 = εm the permittivity of the metal which can be either

real or complex, and ε2 = εd the permittivity of the dielectric. Those relations give

the condition of the propagation of SPPs along the x direction at a single metal/di-

electric interface. Since we assumed that ε1 = εm, a large number of free electrons

have to be assumed and the consequence is that at an angular frequency ω < ωp,

the dielectric constant will be negative [14].

Eq. 2.33 shows that the SPPs dispersion relation is dependent on the frequency

and indicates that kSPP(ω) > k0(ω), for electromagnetic waves of the same frequency

propagating in the dielectric. Fig. 2.6 presents the dispersion relation of SPPs at

the metal/dielectric interface. The dispersion line of plasmons is shown as for free

electrons (blue line), light in free space (black line), without damping (red line)

and with damping (red dashed line). This plot indicates that none of the plasmon

dispersion lines can cross the light line in free space, which means that it is not

possible to excite a surface plasmon at a smooth metal air interface with light wave.

Since SPPs are bound waves, they lie to the right side of the light line. For the

frequencies larger than ωp in the transparency regime (ω > ωp), radiation into the

metal occurs. Between bound and radiation regime, kx becomes imaginary and no

propagation occurs.

For low frequencies up to mid-infrared and lower (2.5 µm < λ < 10 µm), kx is close

to k0 and the light line of the dielectric, then surface wave is weakly confined. On

the other hand, for large wave vectors, by inserting Eq. 2.22 into Eq. 2.33, the SPP

frequency approaches a maxima frequency called SP frequency:

ωsp = ωp

√
1

1 + εd
(2.36)
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Figure 2.6: Dispersion relation of SPPs at the interface between a metal and a dielectric.

Blue line: for free electron, black line: light in free space, red line: without damping, red

dashed line: with damping. https://www.photonics.ethz.ch/fileadmin/user_upload/

Courses/NanoOptics/plasmons2.pdf

If Im[ε(ω)] = 0, meaning that damping is neglected in the metal, then the wave

vector of SPPs kx →∞ and the mode acquires an electromagnetic character as SP.

But in real metals SPPs are exposed to damping due to the complex permittivity.

https://www.photonics.ethz.ch/fileadmin/user_upload/Courses/NanoOptics/plasmons2.pdf
https://www.photonics.ethz.ch/fileadmin/user_upload/Courses/NanoOptics/plasmons2.pdf
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Figure 2.7: Illustration of the field components of an SPP at the metal/dielectric interface.

The blue profile represents the magnitude of the evanescent wave decaying exponentially

into the metal and the dielectric material. [15].

2.4 Length scales

In this section four length scales are discussed which are important for the propagat-

ing of SPPs. Fig. 2.7 presents four lengths: decay in x-direction along the interface

of the metal and the dielectric, the decay into the z-direction for z < 0 in to the

metal and for z > 0 into the dielectric, and the SPP wavelength.

2.4.1 SPPs propagation (decay) length

The dielectric function of a metal is complex and the imaginary part is responsible

for losses due to electron scattering. The dielectric function can be rewritten as a

complex equation:

kx = kx
′ + ikx

′′ (2.37)

which kx
′ and kx

′′ are real. Following the dispersion relation in Eq. 2.33 and Eq.

2.37 we can write:

kx
′ ≈ ω

c

√
εdεm′

εd + εm′
(2.38)

kx
′′ ≈ ω

c

√
εdεm′

εd + εm′
εdεm

′′

2εm′(εd + εm′)
(2.39)
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Figure 2.8: (a) Propagation length (LSPP) of the SPPs at the interface of gold/air as a

function of wavelength, using the Palik data base. (b) Normalized surface plasmon wave-

length (λSPPs/λ0) varies with free space wavelength in the visible and near infrared, based

on the Palik data base. (c) Penetration depth into the metal (δm) as a function of the

free space wavelength in the visible and near infrared, based on the Palik data base. (d)

Penetration depth into the dielectric (δd) as a function of the free space wavelength in the

visible and near infrared, based on Palik data base. Here the dielectric is air.

where we assumed |εm
′′| � |εm

′| and εmetal = εm
′ + iεm

′′. The real part of kx is

related to the wavelength of the SPPs but the imaginary part is a measure for the

damping of the SPPs due to absorption in the metal called the decay length (LSPP)

which is an important characteristic for the practical use of surface plasmons. In fact

LSPP indicate the energy dissipation through the metal heating. The absorption of

a metal causes the decay of the intensity of SPPs propagating along the interface as

exp(−2kx
′′x), i.e. LSPP is the length over which the intensity decreases by a factor

of e:
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LSPP =
1

2Im[kx]
=

1

2kx
′′ (2.40)

Fig. 2.8 (a) shows the propagation length of the SPPs in the gold /air interface

in the visible to near infrared range using the optical data of Palik [22].

For absorbing metals, like aluminum, the propagation length in the wavelength of

500 nm is 2 µm, but for low loss metals, like silver, the propagation length increases

to 20 µm. For large wavelength such as 1.5 µm, it further increases toward 1 mm for

silver [20]. An important aspect is that LSPP is well above the wavelength of the

incident light. Therefore we can use gratings and other periodic surface structures

for manipulating SPPs.

2.4.2 SPP wavelength

By using Eq. 2.38 we obtain the wavelength of the SPPs as the period of the surface

charge density oscillation and the associated field distribution of the mode:

λSPP =
2π

Re[kx]
=

2π

kx
′ = λ0

√
εm′ + εd
εm′εd

(2.41)

Fig. 2.8 (b) illustrates normalized λSPP as a function of the free space wavelength

λ0 in the interface of gold/air. In this spectral range, λSPP is only slightly less than

λ0. The important point from knowing λSPP is when using SPPs in the structure as

a mean to control SPPs, for example using the grating for excitation of SPPs, then

the length scale of the periodic structure has to be in the order of the wavelength

involved. For example, if the dielectric material is not vacuum, the λSPP is reduced

depending on the refractive index of the dielectric material. Also this value gives a

first impression about manipulating the structure which should be at least several

times larger than λSPP, since SPPs need several sets of trenches for an effective

grating coupling.

2.4.3 The SPP field penetration depth of the metal

Since the permittivity of the metal is complex it causes a complex dispersion relation

in z direction to the metal (Eq. 2.34). When we assume the penetration depth of
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the field (distance from the interface where the field amplitude decreases to 1/e) can

be written as:

δm =
1

Re[km,z]
=

1

k0

√
εm′ + εd

εm′
2 (2.42)

The penetration depth δm of SPPs in gold as a function of the wavelength λ0 in

visible to near infrared is shown in Fig. 2.8 (c).The plot demonstrates that the

penetration depth is less dependent on the λ0, but for the λ0 below 600 nm (where the

frequency is no longer below the plasma frequency) the δm increases. The knowledge

of δm is important for the fabrication of the structures, because it determines the

required thickness. For example, in prism coupling the thickness of the metal film

playing a major role in excitation. Knowing the δm gives at least an idea of the

feature sizes needed to control SPPs. These values are between one and two orders

of magnitude smaller than the wavelength involved.

2.4.4 The SPP field penetration depth of the dielectric

The same concept applies for the penetration depth of the field into the dielectric.

According to Eq. 2.35 the penetration depth of SPPs on the dielectric side of metal:

δd =
1

Re[kd,z]
=

1

k0

√
εm′ + εd
εd2

(2.43)

again we assumed |εm
′| � |εm

′′|. Fig. 2.8 (d) represents the penetration depth into

the dielectric (air) as a function of wavelength at the interface with gold. This plot

shows that the δd is comparable with the free space wavelength for near infrared, but

it is less than the wavelength of the free space for the visible light. By increasing the

wavelength, where the metal is a better conductor, the dielectric penetration depth

increases because the light is less confined to the surface. The decay length in the

dielectric material, is typically of the order of half the wavelength of light involved

and indicates the maximum length of any individual features that might be used to

control SPPs [20].

According to the basic study of the length scales we need to find the length scales

of gold/air in the specific wavelength of 780 nm which we used in the experiment

and also in the simulation. In all data based which studied, there were no exact

value for wavelength of 780 nm. Therefore we found form the Palik data base as an
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Figure 2.9: The different length scale of importannce for SPPs in the visible and near-

infrared adopted from Ref. [21].

approximate value. The complex refraction index of metals can be written as n̂ =

n+ ik (n and k are the optical constants obtained from reflection and transmission

measurements) corresponding to the complex dielectric constant ε = εR + iεI . From

knowing the connection between complex refractive index and dielectric constant,

we can write:

εR = n2 − k2; εI = 2nk (2.44)

where n̂2 = ε. If the wavelength of the incident laser is 780 nm, the energy of the

photons is E = hc
λ
∼= 1.6eV, which c is the light speed in the vacuum and h is Planck

constant. Comparing to the optical properties of the noble metals in Ref. [22], for

this energy n = 0.17 and k = 4.86, using the Eq. 2.44, the permittivity for gold at

the wavelength of 780 nm is ε(780 nm) ∼= −23.58 + i1.69. By having the value of εR

and εI , and according to the length scales equations, we obtain:

λSPP =
λ0

1.022
= 758 nm (2.45)

LSPP =
1

2Im(β)
= 38.2 µm (2.46)
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δm =
1

k0

√
|Re(εm)|

= 25.4 nm (2.47)

δdair =

√
|Re(εm)|
k0εd

= 599.3 nm (2.48)

and δdpolyimide
= 186 nm. In the section 5.4 I will obtain these values by the help of

FDTD simulation.

Fig. 2.9 represents the different length scales of importance for SPPs in the visible

and near-infrared. Non-local effects at the lowers limit provide the response of real

metals. The long propagation length is due to the fact that the data have been

measured on different thicknesses and and also on different substrate.

2.5 Excitation of SPPs

From Eq. 2.33 one can see that the SPP wave vector is larger than the photon

wave vector in the adjacent dielectric medium. The generation of SPPs is not pos-

sible due to the wave vector mismatch between the photon and SPP momentum.

An electromagnetic plane wave can excite SPPs when the frequency of the incident

wave is identical to the frequency of the excited SPPs. As already mentioned in 2.3

for momentum conservation, the wave vector of the incident plane wave along the

metal/dielectric interface should match the SPP wave vector. Therefore, photons

can’t transform into a SPP without some form of momentum change.

Several methods have been introduced to overcome the mismatch between the mo-

menta, such as (a) Kretschmann geometry, (b) two layer Kretchmann geometry, (c)

Otto geometry, (d) excitation with a SNOM probe, (e) diffraction on a grating and

(f) diffraction at surface features (see Fig. 2.10) [5]. Some of the methods will be

discussed below.

2.5.1 Prism coupling

Prism coupling methods are also known under the name of attenuated total reflection

(ATR). They have been developed by Kretschmann and Otto in 1968 (Fig. 2.10 (a)-
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Figure 2.10: SPP excitation configurations, (a)-(c) Prism coupling to excite SPPs using

the attenuated total internal reflection in the (a) Kretchmann geometry, (b) Two layer

Kretchmann geometry, (c) Otto geometry. (d) Excitation with SNOM prob. (e) Diffraction

on a grating. (f) Diffraction on surface features [23].

(c)). A prism coupling system requires two dielectric media with different refractive

index and a metallic medium for excitation of SPPs. Typically the higher index

dielectric is a prism and the lower index is air. In the Kretschmann configuration,

the prism is placed in close proximity to a metal. The metal film is illuminated

through the prism at an angle of incidence greater than the angle of total internal

reflection [24]. Therefore it is possible to match a wave vector component of the plane

wave in the prism to the SPPs on the metal. If the metal film is thin enough, the

incident beam couples to the SPPs on the other side of the metal. By increasing the

thickness of the metal film, the efficiency of coupling decreases due to the decreasing

of tunneling.

According to the conservation of the momentum, one can write:
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β =
ω

c

√
εprismsinθ (2.49)

where θ is the incident angle and it is larger than the critical angle (θc). Upon adding

another dielectric layer on the interface of the metal and prism, exciting SPPs on the

internal metal interface is possible. Notice that the refractive index of the dielectric

must be smaller than the refractive index of the prism (see Fig. 2.10 (b)).

In the Otto configuration, the prism is separated from the metal surface by a thin

air gap (Fig. 2.10(c)) which is used mainly for thick metal films [25]. The refractive

index of the prism is higher than the refractive index of air, so the component of

momentum along the interface between the media can be equal to the SPPs wave

vector. The coupling efficiency is determined by the gap width and the higher effi-

ciency occurs for the gap sizes in the order of the incident wavelength.

The Kretschmann configuration is mostly used in visible light for the thin film less

than 60 nm, but the Otto configuration is more suitable for infrared wavelength

where the gap width is easier to adjust.

2.5.2 Near-field Scanning Optical Microscope

The Near-field Scanning Optical Microscope (NSOM) is based on diffraction cou-

pling where the light diffraction generates evanescent waves which can be used to

couple with SPP modes. Using a sub-wavelength hole or a tip with sub-wavelength

aperture both are based on the same principle.

The impinging wave on a sub-wavelength hole generates radiating waves and evanes-

cent waves (far-field and near-field). Based on the SPPs theory, when all the com-

ponents of the wave vectors are real, the wave propagates in the medium, but when

one of them has an imaginary part the wave is confined. In the sub-wavelength hole

generator, if the width of the hole is small enough (in the order of the wavelength

involved, by considering the refractive index of dielectric medium, and the metal is

thin, the SPPs can be excited on both sides of the metal.

The same principle applies to the sub-wavelength aperture (Fig. 2.10(d) where

the aperture size is smaller than the wavelength of a tapered optical fiber [26]. Us-

ing illumination through a SNOM fiber tip, SPP waves can be locally launched at
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Figure 2.11: Scheme describing the usage of a metal grating for matching the incident light

and SPP wave vector.

the surface. This technique provides the possibility to excite the SPPs locally in

the interest position. Only with the development of scanning probe techniques it

became possible to study SPP properties directly at the surface along which the SPP

propagates with resolution at the nanometer scale. The NSOM configuration can be

describes as a diffraction mechanism when a near-field coupling of light diffracted

at the sub-wavelength aperture of the fiber tip into SPPs. Can be also treated as

photon tunneling taking place from the fiber tip to the metal surface.

2.5.3 Grating coupling

Another possible method for overcome the mismatch between the wave vector be-

tween the impinging photons and SPPs is by patterning the metal surface with a

shallow grating of grooves or holes with the period of p and the surrounding di-

electric air (see Fig. 2.10 (e)). In 1902, Wood observed coupled SPPs using the

grating method for the first time. As shown in Fig. 2.11 , we assume the metallic

surface corrugated with periodic grooves forming a one-dimensional grating. When

light illuminates the grating at an incident angle of θ, the light is diffracted by the

grating. Phase matching takes place whenever the condition is fulfilled:

β = k0sinθ ±mΛ (2.50)

where Λ = 2π
p and m = (1, 2, 3 · · · ) is an integer representing the order of diffraction

(Fig. 2.11). If the illumination is normal to the surface (θ = 90◦), the grating period

can be chosen to excite the desired wave vector.
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Figure 2.12: Definition of fields and angles for reflection and transmission at an interface

between two media.

If the depth of the grating is deep enough, significant changes in SPP dispersion

relation occur. As shown in chapter 3 (Fig. 4.7), a groove depth in order of 20 nm

(for 100 nm metal thickness) has about 15 percent excitation efficiency.

In general, SPPs can also be excited on films with only one groove or with random

surface roughness. In this case the phase matching condition has to follow:

β = ksinθ ±∆kx (2.51)

In fact coupling gratings means that the grating momentum vector adds the missed

momentum to the incident photon. Anything which breaks the symmetry of the

planar interface can diffract incident light to excite SPPs. On a rough surface (Fig.

(f)) without any particular periodic structure, diffraction of light on surface features

can provide coupling to the SPP modes on both sides of the metals and the SPP

excitation conditions can be achieved.
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2.6 Fabry Perot interference

When light incident on the boundary between two media, some of the light is re-

flected and some is transmitted into the second medium. The law of reflection states

that the angle of incident light is equal to the angle of reflection. Fresnel’s laws de-

scribe amplitude and phase relationship between reflected and incident light at the

boundary between two media. One consequence of the wave properties of light is the

occurrence of interference effect with total amplitude which is given by the vector

resultant and an intensity given by the square of the amplitude. One interferometer

demonstration for visible and infrared light is a Fabry-Perot interferometer.

2.6.1 Reflection and transmission at an interface between two materials

Consider a plane wave, incident on a medium of complex refractive index n2 from

a medium of refractive index n by the angle of θ1 measured against the normal

direction as shown in Fig. 2.12. The xy is the plane of incidence and the x axis is

perpendicular to the interface of two media. The propagating electric field is given

by:

−→
E i =

−→
E 0cosθîi+

−→
E 0sinθiĵ (2.52)

−→
E r = −

−→
E 0cosθîi+

−→
E 0sinθiĵ (2.53)

−→
E t =

−→
E 0cosθt̂i+

−→
E 0sinθtĵ (2.54)

according to Snell’s law of refraction:

n1sinθi = n2sinθt (2.55)

and also the continuity of the tangential
−→
E and

−→
H components also determines the

reflection and transmission amplitudes:

r = E0r/E0i

(2.56)

t = E0t/E0i
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The amplitudes of the transmitted and reflected waves are simply determined if the

electric field vector
−→
E 0 is decomposed into parallel and perpendicular components

to the incidence plane, as we call them as p and s polarization. These p and s

polarization, are maintained after reflection or transmission by the interface. The

responses to an arbitrarily polarized input, can be obtained by superposition of the

responses to the input’s p and s components. These are determined using Fresnel’s

amplitude coefficients for transmission and reflection at the interface between two

media:

ts =
2n1cosθi

n1cosθi + n2cosθt
(2.57)

rs =
n1cosθi − n2cosθt

n1cosθi + n2cosθt
(2.58)

tp =
2n1cosθi

n1cosθt + n2cosθi
(2.59)

rp =
n2cosθi − n1cosθt

n1cosθt + n2cosθi
(2.60)

2.6.2 Reflection and transmission from a single layer

Now we consider the reflection of light from Fabry-Perot interferometer which is

described by a single film having a thickness d and refractive index of n2, as shown

in Fig. 2.13. If the angle of incidence be θ and the refractive index of the surrounded

area is n1, then the amplitude reflectance and transmission amplitude of the film

are:

rF =
−r21 + r21exp(2Ω)

1− r21
2exp(2Ω)

(2.61)

tF =
t12t21exp(Ω)

1− r21
2exp(2Ω)

(2.62)

where Ω = 2π
λ n2dcosθ and λ is the wavelength of incident light. If we assume that

n2 > n1, then the phase change at internal reflection is zero and the reflectivity is

given by:



38 2.6. FABRY PEROT INTERFERENCE

Figure 2.13: A Fabry-Perot etalon with thickness d. Light enters the etalon and undergoes

multiple internal reflections. Adapted from https://en.wikipedia.org/wiki/Fabry.2016

RF =
F sin2(δ)/2

1 + F sin2(δ)/2
(2.63)

F =
4R

(1−R)2
(2.64)

δ = (
2π

λ
)2n2dcos(θ) (2.65)

Here δ is the phase difference between each successive transmitted pair and 2n2dcos(θ)

is called optical path difference or OPD and F is the coefficient of finesse. Therefore

the transmission of the ideal Fabry-Perot interferometer (for zero losses, TF +RF =

1) is given by:

TF =
1

1 + F sin2(δ)/2
(2.66)

Maximum transmission Te = 1, occurs when the optical path length difference

between each transmitted beam is an integer multiple of the wavelength. In the

absence of absorption, the maximum reflectivity occurs when the optical path length

difference is equal to half an odd multiple of the wavelength (see Fig. 2.14).
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Figure 2.14: The transmission of an etalon as a function of wavelength. A high-finesse

etalon (red line) shows sharper peaks and lower transmission minima than a low-finesse

etalon (blue). Adapted from https://en.wikipedia.org/wiki/Fabry-Perot-interferometer

2016

The wavelength separation between adjacent transmission peaks is called the free

spectral range (FSR) of the etalon, ∆λ, and is given by:

∆λ =
λ0

2

2ngdcosθ
(2.67)

F =
∆λ

δλ
=

π

2arcsin(1/
√

F)
(2.68)

where λ0 is the central wavelength of the nearest transmission peak and ng is the

group refractive index. Fig. 2.14 presents the transmission of an etalon as a function

of wavelength, the red curve shows the high-finesse etalon with sharper peaks and

the blue curve shows lower transmission minima than a low-finesse etalon.
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Figure 2.15: Phase shift at glass/gold interface and air/gold interface as a function of

incident angle [27].

2.7 Theoretical calculation of the phase change

According to Fresnel’s equation form for the plane wave in normal incidence to the

interface of the two materials (Fig. 2.13), the phase shift can be explained. If the

dielectric area which surround the metal has the same n1 and the complex refractive

index of the metal is expressed by n̂2 = n2 − ik2, the Fresnel amplitude reflection

coefficient for electric vector E can be written by:

r =
Er
Ei

=
−(n2

2 + k2
2 − n1

2) + 2ik2n1

n2
2 + k2

2 + n1
2

(2.69)

The correct refractive index for the metal causes a complex r. A metal with a

complex r causes a phase change. Eq. 2.69 means the phase angle between Ei and

Er is no longer 180◦ [28]. For the peculiar situation as an air/metal reflection, the

real part of the reflection is always positive and the tangent of the phase angle, φ,

between Ei and Er is the ratio of the real and imaginary part of Eq. 2.69:

tanφ =
−2k2n1

n2
2 + k2

2 − n1
2

(2.70)

This phase change φ is defined as the absolute phase change on reflection.



2.7. THEORETICAL CALCULATION OF THE PHASE CHANGE 41

Figure 2.16: Phase-shift interferometry (PSI) of the normal incidence for a glass to gold

sample. (a) Full measurement showing the glass/gold and glass/air interface. (b) Cross-

section where the phase change (in height) is the average distance between the glass/gold

and the glass/air interface [27].

For the phase shift on reflection at different incident angle, when we ignore the

thickness effect of the metal and assume a bulk material, the result is different. Fig.

2.15 indicates the phase shift at a glass/gold interface and at an air/gold interface

as a function of incident angle for a wavelength of 632.8 nm [27]. For normal angle

of incidence (which we mainly assume for the SPPs propagation on the surface), the

distance ∆d below the surface at which reflection appears to occur is given by:

∆d =
λφ

4π
(2.71)

Note that since the instrument of that reference was designed for measurements of

height on a surface, therefore the measured phase has to be divided by 2 to correct

for the double-pass nature of the instrument. For low frequencies such as radio

frequency, microwave and infrared and into the optical range for high reflecting

materials, the reflectivity is of the order of unity. Empirical rules shown that phase

shift corrections are very small for etalons with metallic mirrors [29]. Ref. [27] are

represented the measurement results for apparent height change. In Fig. 2.16 the

apparent height as a function of phase change of a gold/air interface for λ = 632.8 nm

is shown.
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Figure 2.17: Positions of the electric and magnetic field components in a Yee cell of the

FDTD lattice.

2.8 Simulation model

The basic concept of SPPs is well understood from the theory but SPPs on real

structures are complex. Therefore numerical modeling becomes an essential tool for

the analysis as gaining insights into the behavior of the structures under SPPs exper-

iment. Many numerical simulation and finite element analyses have been developed,

such as Finite Element Method (FEM) [30] and Finite-Difference Time-Domain

(FDTD) [31]. In this thesis numerical simulation FDTD used.

2.8.1 Finite-Difference Time-Domain method

Lumerical FDTD solution is a software for analyzing micro-nanoscale optical de-

vices. Lumerical FDTD is based on Finite-Difference Time-Domain methods which

can solve Maxwell equations in dielectric and metallic structures. FDTD is one of

the popular simulation methods since it is simple and easy to implement. Particu-

larly in plasmonic structures, because FDTD supports non-uniform mesh sizes which

is very suitable to simulate plasmonic structures.

The FDTD method was first proposed by Kane Yee in 1966 and is based on time

and spatial discretization of Maxwell’s equations to obtain solutions for the electro-

magnetic field in the time domain [32]. It can be explained by the Yee cell (mesh),
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as shown in Fig. 2.17 which is based on a cubic cell in a Cartesian system. When the

simulation starts, the whole space of interest will be divided into multiple Yee cells

where each cell itself is neighbored to six other similar cells. In the differential form

of Maxwell’s equation introduced in section 2.1, a central difference approximation

can be used to discretize them in space (∆x,∆y,∆z) and time (∆t). For example

assuming the geometry of the Fig. 2.17, electric field Ex takes the following form:

Ex(i, j, k, t+ 1/2) =
∆t

εi,j,k
[
Hz(i, j + 1/2, k, t)−Hz(i, j − 1/2, k, t)

∆y
−

(2.72)

Hy(i, j + 1/2, k, t)−Hy(i, j − 1/2, k, t)

∆z
] + Ex(i, j, k, t− 1/2)

The same characteristic is applied to the other components of the electric and the

magnetic field. These equations have to be solved at every point and time. The

basic time-stepping relation is the following:

−→
E 0 −→

−→
H 1/2 −→

−→
E 1 −→

−→
H 3/2 · · · (2.73)

Solving Maxwell’s equations to find the behavior of the electromagnetic field when

propagating, proportional to the material (either metal or dielectric, as long as the

permeability, permittivity and conductivity are specified) and source (current, ap-

plied electric field or impinging plane wave), is a big advantage of the FDTD. How-

ever there are some limitations to use FDTD. Since FDTD requires that the entire

computational domain be meshed, suitable for smallest geometrical feature in the

model, very large computational domains can be developed, which results in very

long solution times. One restriction is that the longest side of each cell in the mesh

should be shorter than the wavelength involved in that mesh. A very common re-

striction assumed in practice is λ/10, where λ is the wavelength for the highest

refractive index found in the simulation space [33].

Also the time step restriction required to satisfy the ’Courant’ condition” [34]

∆t

√
(

1

∆x
)2 + (

1

∆y
)2 + (

1

∆z
)2 ≤ 1

c
(2.74)

When the simulation reaches the end of the determined area, un-physical back reflec-

tion into the simulation space has to be prevented. To that aim, using a reflection-

less absorber, known as a perfectly-matched layer (PML) is needed [35].





3 State of the art

3.1 Excitation and propagation of SPPs

I start with the results of experiments and simulations of the SPP excitation by

illuminating on a grating embedded on a sample. Then the results of the research

on propagation length will be discussed.

3.1.1 Excitation of SPPs via the grating method

As presented in chapter 2 one way to overcome the momentum mismatch between

light and surface plasmons is to introduce periodic corrugations in a metal surface.

Holes, slits, bumps, etc on metallic surfaces can be used to excite SPPs by light.

Anything which can break the symmetry of the planar interface can diffract incident

light to excite SPPs.

In this section some works are introduced in which the optimization of finite diffrac-

tion gratings for the excitation of surface plasmons is discussed. These parameters

have been studied both theoretically and experimentally [36–42]. We restrict our-

selves in this section to a consideration of a gold-air boundary with the incident

wavelength around 780 nm, but in some point pointing on some different material

such as Ag and to shorter wavelength is unavoidable.

The excitation of a SPP wave on a metal-air interface by a diffraction grating un-

der normal illumination is investigated. The influence of the different experimental

parameters such as grating thickness, period and numbers is discussed in detail on

a thin gold film.

Miniaturization and optimization of nanostructures on metal surfaces for efficient

coupling of light with SPPs are of prime importance in plasmonics. In 2006 Leveque

et al [36], presented a numerical study of the SPP excitation using finite gratings,

to compute the optimal grating geometry for the best energy transfer to the SPPs

from an external Gaussian field at normal incidence to the surface mode. They

studied the characteristic of the periodicity, the height, and the width of the grating

on the coupling efficiency. The efficiency of light-SPP coupling, defined as the ratio

of SPP power to that of light. Fig. 3.1 (a) shows the section of a rectangular groove

grating (the same with the grating structure used in this thesis) and Fig. 3.1 (b)

shows a protrusion grating. Both structures are characterized by three parameters

45
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Figure 3.1: (a) Geometrical parameters of a grating, engraved in a semi-infinite gold space,

a is the width of the groove. (b) Grating protrusion, a represents the width of the metallic

part [36].

the period L, the height h, and the width a of the defects for (a) grooves and (b)

protrusions in Fig. 3.1. At the wavelength of 633 nm the SPP wavelength in this

system is 596 nm (data of Palik for its permittivity is assumed). The mismatch

between those two wavelengths are covered by the grating then the SPP dispersion

relation is modified. The reflection coefficient decreases when the plasmon is excited

because most of the energy goes to SPP. Fig. 3.2 indicate the reflection coefficient

for the grating with 50 nm depth, at normal incidence, where the period L and width

a are variable. The resonance condition is not dependent on the width of the grating

but more is sensitive to the period L. At the normal incident for the wavelength of

633 nm the optimal excitation is obtained for a = 290 nm and L = 520 nm, which is

smaller than the free space SPP wavelength. For L > λ, the first diffraction order

becomes radiative and the energy is lost for this condition, as it can be seen from

Fig. 3.2 (a) the value of the reflection intensity decreases in this area.
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Figure 3.2: (a) Reflection coefficient of a plane wave incident on a groove grating engraved

inside a gold space, which shows high value (maximum of 1.0) in white and low values

(minimum of 0.0) in black (L is period and a is width). (b) SPP intensity for optimal period

and width parameters, as a function of the height h. (c) SPP intensity for optimal period

and width parameters, as a function of the height h for a symmetric gold film [36].

They distinguished between two different systems, the semi-infinite metallic space

and a symmetric metallic slab both illuminated at the wavelength of 633 nm and

with a waist of ω0 = 6λ in the incident electric field parallel to the x axis.

In order to evaluate the SPP excitation efficiency, they compute the intensity of the

field just above the surface and 50 µm away from the center of incidence (grating).

As is shown in Fig. 3.2 (b) the intensity is maximum for h = 50 nm correspond to the

period of L = 550 nm, width of a = 280 nm and duty cycle of 0.5 (duty cycle defined

as: dc = a/L). The results for the symmetric gold film (where the metallic layer is

embedded between two dielectric half spaces), is different. In this case, dependent

on the thickness of the gold, two different mode can be excited if the thickness of the

film is comparable with the penetration depth of the field in the metal, the SPP can

feel the other surface and excite the corresponding wave. If the surrounding dielectric

material is the same on each side, one mode is characterized by a symmetric parallel

component of the electric field Ex, while the other is antisymmetric [38, 43] (long-

range SPP, which propagates on the longest distance). For example, for a symmetric

70 nm thick gold slab at λ = 633 nm in air, the wavelength of the Ex-antisymmetric

mode is 609 nm, and its propagation length is 31.2 µm while the symmetric mode has

a wavelength of 580 nm and a propagation length of 5.8 µm. In this case, as shown

in Fig. 3.2 (c) optimal parameters for the groove configuration are h = 50 nm,

L = 600 nm and a = 360 nm.
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Figure 3.3: (A): (a) SEM image of three parallel ridges and (b) image of the sample

under illumination. (B): Experimental intensity profiles of (a) a single ridge and three-ridge

samples with (b) L = 780 nm, (c) L = 900 nm, and (d) L = 1100 nm. (C): Calculated

intensity profiles corresponding to the experimental data in (B) [44].

In the case of the semi-infinite gold space, they report a coupling efficiency of 45%

(22% in each direction) and 33% (16% in each direction) for the symmetric gold

slab. They evaluated the power transferred to the SPP by computing the norm of

the difference between the incident Poynting vector and the transmitted one. The

obtained data were comparable to those obtained experimentally by Ditlbacher et

al. in 2003 for a gold slab on a silica substrate, where they investigate quantitatively

the local coupling efficiency of a strongly focused laser beam to SPPs on a gold thin

film [44]. They measured the coupling efficiency by measuring the leakage radiation

(LR) emitted by the SPPs into the glass substrate supporting the thin film. Fig. 3.3

(A) shows an SEM image of three parallel ridges (200 nm wide and 60 nm high on a

43 nm thick gold film) and under illumination (free space wavelength λ0 = 800 nm).

They found for a single ridge a coupling efficiency E = (4.5%±0.6%). The efficiencies

measured for three ridges with L = 780, 900, and 1110 nm are E = (15% ± 2%),

(9.2% ± 1.2%) and (3.2% ± 0.4%) (see Fig. 3.3 (B)). Fig. 3.3 (C) depicts the

results of the simulation which is in excellent agreement with the experiment. In

the experiment they showed that due to constructive interference, the maximum

coupling efficiency is achieved for a L value that is close to the SPP wavelength of

785 nm. Also the simulation results proof that interference of three locally excited

SPPs is observed that gives rise to enhanced light/SPP coupling as compared to a

single ridge.

As a conclusion, they showed that the period of the grating must be smaller than

that of the SPP mode on the free interface. Some ten of manometers for the depth

of the grating grooves are sufficient (the optimal modulation height h = 50 nm),

the best grating periodicity smaller than the SPP wavelength and the optimal duty
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Figure 3.4: (a) SEM image of a set of seven periodic ridges (in this image the period is 800

nm). (b) Efficiency of the SPP excitation on a 50 nm height and 150 nm width gold ridge

over the free-space wavelength used for excitation, plotted in double-logarithmic scale along

with a linear fit. (c) Efficiency of SPP excitation on sets of periodically arranged ridges

with same geometry over the free-space wavelength measured for the different number of

ridges composing the grating. (d) Experimental results for the efficiency of SPP excitation

over the number of ridges in the grating L = 800 nm used for excitation (50 nm height and

280 nm width) [40].

cycle is around 0.5. They estimate the coupling efficiency to the SPP can reach

16%− 20% in each direction, for those optimum parameters.

In 2008 Radko et al. [40] presented experimental and numerical investigations of

efficiency of local SPP excitation on gold ridges of rectangular profile positioned on

a gold film. Although they admit that the groove gratings are more efficient than

protrusion gratings, for simplicity of sample fabrication, they evaporate periodic

protrusion grating on top of 50 nm height gold for the excitation of SPPs (See Fig.

3.4 (a)). The number of ridge has been changed from 1 single ridge to 19. To find

the optimum value for the relation between the incident wavelength and the grating

period they chose to keep the period of the grating as L = 800 nm and varied the

wavelength from 700-860 nm. They used a Ti:sapphire laser’s Gaussian beam at
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Figure 3.5: (a) Calculation of maximum attainable efficiency (with all possible ridge widths

of the SPP excitation on a single ridge against its height). (b) Experimental results for

dependencies of SPP excitation efficiency on the ridge width (height is fixed at 50 nm) for

three sets of measurements accomplished on a single ridge and on three and five ridges

aligned in gratings with the L = 800 nm illuminated by freespace wavelength of 800 nm [40].

normal incidence and 20× objective, focused to a spot size with diameter 5±0.5µm.

The light-plasmon coupling efficiency (or SPP excitation efficiency) has been defined

as the ratio between the power carried by one of the SPP beams (assuming that two

SPP beams are excited propagating in opposite directions) and that of the laser

illumination. For the large number of the periodic structure, the positioned the

laser on the place that gave the maximum efficiency. They also used the LR method

in which they measured the power of the LR from the excited SPP beam into the

glass substrate.

They first investigated the wavelength dependence of the coupling efficiency, both

experimentally and numerically for a 50 nm height and 150 nm wide single gold ridge.

Fig. 3.4 (b) indicates the results for an unidirectional SPP excitation efficiency in

the wavelength ranges 750-860 nm. As can be seen from the plot with increasing

the wavelength, the efficiency decreases rapidly (note the logarithmic scale along

with a linear fit). For the wavelength of 780 nm, the efficiency is about 0.7% for the

ridge width of 150 nm (the wavelength used in this thesis). This value is five times

less than what we already discussed above from the work of Ditlbacher, the authors

justified this differences to the size of the laser spot.

As following, the number of ridges has been varied from 1 to 6 and the results are

plotted in Fig. 3.4 (c). The efficiency is noticeably enhanced near the wavelength of

790 nm close to the SPP wavelength. In this wavelength, SPP waves interfere with

each other constructively increasing the light-plasmon coupling.

The dependency of the efficiency of the SPP excitation on the number of ridges

has been investigated experimentally. Different incident wavelengths as shown in



3.1. EXCITATION AND PROPAGATION OF SPPS 51

Figure 3.6: (a) SPP beam excited on the 11-ridge array on the left side and much weaker

SPP beam propagating to the right (LRM image). (b) Experimental and numerical results

for the efficiency of the SPP excitation against the position of laser beam scanned across

the ridge from x = 4µm to x = 12µm [45].

Fig. 3.4 (d) (all width are kept in 280 nm). One can divide the ranges into two

groups: below 790 nm and above 850 nm. For these ranges, the efficiency comes

very quickly to saturation dependent on the number of ridges (almost around 5).

Only for the wavelength of 800 nm, the maximum of the SPP excitation efficiency

reaches to maximum at 11, above that the maximum appears above the number of

15.

As for the dependency on the geometrical parameters of the ridge, they performed

only the numerical simulations of SPP excitation on a single ridge. The height is

varying in the range 50−230 nm and the width is varying in the range of 200−600 nm.

By calculation the efficiency, they found that the optimum always occurs close to

the half of the wavelength. Fig. 3.5 (a) indicates the efficiency for every given height

and the maximum is at 130 nm.

At the optimum wavelength of 800 nm, the width dependency of the SPP excitation

efficiency has been examined experimentally. Fig. 3.4 (b) presents the influence of

the ridge width on the SPP excitation for one, three and five ridges (the height is
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Figure 3.7: (a) SEM image of 11 ridges forming an array with a radius R = 28.8 µm. (b)

LRM image of the samples under the incident laser beam with the wavelength of 816 nm for

different radius of (a) 28.8 µm, (b) 9.6 µm and (c) 4.8 µm [45].

kept at 50 nm and the period is L = 800 nm for all). For all numbers, the maximum

is achieved at 350 nm (almost at half of the wavelength) which demonstrates that

by increasing the number of the ridges, the optimum width is fixed.

In conclusion to the experimental and numerical results of the Radko work, one can

say that they could achieve a maximum experimental unidirectional SPP excitation

efficiency of about 20% for 11 ridges on the width of 280 nm and a height of 50 nm.

Later in 2009 Radko et al. examined the efficient unidirectional ridge excitation of

SPPs [45]. In that work, they used the same method and geometry and the efficient

parameters optimized from the previous work in 2008 were assumed. Therefore they

used the LRM method on the 11 periodic (800 nm) arrays of 130 nm wide gold ridges

on a thin gold film irradiated by a 816 nm laser wavelength of 5 µm in diameter. This

time, for each wavelength they placed the laser beam at the position to maximize

the SPP power. The higher efficiency of 0.45± 0.06 was recorded at the wavelength

of 816 nm. They investigated the dependency of the efficiency on the position of

the laser beam on the arrays (see Fig. 3.6 (a)). At the high efficiency of SPPs
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in one direction, unwanted SPP beam propagating at the other direction has been

found ∼ 35 times smaller than high efficient case of 0.45. Fig. 3.6 (b) shows the

comparison between the experimental and numerical results for the efficiency of the

SPP excitation against the position of the laser beam scanned across the ridge from

x = 4 µm to x = 12 µm. Beside out-coupling of the propagating SPPs, the efficient

suppression of the SPP beam in one side can be due to the second-order Bragg

reflection from ridges.

They also used a circularly curved ridge array to employ focusing of the excited

SPP beam, using a circularly curved ridge array as it can be seen from Fig. 3.7.

By increasing the laser beam diameter they were able to excite the converging SPP

beam which in fact causes a decreased SPP excitation efficiency. They measured

the efficiency to be 0.06± 0.01 for the 11 ridges with a radius R = 28.8 µm as shown

in the Fig. 3.7 (a). Fig. 3.7 (b)-(d) presents the LRM image of SPP excitation

for different radius of 28.8 µm, (b) 9.6 µm and (c) 4.8 µm. One can simply see that

with decreasing the radius of the arrays , the intensity of the focused SPP beam is

increasing, but at the same time it is contrary to the lateral size of the focused SPP

beam.

This work is comparable to the work done by Leilei Yin et al. in 2005 where they

used 50 nm Ag film containing 19 (200 nm) holes arranged on a quarter circle with

a 5 µm radius. They showed that the constructive interference of SPPs launched by

the nanometric holes allows to focus SPPs into a spot of high near-field intensity [46].

This different structures can provide flexibility in designing structures for practical

applications in waveguides to guide the light to the small area.

Another comparable work in 2012 have been done by Koev et al. [42] where they

milled the identical parallel grooves of varying width and depth into a 300 nm thick

gold film on a mica substrate (Au film on mica is atomically smooth). Measurements

were performed at wavelengths of 780 nm and 675 nm. They presented the design and

testing of a large-area grating coupler that coverts light into SPPs with efficiencies

exceeding 45% at 780 nm and 30% at 675 nm. This highest efficiency coupler for the

wavelength of 780 nm gained at the groove period, width, and depth of 560, 190,

and 38 nm, respectively. They believe that if the groove dimensions are not properly

chosen, the grating efficiency can be more than an order of magnitude lower in

compare to the optimized geometry.
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Figure 3.8: (A) Photon Scanning Tunneling Microscopes (PSTM) image of the focused

light spot (direction of incidence from right to left) on a thin silver film. At the left side of

the image, a bright spot due to scattering of the SPP at the end of the silver stripe is visible.

(B) Cross-section along the dashed line in (A). (C) PSTM image over the area indicated

by the rectangular box in (A). (D) Cross-section along the dashed line in (C), the vertical

dashed lines indicate the width of the stripe [47].

3.2 Propagation length

As introduced in the chapter 2, the propagation length is the length in which the

amplitude of SPPs decreased by a factor of e, over distance. Micrometer-wide metal

stripes supporting SPPs are interesting as an interface between far-field optics and

individual nanostructures. In order to discuss the propagation length, we start with

the work by Krenn et al [47]. 50 nm thick silver thin film with the width of 2.5 µm

was chosen. The results also hold for the gold thin film. For the excitation of SPPs,

a fiber was focused in the edge of the silver film with the wavelength of 633 nm

and angle of θ ≈ 42◦. Photon scanning tunneling microscope was applied for direct

measurement of the sample.

Fig. 3.8 (A) shows a Photon Scanning Tunneling Microscopes (PSTM) image of

the sample under illumination. The sharp light in the right side of the image shown

the focused light spot and elliptical shape is an evidence excitation of SPP from
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Figure 3.9: Sketch of the experimental setup. Spatially confined SPP excitation in the

prism-coupling arrangement is provided by an opaque Al screen. Scattered light from the

propagating SPP is observed with a microscope and a CCD camera [48].

right to left. The bright spot at the left side of the image indicates the scattered

SPP, guided by the metal strip, at the end of stripe. Cross-section of the intensity

of SPP shows in Fig. 3.8 (B), decay of propagation and the end of the stripe can be

seen from the plot of intensity vs distance. Fig. 3.8 (C) shows a zoom of the box in

Fig. Fig. 3.8 (A) demonstrating the standing wave pattern due to the interference

of the partially reflected SPP (counterpropagating) at the end of the stripe with

propagating SPP. The cross-section of the intensity in y direction shown in Fig.

3.8 (D) (taken from the position of the dashed line) simply presents the width of

the metal stripe, so one can conclude from this near-field measurement that lateral

confinement of the plasmon fields to the width of the metal stripe is observed. The

standing wave pattern at the end of the stripe can be more complex where the shape

of the end of the stripe is not any more straight. In one example they examined a

triangular shape, the interference pattern in that case was more complicate.

Along those set of measurements Lamprecht et al. [48] experimentally studied the

SPP propagating length on silver and gold stripes. In this case, they used an opaque

aluminum screen for a distinct separation between the excitation and propagation

region as it can be seen in Fig. 3.9.
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Figure 3.10: SPP propagation length L vs wavelength. Lines: L for (a) gold and (b) silver.

Note the six-times-larger scale in the case of silver. Squares: experimentally obtained SPP

propagation length L in extended silver and gold thin films for excitation wavelengths of,

514, 633, and 785 nm. (c) Experimentally obtained SPP propagation length L in 70 nm

thick silver stripes vs stripe width (excitation wavelenght 633 nm) [48].

70 nm thick gold and silver stripes were examined with variable width from 1 to

54 µm. The whole substrate was coated with 50 nm thick SiO2. The SPPs propagate

in metal/air interface while illuminating by focused TM-polarized laser beam in spa-

tial angle of θ by prism coupling arrangement. Scattered SPP on surface corrugation

of the metal stripes was detected by mean of microscope objective to a CCD camera.

The propagation length L for both silver and gold are shown in Fig. 3.10 (a) and

(b) for three different wavelengths 514, 633, and 785 nm (The error bars correspond

to the standard deviation resulting from the averaging measurement process). The

solid and dashed lines show the calculated values applying the dielectric function

values summarized by Johnson and Christy [12] and Palik [22], respectively.

L is increasing strongly with increasing the illuminating wavelength. The obtained

values for gold is closer to the calculated data of the two different groups. For silver,

experimental data was within the two sets of dielectric function used in the calcula-

tion. The obtained results was surprisingly match to the calculation, because for a

70 nm thick metal film radiation losses (which cause shorter L) due to the radiation

back into prism was expected. So they deduce this effect to the opaque aluminum

coated beneath the substrate to prevent the SPPs radiating back to the prism.

For understanding the influence of the metal width on L, they examined different

stripe widths from 1 to 54 µm. The results for silver stripes under the excitation

wavelength of 630 nm is shown in Fig. 3.10 (c) (The same results quantitatively

hold for gold stripes). With increasing the stripe width, SPP propagation length

also increases, it is remarkable mainly for the widths bellow 20 µm. They justified

this effect to the modification of the complex dispersion relation of SPPs excited

in narrow stripes. Also with decreasing the stripe width, radiation damping due to

SPP scattering on the lateral stripe edge is expected continuity to the reduction of
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Figure 3.11: Near-field image of SPP intensity 100 nm above the stripe for different stripe

width ranging from 500 nm to 3.5 µm [49].

the L with decreasing the width.

In 2006 Zia et al [49] published the results of numerical and experimental studies

of light propagating along metal stripes. A series of near-field measurements using

PSTM method was done by imaging light propagating along a 48 nm thick gold

stripe on a glass substrate. For exciting the SPPs modes along the metal stripe,

SPPs excited at 780 nm at the air-metal interface by ATR in the Kretschmann con-

figuration. Then the SPPs propagating along the stripe excite both guided and

radiation modes. Fifteen different stripe widths from 500 nm to 6 µm were investi-

gated. Some of the experimental near-field images shown in Fig. 3.11. Aremarkable

point is that by decreasing the stripe width, the propagation length is decreasing,

as it was shown by far-field measurements of silver stripes [48] (see Fig. 3.10 (c)).
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Figure 3.12: SPP propagation length as a function of stripe width at 780 nm for gold

stripes on glass substrate. Circular markers with error bars denote the experimental results.

The colored solid, dashed and dot curves are the calculated decay behavior for the three

SPP modes of the simulation results obtained with the finite-difference method [49].

As an additional feature in that study the different behavior of the guided mode as

a function of stripe width was considered. A metal stripe can hold a finite number of

guided modes, whereby wide stripes may support multiple guided modes and narrow

stripes may support none. For that reason, the authors include another feature to the

electric field in a region supporting N number of guided modes. Fig. 3.12 shows the

fit propagation length as a function of stripe width. Circular marks with error bars

denote the experimental results. The colored solid, dashed and dotted curves are the

calculated decays for the three SPP modes obtained by a finite-difference method.

Three cut-offs exist between 500 nm and 6 µm stripe width. The propagation length

tends to decrease while the width of the stripe is decreasing, but the propagation

length for the stripe widths between 4 µm and 5 µm are higher than between 5 µm

and 6 µm. The same behavior is notable between the stripe width of 3 µm and

2.5 µm. As the stripe width decreases from 1.25 µm to 1 µm, the propagation length

drops dramatically from 9.6 µm to 4.8 µm. This observation depicts that beside the

discrete nature of the guided stripes, in this regime there might be no guided modes.



3.2. PROPAGATION LENGTH 59

Figure 3.13: (a) Images of surface plasmon induced radiation at the end of stripe waveg-

uides with lengths x of 60, 80, and 100 µm, dotted lines indicate the boundaries of the 5 µm

wide stripe. (b) Log-linear plot of end emission vs stripe length. The dashed line indicates

the fit of the gained data from the experiment, and the slope of fit line gives the propagation

length. P (x) is the measured intensity and P0 is the incident intensity [50].

In reference [50] the authors used the far-field microscopy method for measuring

SPP propagating length. They used three different strategies to get the idea that

propagation in the thin gold film is limited not only by ohmic losses but also by

radiation losses into the substrate from the strips edges. Stripes with varying length

have been used for the first try of measuring propagation length. The power of SPPs

is detected by the radiation scattered when the plasmons encounter the end of the

stripe, in this case.

The 5 µm wide gold stripe with the thickness of 107 nm deposited on 5 nm Ti

atop of a 110 nm SiO2 substrate is illuminated by wavelength of 860 nm. The stripe

length was varied from 30 to 100 µm of 10 µm. The edge discontinuity matches the

momentum of the free space photon wavevector to the SPP wavevector. Fig. 3.13

(a) shows the image of the radiation measured at the end of each stripe and how by

increasing the length of the stripes, the intensity is decreasing. These results yield

a decay length of 38.8±1.2 µm (see Fig. 3.13 (b) ).

In the second approach, 50 nm gold nano-particles were deposited on the gold film,

the laser spot was illuminating the edge of the stripe. Fig. 3.14 (a)-left and (b)-left
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Figure 3.14: (a)-left: Image of emitted radiation when SPPs scatter from 50 nm diameter

Au nano particles deposited on the stripe. (b)-left: Shows the average image of nine different

nano-particle-decorated stripes (the neighbor stripe shows an unexcited stripe). (c)-left:

Averaged data from image (b)-left across stripe width and background corrected, log-linear

plot. Dotted line shows a linear fit indicates exponentially decaying propagation length.

(a)-right: Scanning electron micrograph of an emission from 600 nm holes with 4, 7, and

10 µm periodes. (b)-right: Log-linear plot of hole emission over position of hole for each

period. The lines showing exponential decay are the result of simultaneously fitting every

period with a common loss per hole and propagation length [50].

present the images of emitted radiation when SPPs scatter from 50 nm diameter

Au nano-particles deposited on the stripe. In Fig. 3.14 (b)-left the average image

of nine different nano-particle-decorated stripes is shown to improve the uniformity

(the neighbor stripe in middle of (a)-left and (b)-left shows an unexcited stripe).

The result of this part is illustrate in Fig. 3.14 (c)-left as an averaged data from

imaging (b)-left across the stripe width and background corrected, log-linear plot.

The dashed line shows a linear fit indicates exponentially decaying propagation

length of 33.1±1 µm.

Finally for the last approach, they drilled nanoholes with three different diameters

of 325, 600 and 1090 nm in the 5 µm wide and 100 µm long gold film evaporated on

5 nm Ti. The same setup and same method for exciting SPP was used. Fig. 3.14

(a)-right is a scanning electron micrograph of a typical 600 nm diameter hole showing

emission from 600 nm hole with 4, 7, and 10 µm periods. It is clear that although the

stripe length and nano-holes diameters are the same for the three samples, the end

of the stripes shows different emitted intensities. This is caused by the exponential

decay along the stripe due to ohmic losses and also additionally by scattering loss
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depending on the diameter and period of the nano-holes. The function had been

introduced to extract the whole losses including both SPP propagation loss and hole

loss:

Pn = P0(1− γ)ne(−nΛ/LSPP) (3.1)

here P0 is the power at the first hole and γ introduces the fraction of SPPs lost in

each hole, Λ is the hole period and LSPP is the propagation length of the bar gold.

By fitting this function to the measured data from the experiment, the loss of each

hole (γ) and also the propagation length (LSPP) can be gained. As it can be seen

from Fig. 3.14 (b)-right, which shows the hole emission vs position for each period,

the lines showing an exponential decay resulting from the loss per hole and the finite

propagation length. This also proofs that the power loss due to the holes cannot be

ignored.

The results gained for each set of holes were different. For the smaller holes the loss

is lower than for the larger ones. For example, the loss for a hole with diameter

of 600 nm is 7.6% while for 1090 nm is 13.6% per each hole. Using Eq. 3.1 for ex-

tracting the propagation length revealed a shorter propagation length, 32± 3.2 and

26.2±3.6 µm for the 600 nm and 1090 nm, respectively.

At the end one can say that measurements by those three methods gave consis-

tent values to within 15% of 39 µm for the propagation length along a silver stripe

with the width of 5 µm in the wavelength of 860 nm. Since the propagation length

was also calculated with finite-element computations as 35.8 µm, they claimed that

since by having small holes (for the case of 325 nm for which the propagation length

measured as 34.2 µm) the propagation length is closer to simulation. Hence using

uniform holes less than 325 nm in diameter should permit measuring the propagation

length much better than with 10% accuracy.
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Figure 3.15: (a) Near-field image of a 500 nm wide gap. (b) Transmission of SPPs as

a function of gap width (the gaps are normalized to the optical wavelength). Large solid

circles are the experimental results of this work and the rest is data produced by Maradudin

et al [51]. (c) and (d) are cross-sections of near-field optical images for 250 nm and 420 nm

gap sizes [52].

3.3 Transmission

In 2004 Seidel et al. reported a near-field optical method in order to direct mea-

surement of SPP transmission through of nano gap. A 60 nm thick silver film was

deposited on a glass prism. Plasmon excitation was achieved by ATR method illumi-

nated by Helium Neon (632.8 nm) laser beam. An optical fiber was used to transfer

the converted plasmon field to the detector while scanning the surface of the Ag.

The gaps were produced by FIB in three different sizes. The sample and the illu-

mination optics (used for plasmon excitation) was kept fix during the measurement,

only the tip could move in three dimensions. The image of scanning near-field of

the sample with 500 nm gap size is shown in Fig. 3.15 (a). The intensity fringes are

due to the interference of the incident light and the reflected surface plasmon.
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For extract the transmission over each gap (250 nm, 420 nm and 500 nm), the cross-

section of near-field images were used. As one can see from Figs. 3.15 (b) and (c)

the intensity of the SPP exponentially decays over a distance. The gap interrupts

the decaying by sharp increasing at the first edge and decreasing at the second edge

of the gap, at the end again the exponential decays appear. The high peak of the

SPP’s intensity at the first edge is due to the re-radiation of plasmons while cou-

pling to the free-space electromagnetic mode. The ratio between the intensity of the

SPPs, before and after the gap, was introduced as the transmission over each gap.

Results of three investigated gaps shown in Fig. 3.15 (b). High transmission of

87% for the gap size of 250 nm is observed. 70% for the gap size of 420 nm and

75% for the gap size of 500 nm revealed a non-monotonic behavior. They compared

their results with theoretical predictions based on a system which was treated as a

wave guide structure sandwiched between two metal boundaries and concluded that

the complex transmission behavior is due to the existence of certain groove width

supporting electromagnetic modes in the gap region [51]. The SPP transmission

decreases with the gap width.

In 2007 Sidorenko et al, numerically investigated the tunneling efficiency of SPPs

across an interruption in a gold film [4]. They considered both non-symmetrical and

symmetrical geometries (symmetric geometry: metal film is embedded between two

different dielectric materials and non-symmetric geometry: both dielectric material

are the same). In this thesis we are more interested in non-symmetrical geometry

because both our experiment and simulation is done in non-symmetric geometry.

In the following, the conditions for tunneling with high efficiency are investigated

by the help of the finite-element method (gold thickness t and gap length l). For the

non-symmetric geometry, the thin gold film is embedded between air and glass, il-

luminated at the wavelength 785 nm. Two SPP modes can propagate, radiative loss

occurs at the air-gold interface and non-radiative at the glass-gold interface (see Fig.

3.16 top-left panel). One can easily calculate the propagation decay length. In this

system, for the wavelength of 785 nm and 50 nm thick gold film, the substrate mode

decays 2.5 times faster than the air mode. This is due to the larger imaginary part

of the propagation constant (kair = 1.02− 0.0028i and ksubstrate = 1.55− 0.0069i).
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Figure 3.16: Top-left panel: Excitation with an air mode (red arrow) and with substrate

mode (pink arrow) on a metallic film with the thickness of t and interruption d. Top-right

panel: Amplitude of magnetic field when an air SPP mode is propagating on 50 nm thick gold

film with the gap size of 700 nm. Lower panel: Average amplitude of the field transmitted

over the gaps (a) 5 nm above the gold film and (b) 5 nm below the gold film [4].

Top-right panel of Fig. 3.16 presents the amplitude distribution of the magnetic

field on a 50 nm gold film with a gap size of 700 nm. The first edge of the gap cause

the reflection, and interaction with SPPs leads to a standing-wave pattern. After

encountering the edge of the gap, the field is scattered both into the air and the

substrate. The field propagates with the wave numbers of k0 and kglass in the air

and glass respectively. The propagation of SPPs can be observed at the other side

of the gap indicating that some of the energy has tunneled to the other side. The

transmitted amplitude over the gaps shown in Fig. 3.16 ((a) 5 nm above the gold

film and (b) 5 nm below the gold film in substrate). Different metal thicknesses were

considered. For the transmission behavior above the metal, one can see that the

transmitted magnetic field decays exponentially with increasing the gap sizes. High

tunneling efficiency was observed, for example for the gap size of 2 µm gap, 50% of

the magnetic field transmitted (for symmetric geometry, a quite higher value was

shown. For example for the gap of 5 µm about 80% of the field was transmitted,

coresponding to a transmission of the intensity of 64%).



3.3. TRANSMISSION 65

Figure 3.17: Top-left panel: Amplitude of the field transmitted through the gap as a

function of the gap size, measured 5 nm above the surface for different substrate (nglass =

1.47 and ndense−glass = 1.8). Amplitude of magnetic field (c) 5 nm below and (d) 5 nm

above the gold film [4]. Near-field image of the plasmon intensity before (a) and after (b)

the gap. [53].

The behavior of transmission over the gaps, in below of the gold film is quite

different as shown in Fig. 3.16 (b). The magnitude of the magnetic field is pe-

riodically varied corresponding to the different gap sizes. This oscillation can be

determined by:

b1 =
λ0

nglass − 1
= 1654 nm (3.2)

which is given by the beating between the contribution propagating in the substrate

(glass) and in the air over the distance of the gap. In order to better understand this

periodic behavior, different substrates were examined. For example they performed

the simulation with dense-glass with the refractive index of ndense−glass = 1.8.

As illustrated in Fig. 3.17 top-panel, the higher-index substrate leads to a smaller os-

cillation period. In this case the period of the oscillation is about b2 = λ0/ndense−glass−
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1 = 981 nm. This confirms that the SPP modes through the gaps are the results of

the interference between the scattering of the incident plasmon in the air and the

substrate.

In order to investigate the influence of the gold thickness on the transmission ef-

ficiency over gaps, simulations were performed for different thick gold films with

different thicknesses. Amplitude of the magnetic field transmitted over the gaps in

Fig. 3.16 (a) only shows slight differences for varied thickness, while for transmis-

sion below the gold, coupling from the air mode to the substrate mode is much more

effective for the thick gold film. This means that thicker edge increase the scattering

and lead to stronger coupling.

More information about the system can be obtained from the amplitude of the mag-

netic field 5 nm below and 5 nm above surface as it shown in Fig. 3.17 (c) and (d).

The period of the standing waves in front of the gap matches to the half of the in-

cident wavelength, however this period is changed after the gap. Two different SPP

modes which are propagating on the metallic film interfere and change the period on

the other side of the gap. This effect was observed in 2004 by the group of Eng [53].

They used the SNOM probe the SPP field on the surface of the silver film. Fig.

3.17 (a) shows the short period of the standing wave pattern before the gap and Fig.

3.17 (b) is shown the longer-period in the other side of the gap. This shows that a

gap causes two plasmon modes at the two film boundaries (gap edges) to exchange

energy.

Another interesting work which is close to the method which we used for measureing

the transmission probability across gaps, were performed in 2010 by Flynn et al. [8].

They used far-field microscopy to measure the transmittance of SPPs across gaps in

plasmonic waveguides. As described in section 3.2 (work by the same group, they

measured the local plasmon intensity which have been monitored through radiation

scattered from discontinuities. In this case the discontinuous had placed before and

after the assume gaps (see Fig. 3.18 (a)). They investigated gap sizes from 30 nm to

16 nm on 107 nm thick and 5 µm wide gold stripe excited at 860 nm wavelength. For

the propagation length, they used the results of The Ref. [50] (experimentally 39 µm

and by computation was 35 µm). In each stripe, three gaps were introduced, a ’test

gap’ which is varied from 30 nm to 16 nm and two ’probe gaps’ which are fixed and

recorded the local SPP intensity before and after the test gap by scattering radi-

ation into the far field. Two different samples were fabricated, in case of possible

interaction between test and probe gaps. But as can be seen from the left-panel of

Fig. 3.19, they are in good agreement.
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Figure 3.18: (a) SEM image of a test gap, 257 nm wide surrounded by 3 µm wide probe

gaps in the left and right side. (b) Optical image of the gap edges with radiation scattered

from SPP-gap encounters [8].

One probe gap size was fixed as 325 nm at a distance of 12 µm from the edge of the

test gap and another one where the probe gap was kept on 3 µm and the distance

to the test gap was kept as 5 µm. The experimental results for the transmission are

plotted in Fig. 3.19 as open circles for the 3 µm wide probe gap and blue triangular

for 325 nm which shows that coupling efficiency is 100% for the gaps smaller than

30 nm, which for 16 µm only 5% is transmitted. It is notable that transmission

remains 50% for 1 µm gap size.

The results were tested with a finite-element code (COMSOL) with a 2D model.

The power flow near single gaps was determined by exciting with an incoming SPP

on the air-side of the stripe. The Au stripe was modeled assuming that the Au

is lossless, means that the imaginary part of the dielectric function of the Au was

ignored (ε = −32.15). The right-panel of Fig. 3.19 (a) indicates that the power flow

is transmitted over 2 µm gap size. When SPPs meet the first edge of the gap, the

SPPs convert to radiation and they propagate across the gap by coupling with the

SPPs in the other side of the gap. 60% − 65% of the power which did not travel

to the other side, will radiate into the substrate and the rest of the energy radiates

into the air.
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Figure 3.19: Left-panel: transmitted SPP across different gap sizes vs the gap sizes on

a log-linear scale. Right-panel: (a) Simulated intensity of normalized power flow for SPP

coupling across a 2 µm gap by finite element methods. (b) Intensity profile of panel (a)

above the metal surface [8].

The ratio of power flow after the gap to the power before the gap, determins the

transmission over the gaps. Black dots in the left panel of Fig. 3.19 present the

results of the simulation which are in rather good agreement with experiment. The

consistence between two different designed sample (with different probe gap sizes)

and simulation results, suggests that the interaction between probe and test gaps,

as might occur in Fabry-Perot cavity [54], are negligible. Comparing these results

to the results of Seidel [52], they emphasized that neither experiment nor simulation

results showed resonance in the gap transmission as the gap size is varied.



4 Experimental setup

4.1 Sample preparation

Samples were patterned by help of Electron Beam Lithography (EBL). Suitable

electron beam resist is deposited for exposure in the Scanning Electron Microscope

(SEM). Then the sample is developed such that the exposed areas is dissolved. At

the end 100 nm gold are evaporated on the sample. Below each step will be explained

in detail (see Fig. 4.1 and Fig. 4.2).

4.1.1 Wafer preparation

First of all a bronze wafer of 200 µm thickness and diameter of 50 mm has to be

well-polished. Due to the flexibility of bronze, it is a good choice for using at in

room temperature. By the help of spin-coating, a layer of polyimide coated on the

polished wafer for making an electrical insulator and a smooth surface. This results

a thikness of 2 µm of the polyimide. For a stable layer, the wafer has to be baked at

450◦ C in a vacuum oven for 30 min. For the next step, two layers of photo resist

were applied which are sensitive to electron radiation. First, one layer of MMA-

AMA (polymethyl-methacrylate-co-methacrylacid) with the thickness of 540 nm is

spin coated. Second, a layer of PMMA (poly-methyl-methacrylate) is coated with

the thickness of 380 nm. Both materials were baked in the vacuum for half an hour at

170◦C, for being sure that the photo resists are hardened and the solvent evaporated

(Fig. 4.1 (c) and Fig. 4.2 (b)). Before patterning on the wafer by SEM, the wafer

is cut in the size of 3 ∗ 20 mm2.

4.1.2 Electron beam lithography

Using a Scanning Electron Microscope (SEM) equipped with a lithography extension

(Raith, Elphy Quantum), the resists are exposed locally with high energetic electrons

by scanning the beam across the sample and blanking it whenever exposure is not

desired. These electrons interact with the resists, the substrate, and the sample

holder to create secondary electrons which then may destroy chemical bonds in the

unexposed molecules. For avoiding any charging effect it is better if the sample is

conductive to the sample holder by the help of silver paint, this is quite necessary

when the substrate is Kapton. While being transparent to the incident electrons,

69
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Figure 4.1: Steps of the process to fabricate nanogap samples. (a) Polished bronze. (b)

Polyimide layer. (c) Coating with two layers of resists. (d) Electron beam lithography. (e)

Development. (f) Evaporation. (g) Lift-off

the silver paint collects any excess charges, secondary electrons and leads them to

the sample holder. This way undesirable charging of the insulating substrate and

resists is avoided which would lead to difficulties during the focusing as well as the

exposure itself. EBL was used for fabricating the nanoscale samples. The EBL

was performed in two different layers, 100 µm working field for the small area and

1000 µm for the large area. These different sizes of working field are chosen by the

magnification of the SEM used for lithography. For patterning the small parts, small

writing currents in the range of picoamperes (pA) are necessary but, for the large

area, for saving time, we used higher currents in the range of nanoamperes (nA).

Two different areas are shown in Fig. 4.3. The lithography pattern started from the

smaller area to avoid errors of the moving of the stage during the writing. Next the

large areas in the working field of 1000 µm was patterned in six steps. For the 100 µm

working field approximately the current of 28 pA and for the 1000 µm working field

the current of 6.8 nA were exposed on the sample. The working distance of the

stage and electron-beam column was kept at 5 mm. An area dose of 100µAs/cm2
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Figure 4.2: Steps of the process to fabricate break-junction samples. (a) Polyimide layer.

(b) Coating with two layers of resists. (c) Electron beam lithography. (d) Development. (e)

Evaporation. (f) Lift-off (E. Scheer. Image archive of the research group)

was preset for all structures, and different dose factors were applied manually for the

small and large areas. The large area is not so affected by small changes of the dose

factor (1.5), but for the small area, before the main sample exposed, different dose

tested (for example for bronze substrate the doses of (1, 1.02, 1.15 . . .) was tried, but

for Kapton substrate a dose factor around 0.7 was used. Depending on the quality

of electron beam resist the dose factor can vary. High voltage of 10 kV was used.

Fig. 4.3 (a) and Fig. 4.3 (b) show the nanoscale part. This part was changed during

the sample preparation which could be the mechanical controllable break-junction,

nanoscale-gap or other shapes.
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Figure 4.3: Design of the sample structure used for the EBL process in Elphy Quantum soft-

ware in various magnifications: (a) General overview of sample design. (b) Break-junction

sample. (c) Nanogap sample.

4.1.3 Sample development

By using Isobutylmethylketon (MIBK) and isopropanol in the rate of 1:3 for 40 s

the exposed resist molecules are washed out. To stop the excavation of the exposed

PMMA parts the sample should stay in isopropanol analyzer for 60 s, then developing

of the sample would be complete when the sample is dried out by the help of nitrogen

over the surface (Fig. 4.1 (e) and Fig. 4.2 (d)).

4.1.4 Evaporation

In this step, the sample is installed into an evaporator machine at a pressure of

about 5 ∗ 10−9 mbar. A gold film with a thickness of about 80 nm is evaporated on

top of the resists with the rate of 1.5 A◦/s (Fig. 4.1 (f) and 4.2 (e)).

4.1.5 Lift-off

With the help of acetone, the resist layers with the metal on top are removed. For

about 5 min the sample inside the acetone warmed up to help remove the layers then
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Figure 4.4: SEM image of a sample after all processes and magnification in the nanoscale

area. The nanowire is clearly visible in the center with a length of about 1 µm while the

constriction has a minimum width of the order of about 100 nm.

for few second washed out with isopropanol and dried with nitrogen gas (Fig. 4.1

(g) and Fig. 4.2 (f)). At the end only the metal structure remains which is insulated

from the bronze substrate by the layer of polyimide.

Fig. 4.4 shows the SEM image of the actual sample at the end of process. For

the optical measurement, the perfect contact of the small electrodes are not crucial,

because the constriction area itself has about 2.5 µm distance, majority of the light

is transmitted by the excited surface plasmons, not by the electron conductors. But

because same samples were used in transport measurement by Matthias Bädicker,

the break-junction samples were contacted.
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4.1.6 Milling the grating

To excite surface plasmons, we used the incident light into suitable grating. The

grating was engraved by the help of a Focused Ion Beam (FIB). Ions are good choice

for fabricating high aspect ratio 3D structures. Due to the physical nature of the

ions (as a charged particle which is at least three orders of magnitude heavier than

the electrons) and the wavelength of ions is well below the diffraction effects. For

slow, heavy ions (for example 30 keV Ga+) the interaction process is that of alter-

ing the surface structure of a material, modifying surface chemistry, and removing

atoms from the surface through sputtering. The penetration depth of the ion beam

is well defined and can be varied by changing the ion energy [55].

Here we use a FIB that utilizes a 30 keV Ga+ ions to sputter atoms. For the milling

we simultaneously have view of the SEM and the FIB. Since we cannot move the

guns, the sample on the sample holder is tilted by 54◦ related to the electron beam

gun. First the sample is glued on the sample holder by silver paint (G3692 AHESON

silver DAG 1415). Extra High Tension (ETH) of 5 kV and an aperture size of 30 µm

used. The crucial point is adjusting the sample in the working distance of 5 mm and

align both SEM and FIB in the same point. The current of 2 pA at 30 keV was used.

The area dose factor of 275 µAs
cm2 and variable dose factor for each sample was used.

Dependent on the gold surface, these values can change between 0.45 to 0.7. Another

way to modify the sharpness and depth of the grating is to make a good balance

between the implement dose factor and the number of the loops in the SEM smart

software. A working field of 50 µm was defined for the grating. Control the position

of the gun by FIB mode lead to exposure the sample, in this case it is very important

not to focus by FIB on the constriction or gap area. Since the length of the grating

is 3.2 µm on a 4 µm stripe width (in many cases), it is important to check that the

coordinate is well aligned before writing on the main part of the stripe. Width of

the gratings were adapted to the laser wavelength incident for excitation of SPP.

Fig. 4.5 shows SEM image of a 4 µm gold stripe sample with the break junction

constriction in the center, four gratings in each part of constriction with distances

of 10.2 µm, 4.7 µm, 5.3 µm and 10.2 µm, from left to right respectively.
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Figure 4.5: SEM image of a 4µm gold stripe sample with the break junction constriction

in the center, four gratings in each part of constriction with distances of 10.2 µm, 4.7 µm,

5.3 µm and 10.2 µm, from left to right respectively.

4.2 Characterization of the optical elements

As discussed in chapter 5, the relation of the laser source compared to the geometry

of the gratings has effects on the efficiency of the excitation of SPPs. Therefore with

the help of FDTD simulations the lattice parameters were optimized to CW laser

sours. The first simulation was provided by Dr. Tobias Geldhauser in Japan , in

the group of Prof. Misawa. Then Daniel Benner completed many aspects during

his PhD project. Some of the parameters we adjusted in the course of my project

due to a higher resolution set-up and better understanding achieved and also more

details figured out by the simulations.

An important characteristic is the laser spot diameter which will be discuss in more

detail in section 4.5. D. Benner suggested that the laser spot diameter was about

1.8 µm, therefore he choose three grids in each set of the gratings. From the work

of Radko et al. [40] (discussed in chapter 3) one has to compromise the parameters

involved, including the number of the trenches ν, their width ω, their period Λ, their

depth h and the diameter of the laser spot D. The period of the gratings is depends

on the wavelength of the light and the angle of incidence. As discusses in chapter

5, we assumed that the angle of incidence is zero. So by assuming perpendicular

irradiation, the wavelength of the SPPs is about 760 nm for the laser wavelength of

780 nm in air/gold interface. If the laser hits the center of a gratings [22] one can

write:

ν · ω + (ν − 1)(Λ− ω) ≈ D

Λ(ν − 1) + ω ≈ D (4.1)

with the boundary condition of Λ ≥ ω ≥ 0 . This ensures that the grating is not

longer than the spot diameter and the excited SPPs propagate in them direction

and do not convert to photons (means they guide light on the stripe and do not

radiate). D. Benner only introduced the inequality between Λ and ω, but as a result

of a bachelor project one can excite the SPP by having only one trench, only the
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Figure 4.6: Simulation results of intensity of excited SPPs on the surface over Λ-ω, the

period Λ is 760 nm, so that at the optimum width of 366 nm, the optimum distance between

two trenches is 394 nm. All intensities were gained at fixed depth h [22].

efficiency is decreased by less trench.

From D. Benner’s thesis, he assumed the laser spot 1.8 µm in diameter (on his simple

lens) and he found three trenches in each set of the gratings fits to the laser spot.

As it shown in section 4.5 the optical light microscope by 20× magnification, gave

us the diameter around 3 µm, in this case according to Eq. 4.1, the number of

trenches should be 4, but since we had to illuminate the light exactly in the center

point of the gratings, we understood that the number of the gratings had to be

odd, so traditionally we choose ν = 3. Fig. 4.6 shows the simulation results for

the dependency of the intensity on Λ-ω. It is obvious from that plot, the best case

is when the distance between the two neighboring trenches is about 366 nm. By

knowing the period and the distance between each trench, the width of each trench

l must be about 400 nm. All intensities were gained at fixed depth h [22].
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Figure 4.7: Simulation results of intensity of excited SPPs on the surface over h shows an

optimum depth h for grating around 70 nm. All intensities were gained at fixed period Λ of

760 nm.

For optimizing the efficiency of intensity by the depth h of gratings, the rest of

the parameters was fixed. The simulation results for a 100 nm gold film in Fig. 4.7

indicate a dependency of the intensity on the depth of gratings. One can imagine

that there are no SPPs excited when we have no grating grooved, then the intensity

increase until 60 nm and then decreases again. When fabricating the samples for

different measurements, we tried to keep the depth of the gratings at 70 nm. But

unfortunately the FIB milling rate is not very reproducible. Observation in the SEM

and experiment is required to keep the depth in the desired range.

Fig. 4.8 indicates the lattice engraved on 100 nm gold stripe. The width of each

trench is about 400 nm and the period 760 nm. Length of the gratings is about 3.2 µm

on a 4 µm wide gold film. As shown in the next section, Atomic Force Microscopy

(AFM) measurements showed the depth of these gratings to be around 77± 10 nm.
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Figure 4.8: SEM image of one set of trenches on a grating. The length of trenches is

approximately 3.2 µm, the width 400 nm and the period 760 nm. The depth of the trenches

in this grating is 77 nm approximately.

4.3 AFM imaging

By help of Atomic Force Microscopy (AFM), the roughness of the gold film was

measured. For the sample with the thickness of 80 nm the Root Mean Square (RMS)

roughness is about 0.9 nm and for the sample with the thickness of 100 nm it is

about 0.5 nm. Here one can say that the thicker sample is smoother, but this only

holds for these two measured samples and other sample preparation conditions,

beside thickness, may have influence on the roughness. By theory of SPPs it is clear

whenever the thin film is not smooth, it has an effect on the excitation on the surface

itself. But our setup is not sufficient sensitive to distinguish between the different

rough surfaces. The same measurements have been done for the measurement of the

depth of the grating, as it was show in the simulation part that the depth of the

grating has an effect on the efficiency of the light excitation, so it is important to

know the depth of the grating. When we compare the same sample with different

stripes, it is important to have all the gratings on the stripes with the same depth.
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Figure 4.9: (a) AFM topography of a sample on the bare gold and the grating. (b) Profile

on the bare surface and (c) Profile of the grating.

Fig. 4.9 (a) shows the AFM image of the sample with the stripe width of 4 µm

and three grooves. The profile of the roughness of the sample shown in Fig. 4.9

(b). The depth varies from sample to sample, by variation the number of the milling

loops and dependent on the temperature of the Ga beam during the milling. Fig.

4.9 (c) shows the profile of the three grooves, about (85± 7 nm, 75± 13 nm, 74± 11

nm).
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Figure 4.10: Scheme of the optical setup. The sample is irradiated by a laser diode and a

white light source which does not show. The light polarization is adjusted by a quarter-wave

and a half-wave retarder. The microscope lens focuses the light onto the sample with a spot

diameter of 3µm. The back-reflected light is collected by the CMOS camera via the 50/50

beam splitter.

4.4 Optical setup

To investigate the optical properties of the gold films, experiments were carried out

for different sample designs. In all structures gratings are used for the excitation of

SPPs and also for the detection of SPPs (Fig. 4.5).

In this free-space setup, the main problems are stability problems which come from

some different issues regarding the mechanical stabilization of the optical pathway

including different components. Any vibration can change the measured intensity.

For that reason make the setup stable is crucial, since the instability increases with

adding optical elements. For that reason each part has to be well adjusted and fixed,

and each time before starting a measurement, it is necessary to check all components

if they are well tuned. Fig. 4.10 indicates the scheme of the optical setup. The

samples are illuminated from the air side of the gold film at normal incidence. The

excitation source is a CW laser diode with the wavelength of 780 nm.
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The optical microscope (ZEISS Axiotech Vario 100 H/UV) permits access to the

sample from all sides. The illumination part is in the top. The sample is placed on

the plate in the button and can be moved in different directions which is absolutely

necessary during the experiment. Because the laser focused point is fixed, moving

the sample is the only way to focus the laser on different positions.

As mentioned in section 4.2, due to the number of the gratings we need to have a

laser spot of few micrometers. It is also an important issue to have control over

the collimation of the light. However, a small size laser spot is contrary to well

collimated light. Because when light is coming from a large source to a small point,

the light is coming from many angles. So we used the CW laser diode source far

from the sample, which allows for high collimation and small spot size as well.

Behind the laser diode source, there is an attenuater to avoid burning sample due to

high power. After that we need to have polarization controller due to control both

polarization state of 0◦ and 90◦1 To this end two different light polarizer plates were

used. A quarter-wave plate interchanges linearly to circularly polarized light and

vice verse. Here we used λ/4 for initially tuning light to a perfectly linear state. The

polarization of the experiment can be well determine with one polarizer along the

light path, for determined the polarization in two different state. The λ/2 plate can

change the orientation of linearly polarized light from 0◦ to 90◦ in order to control

the polarization for both p- and s polarization.

After a 50/50 beam splitter the light is inserted into the microscope, where light can

be focused on the sample by a 20× objective lens to a spot diameter with FWHM

(Full Width Half Maximum) of about 3 µm. For controlling the actual position of

the laser spot, the white light of the microscope is used. At the end, light reflected

from the sample is collected through the 50/50 beam splitter by a CMOS camera

cannon 600D after it passed the objective column of the microscope.

10◦ when the light incidence is perpendicular to the lattice of the grating, means parallel to the
x axis of the long part of the stripe(p polarization). 90◦ when the light incidence is parallel to
the lattice of the gratings (s polarization).
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Figure 4.11: Setup mounted for laser spot diameter measurement.

4.5 Laser diameter measurement

One of the important characteristics for the excitation of the SPPs is the size of the

infrared laser spot that we were using. This method, which determines the diameter

of the laser spot, is based on rising signal when the laser moves from the gold to the

glass substrate, where most of the intensity is passing through the glass.

Fig. 4.11 shows the setup used to measure the laser spot diameter. Light from the

laser diode was sent through the optical microscope onto the sample. The sample is

a glass plate particularly partially covered with a gold film. The laser is scanned over

the sample. Transmitted light is detected with a photo-diode that is connected to an

oscilloscope. 3D translate stage is used for moving the sample in three dimensions.

In this case the electronic motor is only attached to the x direction such that we

can easily control the movement of the sample under the objective. The mirror

beneath the sample helps to transmit the collected light directly to the photo-diode,

an amplifier was used for amplifying the signal and reduces the noise. Once light

passing the gold to the glass the signal rise detected by the oscilloscope. Fig. 4.12

shows the recorded signal rising in 35 ms. Take into account the noise measured by

the oscilloscope, one can see that the laser spot size is less than 3 µm.



4.6. GLASS FIBER EXPERIMENTAL SETUP 83

Figure 4.12: Signal rise detected by the oscilloscope

4.6 Glass fiber experimental setup

Another possibility of the far field setup is to use a glass fiber for coupling in the

SPPs. We used a thin glass fiber with a diameters about 10 µm. Using the fiber

instead of the gratings as out-coupler has some advantage and some disadvantage.

The first benefit of the glass fiber is having a tool to detect SPPs in any place we

are interested in, for either measuring the decay length or transmission. As we have

one set of the grating as an excitation of the SPPs, we can use the glass fiber in

any other position. Using the gratings caused extra roughness on the surface which

probably has an effect on both decay length and transmission. The first disadvan-

tage of the glass fiber is the uncertainty in the results which sometimes appears

in bigger error bar. We control the position of the glass fiber in three dimensions

(x, y, z) by the stage driver, but landing a thin and light glass fiber on the small area

is difficult to do correctly. It might be possible that the fiber moves by itself with no

control over the angle, which may add some unwanted uncertainty. Also there are

some other issues regarding the control of the motion of the fiber, when we use the

grating, they are fix in position and by SEM measurement we are able to well know

the distance between the grating decouplers. Another problem with glass fiber is,

for each measurement we need to move the fiber on the sample that can bring and

add some contamination to the sample itself. In case that we are interested in the

constriction or small gaps, moving the fiber too much on that area might destroy
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Figure 4.13: Image of the setup for measurement by glass fiber. In the closed-up image

showing the sample under the objective, the red light on the sample can be seen and the

shadow of the thin glass fiber.

this part.

For glass fiber measurement, the first basic problem is having enough working dis-

tance below the objective and the sample which was not convenient in the first

optical setup. Therefore I used another setup which had long working distance to

mount the glass fiber on the sample. Fig. 4.13 shows the photo of the setup. Again a

20 × objective lens used for both illuminating the light and collecting the reflection

of the light. In this setup we used a titanium-sapphire laser source far from the

sample with wavelength of 780 nm. We assume that it is comparable with the data

of the 780 nm laser diode. Behind the laser diode source, there was an attenuater

for avoiding burning the sample due to high power. After that we needed to have

polarization controller, due to control of both polarization state of 0◦ and 90◦. A

quarter-wave plate interchanges linearly to circularly polarized light and vice verse.
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Figure 4.14: Glass fiber sensor: the length is 30 mm and the diameter at the sensor end is

about 10 µm.

Again in this setup we used λ/4 for initial tuning light to perfectly linear state.

The polarization of the experiment is determined with one polarizer along the light

path, for determined the polarization in both states. After a 50/50 beam splitter

the incidence light can focused on the sample by a 20 × objective lens. For con-

trolling the actual position of the laser spot, a red LED was used through the lens

to illuminating a big area of about 100 µm in diameter. Exactly beside the movable

stage of the sample, the glass fiber with length of some cm is mounted parallel to the

sample surface, by capability to move in three dimension via the stage driver. At

the end, light reflected from the sample is collected through the 50/50 beam splitter

by a camera connected to a monitor, after it passes the objective.

4.6.1 Preparation of the glass fiber sensor

A multimode glass fiber was pulled in a flame from its original diameter of to a

small diameter. For this purpose, first the plastic coating of the fiber was removed

by a torch in the region where the fiber was to be pulled. Then a small mass (2 gr)

was attached to the lower end of the fiber, and the fiber was locally heated. As the

glass point was reached, the heated region was elongated and pulled apart, resulting

in a portion of the fiber which was thinned well below the original fiber diameter.

By varying the parameters of this procedure, the diameter in the thinned region

could be chosen. For the purpose of the present experiment, the fiber should be thin

enough that it attaches well to the gold film surface by van der Waals forces, but
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it should on the other hand be thick enough to allow a well-defined and deliberate

positioning on the film. A thickness of 10 µm turned out to be most appropriate

(Ref. Prof. Paul Leiderer).



5 Results and discussion

5.1 Decay length

As discussed in chapter 2 and 3 when an SPP propagates along the surface, the

intensity of the surface plasmon decays with the square of the electric field. The

decay length is defined as the distance over which the SPP intensity decays by a

factor of 1/e. This important parameter is investigated both experimentally and by

simulation. For different stripe widths we gained the values for the decay length.

The decay length is one important parameter for our experimental, since the decay

length sets the upper size limit for the stripe length, when we use the SPPs for

illuminating e.g. an atomic size contact. The decay length depends on the stripe

dimensions, thicknesses and width, and will be used later for the calculation of the

transmission probability over variable gap sizes for different stripe widths [56].

5.1.1 Decay length: experimental results

In this section, we discuss the excitation of the SPPs by the grating method and

detect the SPPs, where they are out-coupled to the other embedded grating, to ob-

tain the SPP decay length on the gold stripe. Along the line of refs [36,40,42,57,58]

the grating was optimized by the help of FDTD simulation. Many different samples

were examined to check the reproducibility of the results. But all the methods are

mainly the same for calculating the decay length. The period of the gratings was

fixed to p = 760 nm and the thickness of Au was kept constant at 100 nm. When

the grating’s geometrical parameters are correctly chosen, the corrugations can pro-

vide the correct momentum difference to achieve efficient coupling between incident

photons and propagating SPPs at the gold-air interface. There are experimental

possibilities to test the excitation efficiency of SPPs by the grating. For instance,

samples with and without grating couplers can be compared under illumination of

780 nm laser light. Since excitation off SPPs by the gratings is not expected for s po-

larization, one can simply illuminate the grating by s-polarized light. The unspecific

excitation of SPPs by irregularities of the grating geometry and surface roughness

cannot be avoided, but it is usually negligible. The first Au stripe which we consider

has a width of w = 4 µm and a length of 70 µm and is deposited on polyimide (see

Fig. 5.1 (a)). This sample features three gratings produced by the FIB method.

87
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Figure 5.1: (a) SEM image of a 4 µm-wide and 100 nm thick Au stripe with gratings at

different positions. (b) and (c) Distribution of the back-reflected light when illuminating the

sample at grating 1 for p and s polarizations. The bright area shows the emitted SPPs into

the far field. (d) Intensity cross-sections from the top panel and resulting difference curve

obtained by subtraction of curves with p (blue) and with s (green) polarization.

The SPPs are excited at grating 1 and propagate along the gold stripe and decay

exponentially. Since we can measure the emitted intensity at different gratings, we

can calculate the decay length by measuring I2 and I3 recorded at grating 2 and 3,

respectively:

I3 = I2.exp(−d2,3

l
) (5.1)

Here d2,3 is the distance between the two out-coupling gratings 2 and 3. Fig. 5.1

(b) and (c) show the images of the emitted intensities for the polarization along the

stripe (b) and perpendicular to the stripe (c). The main intensity in the pictures
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is the back-reflected excitation beam. Nevertheless clearly visible contributions can

be found at the two gratings for the p polarization (along the stripe). For reference

without SPPs we use the perpendicular (s) polarization and calculate the difference

between the intensities of the two polarizations. Fig. 5.1 (d) shows intensity cross-

sections from the top panel and the resulting difference curve obtained by subtraction

of curves with p (blue) and with s (green) polarization. The intensity cross-sections

have been calculated by averaging the intensities in perpendicular direction to the

long axis of 3.2 µm, corresponding to the width of the gratings. By considering the

value of intensities in Eq. 5.1 we gained a decay length of l = 9.4± 1.1 µm.

5.1.2 Decay length: error and different width

In this section we discuss in detail the results for one sample with the width of 7 µm

under λ0 = 780 nm incident light, to find the error of the decay length measurement,

when we use different gratings for excitation and outcoupling. In this particular

sample, there is no gap or constriction to avoid any interference resulting errors.

SEM image of Fig. 5.2 shows the sample with four gratings with the distance

of 10.25 µm from each other. All the gratings have been milled in one step which

helped to avoid extra surface roughness. They are labeled from left to right as

grating 1, grating 2, grating 3, and grating 4. Fig. 5.2 (b)-(e) shows the intensity

distribution of the back-reflected light when illuminating the sample at (b) grating

1, (c) grating 2, (d) grating 3 and (e) grating 4 for p-polarization. The obtained

results are shown in table 5.2. Comparing the results indicates that they are in good

agreement, meaning that the determination method is suitable and gives numerically

robust values. In addition, the values for the decay length are comparable with those

obtained for samples with constrictions and gaps. This justifies the application of

the method for the more complex geometries. Furthermore, it suggests that the

additional elements do not causes extra damping or errors.
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Figure 5.2: (a) SEM image of a 7 µm-wide and 100 nm thick Au stripe with gratings at

different positions. (b)-(e) Distribution of the back-reflected light when illuminating the

sample at (b) grating 1, (c) grating 2, (d) grating 3 and (e) grating 4 for p-polarization. (f)

Intensity cross-sections from panel (b) and resulting difference curve obtained by subtraction

of curves with p (blue) and with s (red) polarization. (g) Decay length results for a 7µm-wide

gold stripe by using different gratings.

5.2 Application of FDTD simulation to model SPPs

All the numerical results were obtained by performing 3D simulation using FDTD.

We selected the geometry of the structure analogous to the experimental geometry.

One layer of thin gold film (80-100 nm) is embedded in a dielectric material. The

gold comprises both excitation and propagation of SPPs. A simple three-dimensional

configuration is shown in Fig. 5.5. The optical parameters for Au are taken from the

material database of the program, the permittivity is εAu = −24.22 + 1.78i at the

illuminating wavelength λ = 780 nm (Gold Palik). For the dielectric materials which

surrounded the gold, the polyimide substrate at the bottom was characteristic by a

refractive index of npolyimide = 1.81 and the air at the top of the gold film nair = 1.

1- The three-dimensional FDTD method is utilized with a perfect match layer (PML)

with absorbing boundary conditions mainly to avoid back reflections from the bound-

aries into the assumed structure. The PML were used on all sides of the calculation
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domain. Since PML can absorb energy from evanescent fields. Then the PML should

be far enough away from the structure to avoid interacting with evanescent fields.

The best distance of PML from the structure is about a full wavelength.

2- A small mesh size of 6 nm was chosen to accurately capture the SPP propaga-

tion. Dependent on the small geometry of the sample, a small area was covered by

extra small mesh size individually. For example for particular break junction sam-

ples, where the contact point is about one nanometer, a small mesh size of 10 nm

was added which was subdivided to the small mesh size of 1 nm.

3- To reproduce the conditions of the experiment, a Gaussian light source was

normally incident on the top surface of the grating structure, with electric field

polarization in the x-direction (p polarization). Different monitors were used to

visualize standing waves on the surface. The monitors were implemented in the

x− z, x− y and the y− z plane to observe the standing wave pattern as well as the

out coupling of the SPPs into the air and the polyimide. We optimized the grating

parameters with the help of FDTD. The calculations were performed for a high SPP

excitation efficiency according to the conditions of our optical setup.

4- The gratings are characterized by its period which satisfies Eq. 2.50 introduced

in chapter 2.

5-The grating coupler induces a reflected wave resulting in a partially standing

wave in between the components.

6- The intensity of SPPs on the surface is calculated by evaluating the electric

field on the surface and above, where according to definition of the simulation, the

intensity of the electric field is equal to:

|E|2 = |Ex|2 + |Ey|2 + |Ez|2 (5.2)

5.2.1 TM and TE polarization

In chapter 2 we discussed that excitation occurs when the mismatch between the

incident photon and the SPPs are overcome. The method used in our experiment

is patterning the surface of the gold sample by grating grooves. By the help of the

simulation, one can see that if the incident light is far from the grating, at least if it

is not on the grating, the SPPs are not excited neither in p and s polarization. Fig.

5.3 (a) depicts the intensity distribution (proportional to the square of the electric

field |E|) at the surface of the sample gained from FDTD simulations. The cross-

section intensity in Fig. 5.3 (d) indicates the peak for the incident point which has
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Figure 5.3: (a) Simulated intensity distribution for the smooth surface which indicate no

excitation. (b) Excitation at one grating on a logarithmic scale on a bare gold in p polar-

ization. (c) Simulated intensity distribution for the excitation at grating on a logarithmic

scale for s polarization. (d) Cross-section intensity along the long axis of the bare stripe at

the surface of the gold for image (a). (e) Cross-section intensity along the long axis of the

bare stripe at the surface of the gold for p polarization (blue) and s polarization (red).

chosen about 0.8 µm in diameter. At variance to the real sample, in the simulations

we first assumed perfectly flat layers and perfectly sharp edges. However, when the

light impinging is on the grating the excitation occurs, strong in right polarization

and very weak in wrong polarization, as can be seen in Fig. 5.3 (b) and (c). To

reproduce the conditions of the experiment, a Gaussian light source was normally

incident on the top surface of the grating structure with electric field polarization

in the x-direction (p polarization). For the p polarization, intensity distribution of

SPPs traveling on the surface and the intensity decay by increasing distance. The

cross-section intensity of p polarization (blue) and s polarization (red) in Fig. 5.3 is

evidence for high intensity by incident in p polarization.
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Figure 5.4: Bare Au stripe with (a) w = 4 µm and (b) w = 7 µm. Intensity decay on the

surface of gold stripes for (c): w = 4µm and (d): w = 7µm.

5.2.2 Decay length: Simulation results

The experiment results are also verified by the FDTD simulation results, which are

provided in Fig.5.4. We used a model system consisting a supported gold stripe on

polyimide. For simulating decay length we started with a bare gold stripe carrying

only one grating as shown in Fig. 5.4.

5.2.3 Method for extracting the decay length and the transmission

probability

MATLAB is employed to investigate the behavior of SPPs on the proposed struc-

ture in both work script of FDTD and for data extraction. Several frequency- and

time-domain monitors are located at different positions and directions to detect the

intensity. As an example, for calculating the decay length of any stripe, the top

panel of Fig. 5.5 indicts a three-dimensional view of the structure involved. One set

of the gratings is used to excite the SPPs along a bare gold stripe to investigate the

behavior of the SPPs traveling on the surface of the gold. On the right side of the

structure one gap is shown to explain how the transmission probability is extracted
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Figure 5.5: The top panel shows a scheme of the simulated structure with different mon-

itors on top of the surface. The bottom panel indicates simulated intensity cross-section

on a logarithmic scale for a bare gold stripe as depicted in the top panel. The intensity

distribution from the bottom side of the gold stripe up to 1 µm above the gold surface is

shown.

from the data.

Several monitors in y − z plane are implemented in the gold, from the surface to

1 µm above the gold into the air. The distance between each monitor is 3 µm. We

read out an intensity averaged over an area of 3.2× 0.8 µm2 in width and height at

various distances. The bottom panel in Fig. 5.5 presents the cross-section of the

intensity distribution perpendicular to the bare gold stripe (one of those monitors

in y − z plane), in this case 15 µm away of the excitation point. The intensity dis-

tribution from the bottom side of the gold stripe up to 1 µm above the gold surface

is plotted.

At the end all the calculated intensities are plotted over the distance of monitors.

The results are shown in Fig. 5.4 for (c): w = 4 µm and (d): w = 7 µm. They
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can be fitted exponentially which determines the decay length of the SPPs. For the

stripe width of 4 µm a propagation length of 10± 0.2 µm was found which is in good

agreement with the experimental result. Also the propagation length for the sample

with w = 7 µm was found around 10.9± 0.2 µm.

The same method is applied for calculating the transmission probability. As can be

seen from Fig. 5.5, two monitors in y−z plane provide the intensity before and after

the gap in equal distance d for both side. The two monitors are located at 1.5 µm

and at −1.5 µm distance from the edge of the gap. The transmission probability can

be calculated by:

Tsim =
I1.5

I−1.5
exp(

3

lsim
) (5.3)

where the lsim is the decay length of the same stripe width obtained from the

simulation.
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Figure 5.6: FDTD simulation results of the intensity distribution on the gold surface for

different stripe widths of 2, 5, 10 and 15 µm.

5.2.3.1 Decay length of the different stripe width

By using the FDTD simulation, we mapped the decay length of the intensity for

varying width of gold stripes on a polyimide substrate. Twenty different stripe

widths were investigated varied from 2 µm to 21 µm. Fig. 5.6 shows some of the

characteristic images of different stripes. It is clear that the observed decay length

is increased with increasing the stripe width. Using the same method as described

above, the SPP decay length as a function of stripe width is calculated.

The results are shown in Fig. 5.7 (a) for the stripe widths ranging from 2 µm to

21 µm. Despite expecting increasing the decay length by increasing the width of each

stripe, some cutoff were observed near 4 µm, 9 µm, 14 µm, and 19 µm. For example

for the widths between 9 µm to 13 µm the decay length is increasing, but after that

it tends to decrease and again starts to increase. This effect has been experimentally

investigated for the near-field measurement of different stripe widths [49] which is

discussed in section 3.2. The authors attributed this effect to excitation of different
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Figure 5.7: (a) SPP decay length as a function of stripe width at wavelength of 780 nm for

the stripes ranging from 2µm to 21 µm. The vertical lines indicate the cutoff widths near

4 µm, 9 µm, 14 µm and 19 µm. The blue rectangle marks the range which is shown in (b).

(b) SPP decay length as a function of stripe width for the stripes ranging from 3.6 µm to

4.4 µm.

modes on the gold surface such as guided polariton modes and a continuum of

radiative modes. The characters of the modes is visualized by the lateral modulation

of the intensity in Fig. 5.6. Another notable point from this simulation results is that

by decreasing the stripe width from 3 µm to 2 µm, the decay length is significantly

decreased from 9.13 µm to 7.07 µm, which may introduce a new regime in which

there are no guided modes. For further understanding this effect, the decay length

for the stripe width of 3.6 µm to 4.4 µm are calculated. Fig. 5.7 (b) shows the part

marked in Fig. 5.7 (a) in blue. This zoom suggests that the cutoff in this region

occurs in between 3.8 µm and 4 µm. So, the exact point of each cutoff might be

missed due to the fact that we did not simulate all possible widths.
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Figure 5.8: (a) Simulated intensity distribution on a logarithmic scale for the excitation

at one grating at the position of x = −6µm. (b) Simulated intensity distribution for a 2 µm

shifted laser position from the center of the grating to the left side. The arrow shows the

direction of laser moving on the stripe by step of 500 nm. (c) Average intensity on the gold

surface 15 µm away from the incident point. (d) Average intensity 15µm away from the

incident point multiply to the efficiency of the intensity in equal distance.

5.3 Laser position efficiency

In the previous chapter we discussed how to overcome the momentum mismatch

between the incident light and the SPP. Although the patterning on the surface is

a way for this, it is also important to chose the correct parameters. By the help of

the simulation, the most efficient period for the wavelength of 780 nm is found. But

it is also very important to control the laser on the right position. It was rather

difficult to find this points experimentally. The simulation helps for finding the most

efficient point.
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As can be seen from Fig. 5.8 (a), when the laser illuminates the center of the

grating, the SPPs propagate in both directions to the left and right side. We started

positioning the laser 2 µm away from the center, x = −8 µm, then by the step of

500 nm moved the laser to the right side, until x = −4 µm. Fig. 5.8 (b) shows the

simulated intensity distribution for a 2 µm shifted laser position from the center of

the grating to the left side. It is visible that the excitation occurs because some part

of the laser is incident to the one of the ridges, but the intensity is lower than in

Fig. 5.8 (a).

For investigating the highest value of the excitation efficiency, the average intensity

on the gold surface 15 µm away is taken for all cases. The blue curve in Fig. 5.8 (c)

shows the results. The highest point is around x = −6 µm, the center of the grating.

In both directions the intensity is decreased until there is almost no excitation.

In fact, for finding the efficiency of the laser positioning on the three grids, one has

to take in account that we change the position of the laser, and this means that

the distance of the excitation point regarding the intensity detecting is changed.

following the decay length over distance for a gold stripe, we can correct this problem.

For each point the intensity at the equal distance is following:

I ′x = IL.η.exp(
−d
l

) (5.4)

where Ix is the intensity on the surface 9 µm away from each laser positioning and

IL is the intensity of the laser illumination (which is the same for all).The parameter

η introduce the efficiency of the excitation independent to the illuminating point. d

denotes the distance of the center of the laser to the calculated intensity Ix, which

is simply known, and l is the decay length. Now for finding IL, which introduce the

actual excitation of SPPs due to the grating, we first calculate the average inten-

sity 9 µm away from each point. This time parameter d is different for every laser

positioning. We find IL from the : IL = Ix/exp(−d/l) ∗ η. The red curve of Fig.

5.8 (d) presents this correction to the blue curve. Notice that we can correct the

error of the calculation over distance, but still there is another issue. When the laser

illuminates at the left side, for the right points (from the center), the SPPs have to

travel over the gratings, but for the left side of the center, they only travel over bare

gold. Probably this effect is the reason for asymmetry of the graphs (blue and red).

By comparing the lower and highest value from the red curve, the efficiency of po-

sitioning the lase ot the center of the grating is two order of magnitude higher than

when the laser is located out of the center.
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Figure 5.9: Simulated intensity distribution in lateral view for the excitation at one grating

in the position of −10 µm. The intensity decay into the air and into the polyimide can be

seen.

5.4 FDTD: Penetration depth

One of the properties which we can deduce from the simulation is the penetration

depth of the materials involved, which is not possible to measure with our far-field

measurements. A monitor in z− x plane is used for covering the whole geometry of

the gold and the two surround dielectric areas. The air region above the gold in z

direction, covers the range from 0.2 µm to 2 µm as can be seen from the Fig. 5.9. In

the middle, where the monitor covers the gold area, the gold is located from 0.1 µm

to 0.2 µm. The polyimide region range from 0.1 µm to −4 µm (to save calculation

time, the monitors for below the gold are chosen down to 1 µm) (see Fig. 5.9).

The same method is applied for the calculation of the intensity in each point. For

example the average value of the intensity above the gold is taken from z direction

at 10 nm, and the average value in x direction over the arbitrary chosen length of

6 µm. We defined that averaging over smaller area (1 µm, 2 µm) leads to the same

results within the error bar.
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Figure 5.10: Penetration depth of the intensity into the dielectric (air) as a function of the

distance from the surface of the gold in z direction.

5.4.1 Penetration depth of air

Fig. 5.10 shows the exponential decay behavior of the intensity above the gold which

gives the penetration depth of the dielectric (air) above the gold for a wavelength

of 780 nm. The value given here is δair,I = 0.240± 0.008 µm. This value is different

from what we obtained from the theory concept in the section 2.4.4. This value has

to be multipled by two, since we have the decay of intensity in the simulation but in

theory part the formula has been deduced for the electromagnetic field. Therefore,

the value for the penetration depth of the electric field in the air is about δair,E =

0.480 ± 0.016 µm. The value obtained from the theory was about 598 nm. The

deviation comes from the differences between the permittivity which was slightly

different. For the theory we used the data base of Plik for the wavelength of 770 nm

which gained on the thinner gold film on different substrate.
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Figure 5.11: Penetration depth of the intensity into the dielectric (polyimide) as a function

of the distance from the surface of the gold in z direction.

5.4.2 Penetration depth of polyimide

Fig. 5.11 shows the exponential decay behavior of the intensity below the gold

which gives the penetration depth of the dielectric (polyimide) below the gold for

the wavelength of 780 nm. The value given here is δPolyimide,I = 0.065±0.004 µm for

the same reason as the penetration depth in the air, the decay length of the electric

field in the polyimide is δPolyimide,E = 0.13± 0.008 µm, which is comparable to the

theory part of 183 nm.
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Figure 5.12: Penetration depth of the intensity into the metal (gold) as a function of the

distance from the middle of the gold to the interface in vicinity to (a) the polyimide, (b) the

air, in z direction. the scheme indicat the materials in z-direction.

5.4.3 Penetration depth of gold

The gold thicknesses can vary from nanometers (smaller than the optical wavelength)

to a few hundred nanometers. The intensity with increasing distance to the interface

is increased. Since the loss in the gold is high, the penetration depth inside the gold

is short and in the gold plasmons decay rapidly. In our simulation the thickness

of the gold is kept in 100 nm. It causes the exponential behavior in the vicinity of

both dielectric materials (air and polyimide) inside the gold. The scheme in Fig.

5.12 gives the view of the material, the yellow color indicate 100 nm, the blue for

polyimide (4 µm), and the gray shows air above the gold (continue to infinity).

Another point in our case is that the two dielectric material surrounding the gold

are different. So we expect to have slightly different decay length inside the gold.

Fig. 5.12 shows the exponential decay behavior the intensity inside of the gold

which gives the penetration depth of the gold wavelength of 780 nm in vicinity to

the (a) polyimide and (b) air. The penetration depth into the metal/air is δAu,I =

0.013±0.002 µm and metal/polyimide δAu,I = 0.018±0.002 µm. Therefore, the decay
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Figure 5.13: (a) SEM picture of the gold stripes with the gratings on the left and the right

side of the constriction connecting the stripes. The picture was taken at a tilting angle of

54◦. Distribution of the collected light when illuminating the sample at the grating 1. The

brightest intensity distribution results from the reflected laser spot and the SPPs emitted

from the gratings into the far field for the light (b) p polarization and (c) s polarization.

(d) Intensity cross-sections from the image (b) and (c) and also resulting difference curve

obtained by subtraction. (e) Experimental and simulation determined SPP transmission

across the constriction in the metal stripe for different incident at grating 1 and grating 4.

length of the electric field in the gold is about 26 nm in vicinity to the polyimide and

36 nm in vicinity to air. These values are comparable to 25 nm penetration depth

for gold which was obtained by Eq. 2.47 in section 2.4.4.

5.5 Break junction sample

We first investigate the transmission probability over the constriction of the break

junction sample. The SEM image of the sample is shown in Fig. 5.13, distances from

the middle of a grating to the center of the constriction are about 21 µm (grating 1),

12 µm (grating 2), 10.5 µm (grating 3) and 19.5 µm (grating 4). By design, the length

of the constriction is about 2.5 µm and the width varies linearly from 1 µm down
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to 50 nm. The same far-field measurement is used here, the laser spot impinging

in the central position of the grating for the excitation of SPPs and the emitted

light from the sample is collected with the camera. The optical pictures illustrate

the far-field image of the sample under 780 nm laser diode illumination which shows

the back-scattered light of the SSP propagating in the gold stripe. The main high

intensity is related to the excitation at grating 1. Light contributions at the grating

2, grating 3 and grating 4 can be found for the p polarization in Fig. 5.13 (b). For

the s polarization (5.13(c)), reflected light can be seen only at the grating 2.

Fig. 5.13(d) shows the original curves form the intensity cross-sections (averaged

over 3.2 µm corresponding to the width of the gratings). The p polarization (blue),

s polarization (green) and the result of subtraction (red) is plotted and indicating

the position of the grating and constriction area. The transmission probability

was obtained by analyzing the emitted intensities at gratings 2 and grating 3 upon

illumination of grating 1. The same method as for the decay length is applied, only

that now the presence of the constriction between grating 2 and grating 3 has to be

take into account. By measuring the intensity at grating 2 and 3 when illuminating

at grating 1, the transmission over a constriction is given by:

T =
I3,1

I2,1
exp(

d2,3 − 2.5

l
) (5.5)

where l is the decay length of 4 µm gold stripe and the effective distance d2,3 is

reduced by the length of the constriction. The obtained transmission probability is

(35 ± 2)%. We repeated the same measurement by illuminating at grating 4 and

detect the intensity at grating 3 and grating 2 ((35± 2.5)%).

The simulation was performed for this sample to compare the transmission probabil-

ity over the constriction. The constriction was designed to have a perfectly triangular

shape. The contact areas of the constriction has the geometry with the narrowest

part of 20 × 20 nm2, up to 100 × 100 nm2 in length and width, respectively. The

compared results between the simulation and experiment are plotted in Fig. 5.13(e)

for the laser positioning at the grating 1 and grating 4. The transmission probability

is about 30% which indicates a good agreement with the experimental results.
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Figure 5.14: (a) Intensity distribution of 100 nm gold film in gold-air interface, 10 µm far

from the excitation point. (b) The plotted profile indicates the intensity distribution 10 nm

above the surface.

5.6 FDTD grating

To excite SPPs, we used grating couplers in rectangular shape. For the laser beam

of 780 nm which is used mainly, the grating should have a period of about 760 nm

according to the wavelength of the SPPs at the gold-air interface. Each trench of

the grating has dimensions of 0.4 ∗ 3.2 ∗ 0.07 µm3 in width, length and depth. By

the help of FDTD simulation we optimized all grating parameters to provide the

right corrugation to achieve efficient coupling between the incident photons and

propagating SPPs at the gold-air interface. For perpendicular incidence, Fig. 5.14

(a) shows the intensity distribution of the grating couplers at a distance of 10 µm

from the excitation point in linear scale. It shows that the grating can transform

the incident light into SPPs along the grating direction. The intensity in the metal

becomes evanescent very quickly but in air it can extend further away from the

surface. The behavior inside each stripe, can be explained by the interaction between

the complex behavior of scattering, reflection and excitation. The cross-section

intensity profile of in Fig. 5.14 (b) is an evidence for the complex behavior: the

edge of the second stripe has higher intensity than the first one, which indicates

that some other effects are contributing to this enhancement.
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Figure 5.15: Simulated intensity distribution on logarithmic scale for a variable waist

radius (w0) (a) 0.8 µm, (b) 1.66 µm, (c) 3.32 µm and (d) 4.68 µm. (e) The beam parameter

definitions for the Gaussian beam. (f) Average intensity on the constriction as a function of

beam waist radius of the laser beam chosen in the FDTD simulation.

5.7 Influence of waist radius of the laser w0

The laser beam impinging on the stripes is directed along the z direction and spread

out only in the transverse directions. In this case, a Gaussian laser beam is a

good choice for a weakly focused laser beam. A Gaussian source defines a beam

of electromagnetic radiation propagating in a specific direction, the fundamental

linearly polarized Gaussian laser beam with a beam waist of w0 can be written as

E(x, y, z) = E0
w0

w(z)
e
− (x2+y2)

w0

1
(1+2ik/kw0

2) (5.6)
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where E0 is a constant field vector in the transverse plane and with the following

abbreviations:

beam radius : w(z) = (1 + 2iz/kw0
2) (5.7)

Rayleigh range : z0 =
kw2

0

2
(5.8)

divergence angle : θ =
2

kw0
(5.9)

z0 defines the distance from the beam waist to where the beam radius has increased

by a factor of
√

2. There are some parameters which have to be defined in setting

the Gaussian beam of the FDTD simulation, such as the shape of the Gaussian

beam, the direction, the polarization. For example the polarization of the beam is

defined of either a TE simulation in which the electric field lies within the plane of

the drawing palette, or a TM simulation in which the magnetic field lies within the

plane of the simulation. And then the polarization angle will define the orientation

of the incident electric field. The polarization angle of 0◦ defines p polarization and

polarization angle of 90◦ defines s polarization.

Beam parameters can be choosen by waist size and position, or by beam size and

divergence angle. The waist radius is 1/e field (1/e2 power) radius of the beam for

Gussian beam and distance from waist is the distance corresponding to a diverging

beam. For example, in the simulation we used the option in which the waist size

and the distance from waist are chosen. We examined the waist radius of 0.8 µm,

1.66 µm, 3.32 µm, and 4.68 µm with keeping a constant value for the distant from

the waist. The results are shown in Fig. 5.15 (a), (b), (c) and (d). The differences

between 0.8 µm and 1.66 µm can be seen easily, which means that for high efficient

excitation, the waist of 1.66 µm is preferred. For the larger waist radius, for example

3.32 µm and 4.68 µm, the difference between the simulated results is small. The

average value of the intensity at the constriction, as a function of waist radius is

plotted in Fig. 5.15 (f). The results indicate a threshold around 3.2 µm. This means

that the radius has to be chosen around the width of the grating which in our case

is 3.2 µm.
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Figure 5.16: Simulated intensity distribution of (a): a smooth surface and (b): a rough

surface. (c) Cross-section intensity along x-direction for the smooth sample (red) and rough

sample (blue).

5.7.1 Influences of roughness on decay length and transmission

Each step for fabricating the samples introduces intrinsic surface roughness. To es-

timate the influences of the surface roughness on the decay length and transmission

is the aim of this part. Based on the AFM measurement of the surface roughnesses

of the gold samples (4.3), the roughness of the gold is about 2 nm (RMS). To exam-

ine the influence of roughness experimentally was not possible on our optical setup,

and also due to limitations of controlling the sample fabrication. Therefore it is

investigated by the help of FDTD simulation. In this study, all the gold surface, the

constriction and the stripe between the grating ridges were covered by the rough sur-

face of the object library of the simulation. Fig. 5.16 shows the simulated intensity

distribution of the (a): a smooth surface and (b): a rough surface. In Fig. 5.16 (c)

the cross-section intensity along x-direction for the smooth sample (red) and rough

sample (blue) is shown. By calculating the decay length for both cases, we find that

the decay length for the rough surface is shorter than for the smooth surface. For
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the rough surface it is 7.6± 0.46 µm and for the smooth surface it is 12.1± 0.17 µm.

For the transmission over the constriction, for both simulated samples we obtained

31.5% for the smooth surface and 30% for the rough sample which is not significantly

different. This suggests that the decay length is more affected than the transmis-

sion by the rough surface. Theoretical and experimental investigations have been

done in 2009 [59]. Therein, the Decay length for the rough and smooth surface of a

47 nm thick gold film at 805 nm was studied. The calculations with different sets of

the dielectric constants produced values of 11 to 17 µm and experimentally 15 µm.

Without accounting for roughness the decay length 14 to 24 µm was reported.
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Figure 5.17: Top panel: Simulated intensity distribution in lateral view for the excitation

at one of the gratings 5 µm away of the gap. The markers at 0 µm show the center of the

gap. Two other gratings are in the position of −15 µm and 5 µm from the center of the gap.

The intensity is scattered into the air and into the substrate (polyimide). Bottom panel:

The average cross-section of the intensity distribution perpendicular to the gold stripe from

the surface up to 800 nm for dgap = 800 nm.

5.7.1.1 Side view of intensity

For further understanding the behavior of the SPPs when they encounter different

components such as gratings and gaps, the simulation was performed in x−z plane.

The result is shown in the top panel of Fig. 5.17. The brightest point shows the

laser incident on the grating at x = −5 µm, 5 µm away from the interruption at

x = 0. The SPPs travel in both directions. On the left side of the excitation

point the stripe is unpatterned over a length of 10 µm. Therefore the SPP intensity

decays exponentially toward the grating positioned at x = −15 µm at the left side.

The behavior of the grating grooves is described by a set of complex scattering

coefficients [60].

At the first groove, a part of the light is back reflected and significant scattering
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into air is observed. The remaining amplitude propagates to the second groove [61].

On the right side of the incident point, a gap with size of 800 nm is located at x = 0.

The standing-wave pattern in front of the gap edge is the result of the interaction

of the SPPs with the reflected light from the gap edge. After the SPPs hit the first

edge, light scatters in the air above the gold film and also into the substrate. SPPs

propagate inside of the gap with a wave vector of k0 for air and wave vector of kp

inside the polyimide (after the gap, kp < k0) [4].

The cross-section of the enlarged panel is plotted in the bottom panel in linear scale.

The propagation of SPPs on the metal and also in the substrate is visible. This shows

that the energy has tunneled through the gap. The amplitude depends exponentially

on the gap size. The scattered intensities in the air and in the substrate are clearly

visible as well.

Due to the presence of the third grating around x = 5 µm a standing-wave pattern

of the intensity is observed between the gap and the grating.
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Figure 5.18: Left panel: SEM image of one sample, where a set of stripes with variable

gap size is fabricated. Right panel: enlarged view of the stripe, shows the set of the grat-

ings around the gap. The red light on top of the gratings indicates the different ways of

measurement in each stripe turned by 180◦.

5.8 Samples with gaps with varying widths

In order to investigate the probability of transmission of light over different gap

sizes, several samples were fabricated. The main focus was in the stripes with the

width of w = 4 µm and w = 7 µm. First results for the sample with w = 4 µm shows

interesting behavior for the transmission probability. To test the reproduciblity of

that, we changed the width of samples. At the beginning two samples investigated

(w = 4 µm and w = 7 µm) but the results for both was uncertain for the small gap

sizes. Therefore one more sample was fabricated, which only carried the stripes with

the gap size smaller than the involved wavelength. Fig. 5.18 shows an SEM image

of one sample, where a set of stripes with variable gap size is fabricated (w = 7 µm

and different gap size from 110 nm to 9.9 µm). To be more accurate in the results,

we measured under different conditions of the sample. As shown in the right panel

of Fig. 5.18, first laser illuminated on the grating 1 and used grating 2 and grating 3

as outcoupler, then the laser illuminated on the grating 4 and used the gratin 2 and

grating 3 as outcouplers. In the second set of measurement, the sample turned by

180◦ and again the same method used. These different conditions of the sample ori-

entation under the applied illumination add more error on the measurement but the

results are more reliable. All results with variable gaps will be presented in chapter 6.
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5.9. SPP TRANSMISSION FOR DIFFERENT WIDTHS OF THE

CONSTRICTION

Figure 5.19: Simulated intensity distribution on logarithmic scale for a changed constric-

tion design. (a) Constriction width of 0.1 µm. (b) Constriction width of 1 µm. (c) Constric-

tion width of 2µm. (d) Graph of the dependence of the transmission on the width of the

constriction.

5.9 SPP transmission for different widths of the

constriction

In this section we show the dependency of the SPP transmission on the width of the

constriction. We changed the shape of the constriction to a narrow stripe of varying

widths connecting the two sides. The distance of each narrow stripe from the edge

of the long stripe remained at 2.5 µm as compare to the length of the constriction.

The method to extract the transmission probabilities is described in section 5.2.3.

Figs. 5.19 (a), (b and (c)) show some of the simulated results for the intensity

distribution of the different constriction width. The results of transmission probabil-

ities depending on the constriction widths shown in Fig. 5.19 (d). The results show

that for the widths of 4 µm, 3.5 µm, and 3 µm, the probability is almost constant at

100%. Below 3 µm, the transmission begins to decrease and therefore we conclude

that at 3 µm a cut-off of the transmission sets in, similar to the results reported in
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Figure 5.20: Left panel shows SEM image of the curved constriction. Right panel is

simulated intensity distribution on logarithmic scale for curved shape constriction design.

(a) 3 µm. (b) 2µm. (c) 1µm. (d) 0.12 µm. (e) old design constriction. (f) Experimental

results of the dependence of the transmission on the width of the curved shape constriction

(blue) compared to the simulation results (red).

Ref. [49] and [62]. Upon further decreasing the width of the constriction we reach a

constant transmission probability of about 30%.

5.10 SPP transmission for curved shape constriction

In this section, we changed the shape of the constriction to a curved shape of varying

widths connecting the two sides. This helps to understand how all sharp edges of

the constriction geometry influence the transmission of the SPPs from one side to

the other side. By the help of lithography, the shape of the constriction is changed

to the curves with diameter of about 2.5 µm (the same as for the ’old design’ break

junction constriction).
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This leads to the different widths for the constriction as shown in the left panel

of Fig. 5.20, starting with the wider 3 µm until the smallest possible one as 0.12 µm.

Beside investigation of the transmission probability comparable with section 5.9, the

small constriction of 0.12 µm can simply be compared to the old design constriction.

The experimental results are obtained with the same method. Using one grating

for the excitation of SPPs in one side and one grating for outcoupling at the same

side, and one more grating on other side for capturing the intensity reduction over

the constriction. The experiment results are shown in Fig. 5.20 (f) (blue). They

indicate a high transmission probability for 4 µm and 3 µm. Below 3 µm the trans-

mission begins to decrease and therefore we conclude that at 3 µm a cut-off of the

transmission sets in. This results are in agreement with the simulation results ob-

tained for SPP transmission for different widths of the constriction.

Simulated intensity distributions on logarithmic scale for curved shape constriction

design are shown in Fig. 5.20 for (a) 3 µm, (b) 2 µm, (c) 1 µm, (d) 0.12 µm and

(e) old design constriction. For the two wider samples the intensity distribution

of SPP visibly reach the further grating in right side. By shrinking the width of

the constriction the transmission is decreased as well. The noticeable point about

the smallest curvature is that the simulated image indicates that despite of sharp

edges of the old design constriction, still more SPPs intensity can transmit over the

constriction. Maybe the scattered light from the sharp edges are contributed in the

transmission.

A quantitative measurement of SPP transmission over the different curved shape

constriction in gold metal stripes as a function of the constrictions width is shown

in Fig. 5.20(f), experimental (blue) and simulation (red). There is good agreement

between the simulation and experiment, with better agreement in the wider constric-

tions, which probably has to do with the fact that in simulation the measurement

is done in near-field, where all effects are included, but in far-field experiment, not

all effects are included.

The two first points of the graph, for x = 0 in Fig. 5.20 (f), depict the transmis-

sion probability of experiment and simulation for the old design constriction. Both

experiment and simulation results show the slightly higher transmission for the old

design constriction than for the curved shape constriction with almost the same

narrow contact.
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Figure 5.21: (a) SEM image of the sample with three gratings and one gap. (b) Far-field

image, captured by camera, of the sample illuminated by 1064 nm light, which shows the

back-scattered light image of the SPPs propagating in the gold stripe.

5.11 Wavelength 1064 nm

In the electronic transport investigations a minimum of the transfered heat is nec-

essary. Therefore another wavelength of 1064 nm was used because it is known that

the decay length for the longer wavelength is longer, to provide the excitation fur-

ther apart from the constriction area of the break junction samples. Our flexible

optical setup allowed us to change the laser source. First we changed the sample

geometry suitable for the new wavelength. Experimental experience suggested that

the period of the grating is the most important issue (It was not possible to excite

the SPPs by illuminating 1064 nm on the previous samples). The period of 1000 nm

is chosen with the width of the grooves about 500 nm and distance between each

groove about 450 nm.

The SEM image of the sample is shown in Fig. 5.21 (a). Three sets of the

gratings for the same investigation is included for finding the decay length and the

transmission of SPPs. The grating on the left side of the image, at a distance of

20 µm from contact, is used for the excitation. The two other gratings on the left

side, in a distance of 12 µm and 10 µm from the contact, are used for outcoupling

with SPPs and can be used for obtaining the decay length. Fig. 5.21 (b) shows

the far-field image, captured by camera, of the sample illuminated by the 1064 nm

light which shows the back-scattered light image of the SPPs propagating in the

gold stripe.
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The data base in simulation have been used as the same with 780 nm. We used the

same method for extracting the data from simulation as for the previous wavelength.

The decay length of l = 23.5 ± 0.71 µm is gained. This value is rather longer

than what we expected, therefore again the new geometry was examined by FDTD

simulation. The results for the decay length was much shorter than the experimental

results. We varied many different parameters, the most effective was the beam waist.

We found that for this new period of the grating, which is longer than the previous

one, we need broader beams. The suitable beam waist obtained was 1.1 µm. In this

case the decay length was about 18 µm obtained for the stripe width of 5 µm.

For transmission, the laser illuminated the far grating from the left side, at a distance

of 22 µm from the constriction. The two other gratings are used on both sides

of the constriction to record how much intensity of the SPPs can transmit over

the constriction area. Using the decay length obtained on the same sample, the

transmission probability is (17.18 ± 1.6)% which is in good agreement compared

with the simulation value of about 20%. These values are clearly less than what we

found for the transmission over the constriction for the wavelength of 780 nm. This

can be justified by the fact that we have an additional gap on the gold stripe by the

width of 200 nm (10 µm to the right of the constriction of the Fig. 5.21 (b), close to

the excitation point). We cut the sample in order to prevent the heating transfer to

the constriction area. And we clearly know that this cut leads to loose at least 30%

of the incoming light.
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Figure 5.22: Calculated transmission probability as a function of gap size for an ideal

sample with the width of w = 4µm and w = 7µm: calculated from Eq. 5.10 for Fabry-Perot

modes (purple curve), simulation (magenta curve) and corrected Fabry-Perot modes by the

exponential decay of the transmission probability (blue curve)over the size of the gaps.

5.11.1 Method for extracting the Fabry-Perot modes

Variations of the transmission for the different gaps are caused by interference be-

tween the multiple reflections of the light between the two reflecting edges. Con-

structive and destructive interference occurs and causes high or low transmission

probability for different gap sizes, dependent on the wavelength of the SPPs and

also on the angle of incidence. We assumed the light impinging on the first edge

parallel to the long axis. Since we assumed the material between the gaps is air, it

has a negligible effect on the transmission. According to the Fabry-Perot model, the

gap width is the most important parameter. If we assume that both surfaces have

the same reflectance R, the transmittance function is given by:

Tg =
1

1 + F sin2( δ2)
(5.10)

In this equation F = 4R/(1−R)2 is the coefficient of finesse and δ = 2π
λ 2ndgapcosθ,

where n is the refractive index and θ is the incident angle.

For calculating the value of reflectance, we took from the simulations the ratio be-

tween maximum and minimum intensity of the reflected light from the first edge of

the gap. Fig. 5.22 shows the transmission calculated by Eq. 5.10 and compared

with the FDTD simulated result of the ideal sample of w = 4 µm from 100 nm to

4300 nm and w = 7 µm from 100 nm to 1500 nm, by the step size of 100 nm and

50 nm respectively.

The purple curve shows the transmission values which are calculated by Eq. 5.10
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Figure 5.23: The average cross-section of the intensity distribution perpendicular to the

gold stripe from the surface up to 800 nm for dgap = 700 nm.

for Fabry-Perot modes for different gap sizes. The magenta curve shows the trans-

mission probability obtained by the help of FDTD simulations, and the blue curve

indicates the corrected Fabry-Perot modes according to the exponential decay of

transmission when the size of the gaps increased. To this end we fitted the simu-

lated transmission curve (magenta) and obtained an exponential decay with decay

length 1460 nm and 891 nm for the samples 4 µm and 7 µm respectively, then multi-

plied this decay to the initial data (purple curve).

To calculate the value of reflectance R, we used the FDTD simulation results. Fig.

5.23 depicts the average cross-section of the intensity distribution perpendicular to

the gold stripe from the surface up to 800 nm for dgap = 700 nm. We read out

the intensity of maximum Ia and minimum point Ib in which Ia = (Ei + Er)
2 and

Ib = (Ei −Er)2, Ei and Er are the incoming and reflected electric field strength. R

can be calculated from the ratio between Ia and Ib for each gap.
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shift.png

Figure 5.24: Calculated transmission probability as a function of gap size for an ideal

sample with the width of w = 4µm and w = 7µm: calculated from Eq. 5.10 for Fabry-Perot

modes (purple curve), simulation (magenta curve) and corrected Fabry-Perot modes by the

exponential decay of the transmission probability by increasing the size of the gaps (blue

curve).

5.11.2 Skin depth of gold in the gap by phase shift

For the calculation of the Fabry-Perot modes we have to take into account that the

reflection on an absorbing metal induces a phase shift as shown in section 2.7. This

phase shift can be calculated by the Fresnel Eq. 2.71. When we assume that the

gold edges surround the air as dielectric material, by using refractive index 1 for air

and the complex refractive index of n2 = 0.17 + 4.86i for gold in the wavelength

of 780 nm, a phase shift of 22.78◦ is obtained. This corresponds to an apparent

reflection inside the gold at a distance:

∆d =
λφ

2π
= 50 nm (5.11)

We have to take this effect into account on both sides of the gap region. It means

we must assume that the effective gap width is 2 × 50 nm wider than given by the

geometery. Fig. 5.24 shows the result of transmission calculated by simulation

and Fabry-Perot modes when the phase shift is take into account (green curves).

Taking this effect into account on both sides of the gap region we obtain very good

agreement between simulation and Fabry-Perot calculation. The maxima in all

cases appear close to gap widths that are integer multiples of half the incident

wavelength (780 nm). This behavior is similar to the oscillations which are found in

thin film Fabry-Perot interferometers [51, 63, 64] or optical dipole antennas [65, 66].



122 5.11. WAVELENGTH 1064 NM

According to the Fabry-Perot theory, constructive or destructive interference occurs

and causes high or low transmission probability for different gap sizes. For both

samples (w = 4 µm with gap step size of 100 nm and w = 7 µm with the gap step

size of 50 nm) the transmission for the gap size of 400 nm and 800 nm are higher

than for the adjacent gap sizes. This agreement between Fabry-Perot theory and

FDTD simulation results suggests that the Fabry-Perot mechanism is at the origin

of the non-monotonic transmission function. It also underlines the validity of the

FDTD simulations.
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Figure 5.25: (a) A microscope picture (20× objective) shows the glass fiber over the big pad,

the laser spot and the grating. (b) Distribution of the back-reflected light when illuminating

the sample at further grating, image by the camera for p polarization. The top bright point

indicates the glass fiber, the other outcopled grating can be seen from the image.

5.11.3 Glass fiber results

Several samples were examined in this experiment. The glass fiber with enough

flexibility can move easily on the surface. Mainly we used one side of the bare gold,

i.e. we used the further grating to excite SPPs and put the glass on the surface. For

measuring the decay length, the glass fiber moved gradually on the surface while the

excitation point is fixed. The image by the camera was recorded in each position

for both polarizations. Then the data was evaluated by the same method as used

for the gratings. Fig. 5.26 (a) presents an optical image of the sample under a 20×
objective. The glass fiber is shown in top view and the set of the gratings below

the image. Fig. (b) 5.26 is a zoom-in of the area marked in red and represents

the same situation of the sample where the laser illuminated the first grating in

top and the glass fiber is positioned some micrometers away from that. Below the

excitation point, other grating outcouplers can be seen. Having these gratings was

quite useful in this sample in case where the decay length measurement was done

by the glass fiber. On the other hand one can calculate the decay length as well by

the fixed gratings to compare the results of both methods. The error bar for the

differences between the grating couplers as detectors and the glass fiber method is

coming from the idea that in the glass fiber the observation outcoupled light light
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Figure 5.26: (a) A profile picture of intensity distribution of the glass fiber over the big pad

on the left side of the illumination grating and grating 1, grating 2, grating 3, and grating

4 on the right side. (b) Cross-section intensity over the width of the grating along the long

axis of the stripe. The blue curve indicates the glass fiber in the left side and the red curve

indicates the outcoupler gratings.

with glass fiber does not exactly correspond to the position of the light. Since we see

the light perpendicularly in center of the glass fiber, but in fact light is transparent

from the surface to top of the glass fiber by the angle.

For the investigation on decay length we tried to measured the intensity on the

glass fiber and the gratings at the same image. The hardest part for the glass fiber

was to keep equal the step motion of the glass fiber forward or backward on the

stripe. Many experiments have been done for different stripe widths. For example,

Fig. 5.26 shows a profile picture of intensity distribution of the glass fiber over the

big pad on the left side of the illumination grating and grating 1, grating 2, grating

3, and grating 4 on the right side. Fig. 5.26 (b) presents the cross-section intensity

over the width of the grating along the long axis of the stripe. The blue curve
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indicate the glass fiber in the left side and the red curve indicate the outcoupler

gratings. In order to calculate the decay length, the same method was used as for

the gratings method. For the glass fiber method, only the intensity of light over a

certain area of the glass fiber is chosen and the results are fitted exponentially when

they are plotted as a function of distance. The results for some stripes are shown in

table in Fig. 5.26. The agreement between the grating and the glass fiber method

is in rather good agreement. Although one can find from the results that for every

stripes, the decay length obtained by the glass fiber method is higher than with the

grating method.
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Abstract: We applied a far-field technique to measure the surface plasmon prop-

agation over a wide range of gap sizes in thin gold stripes. This is realized with a

grating technique which allows the excitation and out coupling of surface plasmon

polaritons (SPPs). With this method the intensity can be monitored before and after

the gap. The observations show that the SPPs can transmit over tunnel gaps with

a width of 1 µm with a probability of about 40% for Au stripe-waveguides (7 µm

width) at a wavelength of 780 nm. The transmission decays exponentially above

a gap size of 1 µm. The results also demonstrate that the transmission has non-

monotonic behavior for gap sizes smaller than 1 µm that we attribute to excitation

of Fabry-Perot modes and resonant localized plasmons within the gap. The ex-

perimental results are supported by numerical simulations using a Finite-Difference

Time-Domain (FDTD) approach.

6.1 Introduction

For the development of integrated optical devices the functionality of which de-

pends on the combination of optical signals with electronics, the ability to guide

and manipulate light propagation at very small scales is crucial. However, mini-

mizing optical waveguides is limited because the confinement of light is restricted

to the diffraction limit. One way to overcome this issue is using surface plasmon

polaritons (SPPs) on metallic structures [20,67,68]. The unique properties of SPPs

such as high confinement and high speed signal transmission enable various appli-

cations, such as plasmon wave guides [48, 69–72] imaging [70], nanophotonics [73]

and biosensors [74]. For these structures, an important issue is the transmission of

SPPs between two guiding elements. Investigation on how the light can transmit
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and interact with discontinuities in restricted elements was investigated extensively

theoretically and experimentally [4–8, 52, 53, 75–78] . In some experiments it might

be desirable to thermally decouple the excitation area from the actual measurement

area. This might be realized by a gap in the system, but it has to be determined

to what extent the SPP can couple across a gap of a given width. Previous gap

measurements employed near-field scanning optical microscopy techniques for gap

sizes from 200 to 500 nm [4–8,52,53] and far-field techniques for gap sizes from 30 nm

to 16 µm [8].

In this work we present a comprehensive study on propagation and transmission of

surface plasmons over gaps with size dgap from about 100 nm to 5 µm in a narrow

and thin gold stripe. Our findings with the help of far-field technique extends the

existing literature [4–8] by a detailed study for dgap = 110 nm to 1 µm revealing that

the transmission has a non-monotonic dependence on the gap size [51,52].

6.2 Results and discussion

For the excitation of SPPs we used the grating method, i.e. we engrave a series of

line grooves into the metal stripe. We optimized the grating parameters (number,

width, depth and distance of grating grooves) with the help of Finite-Difference

Time-Domain (FDTD) simulations. When the gratings’ geometrical parameters are

correctly chosen, the corrugations can provide the correct momentum difference to

achieve efficient coupling between incident photons and propagating SPPs at the

gold-air interface. These SPPs propagate along the gold stripe and further gratings

allow converting them back into photons which can be detected in the far-field. The

propagation of SPPs on a metallic stripe and their transmission can be measured

and the decay length can thus be determined [49, 79]. This experimental technique

also allows measuring the transmission of SPPs across different gap sizes by moni-

toring the intensity before and after the gap. Further details on sample fabrication

and experimental setup can be found in chapter 4.

First we investigate the SPPs’ propagation length for Au stripes with 100 nm thick-

ness and two different widths (w = 4 and 7 µm). We find decay length of 9.4 ± 1.1 µm

and 11.1 ± 2 µm for the samples of w = 4 and 7 µm.The reduction of the propagation

length compared with previous findings is attributed to the fact that in our case we

excite the SPPs within a restricted stripe, while for 70 nm thick but wide gold films

an SPP decay length of about 40 µm was reported for the same wavelength [48].

The experimentally determined SPP decay length in narrow stripes is smaller than

in extended films, in good agreement with the simulations for the given geometry

and in accord with literature for gold films with comparable dimensions [49,79] (see
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Figure 6.1: (a) Scanning electron microscope (SEM) image of the sample with dgap =

700 nm and w = 7µm. (b) and (c) Far-field image, captured by camera, of the sample

illuminated by 780 nm light which shows the back-scattered light image of the SPPs propa-

gating in the gold stripe with 7 µm width for p and s polarization, respectively. (d) Intensity

cross-sections along the long axis of the stripe from the top panel and resulting difference

curve obtained by subtracting the intensities for p (blue line) and s (green line) polarization.

SI). In the next step we fabricated a series of samples with different gap sizes (see SI)

and studied the transmission over the gap by comparing the far-field intensity before

and after each gap. For that purpose the excitation grating (grating 1) and the first

measurement grating (grating 2) were on one side, while the second measurement

grating (grating 3) was on the other side of the gap (see Fig. a) 6.1).

Fig. 6.1 (b) indicates the far-field image of the sample under 780 nm laser diode

illumination which shows the back-scattered light of the SSP propagating in the

gold stripe with w = 7 µm. The main high intensity peak is related to the excita-

tion grating (grating 1). In addition clearly visible light contributions at the two

other gratings (grating 2 and 3) can be found for the polarization along the stripe

(p polarization). A sharp increase of intensity at the edge of the gap shows that the
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Figure 6.2: a) FDTD simulation results of the intensity distribution on the gold surface

for a geometry corresponding to the real sample but with ideally flat surfaces and edges (b)

Average intensity cross-sections along the long axis over the grating size for w = 7µm.

first edge causes the SPP to couple to free space electromagnetic modes, leading to

partial radiation of the SPP intensity. The intensity loss measured after the second

gap edge is used to quantify the transmission for each gap width. Fig. 6.1(d) shows

the cross-section intensity of the far-field image of the sample as obtained from Fig.

6.1 (b) and Fig. 6.1(c). This shows the decay of SPP intensity with distance from

the point of excitation which is interrupted by the gap.

We follow the concept of ref. [79] and calculate the transmission over different gap

width by measuring the intensity at grating 2 and 3 when illuminating at grating 1.

The transmission over a gap with width dgap is given by:
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Figure 6.3: (a) Experimentally determined SPP transmission across the gap in the metal

stripe as a function of gap width for the 4 µm (black curve) and 7 µm (blue curve) wide

stripes. (b) Comparison of simulated (red curve) and experimental results for the sample

with w = 4µm (black curves) and (c) w = 7µm (blue curve). (d) Comparison of simulated

(red curve) and experimental (blue curve) SPP transmission for small gaps (dgap < 1 µm)

in a metal stripe of 7 µm as a function of gap width.

Tg =
I3,1

I2,1
exp(

d2,3 − dgap
l

) (6.1)

Here, the distance d2,3 between the positions of grating 2 and 3 is reduced by the

gap size dgap to only account for the decay along the stripe with constant width.

I3,1 (I2,1) is the intensity measured at grating 3 (2) when irradiating grating 1. We

evaluate the transmission probabilities separately for each dgap and w and plot them

in Fig. 6.1.

For a further the interpretation of the findings, we carried out FDTD numerical

simulations. Here we use the refractive index of gold material in the FDTD data

base (Gold Palik). A small mesh size of 6 nm was chosen to accurately capture the
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SPP propagation. Perfectly matched layer boundary conditions were used on all

sides of the calculation domain. More details on FDTD simulations can be found

in the SI. Fig. 6.2 shows the corresponding simulation results on the gold surface,

when the sample design is equal to the real sample width of 7 µm. The cross-section

intensity of the sample features all elements, including the incidence point, the out-

coupling grating and the gap.

The simulation also shows the intensity in the gap and in the gratings. The SPPs

clearly decay along the stripe over distance. From the comparison between the ex-

perimental (Fig. 6.1(d)) and simulation results (Fig. 6.2(b)) one can recognize that,

in contrast to the experiment, in the simulation the edges of the intensity are sharp

for each trench and the gap. However, this difference can be due to the fact that

the experiment is in the far-field, but the FDTD intensity is simulated at a distance

of 20 nm above the surface (near field).

A quantitative measurement of SPP transmission over the gap in gold metal stripes

as a function of gap length is shown in Fig. 6.3. The experimental results in Fig.

6.3(a) show the exponential decay with increasing gap length above 1 µm for two

samples with a width of 4 µm and 7 µm. This decay corresponds to scattering of the

radiation into the substrate and into the air (see FDTD simulation for side view in

the SI). Fig. 6.3((b)-(d)) present the comparison between simulation and experimen-

tal results for all three samples under investigation (one sample with w = 4 µmand

two with w = 7 µm). There is good quantitative agreement between this calculation

and experimental results, in view of unavoidable fabrication tolerances and experi-

mental errors.

We performed a detailed study for small gap sizes dgap < 1 µm for a stripe a sample

with w = 7 µm. Fig. 6.3(d) shows the experimental (blue curve) and simulation

(red curve) results for this range which reveals a non-monotonic dependence of Tg

on the gap size. Such a behavior had been predicted theoretically before [51] and

found experimentally in Ref. [52] for silver films with a thickness of 60 nm by the at-

tenuated total reflection (ATR) method. The authors showed that the transmission

is higher for a 500 nm groove than for a 420 nm groove. They compared their results

with theoretical predictions based on a system which was treated as a waveguide

structure sandwiched between two metal boundaries and concluded that the com-

plex transmission behavior is due to the existence of certain groove width supporting

electromagnetic modes in the gap region [51]. Further experimental indications for

non-monotonic gap size dependence have been reported in Ref. [8] , but could not

be retrieved in finite-element simulations.

Our simulations clearly reproduce the non-monotonic behavior. However, the am-

plitude of the non-monotonous part is smaller than observed experimentally. We

attribute this difference to experimental uncertainties of the sample geometry (grat-
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Figure 6.4: The magenta curves show the FDTD simulation results and the blue curves

show the calculated Fabry-Perot modes for two ideal samples as a function of gap sizes for

two different sample width of (a) w = 4µm and (b) w = 7µm.

ing profile, gap width, gap roughness, surface roughness) as well as to the fact that

the SPP propagation depends on the dielectric constant of the metal which is known

to depend on the fabrication as well [40]. These simulation results are also in good

agreement with those of Ref. [4], where the authors estimated a high transmission

probability of 80% over a 5 µm gap for a 40 nm thick gold film embedded between

two dielectric layers with equal refractive index (n = 1.47), illuminated at 785 nm

for a symmetrical geometry.

We attribute the non-monotonic behavior for small gaps to the excitation of Fabry-

Perot modes in the gap. Fig. 6.4 compares the transmission behavior for two

idealized samples with a width of (a) w = 4 µm and (b) w = 7 µm as a function

of gap size calculated with the FDTD simulation on the one hand and with the

Fabry-Perot theory (see SI) on the other hand. For the calculation of the Fabry-

Perot modes we have to take into account that the reflection on an absorbing metal

induces a phase shift [80]. This phase shift can be calculated [27] by:

tanφ =
−2k2n1

−n1
2 + n2

2 + k2
2 (6.2)

where the index 1 refers to air and the index 2 to the gold. For the wavelength

of 780 nm (n2 = 0.17, k2 = 4.86) we found a shift of 22.7◦. This corresponds to

an apparent reflection at (22.7◦/360◦)780 nm ∼= 50 nm inside the gold. Taking this

effect into account on both sides of the gap region we obtain very good agreement be-

tween simulation and Fabry-Perot calculation. The maxima in all cases appear close
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to gap widths that are integer multiples of half the incident wavelength (780 nm).

This behavior is similar to the oscillations which are found in thin film Fabry-Perot

interferometers [51,63,64] or optical dipole antennas [65,66]. According to the Fabry-

Perot theory, constructive or destructive interference occurs and cause high or low

transmission probability for different gap sizes. For both samples (w = 4 µm with

gap step size of 100 nm and w = 7 µm with the gap step size of 50 nm) the transmis-

sion for the gap size of 400 nm and 800 nm are higher than for the adjacent gap sizes.

This agreement between Fabry-Perot theory and FDTD simulation results suggests

that the Fabry-Perot mechanism is at the origin of the non-monotonic transmission

function. It also underlines the validity of the FDTD simulations.

6.3 Conclusion

In conclusion, we have presented a comprehensive study of surface plasmon po-

lariton propagation across a gap with widths between 100 nm to 5 µm in thin and

narrow gold stripes. We used a far-field measuring technique and as well as exci-

tation and detection of the plasmons by gratings. Our observations demonstrate

that the surface plasmon polaritons can transmit over gaps with sizes up to 1 µm

with a transmission probability in the order of 40%. For gap sizes bigger than 1 µm

the transmissivity decays exponentially because the radiation is out-coupled into

the substrate and the air. A more detailed study on gap sizes smaller than 1 µm

also reveals that the transmission depends non-monotonically on the size of the gaps

because of the formation of Fabry-Perot modes in the gap. Quantitative agreement

between experimental results and FDTD modeling is obtained when taking into ac-

count the finite skin depth of the electromagnetic waves in metals. Our findings are

important for designing nanoplasmonic functional devices, since they can be used to

maximize or to minimize the transmission according to the envisaged functionality

of the device.



7 Summary

In this work we studied the grating coupling of surface plasmon polaritons (SPPs)

on gold strips. The propagation of the launched SPPs and their coupling across

different constriction designs and gaps of different width was investigated. The pre-

sented results are of interest for improving the transport properties of mesoscopic

SPP waveguides.

We study the excitation and propagation of SPPs. Our study accomplished ex-

perimentally and theoretically by a simulation model. In the experiment, nano-

structures samples have been fabricated using a sophisticated nano-fabrication pro-

cess. We applied a far-field technique to measure the SPPs propagation over gold

thin film.

First we investigated the SPPs’ propagation length for gold stripes with 100 nm

thickness under 780 nm light incident for two different widths (w = 4 and 7 µm).

We found decay lengths of 9.4 ± 1.1 µm and 11.1 ± 2 µm for the samples of 4 and

7 µm. Next, the transmission probability over constrictions with different designs is

studied. To avoid the complex behavior of a constriction geometry used for forming

atomic contacts, a simpler geometry was chosen in which we have a gap between to

planar edges side of a gold stripe.

We found that SPPs can transmit over the gap size up to 1 µm with a transmission

probability of 40%. For a gap size larger than 1 µm, the transmission decays expo-

nentially. Transmission for the gaps smaller than 1 µm depends non-monotonically

on the size of the gaps.

For comparison we used the Finite-Difference in Time-Domain (FDTD) simulation

program package Lumerical. We modeled a supported gold stripe in the same geo-

metrical arrangement as in the experiment, i.e. a supported gold stripe on polyimide

with gratings with the same dimensions as in the sample. Since many different pa-

rameter sets for the optical parameters of gold thin films have been published we

made to make a choice. We decided to use the optical parameters from the material

database of the program, called gold Palik. For the dielectric polyimide substrate

we used a refractive index of npolyimide = 1.81. To reproduce the conditions of the

experiment, we simulated a Gaussian light source normally incidenting on the top

surface of the grating structure (p polarization).

For the stripe width of 4 µm a propagation length of 10 ± 0.2 µm was found which

is in good agreement with the experimental result. Also the propagation length for
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the sample with 7 µm was found around 10.9± 0.2 µm.

The simulation results for the transmission probability was found in good agreement

with experimental results. For the simplified geometry, the important point is that

the oscillations are also observed in the simulation, superimposed over a decay that

is in good agreement with the experimentally observed decay. This confirms that the

observed oscillations in experiment are real and not just artifacts from uncertainties

in the sample geometry. By a quantitative analysis taking into account the finite

skin depth of electromagnetic waves in metals we were able to attribute this behav-

ior to the formation of Fabry-Perot modes in the gap. Since they can be used to

maximize or to minimize the transmission, our findings are important for designing

new structures for transport measurement through atomic-size constrictions.



8 Zusammenfassung

In dieser Arbeit wurden an Gittern auskoppelnde Oberflächenplasmonen (SPP) un-

tersucht. Es wurde die Ausbreitung der SPPs und deren Auskopplung an Eng-

stellen unterschiedlicher Formen betrachtet. Die hier gezeigten Ergebnisse helfen

mesoskopische SPP Wellenleitern zu verbessern.

Wir untersuchten experimentell die Anregung und Ausbreitung von SPPs unterstützt

durch Simulationen. Die Proben wurden durch einen Nanostrukturierungsprozess

hergestellt. Weiter wurde Fernfeldtechnik eingesetzt, um die Ausbreitung der SPPs

in einem dünnen Goldfilm zu beobachten.

Zunächst wurde die Ausbreitungslänge der SPPs in 100 nm dicken Goldfilmen un-

terschiedlicher Breite (w = 4 und 7 µm) unter der Beleuchtung mit Laserlicht von

780 nm betrachtet. Wir entdeckten Abklinglängen von 9.4 ± 1.1 µm und 11.1 ±
2 µm für die Proben mit den Breiten 4 und 7 µm. Die Transmissionswahrschein-

lichkeit über die unterschiedlich strukturierten Engstellen wurde untersucht. Um

unerwünschte Nebeneffekte durch zu komplexe Geometrien zu verhindern wurde

hier ein paralleler Spalt in einem Goldstreifen gewählt.

Die Messungen zeigten, dass die SPPs selbst bei einer Spaltbreite von 1 µm noch eine

Transmissionswahrscheinlichkeit von bis zu 40% haben. Für größere Spaltbreiten

sinkt die Transmissionswahrscheinlichkeit exponentiell. Spaltbreiten von weniger

als 1 µm verhalten sich nicht-monoton zur Spaltbreite. Um die experimentellen

Ergebnisse zu verifizieren wurden Finite Difference Time Domain (FDTD) Simu-

lationen durchgeführt, hier mit dem Programm Lumerical. Der im Experiment

verwendeten Goldstreifen wurde als Geometrie herangezogen unter anderem mit der

darunterliegenden Polyimidschicht. Es wurden die optischen Parameter der Mate-

rialdatenbank Palik übernommen. Für das dielektrische Polyimidsubstrat wurde

ein Brechungsindex von npolyimide = 1.81 verwendet. Um die Bedingungen des

Experiments nachzustellen wurde eine gaußförmige Lichtquelle simuliert, die an der

Oberfläche des Gitters einstrahlt (p polarisiert). Für 4 µm breite Goldstreifen wurde

eine Ausbreitungslänge von 10± 0.2 µm gefunden, was gut mit den experimentellen

Ergebnissen übereinstimmt. Weiter wurde für die Streifenbreite von 7 µm eine

Abklinglänge von 10.9± 0.2 µm bestimmt. Die Ergebnisse der Simulation bezüglich

der Transmissionswahrscheinlichkeit stimmen auch mit den experimentellen Ergeb-

nissen überein. Hervorzuheben ist, dass die bei vereinfachter Geometrie in der Sim-

ulation beobachteten Oszillationen auch experimentell nachzuweisen waren. Dies
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bestätigen die experimentell gefundenen Oszillationen und schließen Artefakte auf-

grund der Geometrie aus. Durch eine quantitative Untersuchung der endlichen Ein-

dringtiefe von elektromagnetischen Wellen in Metallen kam zum Vorschein, dass sich

Fabry-Perot Moden im Spalt ausbilden. Diese können verwendet werden, um die

Transmission zu minimieren beziehungsweise maximieren. Unsere Ergebnisse sind

wichtig um neue Strukturen für Transportmessungen durch atomare Kontakte zu

entwickeln.
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