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Kurzzusammenfassung

In der modernen Technologielandschaft bietet Licht ein mannigfaltiges Anwendungsspek-
trum. Es verspricht unter Anderem optische Datenverarbeitung und einen neuen Grad
an Prézision fiir Datendetektierende oder Strukturenproduzierende Gerate. Ein kritischer
Gesichtspunkt ist hierbei, wie in vielen anderen industriellen Sparten, die Miniaturisierung,.
In diesem Aspekt liefert diese Doktorarbeit die Untersuchung von Oberflichen Plasmon-
Polaritonen (OPP) zur Nutzung in Sensoranwendungen, als auch dem Datentransport in
Wellenleitern und der Datenprozessierung in plasmonischen Logikgattern mit Dimensionen
im Mikrometerbereich. Die Sensoranwendung sowie die plasmonischen Strukturen sind
dabei im selben experimentellen System verordnet.

Zur Untersuchung der OPP wurde ein Leckstrahlungsmikroskop genutzt, welches dahinge-
hend erweitert wurde, dass es die Moglichkeit von phasen- und zeitaufgelosten Messungen
von propagierenden OPP bietet. Weiterhin konnte damit die optische Fourier Trans-
formation des untersuchten Systems direkt aufgezeichnet werden, um Anderungen der
Propagationseigenschaften der OPPs direkt messen zu kénnen. Dies wurde im Theoretischen
durch die Nutzung der Transfermatrixmethode und direkten zeit- und phasenaufgelosten
Berechnungen des elektrischen Feldes der OPP unterstiitzt. Fiir die Herstellung der unter-
suchten Strukturen war diese Arbeit an der Entwicklung einer neuartigen, schnellen und
flexiblen Lithographiemethode im low-cost Bereich beteiligt.

Die Arbeit untersucht zunéchst die Variation der Phase von propagierenden OPP durch
eine Anderung des umgebenden Mediums, als auch einer intrinsischen Phasenéinderung
durch den Gouy-Phase-Shift, auftretend beim Fokussieren von OPP. Dabei enthélt diese
Arbeit die erste experimentelle Demonstration eines zweidimensionalen Gouy-Phase-Shifts
fiir optische Wellenldngen. Weiterhin untersucht diese Arbeit die Moglichkeit das plasmoni-
sche Analogon eines antiresonant reflektierenden Wellenleiters fiir Sensorzwecke zu nutzen.
Als letzten Punkt untersucht diese Arbeit die Nutzung von dielektrischen Strukturen
zur Wellenleitung von OPP Grundmoden und der gleichzeitigen Eignung zur logischen
Prozessierung der geleiteten Moden aufgrund von Phasenunterschieden. Daraus folgt
schliellich die experimentelle Demonstration der Funktionsfihigkeit eines optischen logi-

schen Halbaddierers.

Schlagworter: PLASMONISCHE SENSOREN, OPTISCHE LOGIK-BAUELEMENTE, GOUY-
PHASE-SHIFT, ZEIT-/PHASENAUFGELOSTE LECKSTRAHLUNGSMIKROSKOPIE






Abstract

Light has manifold applications in modern technology. Amongst others it promises
optical computation, and sensing and producing devices with new high levels of accuracy.
One critical subject to this, as in many industrial sectors, is the miniaturization. In this
aspect this thesis will investigate the use of surface plasmon-polaritons (SPPs) to conduct
sensing of information as well as the transport and processing of information in micrometer
sized plasmonic logic devices. The sensing process and the logic devices in this thesis are
investigated within the same experimental system.

For the investigation of the SPPs a leakage radiation microscope was used and extended
with the ability of time and phase resolved measurements of propagating SPPs. Further, it
was used to directly image the optical Fourier transformation of the investigated system
for direct measuring of the change of propagation properties of SPPs. This was supported
theoretically with the transfer matrix method and direct calculations of the time and phase
resolved electric field distribution. For fabrication of the investigated structures this thesis
took part in the development of a new low-cost, fast, and flexible lithographic method.

The thesis first investigates the variation of the phase of free propagating SPPs due to a
change of the effective index through changing the surrounding media, as well as intrinsic
phase changes through the Gouy phase shift by focusing of SPPs. Thereby this thesis
gives the first experimental demonstration of the two dimensional Gouy phase shift in the
optical regime. Further, it investigates sensing properties in the plasmonic counterpart to
an antiresonant-reflecting optical waveguide. At last, it investigates the use of dielectric
structures as single mode SPP waveguides and their ability to conduct direct logic signal
processing using phase-differences switching and operation. This is concluded with the

experimental demonstration of the functionality of a pure optical logic half-adder.

Keywords: PLASMONIC SENSING, OPTICAL LOGIC DEVICES, GOUY-PHASE-SHIFT, TIME/PHASE
RESOLVED LEAKAGE RADIATION MICROSCOPY
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Chapter 1

Introduction

In 1902, Robert Williams Wood imaged an unexpected pattern of dark and bright regions
in the reflection spectra of diffraction gratings on top of speculum metal [1,2]. He did not
know the origin of this phenomenon, but reported thereby the first experimental observation
of surface plasmon-polaritons (SPP). The first atempt of an explanation was given by
John William Strutt, the 3rd Baron Rayleigh, in 1907 [3] with his “On the Dynamical
Theory of Gratings”. Although, this was refined in 1941 by Ugo Fano [4], it was only in
1968, when Andreas Otto [5] and later in the same year Erwin Kretschmann and Heinz
Raether [6] analysed and reported the actual excitation of SPPs, that a full description of
the phenomenon was possible. Within this research, they found that SPPs offer the ability
to bind optical fields to structures with dimensions down to one magnitude below the
wavelength [7], enabling optical signal guiding and processing in small structures compared
to the used wavelength. Beside this, they found that the properties of SPPs are very
sensitive to the purity of the materials used and to the adsorption of contaminants on the
samples.

Especially the ability to confine optical fields to sub-wavelength structures indicate
interesting applications of SPPs as future computing devices, since this would not only
drastically increase the available information bandwidth, but it would also help to overcome
interconnect delays and heat generation associated with conventional integrated electronic
circuits [8]. Different types of SPP waveguide concepts, enabling confined SPP guiding for
data transport applications, such as channel plasmon-polaritons [9,/10], metal-insulator-
metal structures [11], metal strips and nanowires [12], and dielectric-loaded SPP waveguides
[13-15] have been proposed and investigated. Alternative schemes include long-range surface
plasmon-polaritons [16-18], nanoparticle chains |19-22], and periodically structured metal
surfaces, exhibiting bandgaps for SPPs [23-25].

However, these approaches have certain disadvantages with regard to the fabrication
process, e.g. the mentioned nanowire structures are formed by chance, and precise slot
waveguide fabrication requires expensive and time consuming ion beam lithography. This
thesis engages here: The focus of the presented work will be on optical lithographically
fabricated dielectric structures over extended metal layers for use as SPP waveguide systems,
with the ability to perform optical signal processing. To carry this out, optical logic gates

were chosen, since the main component of signal processing devices in today’s electronics
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are also electric logic gates [26], offering the possibility to directly port concepts from
electronics to plasmonics. In this context a lithography method for cost efficient and
flexible fabrication of any desired dielectric structure, which was developed in the scope
of this work, will be introduced and discussed. Further, basic sensing abilities of free
propagating and confined SPPs on the same metal layers as were used for signal processing
structures, will be shown. Additionally, the first measurement of the Gouy phase shift,
an inherent change of the phase when a converging beam passes its focus, for surface
plasmon-polaritons in the optical spectrum, will be presented.

For the realization of all-optical logic elements with guided SPPs, two physical phenomena
can be used: linear interference effects and non-linear processes [27-35]. Their theoretical
investigation and experimental realization have recently been the subject of scientific
literature. This employs semiconductor optical amplifier, four-wave mixing, photonic
crystal structures, microring resonators, and spatial filtering [36-40]. Most of the former all-
optical realizations of logic gates required either high laser intensities or bulky experimental
setups. A much simpler implementation of logic devices, already allowing a high degree of
integrability has been proposed using surface plasmons in nanowire networks [41]. The latter
is based on SPP interference, which offers the advantage of rather low electromagnetic fields,
avoiding excessive heating of the plasmonic structures. A disadvantage of this approach is
that only randomly generated structures could be used.

The dielectric SPP waveguide structures, used in this thesis, circumvented this disadvan-
tage since they are lithographically processable and thus, the desired structures can be
directly fabricated. For low-cost, fast and flexible fabrication, this work took part in the
development of a new lithographic method.

To mathematically gain access to SPPs, first the basic principles as derived by Raether [42]
will be introduced as well as a brief introduction to the response of metal to light. To
put the basic principles into a context with the experimental conditions, the transfer
matrix method will be shown. As this enables a reasonable grasp of the concept of leakage
radiation, which is the main experimental method, it will be discussed in more detail.
Furthermore, the propagation properties of SPPs, as are described with a two dimensional
approach of the Gaussian beam, will be presented. Since pulsed laser sources are used,
laser pulses and their autocorrelation will be discussed, too. Finally, logic gates and their
Boolean truth tables will be introduced in the last section of the theoretical part of this
thesis.

The experimental methods will comprise first the newly developed lithographic approach.
This technique consists of standard microscope technology which is employed to demagnify
a chromium photomask, placed in the image plane of a microscope, into its object plane.
The photomask, in turn, is built by demagnifying a printed transparency by a factor
of ten onto a glass substrate, coated with an opaque metal film. One main focus lies
in the ability for cost efficient and flexible generation of the structures. Another key
aspect in the experimental methods will be the leakage radiation microscopy, as this

is the main measuring concept, used in this thesis. For this work, this well described



technique [14}(15,43,44] is extended with a Michelson interferometer to enable spatial
and temporal detuning of two replicas of the incident laser beam, and one Mach-Zehnder
interferometer for phase and time resolved imaging of the leakage radiation.

In the results and discussion part, it will be shown first how to alternate the phase
of propagating SPPs by increasing the effective refractive index of the SPPs through
adding thin polymer layers to the plasmonic system, or exploiting the Gouy phase shift.
Following this, dielectric waveguide structures for all optical switching to perform the
integrated evaluation of given phase shift will be presented. Finally, the combination of

these structures to a more complex logic device, an optical half-adder, will be presented.






Chapter 2

Theory of surface plasmon-polaritons and
their investigation by leakage radiation

MICroscopy

2.1 Basic principles of the properties of SPP at multiple interfaces

A major part of this thesis concerns surface plasmon-polaritons. In general they are
coherent charge density oscillations in the electron system bound to the surface of a metal.

The quantization of these coherent electron oscillations in general is called plasmon.
Plasmons are distinguished into two classes: Oscillations within the volume of a medium
are called bulk-plasmons. When they take place at the interface of two media, they are
called surface-plasmons.

If electromagnetic fields propagates through a metal, they will induce this charge density
oscillations of the electron system. The oscillations, in turn, will also induce electromagnetic
fields. Therefore the fields and oscillations are coupled. This coupled state is called polariton.

The whole phenomenon is thus a combination of plasmons and polaritons. Occurring at

the surface of a metal this is called surface plasmon-polariton (SPP).

2.1.1 The semi-infinite approach

To describe the dependence between the wave vector of SPPs and their vacuum wavelength
A —the dispersion relation— a simple system can be considered: Two infinite extended half
spaces consisting of a dielectric medium and metal (the semi-infinite approach). In this

case, the SPP dispersion relation is [42]:

eqa(A)em(A)
k A) =ko(N\)y ——t—t—. 2.1
SPP( ) 0( ) Ed()\)+€m()\) ( )
Here, kg = 2m/X is the vacuum wave vector of light and €4, = 621,rn + isgm are

the complex relative dielectric functions (&;) of the metal and the dielectric. Since the

investigated media in this thesis are not magnetic, the permeability is supposed to be 1
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Figure 2.1: Plot of the Drude and the Lorentz-Drude approach for the dielectric function of Gold.
The parameters for the functions were taken from [45]. The real and the imaginary
part are the solid and dashed lines, respectively. For comparison, experimental
data obtained from Johnson & Christy [46] and Babar & Weaver [47] are added
as triangles and circles, respectively. It can be seen, that the Drude model itself
already delivers valid values for the near-infrared region, whereas the Lorentz-Drude
approach fits very well to the experimental data over the whole spectrum.

(1y = 1). Therefore the refractive index

N = /& Ur

can be expressed in its complex form as

/ s N
m = g m + 114 m
= 1/521,m + ieg’m.

Eq. yields in a complex wave vector kspp = kipp + ik{pp, where the imaginary part

nq

)

incorporates the intrinsic propagation losses of the SPP. With the wave vector kspp, the
wavelength Agpp and propagation length Lgpp of propagating SPPs can be calculated
as [42]:

2w
)\SPP =37
k/SPP
1
Lspp = ———.

In the simplest case, one of the media is a metal whereas the second medium is vacuum,
where the dielectric function can be assumed to be 1 in every case. Eq. then simplifies
to
em(A)

14+em(N)’ (2:2)

kspp(A) = ko(A)
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Figure 2.2: (a) Real and (b) imaginary part of the wave vector of gold and silver in the semi-
infinite approach, respectively. The light line of air and a standard microscope
cover glass as dielectric medium is added to depict the magnitude of the SPP wave
vector in comparison of free propagating light. It can be seen that the wave vector
of SPPs for wavelength above 373 nm for gold and 340 nm for silver is greater than
the respective wave vector of light in air, but the damping (imaginary k-vector) is
considerably higher at these wavelengths. The respective wave vector of light in
the cover glass is greater than that of the SPPs.

where the only frequency dependence origins from the dielectric function of the metal.

2.1.2 The Lorentz-Drude model

A commonly used expression for the wavelength dependent complex dielectric function of
metal €(\)n is the Lorentz-Drude model [45,|48]

5(/\)m,LD = €(A)D + 8()\)]_,. (2.3)

This approach consists of two addends, e(A\)p and £(\)r,, where the first one represents the
response for a free electron gas whereas the second term describes the intra and inter band

transitions in the metal due to an external field [49):

. -1
cN)p =1 — 27 g (27?00 1D)>

_l’_
)\g A2 A
-1
" 27 2mecy 27 il’;
on-atip (- 0y
j=1 P i

where, cq is the speed of light in vacuum, m is the amount of electrons bound to valence

states at the metal ions, f; the contribution amplitude of each bound electron and A; the
wavelength of their oscillation. I'g and I'; are the damping of the free electrons due to
the mean free path length of the free and the lifetime of the bound states, respectively.
Ap is the wavelength of the plasma oscillation w, = /e €2 /g9 me in the metal with ne
the electron density, e the elementary charge, ¢y the permittivity of vacuum and m, the

electron mass.
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Even though the Lorentz-Drude approach consists of a response function for the free
electron gas (ep), which is the Drude model, and for the semiquantum Lorentz result of an
insulator (e1,) [45], this describes the dielectric function very well [50,51].

To visualize this correlation, the Drude and the Lorentz-Drude models are plotted
together with data obtained experimentally for the dielectric function of gold in Fig.
Here is clearly visible that especially for the imaginary part, the Drude model in itself
is already valid in the near-infrared region, whereas the Lorentz-Drude approach offers
good overlap to the experimental data for the whole visible and near-infrared spectrum.
With the given dielectric function for a metal in Eq. 2.3 the SPP dispersion relation of
Eq can be plotted, as is shown in Fig. (a) and Fig. (b) for the real and imaginary
part, respectively. It can be seen that SPPs on both metals have a larger wave vector than
free propagating light in air for the whole visible and near-infrared spectrum. Only below
373nm for gold and 340 nm for silver is the opposite the case, although here damping
effects through the imaginary part of the wave vector are relatively high. This means,
that Lgpp is there below one wavelength. Thus, light can not couple directly from air to
propagating SPPs. Further it is visible in Fig. (b), that except for wavelengths below
340 nm, silver incorporates lower losses than gold. Damping effects decrease significantly
for both metals in the near-infrared region. For this reason, SPP experiments, especially

on gold, take place preferably at longer wavelengths.

2.1.3 Excitation methods for SPPs

Another depicted dispersion relation in Fig. (a) is the one of light in a microscope cover
glass, which is used as substrate in this thesis. There, the wave vector is in any case greater
than that of the SPPs at an air/metal interface. In a system where the metal is sandwiched
between air and a dielectric, the light in this dielectric would have a wave vector kq, where
the parallel to the metal layer orientated wave vector component would be k| = kqsin 6.
As kq is greater than kspp, k|| can be easily matched to kspp by tilting the laser beam by
an appropriate angle fspp to fulfil the relation

]{?H = kd sin Hspp = kspp, (2.4)

and to excite SPPs in the metal layer as shown in Fig. [2.3{(b). This mechanism was
introduced by Kretschmann and Raether and is the main principle in the Kretschmann
configuration for excitation of SPPs [6]. In this approach, the SPPs can be obtained
as a Lorentz shaped dip in the reflection spectra of the laser beam used [52]. Since the
angle Ospp of this dip is greater than the angle of total internal reflection in glass, it can
not be achieved with substrates offering a dielectric/air interface, which is parallel to the
metal film. For this reason, the Kretschmann configuration uses a prism shaped substrate.
Another technique to avoid parallel interfaces between two media with different refractive
index is the use of immersion oil optics.

The reverse process can also take place: propagating SPPs at an air/metal interface
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near-field

components

/ Kspp

Figure 2.3: lllustration of the three SPP excitation methods mentioned with the associated
wave vectors and angles. (a) Excitation of SPPs utilising a grating with lattice
period a, (b) excitation of SPPs by the Kretschmann method, and (c) excitation
of SPPs through scattered near-field components. The leakage radiation depicted
can occur in every excitation scheme.

can couple to optical modes of an underlying substrate with higher refractive index. This
phenomenon is called leakage radiation and will be discussed in Sect.
As already shown in Eq. for successful excitation k| has to be matched to kspp. A

generalised expression of this equation is
k‘” = ko sin (90) + Ak” = kspp (2.5)

with kg the wave vector in air and g the incident angle of the beam.

It has been shown that light with this incident angle hitting a grating with lattice
period a can have wave vectors k| = kosin (6p) & 27 N/a (N is an integer) . An easy
comparison shows that a grating can thus serve to match the wave vector of light to the
wave vector of SPPs with Ak = 2rN/a to fulfil Eq. as depicted in Fig. 2.3{a).

A third excitation method is the use of single localized scatterers, as single ridges are. In
this case, the additional wave vector components Ak are provided via scattered near-field
components which is shown in Fig. c).
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2.2 Leakage radiation

The ability to couple light into SPPs at an air/metal interface in the Kretschmann
configuration works because kspp and kH in the dielectric are matched by tilting the
incident light by Ogpp to fulfil k” = kq sinfspp = kspp (Eq. . In any SPP system,
independent from the excitation scheme, the reverse effect can take place too, when this
relation can be fulfilled: Propagating SPPs from the air/metal interface can couple to light
with an angle fspp in the substrate. This outcoupled light is called leakage radiation (LR).
This is illustrated in the right part of Fig. In the matching condition above, kq can be

expressed with the refractive index of the dielectric nq as
k‘d = k‘o ng.

Thereby, the condition of Eq. can be rewritten as

kspp = ko nq sin Ospp

= ko nes,spP- (2.6)

In this relation, neg gpp is the effective refractive index (in the latter referred to as effective
index) of the SPPs, which directly connects the vacuum wave vector ko with the SPP wave
vector kspp.

This implies that the propagation parameters of SPPs, and thus the plasmonic system, can
be characterised with the angle of the reflection dip in the Kretschmann configuration [52]
as well as with the angle of LR [43].

As discussed earlier, the angle of leakage radiation is greater than the angle of total
internal reflection. Thus, for imaging of LR, immersion optics have to be used. This can
be done for example with leakage radiation microscopy, which will be introduced in Sect.
.3 as well as the possibility of direct access to the LR angle —and thus the effective index

of SPPs— via implementation of a 4 f-telescope.
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2.3 The transfer matrix method

As described above, plasmonic systems can be characterised by the angle and the width of

a reflection dip as it would occur in the Kretschmann configuration.

2.3.1 The Fresnel equations

The fractions of the reflected (and transmitted) amplitudes (these are the reflectance r
and transmittance ¢) of light at the interface of two infinite extended half spaces can be
calculated with the Fresnel equations [42]. These are for perpendicular (s) and parallel (p)

polarized light, passing the interface of the media i and j [53]

o 2k, (i,0) . ki (i,0) — ki (5,0)
t°(i,4,60) = : : r°(i,7,0) = , :
0:3:0) = 2 00.0) + £ G, 0) 0:0) = T .0) T £ .6)
L (4 2k, (i,0) —n?k, (4,0
tp (’I;,j, 9) — 2 nl n] kl(la 9) T‘p (Z.’j’ 0) _ n] 1 (1’ ) nl 1 (J )

n?k,y (i,0) +n2ky (4,0)

i _nﬁkl(i,&)—i—n%lﬁ(j,@)

where n; j = nj ; +1in; ; is the complex refractive index of the respective medium. In these
equations, the wave vector is split into its perpendicular (k) and parallel (k) components

relative to the interface. They are linked trigonometrically with

ki (i,0) = \/k(zi n2 — ky (i,0)%,

where kg is the wave vector in vacuum and n; the refractive index of the i-th medium. The

parallel component of the wave vector is
k” (i, 0) = ]{70 n; sin 01

The reflection R and transmission T' distribution of the intensity of the light can then

be obtained with the square of the absolute value
R (i, 4,0) = |r (i, ,0) [ T (i, ,0) = |*P (i,5,0) .

However, the investigated SPPs in this thesis propagate in fact on —in regard to the
wavelength — thin metal films between glass and air and not the interface of two infinite
large half spaces. In some cases, the metal films are additionally covered with another
thin polymer layer. This implies multiple interfaces and also interference effects when the
layer thicknesses are in the range of the coherence length of the light, which has to be

considered. A very useful approach to handle this multilayer systems is the transfer matrix
method (TMM).
2.3.2 Transfer matrix method

This method uses the Fresnel equations to describe the reflection and transmission at single

interfaces with matrices and expands them to a larger but finite number of interfaces by
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Figure 2.4: Outline of the transfer matrix method: In a multilayer system with N + 2 layers of
thickness d;, the forward (F) and backward (B) propagating waves are considered.
Propagation effects F; — F; ,rop for each layer, and the reflectance and transmit-
tance at each interface are calculated in single matrices. The overall reflection and
transmission is then described by the matrix product of all matrices.

calculating the matrix product of the matrices from each interface. This process is depicted
in Fig. with the respective forward (F;) and backward (B;) propagating waves in each
medium ¢ with thickness d; and refractive index n;. It is assumed that a system of N
layers is sandwiched between two infinite extended half spaces of the media 0 and N 4+ 1 in
which the light waves are emitted and detected respectively. Thus a system of N layers
will be described by a stack of N + 2 media. For one single interface between medium
7 and j, the amplitudes F and B of the light waves before and behind the interface are

linked with the matrix T, consisting of the Fresnel equations with

FN_ 1 Lo aan)) (B e (BT
B ) P (i, 5,0) \r*P (i, j,0) 1 B3P YABP

This is valid, as written above, for s- and p-polarisation states, depending which Fresnel
equation is used. Thus, for a better readability, the indication of which polarisation is
meant will be omitted in the following. As already mentioned, interference effects within
the layer have to be considered when its thickness d; is in the range of the coherence length

of the used light. This is implemented by an additional propagation matrix P

F; prop _ emidikL 1 F; —P. F;
Bi prop 1 eldiks B; ’ B; .
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The combination of both matrices yield in

— L Ly, )
Bi,pmp ’ Bj

where the result of the matrix product P; T; ; is the transfer matrix for one interface.
For a multilayer system the transition matrix is then simply the matrix product of every

interface

N
M =To1 H P, T;; 1
i=1

and thus the propagation of the whole layer stack is described by

F F My M F
(0) = () = (2 2 (). o
By Byt My M) \Bn+1
To calculate the reflection and transmission of the whole system, it is assumed that
By1 = 0. This simplifies Eq. to

Fy = M1 Fn+a By = Ma1 Fy41.

The reflectance is now the ratio between the backward and the forward propagating

waves in front of the first interface

»— Bo_ My
Fy Mn

and the transmittance is the ratio between the forward propagating waves behind the last

interface and in front of the first interface

L Fyva 1
Fy My

The reflection and transmission is again the respective square of the absolute value
(R=[r]%.T = [t]*).
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Figure 2.5: (a) Reflection spectra of silver layers with different thicknesses underneath an
incoupling prism shown by Raether as Fig. 2.9 in [42]. (b) Calculations for the
same system performed with the transfer matrix method. A very good correlation
between both methods can be seen. In both graphs the angle of total internal
reflection is clearly obtainable at 43.25 °(marked with a dotted line), in front of the
respective reflection minimum, which represents Ogpp.

As already mentioned, SPPs can be excited when a laser beam is targeting a thin
metal layer sandwiched between air and another dielectric with an appropriate angle Ogpp.
Amongst others, this was described by Raether in his book [42] for a three layer system
consisting of silver films with different thicknesses between a prism and air. For this, the
Fresnel equations for a three layer system were used. In this thesis, the same calculations for
the same system were performed by the TMM to validate its functionality. The comparison
of these results with Raethers original published data are shown in Fig. and prove a
very high accuracy of the TMM. The calculations were conducted in Maple and the used
code is shown exemplary in Appendix

2.3.3 Comparison of the TMM and the semi-infinite approach

In addition, Fig. demonstrates that the TMM, in combination with Eq. is able to
calculate kspp —and therefore the dispersion relation— for any multilayer system in which
LR occurs. To put this into a context with the semi-infinite approach from Eq. in Sect.
dispersion relations were calculated for gold and silver films of different thicknesses
with both approaches. The wavelength range was chosen to match with the used laser
sources. This comparison is shown for gold in Fig. (a), where it can be seen, that
both dispersion relations coincide very well at layer thicknesses above 20 nm. To examine
this in a more sophisticated manner the proportion of the difference from the TMM to
the semi-infinite approach is shown in Fig. [2.6(b) for gold and silver, respectively. As
indicated with the dotted lines, the difference is already lower than 1 % for layer thicknesses
greater than 36 nm for gold and 30 nm for silver. This implies that for systems without
additional polymer layer on top of the metal, and metal thicknesses in the range of 50 nm,

the dispersion relation can safely taken from the semi-infinite approach.
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Figure 2.6: (a) Dispersion relation of SPPs on gold layers with different thicknesses calculated
with the TMM, in comparison with the dispersion relation calculated with the semi-
infinite approach. (b) Ratio of the difference from the TMM dispersion relation
to the semi-infinite dispersion relation for gold and silver. It can be seen, that the
difference is already below 1 % for 30 nm thick silver and 36 nm thick gold layers.
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2.4 Free propagating SPP beams

One part of this work deals with free propagating SPPs on plane metal layers. These are
either plane SPP waves or focused SPP beams. The plane waves will be used to show how
SPPs can be affected by additional thin polymer layers on top of the metal. The focused
SPP beams will be employed to present a different but very important effect: the Gouy
phase shift. This is a longitudinal phase shift for light waves passing through the focal
point with respect to the phase front of collimated light beams [54L/55]. It will be discussed
in detail in Sect. 1.2

Both the plane and the focused kinds of SPP beams are excited by focusing laser beams
on single polymer ridges with dimensions below the wavelength. In this configuration, the
SPP beam resembles a two dimensional projection of the initial laser beam [56,57]. This
implies two things: First, because the incident laser beam in this thesis is of Gaussian
shape, the resulting SPP beam has to be considered as a two dimensional Gaussian beam.
Second, because of the Gaussian shape of the incident laser, it offers a distinct wave front
curvature as a function of the distance from the focus. Therefore, the SPP beam can be
focused or collimated to a plane wave by altering the distance of the laser beam focus with

respect to the polymer ridge at the sample [56,/57].

2.4.1 Plane waves

When the focus of the exciting laser beam is far away from the metal layer, the wave front
curvature can be neglected and the paraxial SPP beam can be treated as a simple plane

wave:
Epiane(z,t) < exp (iwt —ikspp 2), (2.8)

where w is the angular frequency of the light, t is the time and z is the propagation direction.
The distribution in the perpendicular directions of z can be neglected in this case, because

the SPP beam diameter is much larger than the imageable field of view of the sample.

2.4.2 Gaussian focus

For the case where the SPP beam is focused, however, the field distribution perpendicular
to z cannot be neglected. Since then the SPP beam is of Gaussian shape, the expression
for this distribution can be derived from the Huygens-Fresnel integral [58]. With the
beam waist in the focus wp, the Rayleigh length zg = n 7 w2/Aspp and the wave vector

kspp = 27/Aspp, the resulting equation can be written as

EGauss(r, z,t) o« f(2) exp | iwt —ikspp 2z —
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The differences of the expression for the two or three dimensional case are the radius with

r3, = 22 and r3; = (22 + y?), and the normalisation factor

which is dependent on the propagation distance

2.4.3 Gouy phase shift

On the propagation axis (r=0), this factor f(z) is the only difference to a plane SPP wave.
When f(z)sp is expressed with Euler’s formula (z = |z| expig.) of complex values (for the
derivation see Appendix [A.2))

f(Z)SD = iz

1
= ————— exp (i arctan <Z>>, (2.9)
2\ 2 “R

()

an additional phase shift of ¢ = arctan z/zg, when passing the focus, can be seen. This
phenomenon is called the Gouy phase shift [54,/55] and can be explained with the uncertainty
relation: since the convergent waves have a finite spatial extent when passing a caustic, the
wave vector has to consist of a superposition of transversal and longitudinal components.
Feng and Winful stated in [59] that this yields in the relation (Akg)m(Ax), =m +1/2
(m is the order of the laser beam mode) for each transversal dimension of the beam. This
leads to a shift of

z

1
$PGouy,2D = 7 arctan () (2.10)
7 2 ZR

for two dimensional beams, as SPPs are, for the ground mode of the laser. Following [60],
this is in perfect accordance with Eq.

1 1 . z
= exp | larctan | —
1- = 2\’ R
ZR I+ | —
ZR
4
1 el ()
= exp | 7 arctan ( —
1—z z 2 ZR
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2.5 Laser pulses

The laser beam for excitation of SPPs was generated by means of a titan:sapphire oscillator,
which could be set into continuous wave and mode-locked operation.

In the latter, about 10° spectral modes, Gaussian distributed around one central wave-
length, are superposed in the laser cavity, yielding through Fouriers theorem in an ultrashort
wave packet. The shape of this package is the Fourier transformation of the spectral shape
of the modes, which is again a Gaussian distribution. It can be mathematically described
by [61,62]

t— 2
Eputse(2,t) = exp <—2log2 (Z/“g) ) (2.11)
T

where 7 is the temporal full width at half maximum (FWHM) and v, the group velocity of
the pulse. This is connected to the dispersion relation A(k) with vy = O\/0k|0 meaning
that it can be different from the phase velocity v, = A/k. Since the pulse is a superposition
of different wavelengths, the phase velocity implies that the pulse can spread spatially
and temporally while propagating through dispersive media, because parts with different
wavelength offer different velocities. This phenomenon is described by the group velocity
dispersion (GVD) GVD = 9%)\/0k?|x0.

However, since A(k) can be approximated to be linear for every investigated medium in
this thesis and the examined propagation distances are rather short, this pulse spreading
effect can be safely neglected in the evaluation of the results.

Nevertheless, the optical setup which will be introduced in Sect. contains enough
dispersive media to considerably spread the laser pulse before excitation of the SPPs. To
compensate this, a countervailing amount of negative group velocity dispersion is inserted

into the pulse by an additional prism pair in the beam path.
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Figure 2.7: (a) Comparison of a plane wave laser pulse (product of Eq. and at z=0,
A= 1.6pm and 7 = 25fs) (b) with its field (Eq. [2.12]) and (c) interferometric (Eq.
2.13)) autocorrelation.

2.6 Autocorrelation

One experiment which will be discussed in Sect. offered the opportunity to let
two SPP pulses, which were excited with two replicas of the same laser pulse, interfere
coherently with each other. This interference took place directly in the junction point of
two crossing waveguides. Thus, the recorded interference intensity was constant over the
time. This effect can be mathematically described by the autocorrelation of those two SPP

pulse replicas

“+o0
Espp(t)Egpp(t — 7)dt,

—00

Apiea (1) = (2.12)
where Egpp(t) is the complex electric field of the SPP (e.g. for pulsed plane waves the
product of Eq. and and E&pp(t) is its complex conjugate. Since in this case the
field of the pulse interferes, Apielq is called the field autocorrelation.

It has to be noted that this autocorrelation do not provide information about pulse
stretching effects so that it can not be related to the actual pulse length.

To obtain the real pulse length, one would have to implement non-linear effects to yield
an autocorrelation signal which is oc I2 = |E?|2. Even with a detector that has a response

time which is much longer than the actual pulse length, the signal would then be

+oo
) (2.13)

2
IInterferometric(T) = / (E<t) + E* (t - T))2‘ dt.

—0o0

This is the interferometric autocorrelation.

But as mentioned above, only Apjclq was measured in this work. The Itnterferometric Was
merely added for reasons of comparison and to establish that this is the only autocorrelation
where the actual pulse length can be determined. This comparison of the pulse, the field

and the interferometric autocorrelation is shown in Fig.
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Figure 2.8: (a) Scheme of a dielectric-loaded SPP waveguide, where the waveguide mode is
confined within the dielectric structure because of its higher refractive refractive
index. (b) Scheme of a plasmonic analogue to an antiresonant-reflecting optical
waveguide where the waveguide mode is confined between two periodically placed
dielectric waveguides, forming a Bragg reflector.

2.7 Waveguides

Beside free propagating SPPs, this thesis concerns confined SPP propagation. This was
achieved by two approaches: First the use of dielectric waveguide structures, confining
the SPPs by their —in contrast to the surrounding— higher refractive index [63}64]. An
illustration of this concept is shown in Fig. (a). The second approach employed a
periodic sequence of dielectric ridges embedding a region of the plain metal surface a few
micrometer wide. The periodicity was chosen to model Bragg reflectors, which confined the
SPPs within the region between the dielectric ridges by forming the plasmonic equivalent
of an antiresonant-reflecting optical waveguide (ARROW) [65H67]. This concept is shown
in Fig. 2.8(b). While the first method confines the SPP mode to dimensions below the
wavelength [68], the ARROW waveguide confines the SPP mode to rather large areas, but
offers much higher propagation length and provides a direct accessibility of the plasmonic
field [67].

2.7.1 Finite element method

In both cases the effective index ngpp g, which connects the wave vector in the waveguide
kspp wg with the wave vector in vacuum ko by kspp.wg = nspp,wg - ko, was found with the
finite element method. In this case, the cross section of the waveguide structure is taken
and divided into several unit cells. In each cell, the magnetic and electric field vectors are

calculated by solving a functional of the partial differential equation [68,69]

—

Vol + (k3 — Kdppog) B =0,

while the continuity condition for parallel components of the electric and magnetic fields

and the perpendicular components of the electric and magnetic flux densities has to be
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Figure 2.9: Plot of the maximal width of dielectric-loaded SPP waveguides for single mode
guiding, depending on the effective index of the guided mode. For the calculation,
Eq. was used. It was assumed that the SPPs were excited with 800 nm
light and the effective index of the guided mode has to be proportional to the
waveguide height, it has to be greater than the effective index of free propagating
SPPs (ngpp free = 1.04) and it can not be higher than the refractive index of the
waveguide material, which is 1.52 for 800 nm (cf. Sect. . For eye-guidance, an
additional dotted line was plotted at 350 nm, to visualize the expected waveguide
width for single mode operation in all cases.

satisfied. In this work the finite element calculations were conducted with the software
FEMSim from RSoft.

2.7.2 Single mode condition

In this thesis however, all waveguides were used in single mode operation. When the
effective index of a dielectric-loaded waveguide ngpp g is found for a distinct height of the
waveguide, the maximal width w, to prevent multi mode SPP guiding, can be determined
with [68]

™

- 2 2
ko \/nSPP,Wg — NSPP free

w , (2.14)

where ngpp free is the effective index of free propagating SPPs on the metal layer. This
relation was plotted in Fig. 2.9 with the assumptions that the SPPs are excited with light
with 800 nm wavelength, that the effective index of the guided mode is proportional to
the waveguide height, that it has to be greater than the effective index of free propagating
SPPs (ngpp,free = 1.04), and that it can not be higher than the refractive index of the
waveguide material, which is 1.52 for 800 nm (cf. Sect. . In this graph it is clearly
visible that the width of SPP waveguides can be as wide as few micrometers when the
layer thickness is not too high. Nevertheless, to achieve single mode guiding for every
waveguide height, it has only to be smaller than 350 nm. Thus this width was used for all
dielectric-loaded SPP waveguides.
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Figure 2.10: (a) Truth table for an AND, (b) OR, (c) XOR, and (d) NOT gate, in Boolean
algebra respectively. The input states are in the columns labelled “A" and “B”
and the output state in the column labelled with the gate name.

In the case of the ARROW waveguide, the structural dimensions for single mode operation

were evaluated directly with the finite element method.

2.7.3 Finite-Difference Time-Domain simulations

To correlate the experimentally obtained intensity patterns of propagating SPP modes in
complex waveguide structures to theoretic values, finite-difference time-domain (FDTD)
simulations [70-72] were carried out.

These numerical calculations are comparable to the finite element method. The structure
is modelled in a suitable environment and also divided into several unit cells. The Maxwell-
equations are then solved for every unit cell and their boundaries, while again the continuity
condition for parallel components of the electric and magnetic fields and the perpendicular

components of the electric and magnetic flux densities has to be satisfied.

2.7.4 Logic gates

A major part of this thesis deals with the possibility to process plasmonic signals within
dielectric structures. Logic gates were chosen as processing devices. This is because they
are already the building blocks of today’s digital signal processing with electronics [26].
Logic gates are devices that generally connect the true or false states of two inputs
with the true or false state of one output. More generally, true or false are 1 or 0. In
this case, different connections of these states can be described with Boolean algebra [73].
This connects the state of the output with three basic operations between both inputs:
The conjunction, the disjunction and the negation. These are logic AND, OR and NOT
operations respectively. The connection can depicted in tables where the states of both
input and the resulting state of the output is shown. These tables are called truth tables.
They are shown for the case of the AND, OR and NOT operations in Fig. It can be
seen in Fig. [2.10[a) that the AND gate (the conjunction) delivers a 1 state at the output
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(AND) | (XOR)

Figure 2.11: Truth table of a half-adder, consisting of one AND and one XOR gate.

only for the case that both inputs are at a 1 state. This is different for the OR gate (the
disjunction) shown in Fig. [2.10{b), where only one 1 state at the inputs is enough to deliver
a 1 state at the output. The exclusive disjunction is shown as XOR gate in Fig. M(c),
where the output is only in a 1 state when only one input gives a 1 state. The NOT gate
(the negation) in Fig. [2.10)(d) delivers the simple inverse of the input state to the output.

2.7.5 Half-Adder

To show the cascadability of these devices, a half-adder [26] was chosen where one AND
and one XOR gate are connected. A half-adder adds the amount of inputs with a 1 state
and delivers their sum as binary number at the outputs, which are named sum (s) and
carry (c). The respective truth table is shown in Fig. 2.11]

However, it has to be mentioned that the Boolean algebra connects states expressed in
1 and 0. Nevertheless it can be applied for true and false states as well. The true and
false states of the actual intensity in the logic devices discussed later in Sect. will be
named as on and off states for better readability. Furthermore, the actual intensity in the
logic devices suffers from propagation losses and is therefore much lower at the outputs
than at the inputs. This can be neglected however, since the signal contrast of on and
off states can be arbitrarily chosen to any value that is actually measurable and even in
today’s electronics the signal levels are also maintained with input and output stages, not

with the actual processing device |26].






Chapter 3

Experimental methods for fabrication of
plasmonic systems and their investigation

by leakage radiation microscopy
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Figure 3.1: General schematic diagram of the investigated structures. A standard microscopic
cover glass is coated with a thin layer of metal. Dielectric structures are generated
lithographically on top of the metal. SPPs are then excited via focusing a p-polarised
laser beam on the edge of the structure. They can propagate either confined within
the dielectric structure, as depicted on the left side, or unconfined at the metal/air
interface. While propagating, the SPPs can couple to leakage radiation modes in
the glass. The angle 0 of the leakage radiation is defined by the effective index of

the propagating SPPs (cf. Eq. .

All the investigated structures in this thesis consist in principle of the same system:
dielectric structures with sub wavelength dimensions on thin metal films over standard
microscopic cover glasses. This system, along with the leakage radiation as the main
physical phenomenon, used for investigation of the SPPs, is depicted in Fig. The
following chapter will introduce the used technologies to generate the metal films, as well
as a newly developed process to generate the desired sub wavelength structures. For
investigation of the SPPs, leakage radiation microscopy was used. To adapt this well
known approach to the actual needs for evaluation of the samples, it was extended with a

Michelson interferometer for spatial and temporal adjustment of the excitation laser spots
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and a Mach Zehnder interferometer to enable time and phase resolved imaging.

3.1 Fabrication of thin layers

As explained before, this thesis concern SPPs, which are propagating on thin metal
films whether free or confined in suitable dielectric structures, which were fabricated
lithographically from thin layers. Therefore there was the need to fabricate thin metal

films and thin dielectric layers within the scope of this thesis.

3.1.1 Spin coating

The dielectric layers can be easily generated via spin coating. In this technique the dielectric
is dissolved in a solvent. The sample to be coated is fixed on a rotating chuck, and the
liquid containing the dielectric material is pipetted onto the sample. Then the chuck is set
to rotate, spinning off the excess liquid while the solvent evaporates. Thus, a thin film of
the dielectric material will remain on the sample, where the thickness is defined by the
rotation speed and viscosity of the initial liquid [74]. After spin coating the sample can be

pre baked on a hot plate to evaporate residue solvent and improve adhesion of the layer.

3.1.2 Coating of metal layers

The metal coating of glass is a well established process [75]. In this thesis, two techniques
were used: sputtering and thermal evaporation. In both processes, the object to be coated

is placed within a hermetically sealed chamber which was then evacuated.

Sputtering

In a sputtering process, the evacuated chamber is filled with a process gas, normally a
noble gas, in which a radio frequency (RF) field lights an ion plasma. The ion plasma
ejects material through a collision cascade from a target, in this case gold, which is then
deposited on the sample. The growing rate of the deposition can be determined with the

remaining pressure in the chamber and the parameters of the RF field [75].

Thermal evaporation

In a thermal evaporation process, the process chamber is evacuated to a remaining pressure
in the range of 1074 —107% Pa. Metal, placed in a crucible, is then heated to its boiling point.
Thus the metal will evaporate into the evacuated chamber and condense on the sample.

In this process the deposition rates are mainly set by the temperature of the liquid metal |75].

The actual yielded layer thicknesses after the coating processes were verified with measuring
the transmission spectrum of the layers and fitting this to the calculated transmission of
the TMM, as described in Chap.
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3.2 Fabrication of dielectric structures for SPP waveguiding and

excitation

Already established techniques for the fabrication of sub wavelength structures consist
mainly of lithographic approaches. In these processes, thin polymer layers are treated
either with deep ultra violet radiation or particle beams as electron or ion beams. These
techniques already reach resolutions below 5nm [76]. But the processes are very complex
and the machines can easily cost 100 M€ [77]. In addition, the mask has to be generated
vie electron- or ion beam scanning, a very expensive process [77]. For small lot sizes,
manufacturers offer the possibility to acquire wafer space on “multi project wafers”. There,
individual processed blocks already cost a few tens of thousands of Euros |78]. On the
other hand, there are very cost efficient approaches with proximity mask lithography at
optical wavelengths. But in these processes, the masks used only reach resolutions on the
micrometer scale [79]. Cost efficient systems, enabling flexible generation of sub wavelength
structures are therefore still unavailable.

To overcome this gap, one area of this thesis was to take part in the development of a
new projection lithographic process. This technology engages a standard microscope to
project masks from the image plane to the object plane of the microscope objectives. Proof
of principles of this technology were already reported by Kawata et al. [80] and, later, Love
et al. [81], offering structural sizes down to 200 nm.

Two experimental contributions of this thesis for this new process were the cost efficient
fabrication of projection masks needed and an evaluation of the influence of the quality of

the used microscope objective.

3.2.1 Microscope projection photolithography

The general process of this developed approach is to create the required structures on a
computer and print their black-and-white image onto polymer transparencies. These were
then projected with 10 times demagnification onto intermediate chromium photo masks,
which were, in turn, used as mask in the microscope based projection photolithography de-
vice, to generate structures with sizes regarding the demagnification of the used microscope

objective.

First demagnification step

The optical demagnification of the transparencies, as illustrated in Fig. (a), was
performed using illumination at a wavelength of 407 nm from a high-power LED source.
The structures were imaged onto a chromium-covered BK7 glass substrate with 25 mm
diameter and 1 mm thickness which was coated with positive-tone photoresist. After
illumination, the photoresist was developed, where the illuminated areas were dissolved in
an aqueous basic solution. The chromium layer with a thickness of 100 nm was subsequently

etched, producing the intermediate mask. A further lens was placed behind the projection
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Figure 3.2: Schemes of both demagnification steps employed in the developed projection
lithography process: (@) An illumination of a 407 nm high-power LED was used
to demagpnify printed transparencies onto intermediate photomasks, consisting of
chromium-covered glass substrate with 25 mm diameter and 1 mm thickness which
was coated with photoresist. After developing the resist, the chromium layer could
be etched and the mask placed in the image plane of a microscope objective in
the second demagnification step (b). The demagnified image was projected onto a
photosensitive monomer layer with UV radiation of a 365 nm high-power UV LED,
initiating a polymerization process on the substrate. Both setups were equipped
with CCD-cameras for proper focusing of the projected image. The optical imaging
paths are depicted by black lines in the schemes.

plane, to image it directly onto a camera, enabling proper focusing.

Printed transparencies Two approaches were used for the fabrication of the printed
transparencies: first, a standard inkjet printer (Canon PIXMA iP4850 with nominally
b/w printing-resolution of 600 dpi = 42.33 pm), printing the images on standard A4 copy
transparencies. In the second approach, a high resolution laser plotter (Bungard Filmstar-
PLUS with nominally b/w plotting-resolution of 16 256 dpi = 1.56 pm) plotted the structures
into photosensitive silver layers, embedded in polymer transparencies. The difference of
both approaches were the achieved resolution of the printed structures.

To measure this, lines from 10-1000 pm were printed and their actual width wpring
measured and compared to the design widths wqesign. As derived in these measurements,

shown in Fig. a), the inkjet printer was capable of printing ink droplets in a grid
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Figure 3.3: (a)Lines from 10-1000 pm were created in a vector graphics program and printed
with an inkjet printer and laser plotter, respectively. The resulting line widths wpying
were measured and plotted versus the design line widths wgesign. It can be seen that
the inkjet printer is only able of printing lines down to a width of 75 pm (horizontal
dotted line) and a perfect correlation of designed and printed line widths starts
only from 300 pm (diagonal dotted line). However, the laser plotter shows a linear
behaviour over the whole range of the printed structures. (b) Microscope image of
the smallest achievable line width of 75 um from the inkjet printer, and its laser
plotter counterpart. The actual inkjet droplet size is depicted by a green circle.

with minimum line widths of 75 pm and doing this for set line widths up to 100 nm.
Furthermore, as depicted with a green circle in the upper part of Fig. b), the size
of each individual ink droplet was about 30-40 pm. Where the structural dimensions on
the printed transparencies correspond perfectly with the design, this yields in an overall
minimum feature size of 300 pm. Assuming a subsequent 10x and 100 x demagnification
in both lithographic steps, this already yields features of 300 nm in the final structures.
Although this is sufficient to fabricate straight waveguides in dimensions, suitable for
single-mode guiding of SPPs (cf. Chap. , bent waveguides were hardly achievable at
all. The laser plotter, in turn, was able to fabricate structures with feature sizes down
to 10 pm, yielding in theoretical sizes of 10 nm for the final structures. This is about one
magnitude smaller than the diffraction limit, and thus could not be imaged. Hence, in this
case, the minimum feature sizes were only determined by the imaging capabilities of the

microscope objectives used.

Projection lens One aspect of the 10:1 demagnifier used was the scope of a cost efficient
setup, while still maintaining appropriate optical properties. This implies that aberrations
along with the costs of the lens system should be minimized. Since only one wavelength was
used for irradiation, chromatic aberrations could be neglected. The simplest way to avoid
the spherical aberrations is the use of an aspheric lens . But to avoid field curvature,
a multi lens systems has to be considered . Since the cost of such a system depends
to a great extent on the quantity and shape of the lenses used, the multi lens system

should preferably consist of only very few lenses. A very good lens quantity to imaging
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Figure 3.4: (a) Scheme of the home-assembled Tessar. The first lens is 2" spherical planoconvex
with focal length of 75 mm, the second lens is 1" spherical biconcave with -50 mm
focal length and the third lens is a 1" cemented doublet with a focal length of
40 mm. The distances a, b and ¢ were 21 mm, 5mm and 10 mm respectively. (b)
Line width of an exposed test pattern in a photoresist exposed by a projection with
an aspheric lens and the Tessar objective. It is clearly evident that due to the field
curvature, the aspheric lens generates larger structures than a home-assembled
Tessar objective for distances larger than 4 mm from the optical axis. This implies a
much larger usable field of view for the Tessar objective. For eye-guidance a dotted
line was added at the design line width.

performance ratio is given by a Tessar objective [82]. One key advantage in this context is
that it can be assembled with standard spherical lenses and still offer very good imaging
properties. For this reason, a Tessar with a demagnification ratio of 10:1 was assembled.
The parameters of this objective were found by optimising them empirically with the lens
design software WinLens3D Basic from Qioptiq. To achieve this, the transverse ray plot
and the spot diagram were observed while changing the parameters, to minimize the ray
displacement in the focal plane. The resulting parameters and a scheme of the objective
can be found in Fig. [3.4(a).

To evaluate the performance of the home-assembled Tessar in comparison with an
aspherical lens, a transparency with a grid of 0.5 mm thick lines, placed every 10 mm over
the whole field of view, was projected with both lenses demagnified 10:1 onto a photoresist.
The exposed resist was then developed and the resulting line width w measured. The
result of this measurement is plotted in Fig. [3.4(b), where it is clearly visible that for
lines fabricated with the aspheric lens the linewidth increases with the distance from the
optical axis d. The reason for this behaviour is the field curvature, which is not corrected
on the aspheric lens. The home-made Tessar objective, on the other hand, fabricates lines
width with a maximum of about 1% difference from the original structure width. However,
discrepancies in this order can also be due to the exposure and developement steps of the
photoresist. Thus it was not expected that more sophisticated optimization or using more

specialized lenses would lead to a significant enhancement of the fabrication accuracy.
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Second demagnification step

In the second step, the intermediate mask was finally imaged onto a layer of photo
processable dielectric material, which was the organic-inorganic hybrid photosensitive low
shrinkage polymer Ormosil [83]. It has a refractive index of n = 1.52 in the near-infrared
spectrum and is highly transparent in the optical and near-infrared range. This final
demagnification was experimentally realized as shown in Fig. [3.2(b). The intermediate
mask was placed in the image plane of a microscope, consisting of a microscope objective
and the respective tube lens. The demagnified image, projected onto the Ormosil layer with
UV radiation of a 365 nm high-power UV LED, initiated a local polymerization process.
After development of the sample in isopropanol, the cross-linked material remained on the
substrate, whereas the unilluminated material was rinsed out. To visualize and focus the
projection of the intermediate mask, a 650 nm high-power LED was added to the setup and
the projection was imaged onto the camera via a beamsplitter cube between the objective

and the tube lens (the infinity space of the microscope).

Microscope objectives The most important, though also the most expensive, part of
the microscope projection photolithography (MPP) setup is the microscope objective used.
To investigate the influence of its quality, one high precision objective from Carl Zeiss
(100x, 1.4 NA, see appendix and one more economic objective from Miiller Optronics
(100x, 1.25 NA, see appendix were compared. Both objectives were marked as “Plan”
by the manufacturers, signifying that the field curvature is minimized in both objectives.
Since monochromatic light was used for polymerisation, the chromatic aberration of the
objectives could be neglected.

Both objectives were installed in the MPP and different wide lines, varying in 25 nm
steps from 75nm to 975 nm, were fabricated on the sample. These structures are shown in
Fig. [3.5((a), where it can be seen that the Zeiss objective was able to image lines down
to nominal 75nm, whereas the Miiller objective was only capable of imaging lines with
a width of 100nm. Furthermore, it can be seen that the bigger lines fabricated with the
Miiller objective display larger widths than the nominal value. This is due to the relation
between the amount of projected light and the structure size, which is considerably better
in the case of the Zeiss objective.

Measuring the actual widths of the lines reveals, that the smallest line projected with
the Zeiss objective is 85 nm wide on average, but this width varies considerably. Lines with
widths above 100 nm are imaged very well with both objectives (cf. Fig. [3.5(b)).

In Fig. 3:6] grids with 500 nm ridge and groove width and a side length of 100 pm are
shown. When the grid is fabricated with the Miiller objective, a small defocussed area in
the lower right edge is obtained, which is due to the remaining field curvature. This leads
to a slightly smaller usable field of view for the Miiller objective.

In conclusion, the Zeiss objective offers better imaging capabilities and the greater field
of view. However, depending on the actual accuracy requirements of the current process it

has to be assessed whether this benefit is in a suitable relation to the higher costs.
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Figure 3.5: (a)/(b) Structures with widths from 75nm to 975nm in steps of 25nm. The
microscope objectives used were from Zeiss (a) and Miiller Optronics (b), respectively.
(c) Close up of the smallest achivable line width. The Zeiss objective was able to
generate lines down to 85 nm (the nominal value on the mask was 75nm), but with
high variability, whereas the Miiller objective was only capable of fabricating lines
with widths greater than 100 nm. The actual line width corresponds well to the
nominal value for widths above 100 nm.
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Zeiss @ Miuller

Figure 3.6: A grid with ridge and groove widths of 500 nm and side lengths of 100 ym, fabricated
with the Zeiss (left) and Miiller objective (right), respectively. On the lower right
edge of the grid from the Miiller objective, a defocusing due to the remaining field
curvature of the objective is visible, reducing the effectively usable field of view for
this objective.
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Figure 3.7: Scheme of the leakage radiation microscope with probe beam for phase resolved
measurements: 10 % of the laser intensity is coupled into a bypass line before being
precompressed. Precompression of the pulses was only performed in mode-locked
operation of the laser source to prevent pulse spreading effects. Behind the prism
pairs, the laser beam was coupled into a Michelson interferometer enabling spatial
and temporal adjustment of the laser beam before being focused on the sample to
excite SPPs. The propagating surface plasmon-polaritons radiate leakage radiation
into the substrate which is collected with an oil immersion microscope objective (the
magnification factor could be set to 40, 63, and 100x). By means of a 4 f-setup,
the excitation laser can be blocked before being imaged onto a CMOS camera.
Furthermore it enables direct measurement of the angle of the leakage radiation
and therefore the effective index of the propagating SPPs. The probe beam in the
bypass line passes a pair of mirrors, mounted on a linear stage for adjusting the
optical path length, and is coupled back into the original beam path in front of the
CMOS. Thus, the probe beam and the leakage radiation will interfere directly on
the CMOS.

3.3 Leakage radiation microscope

The investigation of the structures was performed with leakage radiation microscopy
(LRM). The basic technique is well known and thus described in adequate detail in
scientific literature [13}[43}[84187].

As already introduced in Sect. SPPs propagating on an air/metal interface can
couple leakage radiation (LR) to substrates with higher refractive index. The angle of
this radiation is larger than the angle of total internal reflection of the substrate. Thus,
as can be seen in Fig. immersion oil microscope objectives were used to image the
structures and the leakage radiation simultaneously. This yields standard microscope
images in which the propagating SPPs are visible. For this purpose, a CMOS camera

was placed in the image plane of the microscope. The excitation of SPPs was performed
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Figure 3.8: Sketch of the 4 f imaging system with (@) and without (b) third lens, imaging
the image plane (c) or Fourier plane (d), respectively. The SPPs were excited by
focusing a p-polarised laser beam on a thin dielectric ridge. While the real image
from the image plane shows the excitation ridge, the exciting laser spot and the
propagating SPPs, the Fourier plane shows a bright overexposed circle in the middle
and two fringes left and right of the circle. The bright circle origins from the bright
field illumination, where the outer boundary correlates with the numerical aperture
(and thus the maximum possible focusing angle) of the focusing lens. The two
fringes originate from the leakage radiation of the propagating SPPs and can be
correlated to the respective angle and therefore to the effective index of the SPPs.

by focusing a p-polarised laser beam using an aspheric lens with 4 mm focal length and
numerical aperture (NA) of 0.55, giving a diffraction limited focal spot diameter of 750 nm,
onto sub wavelength structures as thin ridges or edges of SPP waveguides. To fulfil the
requirements for proper investigation, several extensions had to be added to the basic
setup, as will be discussed in the following sections.

An sample microscope image, recorded in the IP of the LRM is shown in Fig. (C)
This image shows an extended gold film on top of a standard microscope cover glass. In
the centre it can be seen that the laser used is directly focused on a dielectric ridge to

excite SPPs. These are visible via their leakage radiation as a bright horizontal bar.
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Figure 3.9: (a) Scanning electron microscope image of a two dimensional hole array with 1 pym
grating constant d, fabricated with the MPP (cf. Sect. in a photoresist on
top of a standard microscope cover glass, with (b) its bright-field image in the
LRM. (c) The resulting diffraction pattern in the Fourier plane of the LRM, when
the hole array is irradiated homogeneously with a laser. This diffraction pattern can
be correlated to the respective diffraction angles with Eq. 3.} which in turn can
be connected through Eq. to the effective index of recorded LR in the LRM.

3.3.1 Optical Fourier transformation

As mentioned in Sect. [2.2] leakage radiation couples with a distinct angle into the substrate.
A large amount of information can be deduced from this angle. To facilitate measuring it,
a 4 f imaging telescope was implemented. This consists of two additional lenses, relaying
the image plane (IP) by a distance of twice the sum of both focal lengths, as is depicted
in Fig. 3.8(a). Hence, when both lenses have the same focal length f, the total relaying
distance is 4 f. The advantage of this method is that every light ray with the same angle to
the optical axis is focused to the same spot in the focal plane (letter referred to as Fourier
plane (FP)) lying 1 f behind the first lens. This angular distribution resembles the optical
Fourier transformation of the IP . Since the angle of LR displays a Lorentz distribution
around this distinct angle, LR appears as a bright fringe in the FP. This can be seen in
Fig. d), where the Fourier transformation recorded in the FP of a microscope image
from the IP of an LRM (Fig. [3.8(c)) is shown. As described in Sect. (especially Eq.
kspp = kong sinfspp = koneg)), the angle of the leakage radiation —and thus the
effective index of the SPPs— strongly depends on the thickness of the individual layers of
the system investigated. Thus the thickness can be measured by evaluating the position of
the bright fringes, originating from the LR, in the FP.

In addition, the NA of lenses or objectives is described by their maximum opening
angle a by NA = ngsin () in a medium with refractive index ng. In comparison with
the effective index of SPPs, neg = nq sin (fspp), it can be seen that both quantities have
the same scale in the FP. Since the bright-field illumination is focused by a lens with a
distinct NA, implying a maximum angle of the focused light, the resulting light cone offers
all angles between 0 and «. Therefore, bright-field illumination is focused in the FP to all

points corresponding to angles between 0 and «. This is visible in the FP as a bright area.
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The position of the edge of the area corresponds to the maximum opening angle o of the
focusing lens used.

When a two dimensional diffraction grating is placed in the object plane of the microscope,
the diffraction pattern will be imaged in the FP. Since the diffraction orders appear at

angles a with

n sina =

/M2 +m2 A
g (3.1)
where m; is the diffraction order in x and y direction, A the wavelength, d the grating
constant and n the refractive index, their distances to the zero order can be directly
correlated to the respective angles. Thus, knowing the grating constant d, the FP can be
calibrated. An exemplary two dimensional hole array with grating distance of d = 1 pm is
shown in Fig. [3.9(a) and Fig. 3.9(b) as a scanning electron microscope image and a bright-
field microscope image directly from the LRM, respectively. The occurring diffraction
pattern in the FP is shown in Fig. [3.9(c). For calibration of the FP, the visible diffraction
orders were related to an angle via Eq. If the angular metric is known for the FP,
every point can be correlated to the effective index of propagating SPPs with Eq.

3.3.2 Laser source

The laser is a titanium:sapphire oscillator, which could be set to operate in continuous
wave or mode-locked operation. In the latter, about 10° modes were superposed yielding
in a Gaussian distributed spectrum, set to 800 nm centre wavelength and 65 nm width,
resulting in a Fourier-limited pulse duration of 13fs. In this case, prism pairs were placed
in front of the focusing objective in the LRM to prevent pulse spreading effects.

For cw operation, a wavelength of 800 nm was also chosen.

3.3.3 Michelson interferometer

In order to generate two phase-coupled Laser beams, eg. to excite two SPP modes inside
different waveguides, two replicas of the laser beam were generated using a Michelson
interferometer, as depicted in the lower left of Fig. Both arms of the interferometer
were equipped with waveplates and tiltable mirror mounts, enabling independent adaptable
polarization states and spatial adjustment of both laser spots. The mirror mounts in turn
were attached to translation axes for movement of the retro-reflecting mirrors parallel to
the laser beam. This allows individual tuning of the optical path length of both arms and
thus a time delay of the respective pulses. Optical path length difference will be referred to
as phase delay ¢ for changes below the wavelength, which induces a time delay below one
optical cycle, whereas it will be referred to as time delay o for changes greater than the
wavelength, i.e. one optical cycle. The spatial accuracy of the laser beam displacement was
about 100nm. A tuning resolution of a phase shift of 7/3 could be achieved by iterative

tuning of the optical path length while observing the response on the sample.
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3.3.4 Time resolution
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Figure 3.10: (a)LRM images of the interference from pulsed plane wave SPPs propagating on
metal with an additional probe beam with four different probe times, corresponding
to 30, 60, 90 and 120V voltage at the piezo in the linear stage as depicted in Fig.
(b) Intensity profiles of the respective pulses (top) and their respective fits of

Eq. (bottom).

In order to allow phase and time resolved measurements, about 10% of the beam
intensity was coupled out to a Mach-Zehnder interferometer resembling a bypass line as
a probe beam, before entering the LRM. The scheme of this technique is shown in the
upper part of Fig. [3.7 The bypass offered the same optical path length as the LRM,
including the 4 f-setup, and was coupled back into its beam path in front of the CMOS.
For attenuation of the optical path length of the bypass line, two mirrors were mounted on

a linear micrometer stage. The stage was equipped with a piezo actuator, which offered a
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travelling distance of 41 pm yielding in a theoretically possible time delay of 273.5fs. This
setup offers a theoretical time resolution in the range of attoseconds for relative positioning
over small distances compared to the overall travelling distance. But in practice however,
the time resolution is limited by the magnification factor of the LRM, yielding in 32nm
per pixel on the CMOS. This means a time resolution of 0.1 fs for small travelling distances
in one direction. A further mirror behind the linear stage in the bypass line enabled
adjustment of the incident angle of the probe beam onto the CMOS, to fit it to the incident
angle of the leakage radiation. For maintaining a homogeneous illumination of the whole
CMOS, the probe beam was expanded with a Galilei telescope. In this configuration, the
probe beam (PB) and the leakage radiation (LR) will interfere directly on the CMOS. Thus
the recorded intensity resembles a time integrated superposition of the leakage radiation

and the probe beam. This can be expressed as

Tfov
Tonios(x, 2, 1) & /0 |Evr(z, 2, 1) + Epp ()2 dt (3.2)

where z is the SPP propagation direction and x is perpendicular to z. Because the
exposure time of the CMOS is much longer than the SPP propagation time (7gpp) for the
length of field of view (L), 7spp = Lfov/cspp, the integral gives a time-average signal of
the interference pattern.

For numerical calculations, the expressions for the respective electric fields, as introduced
in Sect. were first superposed as shown in Eq. The square of the absolute values
was than directly computed into three-dimensional (x, z,t) matrices, which were finally
summarized over the time axis to conduct the time integration. This method has the
advantage of utilizing the superior vector computation efficiencies of numPy (Python),
Matlab or Octave [88,89]. To conduct the calculations in this thesis, the programming
language Python was chosen. As spatial steps of the matrices mentioned, the resolution of
the experimental LR images taken was used. To calculate a sufficient length of the time
steps, the Courant factor, normally applied at finite-difference time-domain simulations [90],
was taken into account.

To demonstrate the functionality and capabilities of this method, four LRM images of
ultrashort SPP plane wave pulses were recorded. For every image, the voltage of the piezo
in the linear stage of the delay line (cf. Fig. was adjusted to 30, 60, 90 and 120V,
respectively. Intensity profiles of the images were taken and fitted as described above. The
images and both the experimental and the fitted intensity profiles are shown in Fig. [3:10
As a first estimate for the pulse duration, the bandwidth limited value was taken, which
could be calculated from the spectral FWHM of 65 nm to be 13fs. The group velocity was
calculated from the semi-infinite approach to be 0.92 - cyac. The fitted pulse had a temporal
FWHM of 45 fs, although this cannot be directly related to the actual pulse duration since
the first-order autocorrelation function does not provide information for chirped pulses (cf.
Sect. . The fitted group velocity was (0.92 - £0.02) - ¢yae, which matches the calculated

one perfectly.






Chapter 4

Results and discussion of the investigation
of free and confined plasmonic systems for
the use as sensors and signal processing

devices

The main focus of this work is the possibility of using dielectric structures for direct optical
signal processing. As signal containing the information, the phase of propagating SPPs is
used in the approach employed. Thus, this chapter will introduce two schemes to change the
phase of SPPs due to changes of the condition to be detected. Additionally, it will address
the Gouy phase shift, which is an inherent change of the phase of focused waves. Finally
the signal processing dielectric waveguide structures will be introduced and discussed in
addition to the ability to cascade single processing stages to more complex logic devices.
The chapter will be divided to discussing both free and confined propagating SPPs.
First, phase changing effects of free SPPs as due to sensing information or the Gouy phase
shift will be presented. Thereafter, a system which confines SPPs with a Bragg grating will

be discussed, followed by the dielectric waveguide structures for the SPP signal processing.

4.1 Free propagating SPPs

As described in the theoretical part of this thesis, in Eq. the propagation properties of
SPPs are dependent on the media in the near vicinity. Changes to this media will lead
to an alteration of the effective index neg of the propagation. Since kspp = kg neg, this
will directly change the wavelength of the SPPs. Hence, when an SPP is split into two
coherent parts and one part passes an area of altered effective index, it will show a relative
phase shift, compared to the unaltered SPP. This phase shift can then be measured and
related to the sensing information.

On the other hand, when waves in general are focused, or possess a caustic within their
propagation, the finite spatial extinct in the caustic will lead to the phenomenon known
as Gouy phase shift, where the focused beam will experience a longitudinal phase shift

compared to a plane wave [59].
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Figure 4.1: (a) bright-field image of a laser beam, focused onto a thin dielectric ridge beneath a
thin gold film on a standard microscopic cover glass. The bright horizontal pattern
is the trace of excited SPPs, imaged via their LR. (b) The corresponding intensity
profile of the dotted line in Fig. (a) reveals the clear exponential decay of the SPP
intensity during propagation, which has a propagation length of 6.8 pm, in this case.
(c) The optical Fourier transformation of Fig. (a) (cf. Sect. [3.3.1)). The light in
the bright area in the centre originates from the bright-field illumination, focused
with a lens with numerical aperture (NA) of 0.55 onto the sample. The fringes left
and right from it stem from the LR and their position is related to the angle of the
LR, which in turn is related to the effective index of the SPPs (cf. Sect. 2.2). (d)
The corresponding intensity profile of the dotted line in (c), where the effective
index of the propagating SPPs can be seen as a Lorentz shaped peak (depicted by
the black dotted line), and the NA of the focusing objective is visible as the edge
of the plateau (depicted by the red dotted line).

Both effects will be discussed in the following sections.

4.1.1 Effective index

A very easy approach to change the effective index of unconfined propagating SPPs on
thin metal films is the coating of an additional film on top of the metal. Thus, the system
already introduced consisting of glass, gold and a dielectric ridge was taken and spin coated
with different layer thickness of PMMA.

The laser was then focused on top of the ridge to excite an SPP. The microscope image
recorded in the LRM in this case is shown in Fig. a). In this image, the focused laser
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Figure 4.2: (a) Peaks in the FP for SPPs propagating on gold films with four PMMA layers of
differing thicknesses on top. (b) Plot of the effective index of each peak position
versus the PMMA layer thickness.

and propagating SPPs, and also the dielectric ridge for excitation of SPPs can be seen.
In Fig. [4.1b) is then shown that the intensity profile (taken at the dotted line) from the
SPPs offer the expected exponential decay, depending on the propagation length (Lgpp).
In this case Lspp = 6.8 pm. The optical Fourier transformation of this image is shown in
Fig. [.1)(c), recorded in the FP of the LRM. In the FP, the bright-field illumination is
focused to all points, corresponding to angles between 0 and the maximum opening angle
a of the used focusing lens. This appears as the bright area in the centre of Fig. [4.1f(c).
The LR of the SPPs shows a Lorentz shaped angle distribution around fgpp (cf. Sect. ,
and is therefore focused to fringes in the FP. The intensity profile in Fig. [1.1(d) (taken at
the dotted line in Fig. [£.1}(c)), illustrates this very clearly. The SPP peak can be seen at
an effective index of 1.04 (depicted with a black dotted line) and the NA of 0.55 from the
focusing lens is visible as the edge of the saturated plateau at the black dotted line. As
discussed in Sect. the NA and the effective index of SPPs have the same scale in the
FP images.

If now thin PMMA layers are spin coated on top of the system illustrated, the effective
index of the SPPs increase. This becomes visible as a shift of the SPP peaks in the FP,
shown in Fig. [4.2|(a). This was performed with four different rotation speeds while spin
coating, where the film thickness of the resulting PMMA layers was measured using the
transmission spectrum and the transfer matrix method. When the effective index of the
resulting SPP peak is plotted versus the respective PMMA layer thickness d, a clear linear
dependency with a slope of 0.00235 neg/nm is visible (Fig. [4.2|(b)).

If it is assumed that the whole imageable NA of 1.4 of the microscope objective in the
LRM is imaged on the field of view of the CMOS used, containing 2592 pixels, this already
results in a sensitivity of 230 pm/px. Therefore, this approach as demonstrated can already
be used as very accurate method for determining the layer thickness of additional layers on
top of plasmonic systems. Nevertheless, this way of the evaluation requires the LRM which
is a rather bulky setup. How phase differences can be processed within the plasmonic
system with small dielectric structures will be discussed in Sect.
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Figure 4.3: (a) Experimental demonstration of the spatially resolved two dimensional Gouy
phase shift for SPPs. Leakage radiation images (labelled as 'Exp’) for focused and
plane wave SPPs are shown in the upper and lower sections, respectively. The phase
resolution was achieved by interference with a probe laser beam. Regions of positive
and negative interference are shown by red and olive-green. (b)/(c) Comparison of
the experimentally obtained LRM images with numerical calculations, which are
fitted to this experimental data (labelled as 'Fit’) as discussed in Sect.

4.1.2 Gouy phase shift

When waves are propagating freely as plane waves, the wave vector is very well defined by
kwave = 27 /Awave- On the other hand, this wave is mathematically defined with infinite
extent, even though it might decrease due to absorption effects. This is consistent with the
uncertainty relation AzAk > p (in the case of SPPs p = 1/2 due to their two dimensional
nature [59]). When the wave is now focused in any manner, the wave will be localised in
the focus, yielding in a very well defined Az. This causes Ak to be a distribution of certain
wave vectors. In the case of defined waves, as in Gaussian beams, this can be derived
mathematically. Feng and Winful stated that for Gaussian beams this distribution of wave
vectors yield in a phase shift of 7/2 in the focus and in the two dimensional case .

In the scope of this thesis, the Gouy phase shift was measured for the first time for SPPs
systems at optical wavelengths. For the measurement, two phase resolved LRM images
were taken, one for a plane wave and one for a focused wave. The SPPs were excited by
focusing a laser beam on ridges as already described in Sect. [2.4] Phase resolution of
the images was achieved by interference with an additional probe beam as described in
Sect. [3.3.4] Both images were remapped to a new colour scale, visualizing the interference
pattern from olive-green (negative) to red (positive). A comparison of these images is

shown in a). A perfect overlap of the wave fronts for the plane and focused SPP waves
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Figure 4.4: (a) Demonstration of the spatially resolved Gouy phase shift for SPPs, shown as
a comparison of the fitted numerical interpolation of the plane and focused SPP
beam, regarding to the fitting procedure explained in the text and shown in Fig.
(b) To phase shift converted distance of each respective wavefront maxima
in Fig. (a) shown as red dots, overlayed by the theoretically expected arc tangent
function as a black dotted line, as discussed in Sect. .

is clearly visible in front of the focus position. Behind the focus, the phase mismatch
between the wave fronts corresponding to the Gouy phase shift can be observed.

Numerical calculations of Eq. [B.2] for plane SPP waves were fitted to the observed
experimental interference pattern. As a fitting parameter, the complex SPP wave vector
was used with an initial value given by the semi infinite approach and the Lorentz-Drude
model for the dielectric function of the metal. The result of this fit is shown in Fig. [4.3|(c)
and demonstrates a perfect coincidence between the measured and fitted SPP plane waves.
Since the numerical approach does not include terms for the beam curvature of the probe
beam, the overlap between the experimental and fitted results for the whole field of view
proves that beam curvature of the probe beam can be neglected. The determined SPP
wave vector was further used for fitting of the experimental results for the focused SPP
beam to the numerical calculations. In this case, the beam waist wg was the only fitting
parameter. The comparison of the experimental and numerical result is shown in Fig.
b), where again a perfect conformity can be seen.

The Gouy phase shift was now determined by comparing the distances between the wave
front maxima for the plane and focused SPP waves on the propagation axis, as can be
found in the intersection of the upper and lower segment of Fig. a). These distances
were converted to the phase shifts in radians and are shown in Fig. (b) as red dots. The
theoretically expected arc tangent function, see Eq. [2.10]in Sect. 2.4} with the Rayleigh
length zg =1.5nm is shown as a dashed black curve. A perfect conformity between the

measured and computed results can again be observed.
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Figure 4.5: (a) Layout of the structure, confining SPPs with Bragg gratings by forming an
ARROW like waveguide. (b) Mode profile in the near-infrared region of the structure
mentioned.

4.2 Confinement with Bragg reflection

The results shown from free propagating SPPs have one common disadvantage: the short
propagation length of only several micrometres. One approach to overcome this limitation
is the confinement in special waveguide systems. This thesis contributed to the WOI'kEI where
dielectric ridges are employed to shape Bragg gratings, to create a plasmonic counterpart
to an antiresonant-reflecting optical waveguide (ARROW) [65-H67]. The ridges can be
easily fabricated with the MPP introduced earlier. This approach is able to increase the
propagation length by a factor of ten. Beside this, the scheme also offers the ability to
directly access the electric field of the SPPs. However, there is the drawback that the
structural dimension exceed several micrometers.

The overall composition of the structures is shown in Fig. [4.5(a). The basic system
consists again of a thin gold layer over a standard microscope cover glass, on which
dielectric structures were fabricated by means of the MPP. The structural dimensions were
distinguished by FEM simulations to yield in single mode operation in the near-infrared
region. Experimental measurements offer a propagation length of 43 pm for this ground
mode [67]. As already shown in Sect. a free propagating SPP in this system offers an
effective index of ngpp gree = 1.04, whereas the confined mode in the ARROW waveguide
offers a smaller effective index of ngpp wg = 1.01 [67]. This is due to the confining principle:
SPPs propagating on the metal surface are reflected by total internal reflection at the
dielectric Bragg gratings with an angle #, which has to be smaller than the critical angle
for total internal reflection § < .. The resulting waveguide mode is a superposition of
the actual propagating waves. However, because of the intrinsic consistency, all existing

waves must offer a phase difference of 0 or a multiple of 2 7. For the ground mode, this is

1 [67] C. Reinhardt, A. B. Evlyukhin, W. Cheng, T. Birr, A. Markov, B. Ung, M. Skorobogatiy, and B.
N. Chichkov, “Bandgap—confined large-mode waveguides for surface plasmon—polaritons,” Journal of the
Optical Society of America B, vol. 30, no. 11, p. 2898-2905, 2013.
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Figure 4.6: (a) LRM image of the ARROW structure, where the dielectric ridges are depicted
by green lines. The structure was chosen to offer signals from both, the confined
and unconfined SPPs. (b) Fourier plane of image (a), where the effective indices
of the respective modes can be found.

only the case for waves propagating with an angle 6g,,. The resulting effective index of the
ground mode is Ngpp wg = NSPP,free COS Osm [64]. With this, the angle of the contributing
waves can be calculated to be 13.80°.

To demonstrate the sensing capabilities of this system, the same experiment as described
in Sect. was performed. An additional polymer layer with refractive index of 1.5 and
32nm thickness was spin coated onto the whole sample. Then the LRM images shown in
Fig. were recorded, offering a clear signal for both the confined and the free propagating
SPP modes. The effective indices are 1.04 and 1.08 respectively.

The difference of the effective index in the waveguide, caused by the additional polymer
layer, is An = 0.03. The gain of the phase delay from a SPP mode while propagating
the distance L, is Ap = kg An L. This means it is A¢ = 0.236 rad/pm in the considered
system.

As will be discussed in Sect. one scope of this thesis is the investigation of dielectric
waveguide structures for direct processing of these phase delays within the plasmonic
system. As will be shown, the signal contrast achievable in these devices was 13/m dB/rad.
With this signal contrast, a phase delay of Ay = 0.236 rad/pm implies an achievable gain
of the signal contrast of 3dB/pm per length of the ARROW waveguide sensing region.

If it is assumed that the ARROW waveguide would be covered with an idealized protein
adlayer (as described in [16]), TMM calculations yield in Anprotein = 0.0035. With respect
to an assumed minimal measurable signal contrast of about 1dB, this could already be

recorded after 8.8 pm propagation distance.



48 4 Results and discussion

Figure 4.7: (a) Microscope image of a 350 nm wide, 300 nm high, dielectric ridge on top of
a 50 nm thin gold layer. (b) The same waveguide with visible excited SPP mode
within the waveguide structure. (c) The respective FP, where a pronounced fringe
can be seen, originating from the LR of the guided SPP mode with n.s = 1.20,
and a circular intensity pattern with neg = 1.04, originating from free propagating
SPPs. In this image, the bright-field irradiation is switched off and the excitation
laser beam is blocked.

4.3 Confinement in dielectric waveguides

The approach of the ARROW waveguide described in the preceding chapter confined the
SPPs to waveguide structures of several micrometers width. The advantage of this system
is a longer propagation length and the accessibility of the electric field of the propagating
SPPs, but with the drawback of rather large structures.

Another system to guide SPP waves is the use of dielectric-loaded waveguides. Here,
dielectric ridges are placed directly on top of the thin metal layer and the SPPs are confined
by the higher refractive index of the ridge . The advantage of this system is that the
SPPs can be confined to dimensions below the wavelength, while the propagation length
remains comparable to free propagating SPPs.

A demonstration of this system is shown in Fig. [4.7(a). A dielectric ridge was fabricated
with the MPP directly on top of a thin metal layer over a microscope cover glass. A guided
SPP mode was then excited by focusing a laser beam onto the edge of the waveguide
structure, which is shown in Fig. [1.7(b). In Fig. [£.7(c), the respective Fourier plane is
shown, where both a straight fringe, originating from the guided SPP mode, and a circular
fringe from the free propagating SPPs, can be seen.

According to Eq. in Sect. the width and height of the ridge was set to be 350 nm
and 300 nm, respectively, to achieve single mode guiding. The effective index obtained from
FEM simulations is 1.21, which corresponds well with the fringe in Fig. (c), revealing

an effective index of 1.20.
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Figure 4.8: (a) Scheme of the structure shown, depicting the central question of how confined
SPPs behave at junction points of waveguide systems when additional waveguides
occur at the junction point. (b) Scanning electron microscope image of the multiple
waveguide junction structure made from Ormosil on a thin gold layer over a standard
microscopic cover glass. Every waveguide is 20 pm long, 350 nm wide and 300 nm
high.

The measured propagation length is 10 pm. It must be said, that all dielectric waveguide
systems shown in this thesis are not optimized for lowest possible losses but for best
possible interpretability of the images made with the LRM system. Increasing the used
wavelength (cf. Sect. [2.1] and Ref. [15]) or using thicker gold (cf. Ref. [91]) can enhance
the propagation length drastically.

4.3.1 Crossed waveguides

One of the main goals of this thesis is the investigation of plasmonic signal processing
with devices consisting of crossed waveguides, by using them as optical logic gates. To
fulfil the requirements for logic gate operations, the proposed SPP devices should exhibit
several basic properties as they are given in Ref. . The most important conditions
are cascadability, a fan-out (one logic or switching stage should provide enough output
intensity to drive at least two new inputs) and avoidance of back-reflections of plasmonic
signals into the input ports.

As depicted in Fig. [4.8(a), the first question in these investigations is what is happening
in general when guided SPP modes are excited in two crossed dielectric ridges, while
additional propagation directions are offered at the junction point by means of further

waveguides.
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Excitation of SPPs with two laser spots and induced switching effects

For this investigation, a star-like junction structure was generated with the MPP. A
scanning electron microscope image of the resulting structure is shown in Fig. b). The
waveguides dimensions were chosen again to be 350 nm, to achieve single mode guiding in
the structures, according to Sect. 2.7 As waveguide length, 20 pm was set.

For the evaluation of the behaviour of the propagating SPP modes at the junction
point, they were excited at the left and right lower edges of the input waveguides, pointing
diagonally upwards in the star like junction structure, as indicated in Fig. [4.9(a). Both
excitation laser beams were separated by means of the Michelson interferometer as discussed
in Sect. enabling the tuning of the phase delay between both SPPs. The laser source
was set to mode-locked operation, producing ultra short laser pulses, as described in Sect.
0.9.2)

Initially, SPP excitation in only one input waveguide was considered. At the waveguide
junction, the SPPs from a single diagonal waveguide couple only to very weak extent
into the horizontal waveguides, pointing to the left and to the right and in the vertical
upward waveguide. This is demonstrated in Fig. [£.9(d), where only SPPs in the right
upward directed input waveguide were excited. The preferred propagation of SPPs inside
the waveguide is straight ahead along the diagonal direction of the input waveguide (see
Fig. [4.9(d)). This straight propagation of the SPP mode is also the reason that no SPP
back-reflection occurs, which will be discussed further in Sect. of this work. Coupling
of SPPs into the horizontal right and upward waveguides was found to be only at a very
low extent.

The further obtainable intensity modulation in the vicinity of the junction point may
be due to the ability of the SPP waveguide mode to couple into scattered light in the
waveguide crossing. This scattered light can interfere with the leakage radiation causing
the intensity modulations. The underlying effect was described by Hohenau et al. in
detail in [44]. In addition, the abrupt change of refractive index at the waveguide ends
causes reflections which are visible as modulations of the intensity at the waveguide ends.
However, this reflected mode decays quickly and is not visible at the input ports.

When both diagonal input waveguides were excited, strong interference at the waveguide
intersection point was observed when the two excited SPPs pulses perfectly overlapped
in time (phase delay |¢4 — ¢p| = 0). The intensities of the two corresponding excitation
laser beams in the Michelson interferometer were adjusted to equal values.

The variation of the phase of the excitation laser pulses in the Michelson interferometer
resulted in variable interference patterns at the intersection. This in turn affects the
intensity of the SPP mode excited in the upward waveguide (in the following referred to as
output waveguide). LRM images of this effect are presented in Figs. [£.9(b) and [4.9(c),
respectively.

When both SPPs are in phase (see Fig. [4.9(b)), interference in the intersection area leads

to periodic field oscillations longitudinal to the straight upward and downward waveguides.
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Figure 4.9: (a) Bright-field LRM image of the investigated waveguide structure on a thin gold
layer coated standard microscopic cover glass. (b-d) Dark-field LRM images where
in (d) SPP is excited at only one point and in (b,c) SPPs are excited coherently at
two points with 07 phase shift (b) or 17 phase shift (c) between the exciting laser
spots. (e,f) numerical FDTD simulated images, respectively.

Since the SPPs wave vectors in both input waveguides point diagonally upwards, energy
coupling is better phase-matched into the output waveguide. No wave vector component
points into the downward directions, therefore no SPP signal in the downward waveguide
and no back-reflections into the input waveguides occur, as shown in Fig. |4.9(b).

Varying the relative phase now between SPPs such that the phase difference becomes
equal to 17, the interference of the two modes leads to SPP field oscillations at the junction
point which are perpendicular to the output waveguide. This signifies that no SPPs are
excited into the upward and downward waveguides (see Fig. [4.9(c)).

The intensity contrast between the on and off states was found to be 13dB in the LRM
measurements. Numerical finite-difference time-domain (FDTD) simulations revealed a
contrast value of 23 dB for ideal waveguides geometry. The difference between experimental
and calculated results is due to the 8-bit limited dynamics of the CMOS camera in the LRM
setup, resulting in a maximum dynamic range of 24 dB. Therefore even small amounts of
scattered light can drastically reduce the measurable contrast.

In addition, for the on state, the signal intensity at the output waveguide exit is only
1.5dB lower than the signal intensity at the exit ends of the input waveguides, both in

experiments and in simulations.
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Figure 4.10: (a) Autocorrelation function for the experimental conditions as in Fig. : Two
SPPs were exited with two fs laser pulses (Fourier-limited pulse duration 13 fs)
at the lower ends of the diagonal waveguides. During the experiment, one laser
pulse was fixed whereas the optical path of the second laser pulse was lengthened
manually in steps of 400 nm, which corresponds to the temporal delay of 1.33fs
per step. The experimentally obtained maxima and minima of the SPP intensity
in the output waveguide are shown as black dots. The theoretical autocorrelation
function of the first order for gaussian pulses with an intensity FWHM of 39 fs was
calculated as a green curve. (b) Experimental (points) and numerical simulated
FDTD (lines) results of a phase sweep in steps of 7/3 for the same experimental
conditions as in Figs. c,d). The green squares represent the intensity of
the output waveguide. The red circles and orange triangles show the intensity
in the left and right waveguides, and the olive diamonds show the intensity in
the downward directed waveguide. The green, red, orange and brown lines are
simulated results, respectively.

The overall losses of the SPP waveguide mode resemble Lgpp = 7 um. This corresponds
closely to the Lspp free = 6.8 pm measured in Sect. and to values in literature for this
type of waveguides, e.g. 6.5 pm presented in [14].

A sweep of the time delay o between two fs laser pulses used for the excitation of the
SPPs yields dfferent intensities in the output waveguide. Every intensity maximum and
minimum of a sweep over the whole pulse duration returns an intensity autocorrelation
function of first order for SPPs, as described in Sect. The resulting autocorrelation
curve obtained, normalized to unity, is plotted in Fig(a) as black circles. A theoretical
autocorrelation curve of the first order, corresponding to Eq. was calculated for
an assumed temporal gaussian SPP pulse with an intensity full width at half maximum
(FWHM) of 39fs. The theoretical curve was added to the experimental results as a green
curve, showing a very close correspondence.

This autocorrelation proves that all measured effects are of linear nature and that non-
linear processes are not involved in the switching of the output waveguides state. It should,
however, be noted that the pulse duration of the autocorrelation cannot be related to the
actual pulse duration, as already discussed in Sect. Nevertheless, it is considered that
the pulse duration of the excited and propagating SPPs remains ultrafast in the sub-75fs

region, since after setting the pulse delay higher than 75fs no interference effects can be
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observed.

For the region of nearly perfect temporal overlap, a more detailed investigation of the
phase shift dependence of the SPP intensities in horizontal and vertical waveguides was
performed. The phase ¢ of one excitation laser pulse was tuned in steps of 7/3, whereas
the phase of the other laser pulse was fixed. The experimental results of the phase variation
show a clear cosine dependence of the intensity in the output waveguide, as depicted by
the green squares in Fig. b). The intensities of the left and right propagating SPPs
are depicted by red circles and orange rectangles in the same figure. It can be seen that
the intensity in the left and right waveguides is only dependent to a minor extent on the
relative phase of the coherent SPPs in the input waveguides.

The intensity of the SPPs in the downward directed waveguide is shown by the green
diamonds in Fig. [4.10[(b) and it provides the lowest measured signal.

In these measurements, the background signal was subtracted in all results. The
experiment was compared with a numerical FDTD simulation. The results are shown by
the solid lines in Fig. 4.10(b) and correlate well with the data obtained experimentally.

Slight differences between simulated and measured intensities may be due to the finite
resolution of the fabrication process, as discussed in Sect. The intersections in the
numerical simulations were assumed as infinitely sharp, as given by the projection mask

layout.
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Figure 4.11: (a) Scanning electron microscope image of the structures used for investigations
of the angle dependence between the waveguides. The diagonal waveguides are
20 pm and the vertical waveguides 10 pm long. All waveguide structures are 350 nm
wide and 300 nm high. The lithographically written numbers refer to the angle
between the diagonal and vertical waveguides respectively. (b) Comparison of
numerically simulated (green squares) and experimental (red circles) results of the
SPP intensities in the vertical waveguides of the structures shown in (a). The
squares and circles are the measured results, whereas the lines are approximations
for eye-guidance only.

Different angles between input and output waveguides

As a next step, the dependence of the output signal intensity on the angle o between input
and output waveguides was investigated. New structures with two 20 pm long diagonal
input waveguides and one 10 pm long vertical output waveguide, shown in Fig. were
fabricated with the MPP. The width and height of the waveguide structures were again set
to 350 nm and 300 nm, respectively.

Two coherent laser pulses were focused on the lower ends of the input waveguides,
while a phase difference of 0 m was maintained between them. The SPP intensity in the
output waveguide was measured. The results were again compared with numerical FDTD
simulations. Both results are plotted in Fig. indicating good correspondence between
the experimental (red circles) and numerical (green squares) data. Both results were
normalized to their maximum values. The obtained results clearly show that there is a
strong dependence of the SPP intensity in the output waveguide on the angle between
the input and output waveguides. The output signal is considerably higher in the case of
smaller angles. In the simulations, a maximum of the output signal for 20 ° was found.

Since the basic physical phenomenon used for the switching of the intensity states is
interference, it is independent of the actual intensity. The requirement of a fan-out is

thus essentially determined by the technique employed to distinguish between a high and
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Figure 4.12: (a,c) Dark-field LRM images of the 20° and 55 ° angle structures from Fig. m
with no phase difference at the inputs. (b,d) Corresponding images in the Fourier
plane. The effective refractive index n.g of the SPP mode signatures are related
to the emission angle of the leakage radiation by the confined (neg = 1.21) and
unconfined (neg = 1.04) SPP modes.

low state. Therefore, the optimisation of the output intensity of the crossed waveguide
structures by optimizing the angle of the input waveguides adequately satisfies the demand

of a fan-out.

Proof of the avoided backscattering

LRM images of the 20° and 55 ° structures and the corresponding Fourier transformations
can be seen in Figs. [1.12(a) and [£.12](c) (image plane) and Figs. [4.12|b) and [4.12(d)
(Fourier plane). It is clearly visible in the image plane (Figs. £.12|(a) and [4.12c)), that for
a 20° angle the intensity of the SPPs in the vertical output waveguide is much higher.
In the Fourier plane images shown in Figs. [£.12b) and [4.12{(d), bright circles with
the effective refractive index of neg = 1.04 can again be seen, originating from the free
propagating SPPs. Furthermore, Figs. [£.12(b) and [£.12|(d) show the bright fringes with
neg = 1.21 of the confined propagating SPP modes in the waveguide structure in the
upper region. It should be noted that there is no signature of confined SPP modes in the
lower region of the Fourier planes, which would have their origin in confined backward
propagating SPP modes in the lower three waveguides. Thus, no signal backscattering

or back-reflection in any downward direction occurs, which is one of the requirements for
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Figure 4.13: FDTD simulation (a),(e), dark-field LRM (b),(d) and bright-field microscopy
images(c) of plasmonic gate structures. The structures are made of Ormosil on a
thin gold layer over a standard microscopic cover glass. The diagonal waveguides
are 20 ym long. The vertical waveguide is 10 pm long. All structures are 350 nm
wide and 300 nm high. The excitation laser pulses give a phase difference of O
(a),(b) or 17 (c),(d) respectively, causing a switching of the SPP intensity in the
vertical waveguide. The differences of simulated and experimental results may be
due to the limited resolution of the fabrication process.

the successful operation and cascadability of logical optical elements, as discussed in the

introduction of this chapter.

4.3.2 Plasmonic logic gates

Finally, the interference effect observed within the investigated structure of crossed waveg-
uides can be considered as an ultrafast switch for SPP propagation. Furthermore, the
operation of the waveguide junction shown in Fig. already resembles a logic AND gate.
Since logic gates are the building blocks of digital signal processing in electronics [26] too,
and the structure already resembles a AND gate, it was chosen to use the structure as this
kind of signal processing device. Since logic gates are already used in todays electronics,
various cascaded systems of gates are well-known . To demonstrate this cascadability,
a logic half-adder will be shown in the last section of this chapter. A half-adder not only
demonstrates the ability to successfully cascade these devices. As will be discussed, an
optical half-adder needs one bypass waveguide, which offer an optical path length difference
of 1. This demonstrates the very high accuracy of the fabrication approach with the
MPP as well.

The extension of the crossed waveguide structures to NOT, OR, and XOR gates, as well
as the mentioned AND gate operation, will be discussed in this section in detail. As a
basic system, the crossed waveguide structure with an angle of 20 ° between the input and
output waveguide (cf. Fig. [£.11)(a)) was chosen. As shown in Fig. [£.13]c), the structure
was extended with small tapers at the input waveguides to enhance the coupling efficiency

from the laser to excited SPP modes. The excitation was performed exactly as in the
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NOT
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A control 0
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Figure 4.14: FDTD simulation of only one excitation laser pulse (a). Experimental realization
of a NOT gate (b),(c) with its respective truth table (d). The excitation laser
pulses give a phase difference of 1m, causing no SPP intensity in the vertical
waveguide in the case of two excitation laser pulses. The differences of simulated
and experimental results may be due to the limited resolution of the fabrication
process.

preceding chapter. Now, the two input waveguides will be named A and B, respectively, as
is indicated in m(c) The upper waveguide will be again referred to as output. As before,
the intensity of the output waveguide could be switched by varying the relative phase
between the input waveguides, as depicted in Figs. b,d). Thus, logic NOT, AND, OR,
and XOR gate operations were achieved by adjusting this phase difference and the intensity
threshold between logic on and off levels. The application of certain threshold levels is
equivalent to the electronic counterparts, where only a certain voltage range is defined
as on or off state of a logic element [26]. However, it should be noted that all logic gate
elements were achieved with this same illustrated structure. As in the preceding chapter,
numerical FDTD simulations were carried out, to compare the experimental results to
theoretical expectations, as shown in Figs. a) and [£.13)(e).

Plasmonic NOT gate operation

If only one SPP mode is excited in input A, it was found, as in Sect. that a part of
the SPP intensity was coupled from the junction into the output waveguide, as can be seen
in Figs. [4.14(a) and [4.14|b). Together with a control signal in the second input (control)
waveguide this already implements a NOT gate operation, whose logic table is given in Fig.
4.14)(d). The SPP state in the output waveguide can be switched from off to on state by
maintaining the phase difference already discussed of 17 between input and control signals.
The output signal remains high as long as only the control signal is present. Applying a
signal to input A allows switching the output signal from on to off, as can be seen in the
comparison of the Figs. [1.14(b) and [4.14|(c). The intensity ratio of this two states was
determined to be 8 dB.
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Figure 4.15: Experimental setup of an OR gate (a)-(c) and an AND gate (e)-(g) with the
associated truth tables (d),(h) respectively. The experimental difference between
the OR and AND gates shown is only the level of the set threshold for recognition
of a certain intensity as off state, as described in detail in Sect. [4.3.2] This
difference in threshold is depicted in the use of higher camera sensitivity in the
images (a)-(c), compared to the images (e)-(g). The excitation laser pulses give a
phase difference of 0, resulting in propagating SPPs in the vertical waveguide.

Plasmonic AND and OR gate operations

The implementation of the AND and OR gate operations requires two input signals
to be considered rather than one input and one control signal as in the previous case.
Implementation of AND (for logic table see Fig. [4.15(h)) and OR (logic table in Fig.
4.15((d)) gates was achieved by the same interference behaviour, but with different thresholds
for on and off states: in the case of one input signal, either in input A or B, a part of the
SPP was coupled into the output waveguide, as is depicted in Figs. [4.15(a) and [4.15|b)).
The intensity of the output waveguide was 9dB higher compared to the case if no input
was excited at all.

If two laser pulses with a phase difference of 07 were used to excite the SPP modes in
the input waveguides A and B, as shown in Fig. (c), the intensity state of the output
waveguide is 13 dB higher than in the case of no SPP excitation at both input ports.

By defining the threshold for the on state to be below 9dB, only one input signal
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Figure 4.16: Experimental implementation of an XOR gate (a)-(c) with the associated truth
table (d). The excitation laser pulses give a phase difference of 17, causing no
SPP intensity in the vertical waveguide in the case of two excitation laser pulses.

consequently results in this on state. And for two input signals the 13 dB output signal
remains in this on state. This operation reveals an OR gate behaviour

If the threshold for an on state is now defined to be above 9dB, it can only be reached
with two excited input waveguides, leading to a 13 dB signal. One single excited input
waveguide only gives a 9 dB signal, which is an off state by this definition. This is consistent
with the truth table of an AND gate. To depict the lower threshold for AND operation, the
camera sensitivity in Fig. [4.15(e){4.15(g) was reduced, so that no output signal is visible

when only one input signal is present.

Plasmonic XOR gate operation

If the phase difference between the two input signals was 17, as shown in Fig. (c)7
the intensity of the output waveguide was just about 1dB higher in case of two excitation
laser pulses compared to no input excitation at all. Thus, if the threshold for an on state
is defined above 1dB but below 9dB, the truth table yields off for zero or two input
signals respectively, and on only in case of one excitation laser pulse, as shown in Figs.
4.16{(a)14.16(c). This reveals an XOR gate behaviour. The logic table is shown in Fig.
4.16(d).

4.3.3 Plasmonic half-adder

As mentioned earlier, one important requirement for optical logic gates is the possibility of
cascadisation of these devices [92]. This will be represented here by the combination of
one AND and one XOR gate. This combination, together with a splitting element and a
phase shift line, results in a half-adder [26]. The required and fabricated structure is shown
in Fig. (a). The incoupling sections of the input waveguides are bent about half the
intersecting angle, so that both input ports A and B point in vertical direction.

Input port A of the half-adder provided input to both gate structures via a straight
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waveguide (see blue dashed line in Fig. 4.17|(a)). Input port B is connected to the upper
gate structure by a straight line (see orange dashed line in Fig. [1.17|(a)), whereas the lower
gate structure is connected with a smoothly bent delay waveguide (see red dashed line in
Fig. 4.17(a)). This delay waveguide provides a longer path length than the waveguide
connecting input port A with the lower gate structure (blue dashed line in Fig. [4.17(a)).
In this way two SPPs, excited at the input ports, have an additional phase difference of
17 at the lower gate structure between each other. For two coherent SPPs, excited at
the input ports with a phase shift of 17, the total phase difference of the SPPs is 17 at
the upper gate structure and 27 at the lower gate structure. This enables their correct
operation as XOR and AND gates, respectively.

Consistent with the logic tables of the AND and XOR gates (cf. Fig. [4.15(h) and Fig.
4.16|(d)), the output waveguide of the XOR gate produced on states when only one of the
input ports A or B was excited. This output waveguide is referred to as sum (s) output.
At the same time, the output port of the AND gate produced off states. This output
waveguide is referred to as carry (c) output.

If now input ports A and B are excited simultaneously with a phase difference of 17
the XOR gate produced an off state in the sum output of the half-adder. However, in
this case the input signals to the AND gate are both in the on states. Consequently the
AND gate produced an on state in the carry output. Again it should be noted that the
AND operation of this gate is assured by the presence of the delay waveguide, which has to
supply a phase delay of exactly 17, resembling an optical path length difference of exactly
A/2. Thus, the functionality of the delay waveguide depicts the very high accuracy of the
microscopic projection technique used for the fabrication of the structures.

Because of the propagation losses inside the waveguides, the SPP intensities at the end
of the s and ¢ waveguides were lower compared to the single gate structures described in
the preceding chapters. The signals of s and ¢ outputs were thus measured to be 7 and
9dB higher than the off state, respectively.

This structure represents a plasmonic model system for the binary addition of two one
bit input signals, each to input A and input B, respectively. The on state of the s output
provides the results for “14-0” and “0+1" operations, whereas the on state of the ¢ output

gives an overflow bit for the “1+1” operation.
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€ S
(AND) | (XOR)
0 0
0 1
0 1
1 0

Figure 4.17: Experimental implementation of a plasmonic half-adder, generated with the combi-
nation of an XOR and an AND gate (a),(c)-(e) with the associated truth table (b).
Input port B is connected with both gates by a straight waveguide (blue dashed
line). Input port A is connected with the XOR gate by a straight waveguide (yellow
dashed line) whereas it is connected with the AND gate by a delay waveguide
(red dashed line). This delay waveguide supplies a phase shift of 17, compared to
the waveguide from the B input port to the AND gate (blue dashed line). The
excitation laser pulses offer a phase difference of 17, maintaining, in combination
with the mentioned phase delay, the correct operation of both gates. This is

described in detail in Sect. .






Chapter 5

Summary and outlook

This thesis presented the pure optical processing of signals in dielectric plasmonic waveguides.
To process the signal, logic NOT, AND, OR and XOR gate operations were employed. As
structures to conduct this processing, dielectric waveguides were chosen, which are able to
bind plasmonic fields to dimension below the plasmons wavelength. The functionality of the
structures was investigated and furthermore the structures were successfully cascaded to a
fully functional half-adder. The fabrication of all structures investigated was performed
by means of a lithographic approach which was newly developed in connection with this
thesis. This technique allows the fabrication of structures with resolutions below 100 nm
with standard microscope technology. A leakage radiation microscope was used for the
investigations of the surface plasmon-polaritons (SPP).

The phase of a propagating SPP mode was chosen as processed signal. In this context,
two basic principles to affect the phase of propagating surface plasmon-polaritons, by
means of additional thin polymer layers over of the system investigated, were presented
and discussed. First for free propagating surface plasmon-polaritons on thin metal layers,
and second for confined surface plasmon-polariton modes in a plasmonic counterpart to an
antiresonant-reflecting optical waveguide. This waveguide offers the possibility to directly
access the surface plasmon-polariton field and increase the propagation length significantly.

Additionally, the Gouy phase shift was presented as a third possibility to change the
phase of surface plasmon-polaritons. This thesis thereby gives the first experimental
demonstration of this phase shift in two dimensional systems for optical wavelengths.
For this demonstration, the employed leakage radiation microscope was extended with
an extra bypass line to enable the direct interference of the leakage radiation of the
surface plasmon-polaritons with the excitation laser beam to achieve time or phase resolved
measurements.

The successful processing of phase difference based signals in the dielectric waveguide
structures results in a measurable signal contrast of 13/mdB/rad in the used leakage
radiation microscope. This implies a signal gain of 3dB/pm for the antiresonant-reflecting
optical waveguide experiment under consideration, if the altered guided surface plasmon-
polariton mode would be processed together with an unaltered surface plasmon-polariton
mode in an optical AND or OR gate. In addition, in the case of an idealized protein

adlayer, a signal would be measurable in the gate output after 8.8 pm propagation length
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in the antiresonant-reflecting optical waveguide.

The evaluation of the influence of free propagating surface plasmon-polaritons from an
additional polymer layer over the metal revealed an increase in the effective index of the
SPPs of 0.00235 neg/nm layer thickness. This means an obtainable sensitivity of 230 pm
layer thickness for the shift of the fringe in the Fourier plane, originating from the SPPs,
of one pixel. Combined with the optical gates, a signal contrast of 1dB in an AND or
OR gate structure would be measured for 1.31 nm additional layer thickness on the metal,
when the altered and unaltered SPPs each propagate 10 pm on the metal.

The Gouy phase shift would result in a signal contrast of 6.5dB when processed in an
AND or OR gate together with an unfocussed surface plasmon-polariton beam.

The leakage radiation microscope used to perform the measurements in this thesis, and
the plasmonic systems investigated were designed to achieve the best interpretability of
the results. They were not optimized to obtain the best intensity contrasts or longest
propagation lengths of the surface plasmon-polaritons investigated. Additionally, the
system for the optical signal processing was placed in a bulky leakage radiation microscope.
So a future investigation could use smaller and more specialized lasers for the excitation
of modes in the input waveguides and optical diodes to measure the intensity in the
waveguides. This could not only reduce the size of the whole system but also increase
the sensitivity. The use of specialized electronics however would still implement optical
signal processing with electronic front and backends. Another option could therefore be to
combine the optical processing directly with new concepts to excite and measure laser or
surface plasmon-polariton modes directly within the waveguides as proposed in [93H95].

Time resolved leakage radiation microscope measurements could be used in the future
to investigate —for example— the response of spherical nanoparticles [96,97] on the metal
layer, when irradiated with surface plasmon-polaritons. Furthermore, these particles could
be placed at the junction point of the crossed waveguide structures to investigate the

possibility of sensing directly within the plasmonic logic gate.
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A.1 Maple code for the transfer matrix method

ny=1:
_ 1 2, .2 1 2, .2
ny = sqrt ) -(sqrt(er + eim ) +er) + [-sqrt ) ~(sq11(er + eim ) —er)
%\/2 e +eim® +2er + % 1/2 e +eim® —2er
er:=-12.01:
eim = 0.475 :
n, = 1.46:
_ _2:Pi
lambda
lambda = 0.5461 :
with(LinearAlgebra) :
U(i, j, theta) = m - Matrix([ [ 1, r(i,J, theta) ], [r(i, j, theta), 1]])
Matri 1, r(i,j (i, ] 1
(1. 0) — Maris([[1.r(0.2.8) ] [(1).0). 1]])
1(i,/, ©)
U(i, j, theta)
1 r(i,j, 8)
1(i,j,0)  1(i.}.9)
r(i,j, 8) 1

1(i.,8) (i), 0)

2-n;n;-kx(i, theta)
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2 nl.n/.kx(i, 0)
2 . 2 .
n; kx(i, ) + n; kx(j, 8)

nf~1cx(i, theta) — n?kx(j, theta)

(i.,8) =

r(i,j, theta) = 2 2
n; -kx(i, theta) + n; - kx( j, theta)

n kxe(i, 0) — n: kx( ). 0)
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(i,j,8) =
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A.1 Maple code for the transfer matrix method

Xl

(i, 8, d) —Marrix([ [ 0% 0], [0, !0 D]])

phi(i, theta, d) := kx(i, theta) -d
(i,0,d) —>kx(i,0) d

M (theta, d) = Multiply( U(2, 1, theta), Multiply(P(1, theta, d), U(1, 0, theta) ) )
(8, d) — LinearAlgebra:-Multiply(U(2, 1, 0), LinearAlgebra:-Multiply(P(1,6,d), U(1, 0,

0)))

Mitheta, d), | |°

R(theta, d) = ‘7M(theta,d)1,1

d)y

M(6
(6.d)—
M(6.d),

®)

(&)

10$)

an
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A.2 Expression of complex values with Euler's formula

In general, Euler’s formula represents complex values z = a + ib as a point in the
complex plane with its radius |z| = Vva?+b? and angle ¢ = arctan(b/a) by z =
|z| exp (iarctan (b/a)).

To put
1

ZR

f(z)3p =

into the form of a + ib, it can simply be extended to

1(1+;—§)

(-5) (15

Multiplication results in

N—
[\

(5

with a = 1/(1+ (2/2r)?) and b = (z/2r)/(1 + (2/2r)?). Thus

2
b ()
arctan <> = arctan T
a 3
()
z
= arctan ()
ZR
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2 2
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