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Abstract

Highly sensitive and selective gas sensors are of great interest for a variety of
applications such as atmospheric science and breath diagnostics. One possi-
ble approach is optical absorption spectroscopy in the IR range. Nevertheless
the miniaturization of such gas sensors without loss of sensitivity is still chal-
lenging. To tackle this problem this thesis investigates a hybrid waveguide
consisting of a two-dimensional photonic crystal for lateral confinement of the
radiation and a plasmonic layer underneath for vertical confinement. The pho-
tonic crystal is made up of pillars in air, granting a high interaction between
the analyte and the radiation, which again yields a short interaction path with
high sensitivity. A process flow suitable for mass fabrication of these struc-
tures was developed and optimized, the outcome was analyzed with help of
microscope images. In addition grating test structures for plasmonic materials
were fabricated. The plasmonic resonance of highly doped poly-silicon, Ag,
Al, Au, AuSn and TiW was investigated by measuring the reflectivity. Also
the impact of different grating depths was observed.

Zusammenfassung

Die Entwicklung hoch sensitiver und auch selektiver Gassensoren ist für eine
Vielzahl von Bereichen interessant, unter anderem für Atmosphärenforschung
und Atemdiagnostik. Optische Absorptionsspektroskopie im IR Bereich des
Spektrums ist aufgrund der spezifischen Absorptionslinien einzelner Gase ein
vielversprechender Ansatz. Die Miniaturisierung solcher Sensoren ohne Ver-
lust an Sensitivität ist allerdings noch eine große Herausforderung. In dieser
Arbeit wird ein Wellenleiter bestehend aus einem zweidimensionalen photon-
sichen Kristall für die laterale Kontrolle und einer plasmonischen Schicht für
die vertikale Kontrolle der Strahlung verwendet. Der photonische Kristall ist
aus periodisch angeordneten Säulen in Luft aufgebaut. Am Boden dieser Säu-
len befindet sich die plasmonische Schicht. Diese Kombination verspricht hohe
Wechselwirkung zwischen IR-Strahlung und Gas und somit eine hohe Sensi-
tivität auch bei kurzen Wellenleitern. Teil dieser Arbeit ist die Entwicklung
und Optimierung eines Arbeitsplans für diese Wellenleiter. Der Arbeitsplan
wird für die Massenfabrikation getestet. Zusätzlich werden Teststrukturen be-
stehend aus Gittern zur Charakterisierung plasmonischer Materialien fabri-
ziert. Mithilfe einer Reflexionsmessung wird die plasmonische Resonanz von
hochdotiertem Poly-Silizium, Ag, Al, Au, AuSn und TiW gemessen. Auch die
Auswirkung der Gittertiefe auf die Resonanz wird beobachtet.
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CHAPTER 1. INTRODUCTION

1. Introduction

This thesis works towards a fully integrated, miniaturized CO2 sensor, which is
compatible with mass fabrication. Within the thesis two different structures are
introduced: first a hybrid waveguide structure and second a plasmonic test struc-
ture for testing different materials. The first chapter starts with a short motivation,
pointing out why such miniaturized CO2 sensors are highly needed. Afterwards the
functionality of the two different structures is explained shortly by introducing the
most important physical effects. At the end of this chapter the hybrid waveguide
itself is described in more detail and some general information about working in a
clean room (within Infineon) is given. There, also some basic terms are explained.
The second chapter describes how the waveguide structure is fabricated. The opti-
mization of single fabrication steps is pointed out and the results are presented as
scanning electron microscop (SEM) and optical microscope images.
In the third chapter more details about the plasmonic test structures are given.
The chapter starts with the fabrication. Afterwards the experimental setup and the
results of a reflectivity measurement are given and discussed.
In the last chapter the thesis is summed up and some steps, which could follow this
thesis to work further towards a fully integrated CO2 sensor, are pointed out.

1.1 Motivation

Highly sensitive and selective gas sensors are of great interest for a variety of appli-
cations such as atmospheric science, control and analysis of industrial processes, the
detection of toxic or flammable gases, combustion processes and breath diagnostic
[1]. Especially the demand on monitoring the air quality in confined spaces (for
example inside buildings or cars) is increasing. Among the concentration of volatile
organic compounds (VOCs) and the temperature, the concentration of CO2 is a
major indicator for air quality. The term VOC has many similar but still slightly
different definitions. Usually the term refers to any organic compound (containing
carbon), that evaporates easily at normal atmospheric indoor conditions. Often
some gases like CO or CO2 are excluded. [2]
A too high exposure of humans to VOCs and also CO2 can lead to health issues.
The critical value can be very low, for VOCs even in the sub-ppm-region. Some of
the gases are highly toxic or carcinogenic. Additional sick bulding syndrome (SBS)
can be attributed to an increased concentration of such gases (among other parame-
ters) [2]. SBS refers to a health issue, where building occupants experience different
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1.1. MOTIVATION

complaints such as a headache, eye irritations, cough, dizziness, blocked nose and
throat, dry skin or many others. This issues can be associated with long periods
inside the building. [2, 3]
In order to prevent health problems as SBS the detection and monitoring of gas
concentrations of the ambient air is crucial. Monitoring methods with high accu-
racy already exist, for example spectrophotometry or gas chromatography. Anyhow
these methods have the drawbacks of being very time-consuming and expensive.
Additional they are not portable, need high power and have a low throughput. No
real-time measurements are possible, since the analysis often has to be done in a
laboratory. [2]
Therefore, the demand on small and cheap gas sensors with low power consumption,
high sensitivity and selectivity rises. Especially the development of micro-sensors
for CO2 is currently driven by legislation requirements in order to monitor the CO2

concentration in confined spaces and thus prevent health issues. [4]
First health issues can already occur at CO2 concentrations of 1000 ppm to 2000 ppm.
With increasing concentration also the health issues increase. 5000 ppm is the ex-
posure limit for a workplace and can already lead to toxicity or oxygen deprivation.
CO2 concentrations above 40 000 ppm can cause immediate harm due to oxygen de-
privation. [5]

1.1.1 Optical absorption spectroscopy sensors

One approach to meet the increasing demand on miniaturized CO2 sensors is the
use of optical absorption spectroscopy. In contrast to other detection methods this
approach has the advantages of very fast response time, low drift and no cross-
respond to other gases. To archive the gas selectivity the specific absorption bands
of each species are detected. These bands can be exhibited in the ultra violet (UV),
visible, near and mid infra red (IR) of the spectrum. The different origins of these
absorption bands depending on the regions in the spectrum are depicted in tab. 1.1.

Table 1.1: Origins of absorption spectra of gases. Recreated from [6].

Spectral region Cause of absorption
UV: 200 nm to 400 nm Electronic transitions
Near IR: 0.7 µm to 2.5 µm Molecular vibration and rotation, first harmonic
Mid IR: 2.5 µm to 14µm Molecular vibration and rotation, fundamental

In particular the so-called „fingerprint region“ of the gases is very useful for optical
absorption spectroscopy. Within this region in the mid infra red (MIR) many envi-
ronmental gases including CO2 show unique and narrow absorption lines due to the
discrete vibration energies of a molecule. [4, 6]
CO2, for example, shows an unique absorption band within this „fingerprint region“,
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CHAPTER 1. INTRODUCTION

namely around 4.26 µm. This band does not coincide with the absorption bands of
any other gas commonly found in ambient air. Therefore this is a good wavelength
for CO2 sensing. [4]

The three main parts of an optical absorption sensor are a source (which radiates
in the MIR spectrum), an interaction path, where the gas can interact with the
light, and a detector to detect the change in radiation intensity due to the light-gas
interaction. Additionally, a wavelength selective element is necessary for selectivity.
This could either be a source, emitting at a specific wavelength, or any filter struc-
ture, put after the source, before the detector or somewhere on the interaction path.
Traditional optical absorption spectroscopy gas sensors need long path lengths of
several centimeters in order to achieve high interaction of the gas with the radiation.
With the intention of developing a miniaturized gas sensor, the length of this inter-
action path has to be decreased. A common approach is the usage of a waveguide
as interaction path. This has the advantage of granting control over the path of
the radiation. In other words, the interaction path can be fabricated as a meander
or a spiral, which decreases the overall length of the device without decreasing the
interaction path length. [4]
There are many possibilities to guide the light. Very often total internal reflection is
used, as for the examples in fig. 1.1. Such waveguides are only suitable for gas sens-
ing applications, if a sufficient part of the guided radiation leaks into the ambient
air, where it can interact with the gas. By choosing the dimensions appropriately
(usually the width has to be smaller than the wavelength) this can be achieved. The
part of the radiation, which is leaking into the air, usually decays exponentially away
from the waveguide surface and thus is called evanescent field ratio (EFR). A high
EFR leads to an increasing interaction of gas and radiation, but has the drawback
of also increasing the losses. Therefore a compromise has to be made here. [4]

(a) slab (b) stip (c) slot

Figure 1.1: Schematic representation of several non-planar waveguides (yellow: poly-
silicon, blue: SiO2).

Within this thesis another approach is used. A hybrid system comprising a two
dimensional photonic crystal (PhC) of silicon pillars arranged in a hexagonal lattice
and a plasmonic layer is introduced. The waveguide is built by a line defect within
the PhC, which leads to a good horizontal confinement of the radiation. However,
for confinement along the pillars a very high aspect ratio would be required. The

5
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aspect ratio is the ratio between height and diameter of the pillars in this case. The
mass fabrication of such pillars is very cumbersome. To overcome this problem, as
mentioned a plasmonic layer is introduced for vertical confinement. The system will
be described in more detail in section 1.2.3.
Although the overall target is to built a fully integrated miniaturized sensor for
multiply gases, this thesis is limited to the fabrication of the hybrid waveguide to
show its feasibility within mass fabrication. Additionally the characterization of
different plasmonic materials with help of test structures made up of gratings is
carried out within this thesis.

1.2 Physical Background

The two parts of the hybrid waveguide are a two-dimensional PhC and a plasmonic
layer. To understand the functionality of the waveguide, some details about PhCs
and surface plasmon polaritons (SPPs) have to be known. Therefore a short intro-
duction of these topics is given here. For more detailed explanations books about
each topic can be found, for example Photonic Crystals. Molding the Flow of Light
by John D. Joannopoulos et al. [7] and Plasmonics: Fundamentals and Applications
by Stefan A. Maier [8].

1.2.1 Photonic crystals

A photonic crystal (PhC) is a periodic arrangement of two (or more) different dielec-
tric constants. This configuration of dielectric constants creates the same phenomena
for photons as the periodic potential of an atomic crystal does for electrons. Thus,
on the one hand electromagnetic waves with certain properties can travel through
the PhC without scattering (provided the PhC is perfect and without any defects).
On the other hand certain frequencies are forbidden to travel through the PhC at all.

Depending on the number of dimensions in which the periodicity of the dielectric
constant is given, PhCs can be characterized as one- , two- or three-dimensional.
An example for each of the three types can be seen in fig. 1.2. A one-dimensional
PhC only has a periodicity in one dimension. As an example a layered material
like shown in fig. 1.2a can be taken. A two dimensional PhC on the other hand
has a periodicity in two dimensions. Here periodic air-rods in a dielectric medium
or pillars in air (fig. 1.2b) can be named as an example. For a three dimensional
PhC the periodicity has to be given in all three dimensions. This can be reached for
example with air holes in a dielectric material arranged like atoms in one of the Bra-
vais lattices. A unit cell of a simple cubic air hole structure is shown in fig. 1.2c. [7]
Strictly speaking, a PhC, no matter if one-, two-, or three-dimensional, is extended
infinitely in all three dimensions. Therefore a PhC only exist in theory. However,
the term "photonic crystal" is often used also for finite, real structures in literature.
Hence this is also done in this thesis.
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CHAPTER 1. INTRODUCTION

(a) 1D (b) 2D (c) 3D

Figure 1.2: Schematic drawing of 1D, 2D and 3D photonic crystal; different colors
represent materials with different dielectric constants.

PhCs can be used as waveguides for gas sensing applications utilizing the IR absorp-
tion of the analyte. For this purpose good control over the electromagnetic waves
in all directions is desired. Hence a three-dimensional PhC would be preferably,
since a complete photonic bad gap in all three directions can only occur in these
structures [9]. Anyhow, the fabrication of three dimensional PhCs is challenging in
mass production [10].
Therefore often two-dimensional PhCs are used instead, as also done within this
thesis. The most common approaches are to use either periodic air-rods in a high
dielectric material or pillars in air. Since the air-rods or pillars do only have a finite
height, such structures are often called PhC slab. [7]
The approach of the air-rods is more stable and easier to fabricate, especially for
high aspect ratios. The confinement in vertical direction is given by total internal
reflection. Thus the effective refractive index of the PhC slab has to be higher than
the one of the surrounding gas. Sometimes the air-rods are filled with another mate-
rial in order to create a higher refractive index contrast between the waveguide and
the gas to have better confinement. In this case only the evanescent field leaking
out of the waveguide can interact with the analyte. The second common approach,
however, is superior in terms of sensitivity if used for gas sensing application with
absorption spectroscopy. The benefit of this structure is the large void space between
the pillars. This void space is connected and therefore allows easy infiltration and
a flow of the gas within the PhC. Additional the electromagnetic field concentrates
more outside the pillars. With this a high overlap between the electromagnetic
wave and the gas is given. As a consequence a high interaction between those two
can be observed, which is crucial for gas sensing applications. For this approach in
principle again total internal reflection can be used as vertical confinement. Since a
better confinement with total internal reflection can be achieved for high refractive
index contrasts, now the large void space between the pillars is a disadvantage [9].
To overcome this problem the height of the pillars can be increased. By using an
aspect ratio of about 40 the confinement of the light within the pillars is similar to
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1.2. PHYSICAL BACKGROUND

infinitely long pillars [10]. Anyhow, under these circumstances the mass fabrication
of the structures again is cumbersome and the advantage of a two-dimensional over
a three-dimensional PhC is lost.

For both approaches the lateral confinement of the light can be reached by intro-
ducing a line defect and using a frequency in the band gap. Therefore the diameter
of one row of pillars (or air-rods) is changed. This change may be to leave out the
row completely, having a smaller diameter or even having a lager one. If now a
frequency within the band gap of the undisturbed crystal is chosen, the light can
only propagate along this line defect and therefore is guided laterally. [7]

1.2.2 Surface plasmon polaritons

A plasmon is the quantized oscillation of a plasma (for example the electron cloud of
a conductor), in the same way as a photon is the quantization of an electromagnetic
wave. If a plasmon propagates along the surface of a metal (or any other conductor)
it is called surface plasmon (SP). A SP arises from the interaction of light with the
free electrons of the metal. The electrons start to collectively oscillate in resonance
with the light and the light is trapped at the surface. To indicate this hybrid na-
ture, a SP is often called surface plasmon polariton (SPP), as in the following of
this theses. A SPP is neither a pure electric nor a pure photonic oscillation. [11]

To characterize SPPs their dispersion relation is of great importance. Hence this
formula is derived here shortly for planar interfaces. The derivative follows the one
in chapter 2 of Plasmonics: Fundamentals and Applications by Stefan A. Maier [8],
where also more detailed information can be found.

By combining Maxwell’s equations in absence of external charges or current densi-
ties one can derive the wave equation for the electric field ~E depicted in eq. (1.1). In
this form the wave equation only holds for negligible variations of the relative per-
mittivity εr and relative permeability µr. Anyhow, in this thesis only non-magnetic
materials are considered. Therefore µr = 1 is set from now on.

∇2 ~E − εr µr
c2

∂2 ~E

∂t2
= 0 (1.1)

By inserting a harmonic time dependence ~E(~r, t) = ~E(~r) e−i ω t in the wave equation
eq. (1.1) one finds the Helmholtz equation shown in eq. (1.2).

∇2 ~E + εr k
2
0
~E = 0 (1.2)

Here k0 = ω
c
is the wave vector in vacuum. This equation can be simplified by

choosing the geometry. Thus, the interface is considered to be in the x-y-plane at
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Medium 2

Medium 1

z

x
y 𝑘𝑆𝑃𝑃

𝐸𝑥

𝐸

𝐻𝑦
𝐸𝑧

Figure 1.3: Definition of the geometry with a p-polarized incident wave as example.
The waves propagate in x-direction.

z = 0, whereas the plane of incidence (the plane containing incident and reflected
beam) is defined to be the x-z-plane. The x-direction is chosen as the direction of
propagation.
With this geometry given in fig. 1.3 the relative permittivity changes abruptly at
the interface between the two media. Depending on the media even the sign of the
relative permittivity can change. Since this change is not negligible, a solution for
eq. (1.2) has to be found separately for each medium. At the end both solutions are
matched via boundary conditions. Therefore all following consideration have to be
done for each medium respectively. The electric field in each medium can be written
as ~E(x, y, z) = ~E(z) ei β x. Here β is the propagation constant (the component of the
wave vector in direction of propagation). With these assumptions the Helmholtz
equation takes the form of eq. (1.3).

∂2 ~E(z)

∂z2
+ (k20 εr − β2) ~E = 0 (1.3)

A similar equation can be found for the magnetic field strength ~H, given in eq. (1.4).
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1.2. PHYSICAL BACKGROUND

∂2 ~H

∂z2
+ (k20 εr − β2) ~H = 0 (1.4)

Additional to this form of the Helmholtz equation a relation between the components
of the electric field and the magnetic field is given by the two curl equations of
Maxwell’s equations. In the case of propagation into x-direction ( ∂

∂x
= i β) and

homogeneity in y-direction ( ∂
∂y

= 0) the set of eq. (1.5) has to be solved.

∂Ey
∂z

= −i ω µ0Hx (1.5a)

∂Ex
∂z
− i β Ez = i ω µ0Hy (1.5b)

i β Ey = i ω µ0Hz (1.5c)
∂Hy

∂z
= i ω ε0 εr Ex (1.5d)

∂Hx

∂z
− i β Hz = −i ω ε0 εr Ey (1.5e)

i β Hy = −i ω ε0 εr Ez (1.5f)

This set of equations can either be solved for a p-polarized mode (the components of
the electric field are parallel to the incident plane) or for a s-polarized one (the com-
ponents of the electric field are orthogonal to the incident plane). For a p-polarized
propagating wave with the above chosen geometry the only non-zero components
are Ex, Ez and Hy. Hence, eq. (1.5a), eq. (1.5c) and eq. (1.5e) vanish. From the
remaining three equations two are enough to have a correlation between the non-
zero components of ~E and ~H. Therefore the set reduces to eq. (1.6) with the wave
equation for the magnetic field given in eq. (1.7).

Ex = −i
1

ω ε0 εr

∂Hy

∂z
(1.6a)

Ez = −
β

ω ε0 εr
Hy (1.6b)

∂2Hy

∂z2
+ (k20 εr − β2)Hy = 0 (1.7)

On the other hand, the s-polarized solution (non-zero Ey, Hx, Hz) reduces the set
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in eq. (1.8) with the wave equation for the electric field in eq. (1.9).

Hx = i
1

ω µ0

∂Ey
∂z

(1.8a)

Ez =
β

ω µ0

Ey (1.8b)

∂2Ey
∂z2

+ (k20 εr − β2)Ey = 0 (1.9)

With these equations it is possible to describe propagating waves within non-magnetic
materials. In this geometry the relative permittivity only changes abruptly at an
interface at z = 0. If this planar interface is between a metal and a dielectric, it
is possible to derive the dispersion relation of SPPs. Since SPPs are propagating
waves, decaying away from the interface, the ansatz in eq. (1.10) and eq. (1.11)
can be used for the p-polarized mode in the positive and negative z-half, respec-
tively. The metal is considered to be in the positive z-half, the dielectric in the
negative z-half. In the following the indices m and d stand for metal and dielectric,
respectively.

for z > 0 :

Hy(z) = Am e
i β x e−kz,m z (1.10a)

Ex(z) = i Am
1

ω ε0 εm
kz,m e

i β x e−kz,m z (1.10b)

Ez(z) = −Am
β

ω ε0 εm
ei β x e−kz,m z (1.10c)

and for z < 0 :

Hy(z) = Ad e
i β x ekz,d z (1.11a)

Ex(z) = −i Ad
1

ω ε0 εd
kz,d e

i β x ekz,d z (1.11b)

Ez(z) = −Ad
β

ω ε0 εd
ei β x ekz,d z (1.11c)

Now with the appropriate boundary conditions (the continuity of Hy and Ex at
the interface z = 0) one can find eq. (1.12). In the ansatz ((1.10), (1.11)) kz,m
and kz,d are assumed to be positive to obtain an decay in z-direction away from
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the interface. Therefore the two relative permittivities need to have opposite signs,
otherwise eq. (1.12b) can not be fulfilled.
The real part of the relative permittivity of a metal is negative for frequencies below
the plasma frequency ωp and insulators have a positive permittivity. In other words
SPPs can exist at a metal-insulator interface.

Am = Ad (1.12a)
kz,m
kz,d

= −εm
εd

(1.12b)

If it is also taken into account, that Hy has to fulfill the wave equation eq. (1.7) one
finds eq. (1.13).

k2z,m = β2 − k20 εm (1.13a)
k2z,d = β2 − k20 εd (1.13b)

Inserting eq. (1.13) in eq. (1.12) results in the dispersion relation of SPPs:

kSPP = β = k0

√
εm εd
εm + εd

(1.14)

Hence a SPP can only be excited at interfaces with material combinations which
fulfill the condition εd < |εm|. Otherwise kSPP gets imaginary and no SPP exists.

Likewise the solution of the s-polarized mode can be derived. Therefore the re-
lations between ~H and ~E in eq. (1.8) and the wave equation in eq. (1.9) are used.
Again the ansatz for SPPs is an propagating wave decaying away from the interface.
This leads for the s-polarized mode to eq (1.15) and eq. (1.16) for the positive and
negative z-half, respectively. Again the metal is located in the positive z-half, la-
beled with the index m, and the dielectric is located in the negative z-half, labeled
with the index d.

for z > 0 :

Ey(z) = Am e
i β x e−kz,m z (1.15a)

Hx(z) = −i Am
1

ω µ0

kz,m e
i β x e−kz,m z (1.15b)

Hz(z) = Am
β

ω µ0

ei β x e−kz,m z (1.15c)
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and for z < 0 :

Ey(z) = Ad e
i β x ekz,d z (1.16a)

Hx(z) = i Ad
1

ω µ0

kz,d e
i β x ekz,d z (1.16b)

Hz(z) = Ad
β

ω µ0

ei β x ekz,d z (1.16c)

This time the continuity of Ey and Hx at the interface (z = 0) leads to eq. (1.17).
Since kz,d and kz,m in the ansatz again are both positive, eq. (1.17b) is only fulfilled
if Ad = 0 and with eq. (1.17a) also Am = 0. Therefore no wave exists at the
interface. To put it differently SPPs can only be excited by p-polarized light, but
not by s-polarized light.

Am = Ad (1.17a)
Ad (kd + km) = 0 (1.17b)

Fig. 1.4 shows the dispersion relation kSPP = ω
c

√
εm εd
εm+εd

of a silver-air interface as an
example. Only the real part of the of kSPP is plotted. The relative permittivity of
the silver has an real and an imaginary part, therefore there are losses in the silver.
Additionally, the light line (ω = c k0) in air is shown.
The dispersion relation in fig. 1.4 is notably split into two parts by the light line.
First there is the branch to the right of the light line for small wave vectors. Here
bound SPPs exist. Conversely the branch to the left of the light line corresponds to
radiation into the metal. This applies for frequencies above the plasma frequency.
The almost horizontal part, which connects the two branches and therefore crosses
the light line only exists in metals with losses (non-zero imaginary part of the rel-
ative permittivity). It corresponds to a leaky wave, which is forbidden for ideal
metals.
Another difference in the dispersion relation between interfaces containing ideal or
real metals is, that for real metals a maximum, finite wave vector exists. Hence the
confinement of the mode perpendicular to the interface is limited. [8]

The hybrid nature of a SPP binds the quasiparticle to the metal-dielectric interface.
Due to this binding the momentum of the SPP, ~kSPP , is larger than the momentum
of a photon in the dielectric, ~kd, with the same frequency, as can be seen in fig. 1.4.
Hence, to excite a SPP at a planar interface with light this mismatch in momentum
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Figure 1.4: Dispersion relation of SPPs at an silver/air interface (yellow curve) and
the light line of air (orange curve); the data for the relative permittivity of silver are taken
from [12].

has to be overcome [8, 11, 13, 14]. To do so several possibilities exist. The most
common ways are to use prism or grating coupling. Both methods are described in
some more detail in chapter 3.1.

1.2.3 The hybrid system

With the knowledge of the last two sections a waveguide with good light-control in
all three directions can be constructed. To do so, the pillars of the PhC are put on
top of a plasmonic layer, as shown in fig. 1.5. With this configuration the reflection
symmetry is broken and the different polarized modes start to couple. This causes
additional loses. Moreover the height of the pillars influences the band diagram of
the undisturbed crystal. If the pillars are too low, no band gap occurs. On the
other hand, if the pillars are too high, higher order modes start to populate the
fundamental order band gap until it vanishes completely. [7]
For gas sensing applications the frequency is specified by the gas one wants to
detect, since an absorption frequency of the gas has to be taken. Within this thesis
the desired wavelength is 4.26 µm for CO2 sensing.
An enhancement of the interaction between light and gas is achieved by decreasing
the group velocity of the light. The PhC can be optimized in such a way, that the
dispersion of the waveguide mode is very flat at the desired frequency. At this point
it is important to realize the two different dispersion curves: one of the undisturbed
crystal and another one of the waveguide mode. [10]
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Figure 1.5: Schematic of a hybrid waveguide. The plasmonic layer is shown in
orange, the PhC is depicted with the yellow pillars arranged in a hexagonal lattice.

Hence, in order to have a good waveguide with a high light-gas interaction the com-
bination of PhC and plasmonic layer has to fulfill three conditions regarding the
frequency: first the frequency is within the band gap of the undisturbed PhC, sec-
ond the dispersion relation of the waveguide mode is flat at this frequency and third
a SPP-mode can be excited at this frequency.

The EFR of the hybrid waveguide (here also the field ratio in ambient gas is meant)
is higher than the one of waveguides using total internal reflection (examples shown
in fig. 1.1). Therefore a higher light-gas interaction can be achieved and the hybrid
systems is superior in terms of sensitivity. A drawback of the hybrid waveguide is
its fabrication, since it is more complicated.

1.3 Mass fabrication of semiconductor devices

The fabrication of all structures within this thesis took place in the clean room
of Infineon Technologies Austria AG in Villach. A clean room is a confined area,
where the number and size of particles in the air is very controlled. This control is
achieved due to permanently exchanging and filtering the air of the room. Depend-
ing on the air purity class, the amount and size of the allowed particles per unit
volume changes. An overview of the different air purity classes can be found for
example in Reinraumtechnik by Lothar Gail et al. [15]. Additional to the filtering
system, it is important to protect the clean room from contamination. Therefore
there are constrains and rules, for example, wearing special clothing and gloves or
cleaning everything before bringing it to the clean room.
At Infineon wafer batches of 25 wafers are called one lot. Usually all wafers of one
lot are fabricated with the same processes, but also the possibility to split a lot for
testing another process with a smaller amount of wafers exists.
A typical sequence within fabrication of semiconductor devices is the deposition of
a layer, structuring with lithography and etching. For deposition several different
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possibilities like chemical vapor deposition, epitaxy, sputtering, physical vapor de-
position and many more exist. During lithography a photoresist is spread onto the
wafer (often via spin coating). This photoresist is exposed through a photo mask (a
glas carrier with a pattern of chromium on top) and the exposed part changes its
chemical properties. The pattern can either be transferred with a single exposure
step (called shot) or it can cover only a small part of the wafer and is stepped over
the wafer in several shots. In the second case, the photo mask is called reticle.
After exposure the resist can be developed, which removes either the exposed or
not-exposed parts of the resist (depending on the resist itself). At the end a protec-
tive but structured layer of resist is achieved and only the part, which is not covered
with resist is etched. For etching it is distinguished between wet etch processes and
dry etch processes. For wet etching liquid chemicals are used. They react with the
material to be removed and the reaction product again is liquid. The process is
isotropic, hence undercutting the with resist protected area. Complementary, for
dry etching the wafer is bombarded with ions, which extract material. This could
either be a pure physical or a mixture of physical and chemical removal, depending
on the gas (inert or reactive). Therefore dry etching is more directional.
During fabrication a lot can face several such process sequences. A more detailed de-
scription of the different fabrication processes can be found for example in Silizium-
Halbleitertechnologie. Grundlagen mikroelektrischer Integrationstechnik by Ulrich
Hilleringmann [16].

To speed up the fabrication of new developed structures, it is a good idea to use
already existing processes and recipes. Although this restricts the possibilities a bit,
it has a big advantage. Often it is possible to process several lots at the same time.
If a special process is created for the development lot, typically there is no other lot,
which needs the same process. Therefore the workload for this step is low and the
productive lots get delayed due to the fabrication of the development lot. Thus this
special process is not carried out very frequently and the whole process flow of the
development lot takes more time due to waiting days. Especially for processes with
a duration of several hours and a workload of numerous lots, this is true.
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2. Hybrid waveguide structures

Within this chapter the fabrication of the hybrid waveguide structures is described.
First the process flow is introduced, afterwards the optimization of single processes
is explained. At the end the resulting structures are presented and characterized by
images taken with an optical microscope and a SEM.

2.1 Fabrication of the waveguides

Within the process flow of the hybrid waveguide structures two lithography layers
are necessary. To get an overview the layer stack of the whole structure (without
lithography) is depicted in fig. 2.1. The purpose of the different layers will be
explained in the following section.

2.1.1 Process flow

The hybrid waveguide structures are built on a substrate of silicon. Mono-crystalline
silicon is a widely used substrate in semiconductor fabrication. Each wafer is labeled
with a lot and wafer number to allow a clear identification later on. Also cleaning
processes are necessary before starting the first process. Then an approximately
2 µm thick layer of thermal oxide is grown. This layer is essential to minimize
thermal conductance from the structures to the substrate and thus decreasing the
radiation losses within the waveguide due to the substrate. It becomes even more
important as soon as a complete gas sensor (including the IR-source and detector)
is implemented, which is purpose of this project later on but goes beyond the scope
of this thesis. Without this isolating layer a heater would heat up the substrate
and only a small part of its power would go into intended IR radiation. The oxide
layer is followed by 600 nm highly doped poly-silicon intended as plasmonic layer
for the waveguides. The drawback of using poly-silicon as plasmonic layer is, that
the plasmonic properties are not as good as for some metals (in particular silver
and gold). However, simulations done by colleagues at SAL and JKU estimated for
high enough doping concentrations sufficient plasmonic properties. Additionally, in
contrast to metals poly-silicon provokes no cross-contamination within mass fabri-
cation. Since the contamination with metals (even in very small concentrations)
can result in failures for many semiconductor devices, the number of tools at which
wafers with metals in their layer stack are allowed is limited, which narrows the
available follow-up processes decisively.
On top of the highly doped poly-silicon layer the first lithography is carried out. The
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2 µm Oxide

600 nm doped PolySi

3.75 µm PolySi
155 nm Oxide

Substrate - Si

260 nm Oxide

Figure 2.1: Layer stack for building the hybrid waveguides (the lithography is not
shown here).

purpose of structuring this layer is to remove the highly doped poly-silicon from the
sawing line. At the end of the process flow single chips of a wafer are separated by
stealth dicing (see for example [16]). This separation method melts the silicon of
the substrate with a very intense laser. If one layer is metal-like no incoupling of
the laser and thus no melting is possible.
After spin coating the resist, the exposure through a reticle and the development of
the resist, the highly doped poly-silicon in the sawing line is removed with a plasma
etching process (dry etching). Before the next layer is deposited, the remaining
resist is removed and the wafer cleaned. A schematic representation of this process
steps can be seen in fig. 2.2.

2 µm Oxide

600 nm doped PolySi

Substrate - Si

Structured Resist

Sawing line

(a) first lithography

Sawing line

(b) etching of sawing line

Figure 2.2: Schematic representation of removal of highly doped poly-silicon from
the sawing line.

In the next step the highly doped poly-silicon layer is thermally oxidized. A thin
layer of about 155 nm oxide is formed. This process step has two completely different
benefits. In the first place the oxide layer serves as a stopping layer for a dry etch
later in the process flow. Since the selectivity of the etching process between poly-
silicon and highly doped poly-silicon is not high, this stopping layers are introduced
to detect the end point of the process due to the different composition of the gas as
soon as another material is etched [16]. In the second place the high temperature
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CHAPTER 2. HYBRID WAVEGUIDE STRUCTURES

during the thermal oxidation provides sufficient energy to put the dopants of the
highly doped poly-silicon layer from interstitial spaces to lattice sites. Only there
they can fulfill their purpose [16]. The dopants are activated.

On top of the stopping layer, the poly-silicon for the pillars of the PhC is formed.
In contrast to the former poly-silicon this one is not doped. With a thickness of
3.75 µm it is the thickest layer of the whole stack. It is deposited in several steps,
each deposition followed by an annealing step. The step-wise deposition and the
annealing are done to decrease inner stress of the layer and therefore reduce the risk
of cracks.
To perform deep etching processes, a very thick layer of resist is necessary, since
the etching also consumes some of the resist. However, for sub-micrometer optical
lithography the depth of focus (DOF) is very small (it decreases with decreasing
minimum feature size) and therefore for sufficient resolution only a thin layer of
resist is recommended [17, 18]. Since oxide can withstand the etching process for a
longer time, a hard mask of thermal oxide is used here. The thickness of the oxide
layer is 260 nm. On top of it the second lithography is carried out to structure the
hard mask, as depicted in fig. 2.3a. The etching of the oxide is not deep, hence
a thin layer of resist is sufficient. Deep UV-resist leads to a higher resolution for
small structures [19], so it is used here. The resist is again spin coated on the
uppermost layer. When exposure through a second reticle and development of the
resist are accomplished, the etching of the oxide hard mask is performed, followed
by stripping off the resist and cleaning the wafer. The outcome of these steps can
be seen in fig. 2.3b.

For the stealth dicing process the overall wafer thickness must not exceed 500µm.
Therefore a thinning block is added to the process flow. During this process block
the wafer is put with the structured front side on a sticky foil and the backside is
thinned by grinding and etching. Afterwards the foil is pulled off again to apply
further processes to the structured wafer front side. Since thinner wafers are more
challenging to handle during fabrication (they tend to bow or even to break) and the
thinning process can also lead to contamination of the wafers, this block is preferably
added at the end of the process flow. Nevertheless, for the waveguide structures with
all those fragile pillars the removal of the foil would be a problem, since the pillars
might stick on the foil afterwards. To over come this, the thinning block is added
after the etching of the hard mask but before the etching of the pillars. The wafers
are thinned to a thickness of 460µm.
The pillars are then etched with a Bosch-process, as shown in fig. 2.3c. Bosch-process
is a widely used name for deep reactive ion etching (DRIE) [20], a directional etching
process, which will be described in more detail in section 2.1.3. To get a proper end
point signal, the thin buried oxide layer acts as stopping layer as mentioned before.
During this etching process also the hard mask is consumed to a certain extent.
After the Bosch-process another directional plasma etching is performed to reveal
the plasmonic layer between the pillars. The impact of this etching is depicted in
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2.1. FABRICATION OF THE WAVEGUIDES

2 µm Oxide

600 nm doped PolySi

3.75 µm PolySi
155 nm Oxide

Substrate - Si

260 nm Oxide
Structured Resist

(a) lithography (b) etching of hard mask

2 µm Oxide

600 nm doped PolySi

3.75 µm PolySi
155 nm Oxide

Substrate - Si

260 nm Oxide

(c) etching of pillars (d) opening of buried oxide

Figure 2.3: Schematic representation of the impact of lithography and etching: (a)
Via lithography the structure is copied to the wafer, (b) then the hard mask is
etched and the resist removed, (c) the wafer is thinned, followed by the etching of
the pillars and (d) opening of the buried oxide layer to reveal the plasmonic layer.

fig. 2.3d. It also removes the remaining hard mask.

2.1.2 Optimization of the lithography

In order to get the best results of the second lithography a focus exposure matrix
(FEM) was done with one wafer. Doing a FEM means changing the focus and ex-
posure dose systematically with every shot (the reticle only covers small part of the
wafer and is stepped over the wafer). Therefore the best combination for resolving
the structures can be found. This is especially necessary for small dimensions, as
is the case in the second lithography, since some of the pillars have a diameter of
only 300 nm. Complementary, during the first lithography for the sawing line the
structures are quite large (above 100µm), hence the optimization to resolve these
dimensions was not necessary.´

After development of the resist some distinct dimensions were measured in each
shot and SEM pictures of these structures were made. The focus was varied be-
tween 0.3 µm and −0.5 µm with an increment of 0.1 µm, while a dose of 100 J/m2 up
to 310 J/m2 with a step size of 15 J/m2 was tested. For the measurement very small
pillars (desired diameter of 300 nm), the largest ones (desired diameter of 1050 nm)
and some in the middle (desired diameter of 720 nm) were chosen.
These diameters were measured three times: first directly after the development of
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the resist, the second time after etching of the hard mask and stripping off the resist
and the third time at the end of the whole workflow. For the first measurement not
only the diameter, but also the resist profile plays a role in the decision of which
focus and exposure values give the best results. However, after all the result of the
third measurement is most important, since a wrong diameter in the steps before can
translate in a correct one at the end of the process flow. Nevertheless, the impact
of defocus on the resist profile is discussed here shortly.
Since the thickness of the resist is non-zero, an asymmetric effect of positive and
negative defocus can be observed. Lets call it a defocus of 0, if the plane of best
focus coincides with the middle of the resist layer. If the focus lies below this plane
(negative defocus) the top of the resist is more out of focus than the bottom. There-
fore the shape at the bottom is sharper. If the focus lies above this plane (positive
defocus), on the other hand, the bottom is more out of focus. This translates into
a less sharp profile at the bottom. Therefore the direction of defocus influences
the profile of the resist crucially. For easier understanding schematic resist profiles
can be found in fig. 2.4. Often ideal focus is referred to the steepest sidewalls of a
structure. [17, 19]

positive

(a)

negative

(b)

Figure 2.4: Schematic drawing of resist profile for (a) positive defocus and (b)
negative defocus (adapted from [19]).

In order to show how such an evaluation works, one example is given here. In fig. 2.5
to fig. 2.7 the FEM of the 720 nm structure is shown. Each column stands for a dif-
ferent focus and each row for a different exposure dose.
Fig. 2.5 shows the first of the three measurements, therefore the one directly after
the development of the resist. Fig. 2.6 and fig. 2.7 show the measurements after
the etching of the hard mask and the one at the end of the whole process flow,
respectively. In virtue of a possible variation in structure size of about 50 nm over
the wafer (e.g. due to heating of the lens during exposure or not perfectly uniform
etching processes), these values are given without any uncertainties.
Since it is very time consuming to measure a whole FEM, the first measurement was
taken to chose the interesting focus and exposure combinations, which were mea-
sured also in the second and third FEM. Therefore the diameters were compared
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and also a look at the resist profiles was taken.
Fig. 2.8 shows exemplary a few of the SEM pictures of this measurement. Although
the pictures are taken from the top, a variation in resist profile can be recognized.
Obviously a negative defocus, as seen in fig. 2.8a, leads to a rounded top of the resist,
which was also expected as described before. A positive defocus, however, seems
to have no significant influence, as can be seen in fig. 2.8b. This focus-exposure
combination of 0.3 µm and 160 J/m2, respectively, leads to a diameter of 740 nm. If
it is taken into account that the diameter usually decreases a bit during the etching
process, this is a very good result. Therefore this combination and the adjacent
region was chosen.

E \ F 0.3 0.2 0.1 0 -0.1 -0.2 -0.3 -0.4 -0.5 

100 0.835 0.837 0.839 

115 0.805 0.800 0.799 0.795 0.794 

130 0.783 0.781 0.778 0.773 0.768 0.759 

145 0.749 0.755 0.756 0.756 0.755 0.745 0.739 0.733 

160 0.740 0.739 0.746 0.745 0.726 0.735 0.721 0.678 

175 0.721 0.728 0.730 0.725 0.715 0.715 0.700 0.658 

190 0.708 0.718 0.712 0.716 0.707 0.692 0.674 0.623 0.701 

205 0.706 0.712 0.711 0.705 0.701 0.682 0.666 0.635 0.617 

220 0.698 0.701 0.697 0.692 0.679 0.668 0.648 0.628 0.593 

235 0.680 0.691 0.689 0.682 0.674 0.652 0.600 0.593 0.578 

250 0.661 0.682 0.690 0.685 0.662 0.650 0.630 0.549 

265 0.617 0.671 0.675 0.677 0.656 0.644 0.617 0.536 

280 0.665 0.663 0.657 0.657 0.647 0.594 

295 0.658 0.651 0.653 0.645 0.623 0.590 

310 0.644 0.651 0.613 

Figure 2.5: FEM after development of the resist. In each row the exposure dose
(in J/m2) and in each column the focus (in µm) is varied. The measured values
correspond to the diameter of the pillars (in µm) in every shot.

The second measurement (fig. 2.6) is more important as a control during processing
and less for the evaluation of the focus-exposure values. Therefore it will not be
discussed here in detail. However, a small increase in diameter can easily be seen.
Hence the hard mask is a bit larger than the resist was before. Again, due to the
decreasing of the diameter during etching, this is a positive effect.

Looking at the third measurement the previously chosen combination of 0.3 µm and
160 J/m2 leads to a diameter of 656 nm. However, a smaller defocus and exposure
translates in a larger diameter. Thus a combination of 0.1 µm and 115 J/m2 seems
to be preferable. Anyhow, there are no adjacent measurements above and to the left
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and therefore the process window is not known. Hence, a defocus of 0.1 µm and an
exposure dose of 130 J/m2 was chosen for the lithography of the other wafers. This
values also lead to a good resist profile as can be seen in fig. 2.8c.

E \ F 0.3 0.2 0.1 0 -0.1 -0.2 -0.3 -0.4 -0.5 

100 

115 0.815 0.813 0.804 0.792 

130 0.786 0.792 0.787 0.775 0.764 

145 0.762 0.764 0.766 0.764 0.767 0.753 

160 0.741 0.754 0.755 0.747 0.729 0.743 

175 0.727 0.731 0.739 0.740 0.715 0.713 

190 0.708 0.722 0.727 0.724 0.715 0.698 

Figure 2.6: FEM after etching the hard mask. In each row the exposure dose
(in J/m2) and in each column the focus (in µm) is varied. The measured values
correspond to the diameter of the pillars (in µm) in every shot.

E \ F 0.3 0.2 0.1 0 -0.1 -0.2 -0.3 -0.4 -0.5 

100 

115 0.718 0.716 0.722 0.701 

130 0.700 0.709 0.717 0.705 0.681 

145 0.648 0.681 0.699 0.696 0.691 0.675 

160 0.656 0.675 0.679 0.680 0.666 0.674 

175 0.647 0.664 0.674 0.675 0.645 0.645 

190 0.632 0.660 0.651 0.655 0.649 0.632 

Figure 2.7: FEM at the end of the whole workflow. In each row the exposure dose
(in J/m2) and in each column the focus (in µm) is varied. The measured values
correspond to the diameter of the pillars (in µm) in every shot.
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(a) focus: −0.4 µm,
exposure: 160 J/m2

(b) focus: 0.3 µm,
exposure: 160 J/m2

(c) focus: 0.1 µm,
exposure: 130 J/m2

Figure 2.8: SEM images of the 720 nm structures for different focus and exposure
values.

2.1.3 Optimization of Bosch-process

As already mentioned the Bosch-process (see for example [20, 21]) is a variant of
DRIE. Within this process alternating steps of fast etching and sidewall pasivation
take turn. For clarification this step sequence is illustrated in fig. 2.9. As soon
as the mask (resist or hard mask) is structured, the sequence can start with a
first etching step as shown in fig. 2.9a. For the etching of silicon typically SF6 is
accelerated towards the wafer. Although this process tends to be anisotropic, usually
an underetch occurs, since the desired etching depth is larger than the width of the
mask opening. In the next step a passivation gas (C4F8) is let into the reaction
chamber and a Teflon-like film is formed on all surfaces (fig. 2.9b). This passivation
layer is then removed from all horizontal surfaces by bombardment with ions, but it
remains on the sidewalls, shown in fig. 2.9c and fig. 2.9d. With the following etching
step (fig. 2.9e) the process sequence starts form the beginning. This sequence is
carried out several times until the desired depth is reached. Since the sidewalls
are protected by the passivation layer during etching, the process is anisotropic.
Depending on the duration of the etching steps more or less pronounced „scallops“
appear on the sidewalls as depicted in fig. 2.9f. A faster process (longer periods of
etching) results in more pronounced „scallops“. A description of the Bosch-process
can be found in many books, as for example Molecular Sensors and Nanodevices
by John X. J. Zahng et all [20] or Nanofluidics and Microfluidics by S. Prakash et
all [21].

In order to optimize this process for the etching of the PhC pillars process parameters
like the overal etching time, the time of the overetch and the chemical composition
of the reactive gas during different etching steps were adapted. The progress of this
optimization was investigated by SEM images of the pillars. The wafers of different
iterations were broken in the middle of a PhC structure to investigate the pillars
in side view, with the advantage of also being able to judge the sidewall angle of
the pillars. A SEM image of the first attempt is depicted in fig. 2.10a. The typical
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Silicon

Mask

(a) first etch step

Silicon

Mask

(b) passiviation

Silicon

Mask

ion sputtering

(c) open passivation

Silicon

Mask

(d) ready for next etch step

Silicon

Mask

(e) second etch step

Silicon

Mask

scallops

(f) final result

Figure 2.9: Different steps of the Bosch-process: (a) chemical etching, (b) passivation
with a Teflon-like layer, (c) removal of passivation layer from horizontal surfaces by
sputtering, (d) result of the sputtering process, (e) next chemical etching process,
(f) final result of Bosch-process after several circles.
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„scallops“ on the sidewalls can clearly be seen. Additionally the undercut at the foot
of the pillar catches the eye. To put it differently the pillar stands on a very thin
foot. As can be imagined, this configuration is not stable against shocks.
The origin of this undercut can be explained quite simply. The etching of the pillars
does not end after a certain number of repetitions in silicon as shown in fig. 2.9f.
It ends at a thin oxide layer instead. The process is very selective between oxide
and silicon and the accelerated gas particles bounce back as soon as they reach the
oxide. Since they are deflected a bit, they hit the foot of a silicon pillar and etch
the silicon there. As soon as the oxide layer is reached the composition of the gas
changes, which is measured and the end point is detected. The etching is typically
not homogeneous over the whole wafer and thus the process is continued for a cer-
tain time, which is the duration of the overetch. This approach ensures to etch until
the stopping layer is reached across the whole wafer instead of only at parts of the
wafer (for example at the edge but not yet in the center).
With this in mind the first parameter that was changed was this overetch duration.
As shown in fig. 2.10b this already had a big impact on the undercut but did not
solve the problem sufficiently. The overetch time was shortened again, with the
result of having residuals of poly-silicon in the vicinity of the pillars, as depicted
in fig. 2.10c. Since the Bosch-process consist of a sequence of several steps, the
time can only be decreased in discrete steps, in order to always carry out a whole
Bosch-circle. Therefore the possibility of optimization by changing the duration of
the overetch is exhausted at this point.
Another important fact to realize is, that the undercut was pronounced to varying
degrees across the wafer. While it vanished already at the etch of the wafer for the
decreased overetch time, it was still too large in the wafer center.
For the next iteration the chemical composition of the reaction gas during the
overetch was changed. With this a „soft overetch“ was introduced. This decreased
the reactivity during the overetch and additional had a positive impact on the ho-
mogeneity of the process across the wafer. For this improvement again an overetch
time, which did not result in residuals before was chosen. The outcome is depicted
in fig. 2.10d and was very good across the whole wafer.
The optimization of this process and thus the increase of the foot of the pillars had a
great impact on the stability of pillars. To show the full extend of the improved per-
formance a comparison of pillars with the same diameter is shown in fig. 2.11. Before
the optimization (fig. 2.11a) a great amount of pillars were not stable and collapsed.
This causes a chain reaction and even more pillars collapse, since they are touched
by the previous ones. On the contrary no fallen over pillars could be observed after
the etching with the optimized process, as can also be seen in fig. 2.11b.
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(a) without optimization (b) first iteration

(c) third iteration (d) final iteration

Figure 2.10: SEM images of a pillar with 510 nm diameter at different iterations
during the optimization of the Bosch-process.

(a) without optimization (b) after optimization

Figure 2.11: SEM pictures of a waveguide with pillars of a diameter of 510 nm to
compare the performance of the Bosch-process before and after optimization.
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2.1.4 Dicing

In order to separate the single chips, the wafer has to be diced. Within this thesis
mechanical dicing and stealth dicing were investigated. Mechanical dicing has the
drawback, that water is used to wash away the removed material. The pressure of
the water also washes away some of the pillars as can be seen in fig. 2.13. There-
fore stealth dicing was the preferred method from the beginning, even thought two
additional process blocks had to be added to the process flow, as described above.
However, mechanical dicing has the advantage to be available at Infineon Villach,
while for stealth dicing the wafers had to be sent to the site in Regensburg. The
transport can destroy the structures too, thus both methods were investigated.
For dicing a sticky foil is put on the backside of the wafers. The foil itself is stretched
on a plastic frame as shown in fig. 2.12. During mechanical dicing a diamond blade
cuts through the wafer and also the top layer of the foil is cut. In contrast, for
stealth dicing a laser is used. It melts the upper part of mono-crystalline silicon
of the wafer along the sawing line. When solidifying again, poly-crystalline silicon
is built. Thus a predetermined breaking line is formed. After the dicing process
the foil is expanded and the wafer breaks at the defined lines. No matter which
dicing process has been chosen, in order to release the separated chips off the foil,
the backside is exposed with UV-light. This reduces the stickiness of the foil and
the chips can easily be picked with tweezers (within mass production this is usually
done by a robot).

As shown in fig. 2.13 mechanical dicing destroys the PhC completely and the waveg-
uide does not work anymore. This also causes the differences in the wafer pattern
in fig. 2.12. To tackle this problem the gaps between the pillars were filled with
resist before dicing the next wafers. A transparent resist was used, to still enable
optical alignment during the dicing process. In fig. 2.14 the outcome of this process
is depicted. Although the resist peels off along the sawing line (as shown in the
inlet), all pillars survived this separation method. Anyhow, this can only be done
for small amounts of wafers and is not fitted for mass fabrication, since the wafer
can not be processed any more as a whole and thus resist removal has to be done
on every single chip manually.

Simultaneously the stealth dicing was carried out in Regensburg. For the transport
the wafers were already put on sawing frames, since the foil gives more flexibility
and absorbs vibrations during transport. After stealth dicing the wafers were sent
back, still on sawing frames. Although some collapsed pillars and particles on the
wafer were observed, several chips showed a good result as depicted in fig. 2.15.
Even though the mechanical dicing with resist filled gaps yielded a better outcome,
the stealth dicing process could become a suitable separation process after some
optimization, since it is suited for mass production in contrast to the other one.
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Figure 2.12: Image of a wafer after mechanical dicing. The foil and the frame
can easily be seen. The color of the wafer pattern changes, since many pillars are
collapsed.

Figure 2.13: Optical microscope image of a mechanical diced wafer. A great amount
of pillars is washed away, which destroys the PhC.
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Figure 2.14: Optical microscope image of a mechanical diced wafer. To protect the
pillars the gaps in-between were filled with transparent resist before dicing. Inlet:
resist peels off along sawing line.

Figure 2.15: Optical microscope image of a stealth diced wafer.
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2.2 Optical characterization with a microscope

As a first characterization step of the waveguides microscope images of structures
fabricated with the optimized processes were analyzed. Special attention was paid
to the amount of collapsed pillars, the roughness of the pillar surface as well as to
the shape of the pillars and the sidewall angle. Additional the dimensional accuracy
was investigated by measuring the diameter of the pillars.
In the first place an overview of such a waveguide is given in fig. 2.16. Since the
pillars stand very close together, they appear as dark area instead of single pillars
in this image. It was taken with an optical microscope with low magnification and
shows the top view of a wavguide, hence the pillars would appear as circles, if
they were resolved. The two yellow rectangles mark the coupling structures at the
beginning and end of the waveguide. The pillars are arrange in a special way within
this part of the structure (not necessarily in a honeycomb lattice as the other pillars).
The taper in the middle of this structures is the beginning/end of the waveguide.
The green rectangle highlights the line defect, which builds the waveguide. At
this low magnification it can hardly be seen. The line defect is seamed by ring-
resonators along both sides. They can be recognized as brighter circles within the
green rectangle.

A closer up image of the line defect and the ring-resonators is depicted in fig. 2.17.
Fig. 2.17a shows again an optical microscope image from the top view. At this
magnification the line defect and the ring-resonators can be recognized more clearly.
In contrast, fig. 2.17b shows an image taken with a SEM at a 45 ◦ angle. The
line defect constitute pillars with smaller diameter can be seen easily. Additional
one ring-resonator to the left of the line defect is shown. The purpose of the ring-
resonators is to have higher light-gas interaction due to field enhancement. It is
formed by removing some pillars of the PhC and thus building a local defect. While
the radiation travels along the line defect it can couple in the ring-resonator due to
the evanescent field to the left and right of the line defect. The ring-resonator mode
features a low group velocity, which is advantageous for sensing applications. The
light in the resonator can interact with the gas and is coupled out (and thus back into
the line defect) again. Hence the interaction path is increased without increasing
the footprint of the sensor. A more detailed description including simulation results
of such ring-resonators can be found in Sensitivity optimization of a phtonic crystal
ring resonator for gas sensing applications by Reyhaneh Jannesari et al. [22].

Besides the development of a process flow, one main target of this first reticle set was
to test a variety of waveguides, differing in pillar diameter and coupling structure.
Three different coupling structures can be seen in fig. 2.18. The arrangement of
the pillars within these coupling structures is varied to find out which works best.
Additionally, some waveguides do have ring-resonators, whereas others do not. The
diameter of the pillars of the PhC as well as of the line defect was changed. Moreover
different lattice constants of the honeycomb structure are part of this test. All
dimensions are based on simulations done by colleges at JKU. From a fabrication
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coupling structure

line defect

Figure 2.16: Optical microscope image of a waveguide. The pillars stand close
enough, so they appear as dark area. The yellow rectangles highlight the coupling
structures with the taper in the center. The green rectangle highlights the line defect
seamed by ring-resonators.

(a) (b)

Figure 2.17: Closer up images of the line defect with ring-resonators to the left and
right. (a) optical microscope image in top view, (b) SEM image at an angle of 45 ◦.
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(a) (b) (c)

Figure 2.18: Example for different coupling structures.

point of view, all structures work out fine with the optimized processes, even though
the shape of the larger diameter pillars is closer to perfect cylinders than the one of
smaller diameter pillars.

Fig. 2.19 depicts a SEM image of pillars directly after the Bosch-process (before
the etching of the buried thin oxide layer). Not only the typical „scallops“ of the
Bosch-process, but also the remaining oxide of the hard mask on top of the pillars
can be seen clearly. By a comparison with the SEM image in fig. 2.20 the smoothing
effect of the last dry etching step of the buried oxide becomes visible. Only very
small scallops remain and there are no residuals of the oxide hard mask anymore.
In addition the negligible sidewall angle of the pillars can be seen in fig. 2.19.

To determine the diameter of the fabricated pillars a SEM image (top view) of the
pillars in the PhC and another one of the pillars in the line defect of all different
structures of one reticle shot were taken. With a Matlab-program the circles were
detected as shown in fig. 2.21, where all detected circles are highlighted with a
red edge. Afterwards their diameter was measured in pixel. The field of view of
every image was taken to convert the value from pixel into nanometer. Afterwards
the average and standard deviation of the diameter values were calculated for each
image respectively. A comparison of the measured values with the desired ones of
the reticle showed a discrepancy lower than 50 nm in the center of the wafer. If it
is taken into account that a wide range of different sizes (diameters from 300 nm to
1050 nm) is covered within one lithography layer, this is a very good dimensional
accuracy. For the majority of the structures the standard deviation is below 20 nm.
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Figure 2.19: SEM image of the pillars directly after the Bosch-process. The typical
„scallops“ and the remaining oxide of the hard mask can be seen.
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Figure 2.20: SEM image taken after the etching of the buried thin oxide layer.
This process has an additional smoothing effect and removes the oxide hard mask
completely.
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Figure 2.21: Example for the determination of the pillar diameters. All detected
circles were highlighted in this SEM image.

Thus the change in diameter within one PhC and as a consequence the deviation of
a perfect two-dimensional PhC slap is not that large.
The dimensional accuracy will further be improved in future, since only one of
these different sized structures will be used in the end. With a smaller variation in
structure size, the process optimization of the lithography and etching yields better
results.
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3. Plasmonic test structures

This chapter focuses on the characterization of different plasmonic materials. For
this purpose grating structures were included in addition to the waveguide structures
in the first reticle set. At the beginning of this chapter two different coupling meth-
ods for SPPs are described, even though only one of them is used within this thesis.
Afterwards the fabrication of these test structures is depicted. The same reticle set
as for the waveguide structures can be used, nevertheless a slightly different process
flow is developed. Then the experimental setup, which was used for the characteri-
zation, is explained. At the end of the chapter the results of the measurements are
shown and briefly discussed.

3.1 Coupling to a SPP

The most common approaches for coupling to a SPP are prism coupling and grating
coupling. Both are introduced here shortly.
For prism coupling a combination of a metal and two dielectrics (one with high
permittivity) is used. Often the low permittivity dielectric is air and the other
one is a glass prism. Now SPPs with a wave number (kSPP ) between the light
lines of the two dielectrics can be excited. The Kretschmann-Raether and the Otto
configuration are two possible geometries for prism coupling. For the Kretschmann-
Raether configuration a glass prism with a thin metal film on top is used. The light
is incident from the side of the prism with an angle beyond the critical angle for
total internal reflection. Some of the incident photons are not reflected but tunnel
through the thin metal film and excite SPPs at the metal-air interface. Tunneling
means that the wave decays exponentially into the metal (the other part of the
wave is reflected due to total internal reflection) and only if the metal layer is thin
enough some photons can reach the other side of the metal. This exponentially
decaying part is also called evanescent wave and has the same form as eq. (1.10)
(this equation describes an evanescent field in z-direction and an propagating one
in x-direction). The Kretschmann-Raether configuration is very easily fabricated,
since only a thin metal layer has to be deposited on top of a glass prism. Therefore
it is often used. However, the Otto configuration is more suitable for arrangements
where direct contact with the metal film is not desired or possible. Within this
configuration a very thin air gap exists between the metal and the prism. The light
again is incident from the prism side with an angle higher than the critical one for
total internal reflection. This time the total internal reflection takes place at the
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Glass Prism

Metal kSPP

𝜃

(a)

Metal

Glass Prism

Coupling gap
kSPP

𝜃

(b)

Figure 3.1: Two possible configurations for prism coupling: (a) Kretschmann-
Raether and (b) Otto.

prism-air interface. Anyway, some photons again tunnel through the air gap (it has
to be thin enough) to the metal and excite there (at the metal-air interface) SPPs.
This configuration has the advantage that the disturbance due to the prism can be
controlled up to a certain extent by changing the size of the coupling gap. Therefore
the position of the minimum (linked to the SPP-momentum) and the line width
(linked to the damping of the prism) of the resonance can be changed. On the other
hand, in order to have good coupling the air gap needs to be very small (in µm
range). This is accompanied by a more challenging fabrication. The Kretschmann-
Raether and Otto configurations are depicted in fig. 3.1a and fig. 3.1b, respectively.
[8, 13]

For prism coupling the momentum mismatch is therefore overcome by attenuated
total internal reflection. The conservation of momentum for nonmagnetic materials
is given in eq. (3.1). kd is the wave number in air, θ the incident angle as shown in
fig. 3.1.

kSPP = kd
√
εprism sin θ (3.1)

Prism coupling has the disadvantage of creating leaky SPPs. Additional to the
absorption in the metal there are losses due to radiation inside the prism, since all
possible excited wave numbers of the SPP are located inside the light cone of the
prism. [8]

As mentioned, another widely used method to overcome the momentum mismatch
between the SPP and the incident light is grating coupling shown in fig. 3.2. Within
this thesis such a configuration is applied. To do so a one-dimensional grating is
etched into the metal surface. If the grooves of this grating are normal to the incident
plane, the translational invariance of the interface is broken. The conservation of
momentum is given in eq. (3.2). [13]
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Metal

𝑝

𝑘𝑑

𝜃

𝑘𝑑sin(𝜃)

kSPP

Figure 3.2: Configuration for grating coupling.

~ kx = ~ kd sin(θ) = ~ kSPP ± ~ ν G (3.2)

with G =
2π

p

Here kx is the x-component of the incident beam, θ is the incident angle, kd the
wavenumber of the incident wave in the dielectric, ν = 1, 2, 3 . . . a positive integer
number and G the wavenumber of the grating with the periodicity p. For kSPP
the dispersion relation eq. (1.14) can be inserted. This only holds, if the grating is
shallow enough (groove depth < p), since the change in kSPP due to the disturbance
of the planar interface can be neglected then. The groove depth also influences
the strength of the coupling and therefore has to be optimized for the plasmonic
material. [8, 13]

For grating coupling as well as for prism coupling the excitation of SPPs can be
detected with a reflectivity measurement. The metal is highly reflective, but at the
wavelength of excitation, a dip in reflectance can be observed.[8]

3.2 Fabrication of plasmonic test structures

Since the grating structures were developed to test the plasmonic properties of the
highly doped poly-silicon layer, which is used for the hybrid waveguides, in the first
place, the process flow is adapted as close as possible to the one of the waveguide
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structures. Nevertheless some changes had to be made.
As shown in fig. 3.3, the grooves of the gratings are etched directly into the highly
doped poly-silicon layer. Hence, strictly speaking only the first two layers in fig. 2.1
(2 µm oxide and 600 nm highly doped poly-silicon) are needed for this process flow.
However, as described in section 2.1 the oxidation step in the waveguide process flow
provides the temperature necessary to activate the dopants. Thus this oxidation is
also carried out in the grating process flow. But since this layer is not needed, it
is removed again via etching over the entire surface. Afterwards the lithography is
done on the highly doped poly-silicon layer. Again with deep UV-resist but this
time no hard mask is used. If the wafers are stealth diced in the end, of course also
the lithography to remove the highly doped poly-silicon layer in the sawing line and
the thinning block has to be performed. Since the structure size is larger and not
that critical, no additional FEM was done for this process flow.
There is no stopping layer for the plasma etching, instead the etching process has
to end in the highly doped poly-silicon. To stop at a specific depth within one layer
the etching rate needs to be found. To do so a few wafers are etched and the time
is recorded. Afterwards the depth of the etched grooves is measured with an atomic
force microscop (AFM). With this time and depth the etching rate and therefore
the time for a specific depth can be calculated easily.
This procedure needs to be done for a new layout, since the etching rate not only
depends on the material of the layer and the chosen etching method, but also on the
open area of the reticle and the structure itself. The open area gives the percentage
of area, which needs to be etched away.
Moreover it is important to measure the depth at several positions on the wafer.
There is a variation of etching rate across the wafer due to the tool itself and due to
local variations in previous processes (like uniformity of deposition or discrepancy
in focus during lithography). Therefore the depth was measured in the wafer center,
at half radius and at the edge of the wafer.
The optimal depth of a grating depends on the angle of the incident beam. For the
measurements of the highly doped poly-silicon two different depths were chosen. On
one hand gratings with a depth of 375 nm for an incident beam angle of 0 ◦ and on the
other hand some with 225 nm for 30.5 ◦ were fabricated. Moreover the width of the
grooves and elevations of the gratings were optimized for the two different incident
angles. The 0 ◦ incident beam was chosen, since it is the simplest one to simulate,
the 30.5 ◦ since it is easier to measure. The simulations again were performed by
colleagues at JKU.
Fig. 3.4 shows a SEM image of a poly-silicon grating. The sidewalls of the grooves
are very steep. The grating covers a large enough area to reduce edge-effects during
the reflection measurement.

Although a different process flow for hybrid waveguides structures would be neces-
sary for any metal or alloy as plasmonic layer, grating test structures with silver
(Ag), aluminium (Al), gold (Au), gold-tin (AuSn) or titanium-tungsten (TiW) on
top were additionally fabricated within this thesis. Each material has a different op-
timal groove depth and width. Since a change in groove width would require to buy
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2 µm Oxide

600 nm doped PolySi

Substrate - Si

Figure 3.3: Schematic drawing of a highly doped poly-silicon grating.

Figure 3.4: SEM image of a poly-silicon grating.
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a new reticle, the different materials were tested with the same dimensions as opti-
mized for the highly doped poly-silicon. In fact a thin layer (about 100 nm) of each
metal and alloy was deposited on top of the highly doped poly-silicon grating. This
decreases the groove width a bit. In comparison to evaporation processes, sputtering
processes yield better sidewall covering, which is beneficial for this purpose. Thus
it was the preferred deposition method. Only for pure Au no sputtering process
was available. Nevertheless it is a widely used plasmonic material [23], therefore an
evaporated layer of pure Au was chosen as an alternative.
A change in grating depth was possible without a new reticle. Hence a groove depth
of 150 nm was fabricated in addition to 225 nm and 375 nm for all metals and alloys.

3.3 Reflectivity measurements

3.3.1 Experimental setup

As already described in section 3.1 a reflectivity measurement can be used to prove
the existence of SPPs. Within this thesis a free beam test bench was used, as
shown in fig. 3.5. The red arrows indicate the path of the light. As source a
quantum cascade laser (QCL) with adjustable wavelength within a certain range
was utilized. Since the laser emits s-polarized light, the polarization has to be
changed before hitting the grating sample. This was accomplished by a periscope,
which is a combination of two mirrors parallel to each other in a 45 ◦ angle to the
incident and outgoing beam. The beam of the laser was lead by two mirrors to the
periscope. In addition to the change in polarization the purpose of the periscope
was to adjust the height of the outgoing beam. After passing through two apertures
the light hit the sample. Within this thesis the measurements were carried out with
undiced wafers. Therefore the whole wafer was placed on a rotatable sample holder
to adjust the incident angle of the light. The reflected beam was lead by another
mirror to the mercury cadmium telluride (MCT) detector. Then a lock-in amplifier
amplified the signal before it was depicted with an oscilloscope (PicoScope).
Since the laser light is in the IR region, it can not be seen by eye. For beam alignment
a piece of thermo-paper was used. It is sensitive to a temperature increase and
hence warm spots of the thermo-paper change their color. Thus a color change can
be observed, where it is hit by the IR beam.

Every sample (differing in material and etching depth) was measured at several
angles. During one measurement the wavelength of the laser was swept over a
predefined range and the signal of the MCT detector was measured over time. Si-
multaneously a trigger signal of the laser was recorded. The wavelength of the laser
does not necessarily change linear with time, but a trigger after a defined increment
of wavelength change is released. This trigger signal was then used to convert the
signal over time in a signal over wavelengths. After that, the data were average over
10 data points to reduce the noise. Furthermore a linear interpolation between two
trigger signals lead to one additional data point per increment.
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QCL

MCT pericscope

sample

Figure 3.5: Image of the free beam test bench. The red arrows indicate the path
of the IR-light. A quantum cascade laser (QCL) is used as radiation source, the
periscope changes the polarization to p-polarized light and a mercury cadmium
telluride (MCT) detector is used.
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Moreover the laser intensity is not uniform over the whole wavelength range. To
compensate for this a reference measurement with a reflecting planar surface was
carried out. Since reference measurements of different materials (also at different
angles) lead to the same result after normalization, the same reference was taken for
all materials and etching depths in the end. The measured data where normalized
to a maximum of 1 before division by the normalized reference spectrum. If the dip,
which occurs due to the excitation of SPPs, was observed at the maximum inten-
sity of the spectrum, another normalization was chosen. Depending on the exact
position of the dip and its width, two different alternative ways for normalization
were used. If the spectra of different angles for one sample were very similar and the
dip quite narrow, an average of the normalization factors of all spectra without a
dip at the maximum was taken for the other spectra of this sample. If this was not
the case another peak, which was not affected by the dip, was chosen and the spec-
tra were normalized so that this peak had the same height as in the reference spectra.

Another point to take into account is, that the measurement was a free beam mea-
surement. Therefore a change in the CO2 concentration of the ambient air can
change the intensity of absorption lines of CO2. In addition the pure signal lead to
an overflow of the detector. By using filters in front of the laser to decrease the signal
strength, interference effects could be observed. To avoid this a piece of paper was
put in front of the detector instead. With this configuration the signal was damped
but no interference effects could be observed.

3.3.2 Results and discussion

As already mentioned highly doped poly-silicon is the preferred plasmonic material,
since additional fabrication issues occur for metals. Contrary the expectations,
the reflectivity measurement of the grating structures showed not the characteristic
dip, which would indicate the existence of SPPs. Instead a periodic signal could
be observed. This suggests that the poly-silicon layer does not show a high enough
reflectivity within the investigated wavelength range. The light is partly transmitted
and partly reflected at the air-poly-silicon interface. The transmitted light then
is (partly) reflected at another interface of the sample. The two reflected beams
interfere, leading to the oscillating signal at the detector. The measured signal for
a planar interface is depicted in fig. 3.6a. The data are normalized to a maximum
reflectance of 1. In comparison to fig. 3.6b, which depicts an equivalent measurement
of a planar air-silver interface, in fig. 3.6a the described oscillation due to interference
can be observed clearly. Reflectivity measurements of the grating also showed these
interference effects, but no SPP resonance dip.
Although simulations by colleagues from JKU and SAL showed good plasmonic
characteristics for a doping concentration above 5× 1020/cm3 and also literature
is available, showing that silicon with high doping concentrations can be used as
plasmonic material [24], the observed deviations are not completely unexpected.
Both - simulations and literature - refer to mono-crystalline silicon, whereas the
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experiment was carried out with poly-crystalline silicon. Within poly-crystalline
silicon also grain boundaries, grain sizes and the crystal orientation of the different
grains play a role. Since these effects are difficult to include in simulations (they
depend on processing parameters), they are often done for mono-crystalline silicon
instead.

In fig. 3.6b the change in intensity of the QCL can clearly be seen. In addition
the CO2 absorption lines in the region of higher wavelengths can be observed. As
described in section 1.1.1 this spectral region is utilized for sensing CO2 in the end.
Additionally the measured silicon grating is optimized for a wavelength of 4.26 µm at
an incident beam angle of 30.5 ◦ (a measurement with incident beam angle fo 0 ◦ was
not possible with this test bench). In other words, at this incident angle, the SPP
resonance dip should occur at 4.26 µm. Since a dip can be observed more clearly in
spectral regions without absorption lines, also other incident angles were measured,
leading to a dip at shorter wavelengths (also for other materials than silicon).

Fig. 3.7 shows the results of the Ag, Al, AuSn, TiW and Au coated samples at an
incident beam angle of 28 ◦ and a grating depth of 150 nm. The resonance dips of
the different materials vary in broadness, deepness and position. Since the angle
was adjusted manually, an estimated uncertainty of 0.2 ◦ for measurements of one
sample and 0.5 ◦ for comparison of different samples (the sample replacement into
the sample holder introduces an additional uncertainty) has to be considered, espe-
cially when looking at the position shift of the dip. Furthermore when discussing
the broadness and deepness of the peaks it has to be taken into account, that the
grating dimensions were not optimized for any of the materials, but could be suited
better for one than for another. Since a sharp, deep resonance dip indicates a good
plasmonic material, the evaporated Au film shows the worst performance within
this experiment. This probably is due to the poorer sidewall covering due to the
different deposition method.
For further investigation fig. 3.8 shows the real and imaginary part of the rela-
tive permittivity of the investigated metals and alloys in the left and right column,
respectively. For the alloys a linear combination of the dielectric function of the
metal-components by at% was assumed. The data for the relative permittivity of
Ag, Al, Au and titanium (Ti) are taken from [25], the one of tin (Sn) from [26].
At some time these data should be evaluated specifically for these samples by do-
ing an ellipsometry measurement of the samples, but this goes beyond the scope of
this thesis. Therefore literature values are used here. Both the real and imaginary
part of the relative permittivity are important for the performance of a plasmonic
device. For propagating SPPs a high negative real part of the plasmonic material is
preferable. In addition the magnitude of the imaginary part indicates the magnitude
of losses (manly due to absorption in the metal [11]). Therefore a low imaginary
part is desired. Furthermore a trade off between field confinement and propagation
length has to be considered: a better field confinement of the mode always goes at
the expense of the propagation length of the mode [8].
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Figure 3.6: Reference measurements at planar interfaces between air and (a) highly
doped poly-silicon (b) silver.
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Table 3.1: Quality factor QSPP at a wavelength of 4.26 µm for investigated metals
and alloys calculated with data of fig. 3.8.

Material QSPP / 1
Ag 4582
Al 4044
Au 3362

AuSn 1973
TiW 1038

For waveguiding applications the propagation length along the interface LSPP is
crucial. It gives the distance, after which the intensity of the SPP decreases to 1

e
of

its original value and can be calculated with eq. (3.3) [11, 27, 28].
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The propagation length depends on the wavelength and usually is higher for longer
wavelengths [28]. The approximation in eq. (3.3) holds for εd = 1, |εm| � εd, which
is true for most air-metal combinations. QSPP is a widely used quality factor (or
figure of merit) to compare different plasmonic materials for one application (defini-
tion can change for different applications) [23, 27]. Tab. 3.1 summerises the quality
factors of the investigated metals and alloys for a wavelength of 4.26 µm. Ag has the
highest quality factor (and thus longest propagation length), followed by Al. This
is in agreement with fig. 3.7, since those two metals have the narrowest dip (the
incident angle and wavelength of the dip are slightly different, but the trend holds
nevertheless). AuSn and TiW show a broader dip in fig. 3.7, which again is in agree-
ment with the lower quality factors in tab. 3.1. Only for the Au sample discrepancies
occur. As already mentioned Au is known to be a good plasmonic material, which
is also reflected by the rather high quality factor in tab. 3.1. Nevertheless the poor
sidewall covering of the grating due to the evaporation process leads to a broad and
shallow dip within this experiment.

As already described in section 3.1 the position of the dip changes, if the incident
angle is changed (eq. (3.2): ~ kx = ~ kd sin(θ) = ~ kSPP ± ~ ν G with k = 2π

λ
). This

change is depicted in fig. 3.9 for all five materials and a grating depth of 150 nm.
The wavelength of the minimum of the dip is plotted versus the angle of incidence.
In addition the error-bars indicate an angle uncertainty of 0.5 ◦ between the different
samples. The results suggest despite the angle uncertainty a shift of the resonance
dip to longer wavelengths from Ag to Au, Al, AuSn and TiW.
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Figure 3.7: Reflection measurement of different metals at 28 ◦ incident angle and
150 nm grating depth.
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Figure 3.8: Permittivity of the metals and alloys under investigation. For the alloys
a linear combination of dielectric functions of the metals by at% was assumed (the
data for the relative permittivity of Ag, Al, Au, W, and Ti are taken from [25], the one of Sn from
[26]).
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Figure 3.9: Wavelength of the minimum of the resonance dip versus the angel of
incidence for different samples with a grating depth of 150 nm.

This dependence of the position of the resonance dip on the incident angle is once
more shown in fig. 3.10 exemplary for the AuSn-coated grating with a depth of
150 nm. The left column shows the results of the reflection measurement, whereas
the right column shows corresponding simulations, which were carried out by col-
leagues from SAL. The incident angle is varied (from top to bottom) from 26 ◦ to
33 ◦. A good agreement between measured data and simulations was found, even
though the position of the dip does not match exactly. This is referred to the slightly
imprecise angle adjustment of the measurement setup and to changes in the grating
dimensions due to the deposition of the metal on top. Comparable results were also
found for the other four materials, but are not shown here.

To investigate the influence of the grating depth fig. 3.11a shows results for AuSn
gratings with a depth of 150 nm, 225 nm and 375 nm in the top, middle and bot-
tom row, respectively. Again the left column depicts the results of the reflection
measurement and the right column the simulations (done by colleagues from SAL).
The same for Ag-coated gratings is depicted in fig. 3.11b. Similar results could
also be found for the other materials. Only the resonance dips of the Au sample
weakened significantly with increasing grating depth and showed hardly measurable
resonances for the 225 nm and the 375 nm gratings.
It can easily be seen that the resonance dip broadens for deeper gratings and also
the shape of the dip changes. What looks like a peak (in the bottom row of fig. 3.11a
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Figure 3.10: Reflection measurement (left column) and corresponding simulation
(right column) of the AuSn-coated grating at incident angles from 26 ◦ to 33 ◦ (from
top to bottom). The grating depth is 150 nm. The simulation was done by colleagues
from SAL.
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and also in the middle and bottom row of fig. 3.11b), in fact is the result of two
broader dips close to each other. This can easily be seen, if the reflectance of the
grating and the one of a planar interface (reference measurement) are compared in
one plot without compensation for the intensity distribution of the QCL. For clari-
fication this case is shown in fig. 3.12 for the AuSn coated grating with a depth of
375 nm and an incident angle of 29 ◦ (corresponding to the bottom row of fig. 3.11a).
The double dip occurs, since only the specular reflection (0 order) could be measured
with the utilized test bench. This is illustrated in fig. 3.13, which shows simulation
data for the specular, −1st order, 1st order and total reflectance for a Ag-coated
grating (carried out by colleagues from SAL). The inlet depicts a schematic drawing
of the simulated setup. The total reflection shows only one resonance dip, but the
−1st order also contributes here. Hence the specular reflectance has in agreement
with the measurements two dips.
For the 225 nm and 375 nm gratings good agreement of measurement and simulation
could only be found if the shape of the deposited film was adapted. First straight
sidewalls were assumed, which lead to discrepancies. Then a different profile (as de-
picted in fig. 3.14 was chosen and a good agreement as shown here could be found.
The chosen profile was also confirmed by a profile-measurement. Fig. 3.14 shows
only one „unit cell“ of the simulation with periodic boundary conditions to the left
and right.
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Figure 3.11: Reflection measurement (left column) and corresponding simulation
(right column) of (a) AuSn coated gratings and (b) Ag-coated gratings with grating
depths of 150 nm, 225 nm and 375 nm (from top to bottom) for an angle of incidence
of 29 ◦. The simulation was done by colleagues from SAL.
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Figure 3.12: Reflection measurement (yellow) at an AuSn-coated grating with and
depth of 375 nm for an angle of incidence of 29 ◦ and reflection of a planar interface
as reference (orange); no compensation of the intensity distribution of the laser was
done.
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Figure 3.13: Simulation of specular reflectance (0 Order), −1st order, 1st order
and total reflectance for a Ag-coated grating (done by colleagues from SAL). Inlet:
schematic drawing of simulated setup.

Figure 3.14: For the simulations of the 225 nm and 375 nm deep gratings this over-
hanging sidewall profile was used instead of straight ones as for the 150 nm deep
gratings. Metal/alloy in gray, highly doped poly-silicon in orange.
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CHAPTER 4. CONCLUSION AND OUTLOOK

4. Conclusion and outlook

Within this thesis a hybrid waveguide system was introduced and several plasmonic
materials were investigated. The hybrid waveguide system is comprised of a two-
dimensional PhC (pillars arranged in a honeycomb lattice in air) for lateral confine-
ment of the IR radiation and a plasmonic layer underneath for vertical confinement.
A process flow for these structures with highly doped poly-silicon as plasmonic ma-
terial was developed and optimized, with special emphasis on the optimization of the
lithography for dimensional accuracy and the etching of the pillars (Bosch-process,
DRIE) for more stability. The feasibility of such structures within mass production
and also the compatibility with traditional silicon semiconductor device fabrication
has been proved. Optical characterization of the samples with SEM and optical mi-
croscopes showed a good dimensional accuracy and smooth sidewalls of the pillars.
In addition different methods for chip separation were investigated. As a result me-
chanical dicing with resist filled in the void space between the pillars as protection
and chip wise resist removal afterwards is the recommended method for develop-
ment lots. Moreover, further optimization of the already partly successful stealth
dicing process is advised in order to get a separation method that is suitable for
mass fabrication.
For a complete characterization of the hybrid waveguide structures the waveguiding
characteristics still have to be measured and analyzed.

A reflectivity measurement at grating structures was used to investigate the plas-
monic characteristics of the highly doped poly-silicon layer as well as Ag, Al, Au,
AuSn and TiW. The results suggest that the doping concentration of the poly-silicon
is too low for the excitation of SPPs. Nevertheless an optimization of the deposi-
tion process of this layer can lead to higher doping concentrations. Thus this is a
recommended further step.
In contrast to the other metals and alloys the Au sample deviated from the expec-
tations. Although Au is known as a good plasmonic material only weak resonances
could be observed. Deeper gratings showed no measurable resonance at all. This is
explained by to a poor sidewall covering of the grating due to a different deposition
method. For the Au sample a thin layer was evaporated on top of the silicon grat-
ings, whereas the other metals and alloys were sputtered.
Samples coated with Ag and Al followed by AuSn and TiW showed good plasmonic
resonances. The measurement results are in good agreement with simulations and
also with other references. Furthermore the impact of different grating depths was
investigated. Deeper grating grooves broaden the resonance dip as expected. In
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addition a double dip could be observed in measurements at deeper gratings, since
only the specular reflection (0 order) was measured within this thesis. For a more
precise characterization, an additional ellipsometry measurement to determine the
permittivity of these samples is suggested. The development of a measurement setup
which measures the total reflection (not only the specular one) is also suggested.

Since the developed process flow of the hybrid waveguide structures does not work
for metals a chip wise evaporation is recommended to investigate the waveguding
characteristics with different plasmonic layers. Here a evaporation process is pre-
ferrable, since the sidewalls of the pillars should not be covered with metal. This
will lead to a metal layer on the bottom between the pillars and also on top of them.
As soon as the waveguiding characteristics are measured one of the waveguide struc-
tures (differing in diameter size and lattice constant) and a plasmonic material has
to be chosen. For this decision also other properties of the plasmonic material like
the melting temperature, the process costs and the compatibility with the process
flow have to be taken into account. Depending on the chosen plasmonic material the
introduced process flow potentially needs to be adapted. In addition also a decision
of the incoupling structure has to be made.

To sum it up, although it is still a long way to go until the development of a
miniaturized gas sensor with the hybrid waveguide structures as interaction path
is finished, this thesis lays a foundation by showing the feasibility of fabricating
PhCs consisting of pillars in air within mass production and investigating several
plasmonic materials.
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