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Imagine...

Like phoenix from the ashes, the human society rose after world war Il to a society with wealth, health
and a degree of personal liberty so far unmatched in human history.

Especially in the "rich countries”, the societies face far-reaching changes and challenges. People are
getting older and older and the anticipated average life span is steadily increasing from decade to
decade. This generation is the first that can freely choose what it wants to eat. And how much.

These, in fact, positive developments also have some downsides. So far, it was simply not necessary
for the human body to be operational for one hundred years. So far, it was simply not necessary for the
human mind to develop methods against overweight due to excess food availability. The world might
be changing fast, but this is not the case for the human body, or the human mind. Additionally, the
world, as we know it today, is changing, due to environmental pollution and overexploitation of natural
resources.

In a new world, new diseases are arising. For other, already known, diseases new diagnostic tests
and therapies are being developed. In our society, the need for medical care is constantly on the rise.
Sometimes, a correct diagnosis and the corresponding medical treatment is time-critical. Often, they
are expensive. Too often, they are too expensive.

And now, imagine a new diagnostic device, so cheap that every doctor can afford buying one. Imagine
sensor chips, produced at nearly no cost at all that are able to analyze literally hundreds of different
molecules from a droplet of your blood. So fast that you can wait at the doctor’s office for your results.
Imagine this diagnostic device to be portable. Imagine its applications in developing countries. Imagine
the price of a fast and correct diagnosis to reduce by an order of magnitude. Imagine the device to be,
where it really matters.

This is what this work is all about. Hidden behind and buried under mathematical equations, scientific
phrases, diagrams, tables, pictures, descriptions and data analysis, this thesis is about people and their
needs.
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1 Introduction

Medicine can be defined as the task of improving humans health, wellbeing and life span. It has been
an important part of each human society. In modern medicine, tools for diagnosis and therapy are in a
state of a continuing revolution. A correct diagnosis is always a prerequisite for a successful therapy.

The need for diagnostic tests is ever-growing in our society. Peoples life span is increasing. Terminal
illnesses become curable if correctly diagnosed early enough. New diseases are found. New diseases
come into existence due to changes in humans life or the environment we are living in. All this generates
an increasing demand for existing diagnostic test, but also for new diagnostic tools and principles.

Currently, most clinical diagnostic tests are laborious, require sophisticated equipment operated by
specially trained staff, and are, therefore, expensive. These tests often involve time consuming label-
ing techniques that attach fluorescent or radioactive markers on the analytes to be measured. In or-
der to overcome these disadvantages new sensor schemes were investigated and integrated photonic
biosensors, in particular those based on the evanescent wave principle, in combination with microfluidic
systems were found to represent a promising way for the development of a new generation of diagnostic
tools and affordable point of care diagnostic systems. Such sensors promise:

+ Label free analyte detection employing selective molecular binding processes of the target analyte
on the sensor surface.

 Fast sensor response, which is mainly limited by the kinetics of the analyte in the fluidic system.
The optical sensor itself reacts instantaneously.

» Real time measurements of the analyte binding processes providing additional information on
dynamic properties of the analyte, such as the binding affinity.

+ High level of integration and small device footprints enable arrays of sensors that can be combined
in a single fluidic package, allowing for multi-parameter analysis while keeping the sample volume
consumption low.

+ High electromagnetic compatibility and no interference effects with electric devices.

Possible applications for photonic biosensors are e.g. the specific detection of proteins and DNA/RNA
as well as pollutant detection. Proteins play an important role in the human body. They are not only
involved to all activities within human cells, they are also indispensible for the function of the human
body as a whole. The detection of specific proteins is essential for medical diagnosis, but can also
be of relevance in online monitoring applications, e.g. in pharmaceutical or food industry. In medical
applications, the detection of specific DNA/RNA sequences is necessary for the diagnosis of genetic
diseases. Genetic diseases can often be triggered from different defects in DNA/RNA sequences.
Information which particular defect in the DNA/RNA sequence is the cause of a disease helps to decide
which therapy is best for a certain patient. One example in the broad range of potential applications in
the diagnostic industry for evanescent biosensors are diagnostic tests for autoimmune diseases. It is
accepted in the field of autoimmune diagnostics that the affinity of the antibodies is a crucial parameter,
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which is not measureable with state-of-the-art routine diagnostic systems. All conventional diagnostic
methods represent end point measurements that do not allow the calculation of antibody affinity by real
time monitoring.

Because of hygienic standards and to prevent cross contaminations, sensors including the fluidic sys-
tems have to be designed as single use systems for most medical applications. Therefore, fabrication
costs are another critical parameter that has to be taken into account for the development of new sensor
systems. The implementation of a cheap, reliable and sensitive real time bio-affinity measurement will
be welcomed by the diagnostic industry for many fields of applications. Photonic biosensors in the field
of pollutant detection can be applied for example as tool for quality management in industrial processes
or monitoring of pollutants in the environment, if the pollutant can be specifically bound to the sensor
surface.

Knowing the importance of these possible applications and motivated by the promised advantages,
scientists spent a lot of time and effort in the development of evanescent wave photonic biosensors.
Evanescent sensing devices for biosensing have been proposed and demonstrated in various configu-
rations, e.g. as grating sensors in titanium dioxide[1], as Mach-Zehnder interferometers (MZIs) in silicon
oxynitride[2], as MZIs made from silicon nitride (SiN) waveguides on patterned polymer substrates[3]
or as ring resonators in silicon on insulator (SOI)[4, 5]. So far, such devices have always been realized
in inorganic materials systems[6, 7], where the waveguides structures were fabricated using standard
semiconductor technology.

The ultimate goal of the research activities that act as a framework for this work, is the realization of
disposable all-polymer optical sensor chips for the label-free detection of bio-molecules[8], employing
evanescent waveguides in an integrated MZI configuration[9, 10, 11]. These all-polymer sensor chips
should comprise a low index polymer substrate that is fabricated by injection molding and carries all
necessary optical structures for the sensor as well as a high index core layer and a low index cladding
layer applied by spin coating. This approach takes full advantage of the mature technology platform that
is available for polymer processing. The use of transparent polymers as optical waveguide materials has
attracted great attention for a wide range of applications[12]. Polymers provide tunable properties, and
therefore, allow large flexibility on the design of optical elements. The processing of polymers is based
on powerful technologies such as injection molding, hot embossing and spin coating, which are suited
for cost-effective mass production. Polymers in optics and photonics have become an important factor
and a wide variety of applications has been demonstrated. Examples are polymer waveguide grating
couplers[13], polymer arrayed waveguide gratings[14], and polymer waveguide amplifiers[15].

The proposed sensor design is based on the highly sensitive MZI. An additional advantage of the MZI
concept is the simple read out system, which can be composed of a single mode laser diode with
a fixed wavelength and a simple photodiode. This sensor concept, realized with inorganic materials,
has successfully been used for the detection of small concentrations of biomolecules. MZ| biosensors
have been realized for example with SiN rib waveguides[16, 17, 18] or with SOl wire waveguides[19].
Polymer based integrated optical MZls have been applied to bulk sensing, e.g. [8, 20] and have been
proposed for biosensing[21, 22]. However, biosensing using spin coated high index contrast thin film
polymer waveguides has so far not been reported.
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1.1 Aim of this work

The focus of this work is the development and demonstration of polymer waveguide based sensors,
employing a MZ| configuration of evanescent waveguides for the detection of biomolecules in medical
applications. The sensor has to be designed in a way that allows the transfer of the sensor layout on a
patterned injection molded polymer substrate, where the high index polymer waveguide core layer and
the low index polymer cladding can be applied by spin coating steps.

The given task necessitates several innovative approaches. The sensitivity of evanescent optical sen-
sors for biosensing applications strongly depends on the refractive index contrast of the material system
used. Comparing with inorganic material systems, such as SOI or SiN/SiO,, the maximum refractive
index contrast in polymer material systems is rather small. In most polymer material systems, refractive
index differences between core and cladding layers are in the range of a few tenths or a few hun-
dredths, which leads to dimensions for single mode waveguide cross sections of several micrometers,
e.g. [12, 23, 24].

For this application, a polymer material system has to be found that provides a sufficient refractive index
contrast, allows the fabrication of the sensor device in the above mentioned way and is chemically stable
in biosensing experiments. A higher refractive index contrast necessitates much smaller waveguide
dimensions for single mode operation, which is a prerequisite for the MZI, and puts greater demands
on the technology platform used.

A solution has to be found for efficiently coupling light into and out of the sensor chip on the injection
molded substrate. For this purpose, grating couplers offer several advantages. They can be placed
freely on the device, they do not require a high quality sample end facet and they are compatible with
planar waveguide technology. In most cases, grating couplers can be patterned in the same fabrication
steps as the waveguides, and therefore, add no additional complexity to the fabrication process. Un-
fortunately, small grating couplers that allow the coupling of light into narrow single mode waveguides
show only very little coupling efficiency when realized in low-index contrast materials systems such as
polymers.

A surface modification protocol for the chosen waveguide core polymer has to be developed. This
protocol must not thin nor attack the core layer. In addition, the distance of the molecular binding
sites for the target molecules to the polymer surface has to be kept low in order to expose the target
molecules to the maximum intensity of the evanescent tail of the guided mode, and therefore, achieve
maximum sensitivity.

There are also some practical aspects that have to be considered in the definition of the aims in this
work. The only single mode waveguide geometry compatible with injection molding and spin coating is
the inverted rib waveguide, where a waveguide trench, patterned into the injection molded substrate, is
filled up with the high index polymer in the spin coating step of the core layer. Therefore, the sensor has
to be designed to work with transversal electrical (TE) polarization. Although the transversal magnetic
(TM) waveguide mode in thin film waveguides has a higher surface sensitivity[25], TE polarization is
favored in this sensor design due to the fact that rib waveguides suffer from lateral leakage for TM
polarization[26, 27].

In this work, the sensor design has to be optimized for two important wavelengths, 633 nm and 1.31 pm.
633 nm is a typical sensing wavelength due to the widespread use of HeNe laser sources for sensing
applications. Driven by telecommunication applications, there are compact and high quality compo-
nents available at a reasonable price for the second wavelength of 1.31 pum. The maximum achievable
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sensitivity is higher for the wavelength of 633 nm than for 1.31 um. Nevertheless, due to the fact that
optical structures scale there dimensions with the wavelength, the fabrication of the optical structures
for 1.31 um is relaxed compared to 633 nm.

Finally, the biosensing ability of the sensor device is to be demonstrated in the biotin-streptavidin sys-
tem. The interaction between biotin and streptavidin is commonly used to validate the sensitivity of
biosensors[28, 29] because of the high mass of the protein streptavidin (60 kDa) that serves as ana-
lyte and the strong affinity between biotin and streptavidin (binding constant K, ~10'%). Furthermore,
surface bound streptavidin provides free binding sites for biotin and can be utilized for immobilization
of biotinylated ligands such as biotin-tagged DNA strands. Thus, the biotin-streptavidin biorecognition
system can serve as flexible platform for advanced biosensing experiments[30].

1.2 Outline

At the beginning, chapter 2 derives the properties of optical waveguides and gives an introduction on
the theoretical background of optical waveguide theory as well as an overview of coupling methods for
thin film waveguides. The choice of grating couplers as coupling elements is motivated in this chapter.

An overview of principles of evanescent wave biosensors and references to commercially available
optical sensor products are given in chapter 3. This chapter also defines the sensitivity parameters and
explains the MZI as a highly sensitive device that allows for simple and cheap read-out systems.

In chapter 4, the selected materials for the sensor device are presented. It also contains the results of
all simulations performed in the context of the design of the sensor based on the selected materials and
provides necessary information on the simulation methods that have been used in order to optimize the
sensor device. Apart from simulations on the elements of the MZI, such as simulations of waveguides
modes and the behavior of Y-branches, a considerable part of the chapter deals with simulations on
grating couplers. Background information is given to the above mentioned fact that grating couplers
for small beam diameters, which are needed to couple light into narrow single mode waveguides, show
only a poor efficiency in low index contrast material systems. To overcome this limitation and to increase
the coupling efficiency of such grating couplers, the deposition of a thin high index layer on top of the
gratings is proposed and rigorously simulated.

The experimental part of this work is reviewed in chapter 5. The fabrication of the samples is described
and the waveguide cross section of the realized inverted rib polymer waveguides is analyzed. Then, the
positive effect of the high index layer on the efficiency of grating couplers, predicted in the simulations
in chapter 4, is experimentally verified. An optimized surface modification protocol for the polymer
surface is presented and the binding capacity of streptavidin on the sensor surface is quantified. The
measurement setup for experiments with MZI sensors is described and finally, the polymer waveguide
based biosensor is demonstrated. Biotin-streptavidin binding experiments are shown and the dynamic
range of the sensor as well as the reproducibility of the experiments are investigated.

Chapter 6 summarizes this work and the most important results.

An outlook on the development of the fabrication process of the injection molded substrates and pre-
liminary results on experiments of DNA detection are given in chapter 7.
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1.3 General remarks

If not otherwise stated, the following assumptions are valid throughout this work:

1.

Light is always propagating in the z-direction also called the longitudinal direction. The second
horizontal coordinate is referred as x-direction or as lateral direction. The vertical direction is
termed y-direction.

All media are assumed to be homogeneous, isotropic and lossless, i.e. no absorption takes place.

Within the Maxwell’s equations, the relative permeability 1., is set to unity and the relative permit-
tivity €, does not depend on time. Moreover, it is assumed that the free charge density pr and the
free current density ¢ are zero for the whole volume.

. Laser sources are always assumed to be monochromatic. For both wavelengths, laser sources

with a very narrow spectral widths are available, so that effects stemming from the non-mono-
chromatic behavior of the laser source can be neglected for all applications within this work.

Light is always TE polarized, i.e. the main field component is the lateral electric field Ex. There-
fore, all waveguide modes are TE or TE-like modes.






2 Optical waveguides

This chapter gives a basic introduction on the principles of optical waveguides and provides an overview
of common waveguide geometries in integrated optics. At the end of this chapter, concepts for coupling
light into and out of integrated optical waveguides are discussed. The information given here is the
theoretical background that is necessary for the following chapters.

2.1 Optical basics and definitions

All optical theory is based on Maxwell’s equations and all optical phenomena must satisfy these equa-
tions. In a complete form the Maxwell equations are[31]:

V(GE) = pPf (2.1)

V(uH) = 0 (2.2)
. oH

VXE = —po (2.3)
. . BE

VXH = j+ GE (2.4)

In these equations, E is the electric field, H is the magnetic field, pr is the free charge density and jr is
the free current density. The dielectric permittivity € is defined as € = ¢q - €,, where ¢g is the permittivity
of free space and ¢, is the relative permittivity of the medium. The magnetic permeability u is defined in
a similar way as i = o - iur, Where uo = 1/(egc?) is the permeability of free space and ., depends on
the medium. The time is labeled as t. The symbols used in this section are summarized in Table 2.1.
Using assumptions from section 1.3, namely pr = 0 and jr = 0, Maxwell’s equations can be written
as

V(E) = 0 (2.5)

V(uH) = 0 (2.6)
. oH

VxE = —ug (2.7)
_ oE

VxH = e (2.8)

The variables of the electric field £ and the magnetic field H are linked to the electric displacement field
D and to the magnetic induction B in the following way:

= ¢F (2.9)
— uH (2.10)

w O
|
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Table 2.1: Summary of the basic electromagnetic symbols.

symbol name value unit
E electric field V/m
H magnetic field A/m
D displacement field As/m? = C/m?2
B magnetic induction Vs/m2 =T
or free charge density C/m3
Jf free current density A/m?
€ dielectric permittivity As/(Vm)
€0 = 1/(noc2) permittivity of free space  8.854188- 10712  As/(Vm)
W magnetic permeability N/A?
o permeability of free space 4m-10~"  Vs/(Am)
w angular frequency 1/s
k wave vector 1/m
ko free space wave vector 1/m
n refractive index 1
A wavelenght m
Ao free space wavelenght m
t time ]
Co speed of light in vacuum 299792458 m/s

By taking the curl of equation (2.7) and using the vector identity V x V x £ = V(V - E) — V2E as well
as equations (2.5) and (2.8), the wave equation for the electric field can be found:

—

" 0’E
) E=eu—

. (8 8 B
27
V2E = ( 5 (2.11)

2 32 a2

This equation describes the propagation of electromagnetic waves. It admits solutions of the form of
monochromatic plane waves[32], which have a common multiplicative term e/(K"X=«t) where w is the
angular frequency and k is the wave vector of the propagating wave. For this kind of solutions, there
are some important basic definitions:

€Ll

€oMo

VErkr = (2-12)

n =
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- Kk

o= - (2.13)

A = 2T _2m (2.14)
whn |/<|

X = nA (2.15)

Here, n is the refractive index and /?o is the so called free space wave vector. The wavelength is
labeled as X\ and ) is the free space wavelength. By choosing an appropriate geometric structure
for the propagation of a plane wave, a plane wave can be confined in one or more directions. This
allows to guide electromagnetic waves along predefined paths. Such wave guiding structures are the
basis of integrated optics. The next section gives an introduction to planar concepts of wave guiding
structures.

2.2 Principles of planar waveguides

2.2.1 Three layer slab waveguide

The easiest system for one dimensional (1D) wave guiding is a three layer step index slab system.
A high index core layer with a constant refractive index is surrounded by low index materials whose
refractive indices are not necessarily equal, but constant within each medium, as depicted in Fig. 2.1a).
If it is assumed that the solution of Maxwell’s equation is in the form of a propagating plane wave in the
z-direction

—

E = E(x,y)e'wt=h2) (2.16)

—

H = H(x, y)e'Wt=P2) (2.17)

where (3 is the propagation constant of the plane wave, then Maxwell’s equations (2.7) and (2.8) can be
rewritten in the following form[33]:

OE . . OH . .
8yz +iBE, = —iwpoHy (2.18) Oyz +iBH, = iweE, (2.21)
. OE, , . OH; .

—IBEx — o —lwuoH, (2.19) —IBHx — > Iwek,, (2.22)
0E, OEx , OH, OH., .
o oy iwpoH; (2.20) A 5y IweE, (2.23)

where E, is the x-component of the electrical field £(x, y), defined as £, = E(x,y) - X if X is a vec-
tor pointing in the positive x-direction with a length of [x| = 1. All other field components of E and
H are defined in an analogous way. For a slab waveguide, it can be assumed that there is no x-
axis dependence on the electromagnetic fields £ and H. Thus, the derivations A /0x and dH/dx
can be set equal to zero, which leads to a further simplification of the equations (2.18) to (2.23):
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a) b)

—fundamental mode
cladding —1sthigher mode
n.= 146 ==2nd higher mode

~=3rd higher mode

1

core layer
Ny=2 01
H=2um

-1

substrate
n,=1.46

3

Figure 2.1: a) Sketch of a slab waveguide with thickness H. The high index layer (red) is surrounded by low
index layers (blue). b) Profiles of the TE main field component E, of lowest order guided modes of a 2 um
thick slab waveguide with a refractive index of 2, surrounded by layers with a refractive index of 1.46.

oE . . OH . .

ayz+/55y = —iwpgHx (2.24) 8yz+/BHy = jweEy (2.27)
BEx = wuoH, (2.25) —BHx = weE, (2.28)
0E, . OH, .
5y IwpoH; (2.26) By IweE, (2.29)

By inserting (2.28) and (2.29) into (2.24) as well as (2.25) and (2.26) into (2.27), this system of six
equations decouples into two systems of three equations, which can be written in the following form by
additionally replacing € with € = egn® [34]:

O°Hy + (w?no€egn® — B?)Hy = 0 (2.30)
dy?
g
E, = e Hy (2.31)
i OHy
2= ear By (2.32)
O, + (w?noegn® — B>)Ex =0 (2.33)
dy?
B
H, = —E 2.34
Y= oo (2.34)
i BEy
Hy = —— 2.35
wio Oy (2.35)

Equations (2.30) and (2.33) are wave equations for two different types of modes. The field components
Hx, E,, E; compose the transversal magnetic mode (TM mode), which has to satisfy equations (2.30)
to (2.32). The three field components left, £, H,, H,, compose the transversal electric mode (TE
mode), which has to satisfy equations (2.33) to (2.35). These two modes are orthogonal to each
other, so they are completely separated and cannot interfere. As a result, both modes can be treated
separately for a three layer slab waveguide. In a slab waveguide, where the high index material is
present in the region 0 < y < H, the main field for TE modes E, can be written in the form[34]
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1.8. 10
L6 105 =—fundamental mode
1st higher mode
14.10"1 _ond higher mode
1.2.10%+ 3rd higher mode
T 1.10%4 —lightline /
% 8.10%54
6. 1014 n.=1.46
4.10%54
2.10%54 n,=1.46
0 T v B

20k (1fum) *0

Figure 2.2: Dispersion relation of the first TE modes of a 350 nm thick slab waveguide (n,,4 = 1.65) surrounded
by low index layers (ns = n. = 1.46). Due to the symmetric waveguide structure, at least one guided mode
exists for arbitrary low frequencies.

Ex = Epcos(d)er fory <0 (2.36)
Ex = Epcos(kyy + ®) for0<y < H (2.37)
Ex = Egcos(k,H+ d)e 1c=H) fory > H (2.38)

with a cosine shape in the core layer and exponentially decaying fields into the substrate and the
cladding. The parameters k,, ®, . and -ys define the profile of the waveguide mode and are to be
determined. After some mathematical steps, details of which can be found in references [33] and [34],
it can be shown that k, satisfies an eigenvalue equation of the form

k k
2ak, = (m+1)m — tan '~ — tan™ 1~ (2.39)
g Vs Ye

The optical structure supports a discrete set of modes identified by the corresponding mode number m.
For each guided mode, there exists a solution ky, , for this eigenvalue equation. By using[34]

Kym = kov/N2g = Mate m (2.40)
Yem = ko ngff’m —n2 (2.41)
Ysm = ko ngff,m - n.g (2.42)

each solution k, ,, can be translated into an corresponding effective index nerr,, for the specific
waveguide mode. This effective index is always lower than the index of the core layer n,,4 because
part of the mode penetrates into the surrounding layer with a lower index. Furthermore, the effective
index of the mode has to be higher than the refractive indices of the substrate and of the cladding,
to ensure that the mode is guided and shows no radiative losses into the cladding or the substrate.
All modes with a lower effective index are radiative modes, which are not guided by the waveguide
structure. Therefore, for guided modes the following equation holds

max(ns, nc) < Neff.m < Nwg (2.43)
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Figure 2.3: a) Sketch of a rib-type waveguide. The rib of the waveguide has a width w, a total height H and an
etch depth e. b) Sketch of a wire-type waveguide of width w and height H.

Each three layer slab system with a high index core layer supports a number of guided modes. For a
nonsymmetrical system, where ns # n., the number of guided modes can become zero. The thinner
the core layer becomes, the larger is the fraction of the field that penetrates into the surrounding layers,
but the fewer guided modes are supported. In a symmetric system at least one guided TE and one
guided TM mode are supported by the structure. Waveguides that do not support guided higher order
modes are called single mode waveguides. In each waveguide, there is an infinite number of modes
available, but only a finite number of these modes are guided. All other modes are radiating modes.
All modes, guided and radiating, are orthogonal to each other. They form a basis system for the
electromagnetic field. The eigenvalue equation (2.39) for k, cannot be solved analytically due to the
fact that this equation is transcendental. Approximations are needed or the eigenmode equation has to
be solved numerically for each mode.

2.2.2 Rib- and wire-type waveguides

The three layer slab waveguide in the previous section was used as an example to show the mechanism
of wave guiding. For most applications, a 1D light confinement in vertical direction is not sufficient. In
addition to vertical confinement, lateral confinement is necessary to enable the realization of complex
integrated optical waveguide devices, where waveguides and even arrays of waveguides can be built on
a single chip. Such waveguides allow for waveguide bends, Y-branches, couplers, interferometers and
a lot of more complex devices with a simple planar fabrication process. Several types of waveguides
facilitate two dimensional (2D) light confinement. Figure 2.3 shows two examples of such waveguides.
A wire-type waveguide has a high index core with a certain width w and height H, which is surrounded
by materials with lower refractive indices. The principle of wave guiding used in this case is analogous
to the three layer slab system, but is valid in the vertical and the lateral direction. Based on the effective
index method (EIM)[33, 35], the lateral confinement of the rib-type waveguides can be explained as
follows. If the inner region // and the outer regions / and /// of the rib waveguide (see Fig. 2.4) are
treated as separated and independent horizontal slab waveguide systems, an optical mode propagating
in the inner region // has a higher effective index than in the two outer regions. By replacing the
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Figure 2.4: Sketch of the working principle of the effective index method for a rib-type waveguide. The waveguide
is divided into three different regions / - ///, treated as independent horizontal three layer slab systems. For
each region, a horizontal effective index nerr,;—;;; can be calculated. After this step, the three regions are
considered to form a vertical three layer slab system, which can be solved in the same manner. The final
value nerr is an approximation to the effective index of a guided mode in the rib-type waveguide.

three regions of the rib waveguide with homogeneous media with refractive indices equivalent to the
corresponding horizontal slab waveguides, a vertical slab waveguide is formed (see Fig. 2.4), which
leads to lateral confinement.

The calculation of the fields in these wire- and rib-type waveguides is not as easy as in the case of
a slab waveguide due to the fact that the decoupling of Maxwell’s equations into two independent
equation systems is not possible. In these geometries, there are no pure TE- or TM-modes. All modes
are still orthogonal to each other and form a basis system for the electromagnetic fields, but every
mode contains all six field components. Nevertheless, in many cases, e.g. for thin but wide rib or
wire waveguides, the modes in these waveguides carry most of their optical power in the TE or the TM
field components. In such cases, these modes are called TE-like or TM-like, with TE or TM major field
components and TM or TE minor field components, respectively. In many publications, the reference
to these types of modes is simplified from TE-like modes or TM-like modes to only TE modes or TM
modes, but the reader has to be aware of the fact that this is only a simplification and these modes are
not pure TE or TM.

The calculation of the fields and the effective index of the modes in rib- or wire-type waveguides is
complex. One approach to this problem is the use of approximation methods such as Marcantili’s
method[36] or the effective index method [33, 35] (see Fig. 2.4). Both methods work well for a certain
range of parameters but do not provide good approximations for all waveguide cross sections. A pre-
cise method for all waveguide cross sections is the calculation of the fields using numerical methods,
e.g. finite element methods (FEMs). FEMSs[38] can implement different methods for finding optical
waveguide modes. The common point for all FEMs is a discretization of the waveguide cross section
into a number of very small elements. Then, a set of mathematical basis functions is applied at the
boundaries or the vertices of all these elements. The condition that the mathematical functions have to
be continuous at the boundaries of adjacent elements creates a huge set of equations, which can be
solved by a software package. Figure 2.5 shows examples of fundamental TE modes for a rib- and a
wire-type waveguide calculated by using a FEM.
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Figure 2.5: Finite element method (FEM) simulations of the E-field distribution performed with a commercial
FEM simulation package[37] of a a) wire-type waveguide and b) rib-type waveguide. The substrate and the
cladding have a refractive index of ns = n. = 1.46 and the core layer has a refractive index of n,,y = 1.65.

Even if the calculation of the mode fields in a rib-type waveguide is complex, there exist simple criterions
to determine whether the waveguide shows single mode behavior. There are several approaches to
formulate single mode criterions for rib waveguides and some of them are summarized here to give
a short overview. All single mode criterions describe basically the limit when the first higher mode
is becoming radiant. If the first higher mode becomes radiant, only the fundamental mode remains
guided. Based on the mode-matching method presented by Petermann[39], Soref et al. presented an
analytical approximation of a single mode criterion for rib waveguides[40]:

5 <03+ (2.44)

B
V1—r?

In this equation, r and s are defined by r = #7¢ and s = %. For a given thickness of the core layer and
a given etch depth, the maximum width of the rib waveguide for single mode operation can be obtained
using this criterion. A second analytical approximation is based on the EIM. The so called Pogossian
criterion[41, 42]

looks very similar to the Soref criterion, but it is based on a different approximation. Both criteria
show good agreement for large waveguide cross sections, while the single mode criterion used in this
work achieves better accuracy for waveguides with small cross sections. The criterion used here is a
modification of Soref’s criterion that uses exact values for the effective indices of the three layer slab
modes. Furthermore, a fit parameter based on comprehensive numerical work is introduced that also
takes into account the differences between TE-like and TM-like modes. This semi-analytical single
mode criterion for rib-type waveguides with small cross section was published in 2006[43]:

™

[2 2
KoH\/Nger = Nerr

s<asmc + (2.46)
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The factors nerr; and neqrr,i; are the effective indices for the three layer slab system in the outer and
the inner region respectively and are obtained by solving equation (2.39) for the fundamental mode.
The fit parameter asp ¢ is polarization dependent. For TE-like modes it can be taken as a constant
asmeTe = 0.31 £0.02. For TM polarization acsyc i is a function of the core layer thickness,
aspcm = 0.28(1 — eH/360) 4 0.03.

2.3 Coupling methods for thin film waveguides

Coupling into thin film waveguides is still a very challenging task. Since the beginning of integrated
optics, this topic has attracted a lot of interest. In the "outer" or macroscopic world, light propagation
happens via freely propagating beams directly from a laser source for short distances or via low loss
optical fibers for distances up to hundreds of kilometers. In integrated optics, efficient optical elements
and low loss waveguides exist, but the key factor for a highly efficient device is a good coupling element
between the micro and the macro world. There is still no ultimate solution to this challenge.

One approach in integrated optics is the integration of laser sources and the photodetectors on the
device, so that all optical elements are integrated on a single chip and electrical contacts are the only
connections to the world outside the chip. However, for many devices this approach is neither feasible
nor practical. Especially in the case of disposable devices, fabrication costs are critical, which prohibits
an integration of active optical elements.

Coupling into thin film waveguides is usually done from freely propagating beams or directly from optical
fibers. Freely propagating beams can be delivered directly from laser sources or from optical fibers that
are attached to a collimating or focusing optic. In most cases, it can be assumed that freely propagating
beams have a Gaussian shape. Typical beam diameters are in the range of 0.5 mm to 2 mm if the beam
is delivered directly from a laser source. If a collimating optic is used, beam diameters are usually
0.5 mm or larger, whereas with focusing optics, beam diameters down to the micrometer scale are
possible in the focal plane.

The other case is coupling from an optical fiber where the core diameter of optical fibers determines the
diameter of the out-coming beam, which can vary from a few microns up to several hundreds of microns.
Single mode fibers are used for high performance telecommunication links or for the transportation of
light to sensor devices, where coherent light is needed. The core diameter of these fibers is dependent
on the used wavelength and is approximately 4 um for a wavelength of 633 nm and nearly 9 um for a
wavelength of 1.55 um. The beam shape of single mode fibers can also be assumed to be Gaussian.

In comparison to these dimensions, the dimensions of integrated optical waveguides are very small.
The core layer thickness of thin film waveguides can go down to a few tens of nanometers for high index
difference waveguide systems, while the width of the waveguides is typically less than a micron for such
systems. For efficient coupling, this mismatch in the mode shapes has to be overcome. The following
sections give a short overview of popular coupling methods for thin film waveguides and emphasize
their suitability for high index difference polymer single mode waveguides.
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Figure 2.6: a) Typical dimensions for waveguides with small cross sections when using end face coupling. In the
near infrared, single mode fibers have core diameters in the range of 10 um and dimensions of waveguides
with small cross sections are often smaller than 1 uym x 1 um. b) Calculated geometrical overlap of a
Gaussian fiber mode with 0,7 = 9 pm and 0,1 = 9 pm and a Gaussian beam with variable o, » and o, »
(see equations (2.47) and (2.48)). For waveguides with small cross sections, end face coupling efficiencies
are only a few percent.

2.3.1 End face coupling

End face coupling is one of the easiest possibilities to couple light into a thin film waveguide. A cleaved
fiber is brought in proximity or even in contact with the end facet of the waveguide (see Fig. 2.6a)). This
coupling method is often used for low index difference waveguide systems, where the dimension of
waveguides are similar to the diameter of optical fibers, e.g. for low index contrast polymer waveguides
or optical waveguides made from glass. The theoretical coupling efficiency n of end face coupling,
which is defined as the ratio between the incoming optical power and the power that is coupled into the
waveguide is determined from an overlap integral. Assuming that a propagating mode is converted into
another propagating mode with a different mode profile, the conversion efficiency between these two
modes is given by[35]

2
408162 [f Ei(x,y)- E;(X,y)dxdy} .
" (Br+B2)? [ E1(x,y) - Ef(x,y)dxdy - [ Ex(x,y) - E5(x, y)dxdy (2.47)

where E1(x,y) and Ex(x, y) are the amplitude profiles and 5; and (> are the propagation constants
of these two modes. The first term in this equation takes the impedance mismatch between these two
modes into account. It handles the difference in the propagation constants and integrates phenomena
such as reflection due to different refractive indices, while the second term is the geometric overlap
of these two modes. Equation (2.47) is valid for all cases of mode conversion where the propagation
direction is not changed, which is usually the case if the mode conversion takes place at an interface
orthogonal to the propagation direction. As an example, for two Gaussian modes with

2 2
1 X=Xp,1/2 Y=¥0,1/2

E - - 9x,1/2 %y.1/2 2.48
12(x. y) 0% 120 1/2 e e (2.48)
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a maximum conversion is obviously achieved if both beams are identical. As shown in Fig. 2.6b), the
efficiency of the mode conversion drops rapidly if the mode diameters are not matched, even neglecting
the mismatch in the propagation constants. End face coupling only provides good coupling efficiency for
waveguides having the similar dimensions as optical fibers. This is usually valid in waveguide systems
with very low index contrasts only. For waveguides with small cross sections such as waveguides
made of high index material systems or waveguides optimized for surface sensing, the efficiency of
end face coupling is usually low. For near infrared wavelengths, the core diameter of optical fibers
is around 9 um. Polymer rib waveguides optimized for surface sensing, as used in this work, have
a core layer thickness of less than 400 nm and a waveguide width of 2.4 pum for this wavelength.
A simple calculation to give an estimation of the coupling efficiency, assuming that the mode profile
within the waveguide is Gaussian as well as the mode profile of the optical fiber, leads to a theoretical
coupling efficiency of 4.4% or -13.5dB for o1 = 9 pm, 0x2 = 2.4 um, 0,1 = 9 um, o, > = 0.4 pm,
X01 = x02 = 0, and yp1 = yo2 = 0. Moreover, end face coupling needs direct access to the end
facet of the waveguide, which cannot be guaranteed on an injection molded substrate with spin coated
layers on top. Additionally, for achieving high coupling efficiency, the quality of the waveguide end facet
is critical. On inorganic substrates a high quality end facet can be realized by polishing and/or wafer
cleaving. This kind of treatment is not possible on polymer substrates.

Equation (2.47) is only valid for the calculation of the coupling efficiency for end face coupling if there
is no gap between the optical fiber and the waveguide, which is usually not the case. If there is a gap,
equation (2.47) has to be applied twice. Firstly, equation (2.47) has to be applied to the interface at the
end of the fiber. The change of the mode profile as a result of the propagation of the mode through
the gap can be neglected in many cases. Secondly, equation (2.47) has to be applied to the interface
between air and the waveguide. The air gap between the optical fiber and the waveguide forms a
cavity, where multiple reflections lead to interferences, which affect the overall coupling efficiency and
introduce a wavelength dependent behavior. This effect is neglected in the treatment above, but has to
be taken into account for a rigorous analysis of end face coupling. Often tilted end facets are used to
avoid multiple reflections between the fiber and the facet of the sample. The tilt angle is typically 8°.

2.3.2 Taper structures

In order to optimize the mode overlap at the coupling plane tapers, which are also called spot size
converters, can be used. Tapers are used to slowly change the cross section of a waveguide in the
direction of propagation. Tapers can be implemented in many different shapes. Simple lateral tapers
change only the width of waveguides, while three dimensional (3D) tapers also change the waveguide
height (see Fig. 2.7). For a waveguide with a constant cross section, all waveguide modes are orthogo-
nal and independent. Therefore, coupling between these modes is not possible and the energy in each
mode is preserved.

In a taper structure, coupling between waveguide modes is introduced. If only the fundamental mode
is excited at the beginning of a taper, energy from this mode couples, at different rates, into all other
waveguide modes. As these higher modes gain energy during propagation through the taper, the
energy in these modes couples again into all other modes. If it is additionally taken into account that
energy is as well coupled to radiating modes, which leak energy out from the taper structure and that
the number of guided modes can change during propagation through the taper, an analytical description
of the energy distribution of waveguide modes in a taper is complex.
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Figure 2.7: Sketch of a a) lateral taper, b) three-dimensional (3D) taper and ¢) a inverse taper.

This problem is especially critical for tapers into single mode waveguides, where all energy in higher
order modes radiates away at the end of the taper. One way to overcome this problem is the use
of adiabatic tapers, e.g. [44, 45]. This kind of tapers varies the cross section of the waveguide very
slowly, so that coupling between modes can be neglected. Adiabatic tapers are capable of nearly
lossless conversion of mode profiles, but have the geometric disadvantage of being very long. To
reduce the necessary length of tapers the shape of the tapers can be adjusted in such a way that the
overall mode coupling is minimized. As presented in reference [46], the strength of the mode coupling
depends, among other factors, on the difference of the propagation constants of the different modes.
The higher the difference between the propagations constants, the lower the coupling of these modes
is. In consequence, the waveguide cross sections of adiabatic tapers can be varied faster where mode
coupling is weak due to high difference in the propagation constants and vary slower where strong
mode coupling occurs.

Lateral tapers

Lateral tapers are easy to produce and compatible with planar waveguide technology. They can be used
to adjust the width of the waveguide to the diameter of the single mode fiber to increase the coupling
efficiency of end face coupling. By setting ox.1 = 0x2 = 9 pm in the example from section 2.3.1, the
coupling efficiency increases to 8.87% or -10.5dB, which is a relative increase of 3dB. Nevertheless, the
main problem, the mode mismatch in the vertical direction, still remains unresolved. Therefore, lateral
tapers are not the best solution to increase the coupling efficiency for end face coupling, but they play
an important role in the coupling via grating couplers (see section 2.3.4 and 4.2.4), where they are used
to reduce the waveguide width behind the gratings to the desired width.

3D tapers

3D tapers have the capability to adjust the lateral as well as the vertical mode size to the diameter of
the fiber. The only remaining mismatches are the non-Gaussian shape of the mode in the waveguide
and the difference of the propagation constants between the mode in the fiber and the waveguide.
3D tapers offer good coupling efficiency at the cost of very complicated fabrication. In general, they
are not compatible with planar waveguide processing. Many 3D tapers are separated into vertical
tapers, which reduce the waveguide height and a lateral taper. In many cases, the fabrication of 3D
tapers necessitates complicated fabrication procedures, involving multiple etching steps or polishing
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and bonding steps, e.g. [47, 48]. Due to the complicated fabrication process and the fact that end face
coupling cannot be used for an injection molded substrate, 3D tapers are not a practical solution for the
coupling into injection molded disposable sensor chips.

Inverse taper

An interesting and comparatively new coupling concept is the use of inverse tapers [49, 50, 51]. This
kind of tapers has a very narrow tip made from the core material at the end facet, which slowly becomes
larger until the final waveguide cross section is reached (see Fig. 2.7¢)). For large waveguide cross sec-
tions, the waveguide mode is strongly confined within the core layer. The mode profile is approximately
as large as the core layer. By reducing the cross section of the core layer, the mode profile becomes
smaller, but in exchange, the confinement of the mode in the core material is reduced. For very small
core layers, the confinement is reduced strongly and the mode profile becomes larger again. This effect
is exploited at the tip of an inverse taper.

Compared to 3D tapers, the effective index of a mode at the end facet is lower for inverse tapers due to
the fact that there is hardly any high index material present at the beginning of the inverse taper. Thus,
this coupling method is of particular interest for high index material systems, where strong reflections at
the end facet due to the high effective index of the guided modes can be reduced by use of an inverse
taper. This kind of taper is mostly used in silicon photonics, where 3D taper structures can be produced
by grey-scale e-beam lithography followed by an etch step. Etching of silicon is an extremely well-known
and stable process. The main disadvantages for this kind of taper are the expensive fabrication and the
difficult positioning of the tip of the taper directly at the sample end facet. The quality and the size of
the tip is critical for the performance of these tapers. For all these reasons, the realization of an inverse
taper seems to be practical for inorganic materials only.

2.3.3 Prism coupling

For this coupling method, a prism with a refractive index higher than the guided mode is put on top
of a waveguide, as shown in Fig. 2.8. If an incident light beam hits the prism under the appropriate
angle, light can be coupled into the waveguide. Without the underlying waveguide, the light would
be reflected at the bottom of the prism. However, reflected light comes with an evanescent tail that
slightly penetrates into the low index material below. Therefore, mode coupling can occur between
the evanescent tail of the reflected light in the prism and the guided mode [52]. The strength of the
mode coupling is determined by an overlap integral between these two evanescent tails [53]. This
coupling method can be used for in-coupling and out-coupling. The basic equations are the same for
both cases.

For efficient coupling, the incident or outgoing beams have to satisfy a phase matching condition with
the propagating waveguide mode. The phase matching condition is k; inc = konefr, Where k; inc is
the z-component of the wave vector of the incident or outgoing beam in the prism and kgnerr is the
wave vector of the guided mode. Written in the following form, this defines the angle of optimized
coupling[54].

npko sin ep = koneff (2.49)
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Figure 2.8: a) Sketch of a prism coupler for thin film waveguides and b) depiction of the mode coupler scheme. If
the phase matching condition between the incident beam and the guided mode is satisfied, coupling occurs
due to the overlap of the mode profiles.

The prism has a refractive index of np, while the incoming or outgoing beam is propagating under the
angle ©p in the prism. The angle © of the propagating beam outside of the prism can be calculated
using Snell’s law as

sin(©p —ap) = npsin(© — ap) (2.50)

by assuming that the medium outside of the prism is air. The necessary wave vector konerr is always
larger than kg, so it cannot be reached by a beam propagating in air. Therefore, a prism with np > nerr
and with a non-horizontal interface is required. Prisms are often used as wave vector converters if
components of wave vectors larger than kp are needed. For optimized coupling, not only the coupling
angle ©p, but also the size and the shape of the beam as well as the exact position of the beam have
to be adjusted to the coupling strength of the mode coupling. The coupling strength, calculated by an
overlap integral as mentioned above, can be strongly influenced by the gap between the prism and
the waveguide, which leads to certain disadvantages for this coupling method. First of all, the prism
needs direct access to the waveguide core layer. Therefore, no cladding layer is possible in the coupling
region, which would in other cases also act as a protection to the core layer. The second point is the
strong dependence of the coupling strength on the gap between the prism and the waveguide. A single
dust particle can change the size of the gap, and therefore, the coupling strength. While it might be
possible to adjust the position and the angle of the beam during a measurement to counterbalance
a change in the coupling strength, it is nearly impossible to change the beam shape and size, which
would be additionally necessary for optimized coupling.

In the case of prism coupling for optical sensor chips, the prism can be directly mounted during the
processing of the sensor chips in a cleanroom or the prism is part of the readout system and is pressed
on the sensor chip during measurements. The first possibility should give more reproducible results but
complicates the fabrication process and increases costs because of the fact that two high quality prisms
are needed for each sensor. The latter possibility needs no change in the fabrication process except
the opening of the cladding in the coupling region. However, reproducibility of the coupling conditions
cannot be guaranteed between different chips because of the reasons mentioned above.
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Figure 2.9: Grating couplers as in- and out-coupler for a thin film waveguide.

2.3.4 Grating couplers

Grating couplers are planar coupling elements. Their periodic structure leads to a change in the prop-
agation direction of a certain amount of reflected or transmitted light by adding multiples of so called
grating vectors to the wave vector of the propagating light. In general, periodic structures are possi-
ble in up to three (not necessarily rectangular) dimensions. In optical applications, 2D or 3D periodic
structures are called photonic crystals. Photonic crystals can have a lot of interesting properties and
attracted a lot of attention for different applications from ultra compact waveguides (e.g. [55, 56]) to
sensing (e.g. [57, 58] but are, with a few exceptions (e.g. [59, 60]), not used for coupling into thin
film waveguides. 1D periodic structures are referred as diffraction gratings, or in a simple way just as
gratings. Gratings are wavelength selective devices and are used in a variety of applications in many
fields of optics, ranging from telecommunication up to sensing (e.g fiber bragg gratings[61, 62, 63]).
The focus of this section are grating couplers, i.e. gratings that are used to couple light into a thin film
waveguide or out of a thin film waveguide (see Fig. 2.9).

Grating couplers are resonant diffraction devices. Based on the Huygens’ principle, every period acts
as a point source. Due to the periodic structure of gratings, the sum of the waves from all the point
sources interfere constructively for specific directions only. These directions are spaced by grating
vectors Ak = |Ak|. The grating vector lies in the direction of the periodicity and has the length[64]

_ 2
Ak = |Ak| = Wﬂ (2.51)

where A is the period of the grating. If a propagating wave with a wave vector k is incident on a grating,
part of the light is reflected and part of the light is transmitted. In addition, the transmitted as well as the
reflected beam is diffracted into several diffraction orders, each with a different wave vector, as shown
in Fig. 2.10a). Each diffraction order propagates in a different direction away from the grating. The
number of diffraction orders depends on the grating period and the refractive index of the surrounding
media. The length of the wave vector of the diffraction order is determined by the medium in which the
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Figure 2.10: a) Wave vector diagram of a grating at an interface of dielectric materials. The lengths of the
wave vectors are defined by the refractive indices of the materials and the used wavelength. Due to the
presence of a grating, several diffraction orders are introduced in addition to the reflected and transmitted
beam. Compared to the reflected and the transmitted beam, the z-components of the diffraction orders
are changed by multiples of the grating vector Ak. b) If a grating is present at a waveguide, additional
possible wave vectors are introduced. For each mode that is supported by the waveguide structure, two
wave vectors, one in the positive and one in the negative z-direction, are added. The length of these wave
vectors is defined by the effective indices of the guided modes in the waveguide. If the coupling condition
(2.52) is satisfied, coupling from the incident beam to the guided mode is possible.

wave propagates. In isotropic media the norm of the wave vector is independent from the propagation
direction, thus all possible wave vectors lie on a circle with the radius r; = kon; for the medium with the
number j, as sketched in Fig. 2.10. Assuming that the grating is periodic in the z-direction, the grating is
able to change the z-components of the wave vector of the reflected and the transmitted wave by adding
multiples of the grating vector. If a waveguide is present in the grating area, as sketched in Fig. 2.10b),
additional possible wave vectors arise for the modes in the waveguides. These wave vectors point in the
z-direction and scale with the effective index of the waveguide modes. To enable efficient coupling from
an incident beam to a waveguide mode or from a waveguide mode to an outgoing beam, the difference
between the z-component of the wave vector of the beam and the wave vector of the mode has to be a
multiple of the grating vector, which leads to the well known coupling condition for grating couplers (e.g.
[65, 66])

|Kinclsin ® + mAk = konery (2.52)

with the integer m as the order of diffraction. This equation defines the basic correlation between the
coupling angle, the period of the grating and the effective index of the waveguide mode. As denoted
in equation (2.51), the grating vector depends only on the period of the grating and not on the shape
of the grating or on the refractive indices. The shape and the refractive indices have no influence on
the basic coupling condition, but one has to keep in mind that the coupling condition is a simple cor-
relation between wave vectors and makes no statements about the efficiency of the coupling between
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Figure 2.11: Examples of grating couplers: a) Binary grating coupler fabricated in doped SiO, by deep UV
photolithography[67]. b) Slanted grating coupler fabricated in InGaAs/AlGaAs with chemically assisted ion
beam etching[68]. ¢) Focusing grating coupler[69] fabricated in silicon by Luxtera[70].

the radiating beams and the diffraction orders. The coupling condition is a necessary, but not a suffi-
cient condition for efficient coupling. This is where the shape and the materials of the grating and the
waveguide come into play. The issue of efficient coupling and the prerequisites to achieve it, as well as
the implications will be examined in more detail in section 4.2.4.

Many implementations of grating couplers are used for different fields of applications. General ad-
vantages of grating couplers are their compatibility to a planar fabrication processes as well as free
positioning of the gratings over the complete area of the sample. There is no need for cleaving the
edges of the devices. Moreover, grating couplers can offer relaxed alignment tolerances compared to
end face coupling due to larger beam diameters used. The most common example for grating couplers
are binary line gratings, e.g. in polymers[13], silicon nitride[71] or silicon[72]. These grating have rec-
tangular cross sections of alternating materials with different refractive indices (see Fig. 2.11a)). The
main advantage of this kind of gratings is their compatibility with standard fabrication processes. In most
cases, these gratings can be patterned in the same fabrication step as the waveguides, and therefore,
add no additional complexity to the fabrication process. Even if perfect vertical sidewalls cannot be
achieved easily, binary line gratings are often used as a model to describe experimentally realized grat-
ing structures. A disadvantage of binary line gratings is the limited coupling efficiency, especially for
in-coupling purposes. If used for out-coupling, due to symmetry, binary line gratings couple light from a
waveguide to both the substrate and the cladding at more or less at the same rates. As will be shown
in section 4.2.4, this behavior limits the maximum coupling efficiency for in-coupling to approximately
40%.

One possibility to overcome this limitation are slanted or blazed grating couplers, e.g. [68, 73] (see
Fig. 2.11b)). They break the symmetry of the binary gratings and favor diffraction into the cladding
or into the substrate, which is desirable for in-coupling too. However, the fabrication of slanted grat-
ing couplers poses a challenge to standard process technology and are not compatible with injection
molding. Another interesting example of grating couplers are focusing gratings (see Fig. 2.11c)), e.g.
[74, 75, 76, 77]. For instance, these gratings are able to transform an incoming plane wave into a focus-
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incoming plane wave:
‘P,-,,C(X,Z) = annc-Z-sin (p/lo

T

Figure 2.12: Example of a focusing grating that translates an incoming plane wave with an angle of incidence ¢
into a spherical wave that has its focal point at the beginning of the waveguide. The three depicted light rays
have the same optical length and they indicate how the grating line can be obtained using equation (2.53).

ing wave in the thin film waveguide. At the focal point of the grating, the focused wave can be coupled
into a narrow waveguide. The grating lines are determined by a correlation between the phase of the
incoming beam at the grating interface ¢;,c(x, z) and the phase of the propagating mode ¢moqe(x, 2)
in the following way (see also Fig. 2.12)[78]:

(binc(xv Z) + d)mode(X, Z) =2mm (2.53)

This equation states that for each point of the m-th grating line the wave travels the same optical length
to the focal point, so that all parts of the wave can interfere constructively at the focal point. If ¢;,. and
dmode are known as a function of the coordinates x and z at the grating interface, reversion of equation
(2.53) gives a formula for coordinates of a grating line for each integer m.

The design of focusing gratings requires very good knowledge of the material parameters and the
geometrical parameters of the fabricated gratings since all these parameters influence the effective
index of the waveguide mode in the grating region, and therefore, ¢moqe(X, z). Especially for polymers,
the exact optical parameters are often unknown, which complicates the use of focusing grating couplers
for polymer waveguides. Equation (2.53) is valid for line gratings as well, which are just a special case
of focusing gratings, where a plane wave is transformed into another plane wave. In the case of line
gratings, changes in the effective index of the waveguide mode can be compensated with a change in
the angle of incidence, which is in general not possible for focusing gratings.

Because of the compatibility with the fabrication process, binary line grating couplers were chosen as
coupling elements for the polymer biosensor chip. They allow for an easy readout system owing to
relaxed alignment tolerances and reproducible coupling efficiency of grating couplers as well as the fact
that a large distance between the grating and the optics that tailors the incident beam is possible, which
makes a possible readout system more robust.



3 Evanescent wave sensor principles for
biosensing

The common characteristic of the following examples of evanescent wave sensors is that the propaga-
tion of light is altered by a change of the refractive index in one of the neighboring layers. As explained
in section 2.2, the effective index of a guided mode is dependent on the refractive indices of these low
index layers due to the fact that an evanescent tail of the waveguide mode penetrates into the surround-
ing layers. Therefore, the propagation of the guided mode can be affected by refractive index changes
in one or more of these layers. This fact is exploited by sensors described in this chapter.

There are two main applications for evanescent wave sensors. Firstly, if a complete neighboring layer
changes its refractive index, which can be the case if an analyte that is rinsed over a waveguide is
exchanged. This case is referred as homogeneous sensing. The second case is surface sensing,
where only a very thin layer at the interface of the waveguide core to a neighboring layer changes
its thickness or its refractive index. For homogeneous sensing applications, a completely symmetric
system is best, where the refractive indices of the substrate and the cladding are equal, thus allowing
the waveguide core layer to be made arbitrarily thin. Then, nearly all of the optical energy of the mode is
propagating in the cladding and the substrate layer. Therefore, a change in the refractive index of one of
these layers has a strong influence on the effective index of the guided mode for very thin waveguides.
In the case of surface sensing, the layer that can affect the effective index of the guided mode is very
thin, which makes this effect considerably smaller. As a consequence, the energy in this thin sensing
layer has to be maximized to maximize the sensor sensitivity, which will be discussed in section 3.1.1.
Major applications for surface sensing are medical, biological or biochemical applications, where in
many cases a monolayer of receptors is attached to the surface of the core layer[79]. Biomolecules can
be captured by these receptors and change the optical properties of the sensing layer.

Evanescent wave sensors can be implemented in many different configurations. The following exam-
ples of biosensors provide a short overview about typical sensors and the sensing techniques they are
based on. This chapter will also motivate the choice of an integrated Mach-Zehnder-interferometer for
the polymer biosensor, which is in the focus of this thesis.

3.1 Evanescent waveguide sensors

Sensors based on evanescent waveguides directly measure changes of the effective index of a wave-
guide mode. Evanescent waveguide need to show single mode behavior, hence different modes are
affected in a different way by a change in optical properties of a neighboring layer because of their
different evanescent fields. To avoid unpredictable interferences between different guided modes, single
mode behavior has to be ensured for the waveguides used.

25
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Figure 3.1: Principle of a) homogeneous and b) surface sensing. In a) the refractive index of the sample fluid
changes during a measurement, whereas in b) the thickness and/or the refractive index of the sensing layer
changes through binding of biomolecules on a biosensitive layer.

3.1.1 Sensitivity parameters for evanescent waveguides

In order to maximize the sensor sensitivity, evanescent waveguides have to be designed properly. The
quantity to be measured is the change in the effective index of the fundamental waveguide mode.
Therefore, the change in the fundamental mode should be maximized for a given change of either the
refractive index of a homogeneous sample fluid or a change of the optical thickness (i.e. a change of
the thickness and/or the refractive index) of a thin sensing layer at the interface of the waveguide in the
case of surface sensing.

For homogeneous sensing (see Fig. 3.1a)), the optimization of the waveguide is straight forward. If it
is ensured that the sample fluid, which represents the cladding layer in this case, is thick enough, the
waveguide thickness has to be reduced as far as possible, such that as much energy as possible is
present in the sample fluid. For surface sensing applications, two corresponding figures of merit for the
sensitivity were proposed. Parriaux et al.[79] introduced the surface sensitivity parameter

_ Onerr
Sp = e (3.1)

as the change of the effective index of the fundamental mode n.f relative to the change of the dielectric
load term np of the sensing layer defined as

Mp = kohsi (3 — nZ) (3.2)
where hg, is the thickness (see Fig. 3.1b)) and ng, is the refractive index of the sensing layer. Any

change of the thickness or of the refractive index of the sensing layer leads to a change of the dielectric
load term. On the other hand, the surface sensitivity parameter defined by Tiefenthaler et al.[1]

Onerr
sT:< ° ) (3.3)
ahS/ ngj=const

is defined as the change of nerr with respect to the change of the thickness of the sensing layer hg,
whereas the refractive index ng; is assumed to be constant.
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Figure 3.2: Sensitivity parameter Sp of an optimized slab system as a function of the refractive index of the core
layer, calculated for the three-layer slab system shown in the inset. The core layer thickness is optimized for
a given refractive index value (see Fig. 3.3a)).

The sensitivity parameter Sp is wavelength independent due to the fact that np includes the product
kohs;, which is equivalent to the optical thickness of the sensing layer. If the thickness of the sensing
layer is held constant and the wavelength is reduced, the optical thickness of the sensing layer is
increased and more power can be confined within the sensing layer, resulting in a higher sensitivity.
This wavelength dependence is already taken into account in the definition for Sp, which allows for an
easier comparison of waveguide structures. In return, S+ gives an absolute number for the sensitivity
based on the wavelength and materials used as well as on the waveguide cross section. Since it is not
fully clear how binding events on a biosensitive layer change the optical properties of this layer, it cannot
be stated which of these two models is the more correct one. Nevertheless, both sensitivity parameters
give very similar results if compared for the same wavelength. For further considerations, Sp will be
taken as the default sensitivity parameter because it is based on a more general model that incorporates
all changes of the sensing layer, which can occur due to immobilization of additional molecules at the
surface. The optimum waveguide cross section is the one with the largest sensitivity parameter. For
the three layer slab system, this optimization can be done analytically. More complicated waveguide
cross sections have to be numerically optimized or approximated by an analytical model. The surface
sensitivity parameter Sp only depends on the waveguide cross section and the refractive index of the
materials used, whereas the sensitivity of the sensor is proportional to the surface sensitivity parameter,
but also depends on the type of sensor used, the length of the waveguide with the sensing layer on top
and the wavelength.

Figure 3.2 shows the maximum achievable sensitivity parameter Sp of a three layer slab system as
function of the refractive index of the waveguide core layer for a substrate with a refractive index of
1.46. The biosensitive layer was assumed to be 10 nm thick with a refractive index of 1.5[10] and
the sample fluid had a refractive index of 1.33. The thickness of the core layer was optimized for
each refractive index value. The calculation confirms a strong dependence on the optimized sensitivity
parameter on the refractive index of the core material. The achievable sensitivity increases with the
index of the core layer. Thus, high index difference material systems such as SOI are preferable for
surface sensing. Although Sp is not the only parameter that influences the overall sensor sensitivity, an
optimization of the waveguide geometry with respect to the surface sensitivity is absolutely necessary
in order to design an effective sensor system. Together with the length of the waveguide that is exposed
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Figure 3.3: a) Optimum core layer thickness h, 4 for the three-layer slab system shown in the inset as function
of the refractive index of the core layer. b) Phase shift A® (see equation (3.6)) per millimeter length of the
waveguide and refractive index unit (RIU) change of the sensitive layer for an optimized system, given for
three different wavelength. The achievable phase shift increases with one over the square of the wavelength.
As indicated in the graph, silicon nitride at a wavelength of 633 nm is the best currently available sensor
platform for surface sensing, because no suitable materials with a higher refractive that are transparent for
visible light are known. So far, wavelengths below 633 nm are not used for sensing applications because
suitable laser sources are not available at a reasonable price.

to the sample fluid and the wavelength, Sp has a direct impact on the phase shift that occurs during
a measurement (see equation (3.9) in section 3.1.3). This phase shift is the desired parameter for the
interferometric devices discussed below. Figure 3.3b) gives the phase shift that can be expected for a
1 mm long waveguide, if the sensing layer changes its refractive index by 1 refractive index unit (RIU).

One way to increase the sensitivity of biosensors is to increase the interaction between the evanescent
tail of the propagating mode and the analyte. For instance, this can be achieved by the use of hydrogel
films on the sensor surface. Hydrogel films are 3D polymer networks that can be functionalized with
binding sites for biomolecules to act as 3D binding matrices for biomolecules[80]. They can be attached
as thin films on the sensor surface[81, 82]. Due to the increased number of binding sites and the
increased interaction volume between the analyte and the evanescent tail of the propagating mode, the
effective index of the mode can be stronger influenced during the measurement than in the case of pure
surface sensing. Hydrogel enhanced sensors are not in the focus of this work, but have been already
shown, for instance on SOI ring resonators[81] or on surface plasmon resonance sensors[80, 83].

3.1.2 Young interferometers

In a Young interferometer[84, 85, 86], an interference pattern between two different coherent light
beams is used to obtain information about the relative phase between these two beams. In integrated
optics, a Young interferometer is composed of two single mode waveguides that guide the two beams.
An integrated Young interferometer, as shown in Fig. 3.4, also includes the beam splitter on the sen-
sor chip, which can be realized as Y-branch or 3dB-coupler. The two arms of the interferometer are
named as reference arm, which is protected by the cladding, and the sensor arm, where a measure-
ment window is opened in the cladding, so that the analyte can interact directly with the sensor surface
and consequently with the evanescent part of the guided mode in the sensing arm and influence their
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Figure 3.4: Working principle of a Young interferometer in integrated optics: the in-coupled light is split into the
reference and the sensing waveguide; at the end of the waveguides, the light propagates in free space and
the interference pattern of the two light cones can be monitored to obtain information about the phase shift
in the measurement window.

propagation. At the end of the sample, the waveguides end and the guided modes are converted into
freely propagating beams that can interfere at a distant screen. On the screen, the intensity signal is
captured by a CCD line array. After the beam splitter, the guided modes, which propagate through
the two arms of the interferometer, accumulate a certain phase. In the regions that are covered with
the cladding they accumulate the same amount of phase. The only region, where the propagation of
the two guided modes can be different, is the region of the measurement window, where the analyte
can interact with one of these guided modes. The phase that is accumulated in these light path is
Ps = nerrsk and &, = nqrr L for the sensing and the reference arm, respectively, where L is the
length of the measurement window. The phase difference at the end of the measurement window is
given by

2T
AP, = )\_0 (neff,s - neff,r) L (3.4)

The phase difference of the two interfering beams at the screen is given by[87]:

XWy|
d

Ady(x) = i_:: ( = (Nefrs — neff,r)L> (3.5)
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where wy is the distance between the two arms of the interferometer, x is the lateral postion on the
screen and d is the distance of the end of the sample to the screen. If Ady,(x) is a even multiple
of m, the two beams interfere constructively and the intensity has a maximum, whereas if Ady (x)
is an odd multiple of m, the two beams interfere destructively and the intensity has a minimum. The
intensity signal, therefore, has a sine modulation with a period of Ay, = Aod/wy,. In most cases, ¢,
can be set constant during a measurement because of the protection by the cladding layer. Even if
®, changes due to external influences such as a temperature change or applied pressure, in a first
order approximation ® should change in the same way, which is one asset of devices with integrated
referencing. Therefore, the phase difference is only affected by a change of the refractive index of
a sample fluid or the optical properties of the sensing layer in the measurement window. During a
measurement, n.rr s changes by an amount of An.rr. As a consequence, also &, changes and the
phase shift A® is added to the phase difference at the beginning of the measurement Ads_, . The
phase shift A® is defined as

2
AD = L Angeel (3.6)
Ao

This phase shift A® leads to a left or a right shift of the sine modulation of the intensity signal, which
can be detected by the CCD array.

The Young interferometer needs a CCD detector array for analyzing the output signal. The data from
the CCD array has to be analyzed by some kind of logic or software to detect and trace the lateral
shifts of the intensity distribution. The propagation length of the radiating beams d needs to be long
enough to achieve the desired resolution. The biochip holder as well as the CCD array need to be
mounted on a stiff support to avoid influences from mechanical vibrations, which can have a significant
effect due to the large propagation length d of the free radiating beams. For all these reasons, a Young
interferometer needs a large, complicated, and therefore, expensive readout system.

As any other interferometer too, the Young Interferometer is only capable of detecting changes of the
phase difference between the sensor and the reference arm, and therefore, changes in the effective
index of the guided mode in the sensing am. By using ®s = 2mnerrsL /Ao and &, = 2T nerr L/ No, it
is theoretical possible to calculate the accumulated phase of each guided mode in the reference and
in the sensing arm of the interferometer, and therefore, also an absolute value for A®,_,. However, it
has to be mentioned that smallest deviations in the fabrication process or of the material parameters
strongly affect ®s ,, which prevents a precise calculation of an absolute value of A®,_,. Therefore, in
practical applications, it is not possible to calculate an absolute value of A®,_,. However, this behavior
poses no principal limitation for the applicability of interferometers for biosensing.

Biosensors based on the Young interferometer are already commercially available, e.g. ReliaSense
from nGimat[88] or implemented in a silicon oxynitride material system by Farfield Group Ltd[89].

3.1.3 Mach-Zehnder interferometers (MZIs)

The Mach-Zehnder interferometer[10, 11, 9] (MZIl) functions similar to the Young interferometer, with
the difference that it additionally incorporates a beam combining component at the end of the MZI.
In integrated optics this is done by an additional Y-branch or a 3dB-coupler, as shown in Fig. 3.5. In
comparison to a Young interferometer, the device length increases because additional space for the
beam combining component is needed, but in return, there is no more need for an extra space for
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Figure 3.5: Schematic of a Mach-Zehnder interferometer: in comparison to the Young interferometer, the light of
the sensing and of the reference arm is recombined and transferred to an output optical fiber or directly to a
photodiode.

freely propagating beams. The propagating modes within a MZ| behave in the same way as in a Young
interferometer, i.e. equation (3.5) for the phase difference as well as the equation for the phase shift
(3.6) are still valid. In contrast to the Young interferometer, the two guided modes are recombined at
the end of the interferometer. The efficiency of the recombination at the end of the MZI is dependent
on the phase difference of the two propagating modes in the beam combining element. In the case
that a Y-branched is used as beam combining component, this behavior can be explained as follows: if
the phase difference is a even multiple of 7, the modes from the two arms can interfere constructively,
whereas if the phase difference is an odd multiple of 7, the two modes will excite higher order modes
at the output waveguide, which will be radiated away due to the single mode behavior of the output
waveguide[87]. Therefore, the measurement signal of a MZI is the transmitted optical power at the end
of the output waveguide. Under the assumption that at the beginning of the beam combining element
the optical power is the same in both arms and equal to £;,/2, the transmitted power P,,: of the MZI
shows a sinusoidal behavior that can be written as[90]:

1+sinAd,_,

Pout:P/ 2
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A MZI is a highly sensitive detector for phase differences. The fact that a MZI translates a phase
difference, which is usually hard to measure, into a modulation of optical power, which can be measured
easily, makes this sensor concept attractive. During a measurement, the phase shift A® leads to a
variation of the transmitted power AP, ,,; in the following way:

sin(A®s_, o+ AP) —sinAd,_, ¢
2

APour = Pin (3-8)

The phase shift A® can be expressed as A® = 2wAnerrL /Xg, Or in the case of surface sensing by the
use of equation (3.3) for the sensitivity parameter as

_27r

AP o

SpAn,L (3.9)

The phase shift for a given change in the thickness of the sensing layer is determined by three indepen-
dent factors. The first factor is the surface sensitivity parameter, which is dependent on the materials
used and the waveguide cross section. It has to be optimized for a maximum phase shift. The second
factor is the length of the measurement window. The maximum length of the measurement window is
restricted by the desired overall size of the sensor chip, by propagation losses in the waveguides, which
restrict the maximum length of the waveguides, and by the fluidic system, which is needed to control
the flux of sample fluids over the sensor. Finally, a reduction of the wavelength can also be used to
increase the phase shift.

An MZI combines a highly sensitive interferometric measurement principle with the possibility to use
a very simple readout system since it only needs a laser source with a constant wavelength and a
photodiode to measure the output signal. These are the reasons, why the MZI concept was found to
be the best option for the polymer waveguide based biosensor. The main drawback of a MZI| is the
sinusoidal characteristic of the output signal, which has several consequences. Firstly, AP,,: as a
function of A® is not unique, hence AP, ,; remains unchanged by adding multiples of 27 to A®. As a
result, A® cannot be determined correctly by simply comparing F,,: before and after the measurement,
because all information on 27’s in the phase shift will be lost. The output signal needs to be tracked
during the measurement and each pass of the output signal through a minimum and a maximum has
to be recorded. Each pass from a maximum to a minimum or vice versa corresponds to a phase shift
of m. Only then can the full phase shift be calculated from the collected 7’s from the tracking and
AP,,t, which is unique within the interval j©m < A®._, < (j + 1)7, where j is an integer. The second
consequence of the sinusoidal characteristic is that the sensor response Rz, defined as

aF)OLH.'
onp

Rmzi = (8.10)

is not constant, but strongly depends on Ad®._, o. There are even points where R,z is equal to zero,
which is the case if A®s_, o = jm. The maximum sensor response is gained if A®s_, o = ( + 1/2)m,
which are also points of maximum phase shift before reaching an extremum. These points of maximum
sensitivity are called quadrature points.

Most of the listed drawbacks of a MZ| do not apply to finalized readout systems. Nowadays, any sensing
platform needs an integrated computer or at least a computer interface for an easy user interface
and data recording. The tracking of the output signal and the calculation of the phase shift, which is
the desired parameter, can therefore, easily be done by software. The last point, which cannot be
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corrected by software, is the low sensitivity at the extrema of the output signal. There exist several
ideas for external tuning of MZIs in a way such that the phase difference A®;_, can be adjusted
to the next quadrature point. These ideas, mostly used for MZl-based modulators, incorporate the
tuning of the effective index of the guided mode in one arm employing e.g. the electrooptic[91, 92] or
thermooptic[93, 94] effects. Another option is changing the wavelength of the laser source. However,
tuning of a MZI is not in the task of this work. Nevertheless, the sensor should be designed in a way that
the phase shift during the measurement is large enough to ensure accurate and reproducible results.
For a phase shift of at least 7/2, the change in the output power will be large enough for a conclusive
measurement, even if the sensor is near an extremum of the output power at the beginning of the
measurement.

To overcome the drawback of low sensitivity of MZI sensors at the extrema of the output signal, Luff
et al. proposed an alternative design for MZI sensors[95]. This alternative design incorporates the
use of a three-waveguide coupler at the output of the MZI. If the three-waveguide coupler is properly
designed, the interference pattern of the three output waveguides are shifted by 27/3 with respect of
each other, which guarantees that at least one of the output signals is in a sensitive region of the si-
nusoidal characteristic. An additional advantage of this design is that the sum of the output powers of
the three waveguides remains constant, which allows compensating for fluctuations and drifts in the
in-coupled power to the MZI input waveguide. One disadvantage of this MZI design is a more compli-
cated readout system, which needs three photodiodes that can be analyzed simultaneously. Another
disadvantage is the more complicated output coupler that depends stronger on material parameters
and poses higher demands to the fabrication process due to reduced fabrication tolerances compared
to a Y-branch output waveguide coupler.

3.1.4 Ring resonators

Ring resonators are mostly realized in high index difference material systems. They consist of a straight
single mode waveguide and a single mode ring waveguide in close proximity, as shown in Fig. 3.6. A
certain fraction of the power of the guided mode propagating through the straight waveguide cou-
ples into the ring waveguide, where it propagates further on. The power transfer between the straight
waveguide and the ring resonator depends not only on the power ratio of these modes in proximity, but
also on the phase correlation between them. The in-coupled power in the ring waveguide can influence
the coupling after a complete round trip through the ring waveguide, depending on the accumulated
phase in this round trip. If, in a simple model, the propagation in the ring waveguide is assumed to be
lossless, the steady state solution for a ring resonator is the following: if the accumulated phase during
a round trip is an even multiple of , all the power from the straight waveguide will be coupled into the
ring waveguide, whereas if the phase between the straight and the ring waveguide is not matched, no
power will be coupled into the ring waveguide.

As the accumulated phase during a round trip depends on the wavelength used, ring resonators strongly
show wavelength sensitive behavior. This fact can be exploited for sensing applications (e.g. [81, 96,
97]). If the output power of the straight waveguide is plotted as function of the wavelength, it exhibits
multiple absorption peaks, one for each time the accumulated phase for one round trip is a multiple of
2m. These resonant wavelengths, measured in free space, are given by [31]

27I'Rneff
m

Am (3.11)
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Figure 3.6: Sketch of a ring resonator with the radius R and the separation s from the input waveguide, as
depicted within the picture.

where R is the radius of the ring waveguide, n.rr is the effective index of the guided mode in the ring
waveguide, which is also a function of the wavelength and m is an integer. If the effective index of the
guided mode is changed during a measurement, the resonant wavelengths shift by an amount of

B 27TRAneff

A
m

(3.12)

which can be measured. The absorption peaks are separated by the so called free spectral range A
defined by[31]

Y
~ 2mRng

AX (3.13)

where ngy is the group index of refraction and XA, is the nearest resonant wavelength. For practical
implementations of ring resonators, two additional parameters need to be taken into account. The
quality factor Q is defined as[98]

Ao

Q=
AX3dB

(3.14)

where A)Xsyp is the difference between the two wavelengths at which the output power of the straight
waveguide is half of the maximum output power. High Q-factors are desirable because the minima in
the transmission spectrum become narrower, thus reducing the detectable wavelength shift.
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Figure 3.7: Measured transmission of a straight waveguide with an adjacent ring resonator in a 220 nm thick
SOI material system. The ring resonator has a radius of 20 um, which results in a free spectral range A\ of
nearly 3 nm in this configuration. Measured by Paul Muellner and published with his permission. a) gives
the transmission in the wavelength range from 1325 nm to 1350 nm and b) shows a detailed transmission
curve for the resonance around 1340 nm. The measured Q-factor for this resonance is larger than 50000.

The second parameter is the extinction ratio, which is defined as the ratio between the maximum output
power of the straight waveguide if no power is coupled into the ring waveguide and the minimum output
power if the maximum amount of power is coupled into the ring waveguide. The higher this ratio,
the easier shifts of the resonant wavelengths can be followed. These two parameters are related
to the coupling coefficient between the straight waveguide and the ring waveguide as well as to the
propagation losses in the ring waveguide, whether they arise from absorption losses, scattering losses
or from bending losses.

Ring resonators are often realized in high index difference material systems such as SOl where bend-
ing radii can be reduced to several tens of microns without introducing to much radiation losses in the
bended waveguides. In low index difference material systems, larger bending radii must be used in
order to reduce bending losses. This not only increases the required space for a sensor but also re-
duces A)\, which complicates the measurement of the shifts of the resonant wavelength. Nevertheless,

polymer ring resonators for surface sensing applications were successfully reported, e.g. by Chao et
al. in 2006[99].

3.2 Grating sensors

Grating sensors are composed of a corrugated waveguide that acts as a grating input coupler and
a single mode waveguide that transports the in-coupled light to a photodiode. As can be seen from
equation (2.52) in section 2.3.4,

|Kinc| sin ® + mAk = koness (3.15)

the angle for optimized in-coupling depends on the effective index of the fundamental waveguide mode
nerf in the grating region. In this equation \k,;c| is the wave vector of the incident wave in the medium
the wave propagates, @ is the angle of incidence, ko the free space wave vector, m the order of dif-
fraction and Ak = 2m/A the grating vector, where A is the period of the grating. By scanning the
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angle of incidence to find the angle of maximum in-coupled power, the effective index of the waveguide
mode can be calculated using equation (3.15). Since the corrugated waveguide is not covered with a
cladding, a sample fluid can get directly into contact. Any change in the optical properties of the sample
fluid influences the propagation of the mode in the grating region and influence, in consequence, the
optimum angle, which is then measured.

The full width of half maximum (FWHM) ¢k of the coupling efficiency into the corrugated waveguide is
a function of the detuning variable k, which is defined as[100]

k = koners — | kinc| sin® + mAk (3.16)

and gives the detuning from the optimum in-coupling configuration. The FWHM of the coupling effi-
ciency is defined by the optical uncertainty principle[1]

L6k = 21 (3.17)

where L is the length of the grating sensor. The longer the grating sensor, the narrower the peak in the
in-coupled power as function of the coupling angle. Therefore, long gratings, which exhibit very narrow
peaks in the in-coupled power, are necessary for sensitive grating sensors. Long gratings allow for a
precise measurement of the optimum coupling angle and make the detection of small shifts possible.
In most configurations, grating sensors work with a fixed light source while a sensor chip containing the
grating, the waveguide, the photodiode and a fluidic system, as sketched in Fig. 3.8[101, 71], is rotated
to change the angle of incidence. The sensitivity of grating couplers can be maximized by optimizing
the geometric parameters of the corrugated waveguide.

A sensitivity parameter similar to the sensitivity parameters for evanescent waveguides can be defined.
This parameter gives the change of the effective index of the guided mode in the grating region if the
refractive index of the sample fluid, in the case of homogeneous sensing, or the optical parameters of
a thin sensing layer, in the case of surface sensing, changes. Due to the corrugated structure of the
grating, the optimization is more complex than in the case of homogeneous waveguides and is done by
means of numerical methods in most cases.

A main advantage of grating sensors is that the optimum coupling angle can be translated directly into
an effective index of the waveguide mode in the grating area. Knowing the geometry of the grating
and the optical properties of the materials used for the corrugated waveguide, the absolute value of
the refractive index of the sample fluid in the case of homogeneous sensing or the absolute value of
the thickness/refractive index of the thin layer in the case of surface sensing can be extracted from
the effective index. A disadvantage for this type of sensors is the need for a sophisticated setup,
comprising a very precise mechanical construction that allows for an automated rotation and a precise
angle measurement as well as a lot of bulk optics for beam preparation.

Biosensors based on grating sensors with a rotating measurement setup are already commercially
available, e.g. OWLS sensors from MicroVacuum[102].

As an alternative to a rotated measurement setup, fixed grating sensors can be used in combination with
tunable laser sources or broadband light sources. In this case, the wavelength of optimum in-coupling in
the corrugated waveguide changes. In such systems, there is no need for a precise mechanical setup
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Figure 3.8: Measurement configuration of a grating sensor: a fixed laser light source illuminates a grating on
a turnable chip. The in-coupled power is transferred to a photodiode (green). The sample fluid is rinsed
through the flow chamber on top of the waveguide. Changes in the effective index in the grating region shift
the optimum angle of incidence, which can be measured by a precise rotation control.

for angle measurements, but in return, a tunable light source or an optical spectrometer is needed.
Grating sensors based on this measurement principle are commercially available from Dynetix Biosys-
tems AG[103], which utilizes tunable vertical-cavity surface-emitting lasers (VCSELSs) as tunable laser
sources[104] or from Corning Incorporated[105], whose Epic system utilizes a broad band light source
and measures the wavelength of the reflected light of the grating sensors.

Another sensor principle based on gratings was proposed by Cunningham et al.[106]. A resonant
guided mode phenomenon in grating structures is used to reflect a single wavelength at a high efficiency
under normal incidence. If illuminated with a broadband light source, an optical spectrometer can
analyze the precise wavelength of the reflected light, and therefore, detect changes of this wavelength
during a measurement.

Such sensors are commercially available from SRU Biosensors[107] with an illumination from a broad-
band LED light source. A simple measurement setup and a cheap light source are advantages of this
sensor system. A drawback is the need of a fast and precise spectrometer for the measurement of the
reflected wavelength, which increases the cost of the readout system.
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Figure 3.9: A surface plasmon resonance (SPR) sensor in typical Kretchmann-configuration. A laser beam
enters the sensor through a prism at the backside. The prism is coated with a thin metal layer on top. At a
specific angle, surface plasmons are excited, which show very strong absorbance and the reflected beam
has a minimum in its intensity. Any change of the sample fluid or the sensing layer leads to a shift in the
angle of maximum absorbance, which can be measured with a precise mechanical setup.

3.3 Surface plasmon resonance sensors

Surface plasmons (SPs) are light waves that are coupled to oscillations of free electrons in a metal or
a conducting dielectric material, and propagate along the conducting material-dielectric interface[108].
In most cases, thin metal layers made from gold or silver are used as conducting material. The surface
plasmon wave has a maximum at the interface between the metal and the dielectric and decays expo-
nentially into both media[109]. Therefore, surface plasmons are sensitive to changes in the surrounding
media. Surface plasmons can be excited by laser beams if the wave vector of the laser beam matches
the wave vector of the surface plasmon ks, which is given by[110]:

€mé€d
€Em+ €g

ksp = ko (3.18)

where kg is the free space wave vector and €, and ¢4 are the complex dielectric constants of the
conducting material and the dielectric, respectively. Since the wave vector of surface plasmons is larger
than ko, a direct excitation of surface plasmons by a laser beam propagating in air is not possible. As
a consequence, the wave vector of the laser beam has to be enlarged, e.g. by means of a prism or a
grating.
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Figure 3.10: a) Comparison between configurations for conventional SP and LRSP sensors. The LRSP sensor
has an additional low index layer between the high index prism and the metal layer. b) Reflectivity curves
for conventional SP and LRSP sensors. The dips in the reflectivity for the LRSP are narrower compared to
the conventional SP and become narrower the thinner the metal layer is. Reprinted with permission from
reference[113].

Surface plasmons suffer from strong damping due to high absorbance if a metal layer is used as
conducting material. The most common sensing configuration of surface plasmon resonance (SPR)
sensors, the Kretchmann-configuration (see Fig. 3.9)[111, 112], uses attenuated total reflection at the
bottom of a prism to excite surface plasmons on the interface between a thin metal film and the sample
fluid. In a Kretchmann sensor, the laser beam enters a prism whose top side is covered with a thin metal
layer. If, for a specific angle of incidence of the laser beam, the phase matching condition between the
surface plasmons and the laser beam is satisfied, the power of the laser beam is transferred into the
surface plasmons and subsequently absorbed in the metal layer and the power of the reflected laser
beam exhibits a minimum. Any change in the sample fluid of the sensor, which acts as the dielectric
layer for the surface plasmons, changes the wave vector of the surface plasmon, and therefore, the
angle of incidence for which the phase matching condition is satisfied.

An additional concept for SPR sensors is the use of long range surface plasmons (LRSPs). If a very thin
metal layer is surrounded by two dielectric layers with similar refractive indices, two surface plasmons
at the opposite metal/dielectric interfaces can couple and form two new modes, the so called short
range surface plasmons and the LRSP[114]. The LRSPs are of particular interest because they exhibit
much lower damping compared to conventional surface plasmons[113] and penetrate deeper into the
surrounding media. LRSP can be exited in a modified Kretchmann configuration, with an additional low
index layer between the high index prism and the metal layer (see Fig. 3.10a)). The dip in the reflected
power as function of the angle of incidence of LRSP is much narrower and shifted towards smaller
angles compared to conventional surface plasmons[115]. The narrower dip in the reflected power allows
for a more precise measurement of the angle of minimum reflection. The larger penetration depth of
LRSP is an additional advantage for homogeneous measurement, because more power is present in
the analyte, but is a disadvantage for surface sensing applications due to reduced field intensity at the
layer interfaces.

The mode profile of surface plasmons is advantageous for surface sensing because the maximum in-
tensity of the surface plasmon wave is located directly at the layer interface, where the sensing layer
is present. While this fact promotes the eligibility of surface plasmon sensors for biosensing applica-
tions, the high intrinsic propagation loss of surface plasmons prevents the use of classical waveguide
concepts.
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Table 3.1: Comparison of published results of biosensors based on different sensor principles. The limit of
detection is given in dimensions of refractive index unit (RIU) changes of bulk solutions.

Sensing principle Limit of detection (RIU) reference

SPR 107°to 1078 [122, 123, 124, 125, 126, 127]
LRSP 10" to 108 [128, 114]

Young interferometer 8.5 x 1078 [129]
Mach-Zehnder interferometer 10~/ [90]

ring resonators 10~%to 10~ [130, 131, 132, 133, 134]

SPR is the commercially most mature sensor concept for label-free biosensing and several companies
offer products based on this technique, e.g. Biacore from GE Healthcare[116], ProteOn from Bio-Rad
Laboratories [117], Plasmon Imager from Graffinity Pharmaceuticals[118], AP-3000 from Fujifilm[119],
SensiQ from ICx Technologies[120] or SR 7000 from Reichert Analytical Instruments[121].

3.4 Comparison of presented sensor concepts

This section compares the presented sensor concepts with respect to their applicability to an integrated
polymer-based sensor concept for biosensing. The principle of grating sensors is known for many years
and this type of biosensor is already commercially available. As mentioned in section 3.2, the necessity
for a stiff and precise mechanical measurement setup set limits to the miniaturization of these bulky
devices. Interferometric devices such as the Young- and the Mach-Zehnder interferometer offer a highly
sensitive measurement principle with the additional benefit of an internal reference, which cancels out
most errors from parasitic effects such as thermal expansion and thermooptic effects. Compared to the
Young interferometer, the Mach-Zehnder interferometer brings the additional advantage of a very simple
read-out system and reduced device footprint. Ring resonators are not feasible as rib waveguides in
a polymer material system because of the low refractive index difference, which leads to very large
waveguide bending radii. This not only increases the necessary footprint of the device, but also makes
high Q-factors difficult to achieve due to large propagation losses in long waveguides. Surface plasmon
resonance is a promising sensing concept and highly sensitive devices have been shown and are
already commercially available from different vendors. The mode profile of surface plasmons is a strong
advantage for surface sensing since the maximum light intensity is at the interface between the metal
and the dielectric. Unfortunately, due to high propagation losses, surface plasmons cannot propagate
over long distances. This prevents the use of interferometric waveguide concepts such as a Mach-
Zehnder configuration.

Comparisons of different optical sensor principles for biosensing have been performed, for instance by
Passaro et al. in 2007[135] and Fan et al. in 2008[6]. Table 3.1 shows an extract of these comparisons
for the sensor types presented in this chapter. Passaro et al. concluded in their paper that interferom-
eter configurations are most sensitive, but require comparatively long structures (tens of millimeters)
compared to sensors based on micro cavities e.g. ring resonators.
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Figure 3.11: a) 1D array of MZI sensors with an elliptical laser beam that illuminates all input grating couplers
simultaneously. b) 2D array of ring resonator sensors with grating couplers for the straight waveguides. In
this example, the sensor elements are sequentially addressed by a moving laser beam.

Multi-parameter analysis

An additional requirement for a (commercially) successful sensor platform is the ability to detect several
analytes in a single run. The presented interferometric concepts, the Young and the Mach-Zehnder
interferometer are longish structures that can be arranged in a 1D array. If the in-coupling is done
by grating couplers, either a laser with a elliptical beam is incident on all grating simultaneously (see
Fig. 3.11a)) or a moving laser beam addresses the interferometers sequentially. In the first case, all
interferometers can be measured simultaneously, but a laser with a comparatively high power is needed,
because only a little amount of the laser power is coupled into the waveguides. In the latter case, a
mechanical/optical setup that moves the beam from one grating to another has to be included in the
read-out system and the interferometers can only be read-out sequentially, which complicates real-time
measurements.

If end face coupling is used, the 1D array of interferometers can be illuminated by fiber arrays, which
are commercially available. For an array of MZIs, the minimum spacing between the interferometers
is given by the necessary spacing between the waveguides to prevent crosstalk and from the spacing
required from the setup for the biofunctionalization of the sensor surface to allow for different biofunc-
tionalization layers on sensing arms of neighboring MZls. For an array of Young interferometers, an
additional requirement for the minimum spacing between the interferometers is that the free propagat-
ing beams at the end of each Young interferometer do not interfere with the free propagating beams of
the neighboring Young interferometers.

Due to their compactness, ring resonators can be arranged in a 2D array if the in- and out-coupling is
done by grating couplers (see Fig. 3.11b)). Bailey et al.[136] demonstrated a multi-parameter sensor
platform based on silicon ring resonators that are addressed sequentially by a moving laser beam. The
incident laser beam stops at a input grating, performs a wavelength sweep and proceeds to the next
grating. The transmitted light of the waveguide near the ring resonator is coupled out by means of a
second grating and is then wavelength resolved detected. Due to the very large wavelength tolerance
of grating couplers in SOl material systems, the wavelength dependent behavior of the grating couplers
can be neglected for this application.
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Grating sensors can be arrayed in a 1D array like MZIs or Young interferometers[137]. If additional
gratings are used for out-coupling of the light that is in-coupled by the grating sensor, also 2D arrays
of grating sensors are feasible. Such 2D arrays of sensor can be either sequentially addressed by a
moving laser beam or simultaneously illuminated by a laser beam with a large diameter, where the
out-coupled light is detected by a CCD-camera.

Arrays of SPR sensors are possible in one or two dimensions. Jakub Dostalek el al. demonstrated two
dimensional arrays SPR sensors on a common metal sensor layer[127, 138]. 2D arrays of gratings are
used to excite surface plasmons and each spot act as an independent sensor element. The reflected
light from the sensor elements is then analyzed by a CCD array.

The choice of the Mach-Zehnder interferometer

Ring resonators are not feasible on an injection molded substrate without an additional lithography step.
On an injection molded substrate, only rib waveguides can be used for wave guiding, if the high index
layer is applied by simple spin coating. The very large bending radii of polymer rib waveguides prevent
the use of the ring resonator concept.

As a result of the special challenges when using an all polymer material system, such as high thermal
expansion and large thermooptic coefficients of polymers as well as the, compared to silicon wafers or
glass substrates, flexible polymer substrate, an interferometric measurement principle with its integrated
referencing is the best choice for the realization of an integrated polymer biosensor. Due to their longish
structure, interferometers have a larger device footprint than e.g. grating sensors, which is, in this case,
not a direct disadvantage hence the fabrication costs of the injection molded substrate do not depend
directly on the size of the sensor chip, as is the case for semiconductor based technologies. The
presented interferometric sensor concepts can be very easily arranged in 1D arrays to allow for multi-
parameter analysis. Since the integration of a second Y-branch adds no additional complexity to the
fabrication process and due to the much simpler read-out system, the Mach-Zehnder interferometer
outperforms the Young interferometer for this application.
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This chapter deals with the design of the polymer biosensor. Based on the considerations in chapters 2
and 3, together with the final goal of a disposable polymer biosensor chip, which can be fabricated
utilizing injection molding and spin coating, the following fundamental decisions about the sensor design
were made:

» The substrate has to carry all wave guiding and coupling structures. The waveguide core layer
and the upper cladding are applied by spin coating. The compatibility of the design with injection
molding of the substrate necessitates a planar sensor layout that can be patterned in a single-step
process.

» The sensor is to be based on a MZI. Its interferometric measurement principle not only provides
a highly sensitive measurement platform for label-free detection of biomolecules, it also reduces
errors from parasitic effects such as thermal expansion, which is of great benefit when using
polymers.

» The MZI utilizes Y-branches instead of 3dB-couplers for splitting the incoming beam into the two
arms of the interferometer and for recombining the two beams from the interferometer. Y-branches
are inherently symmetric and wavelength independent, provided that the waveguides are single
mode. They allow for larger fabrication tolerances and are not sensitive to small deviations of the
refractive indices of the materials used.

+ Grating couplers are selected for coupling the light in and out of the sensor. They are compatible
with the planar fabrication process and can be patterned in the same step as the waveguide struc-
tures. End-fiber coupling and taper structures for coupling are not possible, given that the injection
molded substrate is not cleavable and that homogeneous layer thicknesses of the waveguide core
layer at the edges cannot be achieved by spin-coating. Furthermore, grating couplers allow for
reduced alignment requirements, which is an important aspect for disposable sensor chips read
out by an external device.

This chapter presents the materials selected for the polymer biosensor chip and simulations of all
optical elements involved in the sensor layout. The results from these simulations lead to the final
sensor layout.

4.1 Material selection

Polymers are an attractive material system for the realization of planar integrated optical waveguide de-
vices in a wide range of applications[12]. Their fast and easy processing allows for cost-effective mass
production, while their tunable properties provide high flexibility in design. The first necessary step for
the sensor layout is the choice of suitable polymers that can be used as substrate, waveguide core
layer, and cladding. The material selection is critical for successful realization of the sensor chips, but
very time consuming. The enormous number of polymers comes with problems as well as possibilities.

43
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Figure 4.1: Chemical structure of simple technical polymers. a) Polyethylene (PE), b) polypropylene (PP), c)
polymethylmethacrylate (PMMA), and d) polymethylpentene (PMP)

To further complicate matters, optical properties of polymers are often not well known. Datasheets of
polymers contain, if at all, only the refractive index for one wavelength, but in most cases without spec-
ifying this wavelength. Data about absorption losses or the wavelength dependence of the refractive
index is nearly impossible to get for most polymers.

4.1.1 Introduction to polymers

The term polymer refers to the fact that these kind of molecules are chain molecules composed of a
large number of repeating units, the so called monomers. In nature, only two types of atoms show the
ability to build such chain molecules: carbon and silicon. Carbon based chain molecules play a very
important role in nature. All life as we know it is based on carbon chain molecules.

The technical utilization of polymers started several decades ago. Technical polymers can roughly be
divided into three groups. Thermoplastics are polymers that turn to a liquid state when heated above a
certain temperature and freeze again to a solid state, when cooled sufficiently. Most thermoplastics are
polymers whose chains associate through weak Van der Waals forces. Elastomers are highly elastic
polymers and thermosetting resins, the third group, are rigid after being shaped during a curing process.
The commercial success of polymers was mainly driven by thermoplastics and a growing technology
platform that allows for the fast fabrication of large numbers of pieces at an extremely low cost. Injection
molding and extruding are the two most prominent fabrication methods for polymers.

The backbone of most technical polymers predominantly consists of carbon, but can also contain small
amounts of other atoms, e.g. nitrogen or oxygen. A carbon atom can bind to up to four neighboring
atoms. In a chain molecule, at least two bonds of backbone atoms are required to build the chain.
Therefore, each carbon atom in the backbone can donate two additional bonds to atoms or chemi-
cal groups on the side of the backbone that define the chemical behavior of the polymer. In simple
polymers, most of these bonds are saturated with hydrogen. Figure 4.1 shows examples of chemical
structures of simple technical polymers.
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4.1.2 Comparison between polymers and inorganic materials

Organic and inorganic material systems for optical applications show very different behavior and prop-
erties. Silicon based materials are a commonly used inorganic material system for optical applications.
Silicon dioxide (SiO-), silicon nitride (SiN), silicon carbide (SiC) and, in the end, silicon itself count to
the family of silicon based materials. Silicon dioxide, with a refractive index of 1.46, is transparent for
light from the UV region down to near infrared. It is an essential material for optics and e.g. lenses
and optical fibers are made from SiO-. In integrated optics, SiO, is used for low index layers, e.g. for
substrate or cladding layers. Silicon nitride is transparent for visible light and in the near infrared, where
its refractive index is about 2[139]. Silicon nitride shows very low loss[140] and, together with SiO», it
is an established material platform since about 1970[141].

Silicon oxinitride (SiOxN;_x) is another silicon based material, which can be deposited with variable
parts of oxygen and nitrogen. This allows tuning of the refractive index from the refractive index of silicon
dioxide up to the refractive index of silicon nitride. By the use of this material system any refractive index
difference up to 0.54 can be realized. For higher index differences silicon carbide or silicon can be used.
Silicon carbide with a refractive index of between 2.4 and 3[142, 143], depending on the wavelength,
is transparent for wavelength from 500 nm[143] to 2 um [144]. It has applications in integrated optics
especially in high-temperature and high-energy physics because of its excellent mechanical properties
and its heat conductivity[142]. SiC can be also an attractive material for sensor applications due to
its resistivity in harsh environments[143]. Nowadays, the focus of actual research is mostly on silicon.
Silicon has a very high refractive index of about 3.48 and is transparent in the near infrared[139].
Therefore, it is compatible with common telecommunication wavelengths around 1.31 um and 1.55 pm,
which is why silicon is a great white hope for the realization of ultra-compact photonic devices.

Other important material systems are gallium arsenide (GaAs) based materials, indium phosphate (InP)
and lithium niobate (LiINbO3). In the near infrared, GaAs has a refractive index of about 3.43, which can
be increased to about 3.55 by alloying with indium, or decreased below 3 by allowing with aluminum.
This easy adjustment of the refractive index value gives high flexibility in design of optical elements.
InP has a refractive index of 3.1 in the near infrared region. GaAs and InP are comparatively expensive
materials, which are of particular interest for the realization of active photonic devices. Their direct
bandgap allows for easy excitation of photon emission.

LiNbOs, with a refractive index of 2.2 in the near infrared, attracted great attention due to its high
nonlinear and electro-optic coefficients. It is, therefore, often used for nonlinear application scenarios,
such as second harmonic generation and wavelength mixing, or the realization of modulators. Silicon
based materials cover a very wide range of refractive index. Inorganic materials are usually very stiff
and brittle.

Polymers, on the other, hand show very different behavior. Compared to their inorganic counterparts,
most polymers are comparatively flexible and tensile. While most polymers are not attacked by acids
and bases, organic solvents play an important role in their chemistry. Organic solvents can attack,
degenerate or solve polymers. As discussed in more detail in section 4.1.3, the refractive index of
transparent polymers is roughly in the range from 1.3 to 1.7. Even if there are some attempts to develop
polymers with higher refractive indices, for example by incorporation of metal oxide nanoparticles[145,
146], this range is true for the majority of transparent polymers.
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Figure 4.2: Overview chart of some transparent polymer families.

4.1.3 Overview of transparent polymers

Only a small fraction of polymers is transparent in the visible or near infrared range. Nevertheless,
even this small fraction contains a large number of polymers and polymer families, which is why a
comprehensive study of transparent polymer is not possible within this work. However, the chart in
Fig. 4.2 gives a short overview of common transparent polymer families and the range of refractive
indices these polymers have.

At the lower end of the refractive index scale are fluorinated polymers. Their refractive index can be as
small as 1.31[147]. Fluorinated polymers are usually chemically inert and stable, but expensive in pro-
duction and processing. They are chemically aggressive during the injection molding step and require
special injection molding equipment. Silanes and siloxanes are polymers with a silicon based back-
bone. They are mainly elastomeres, which prevents them to be used with injection molding. A famous
siloxane is polydimethylsiloxane (PDMS), which already found a variety of applications in integrated op-
tics and microfluidics. Many technical transparent polymers have refractive indices around 1.5. Among
them are polymethylmethacrylate (PMMA) with a refractive index of 1.49 in the visible range, cyclic
olefin copolymer (COC) with n = 1.50 — 1.53 and polymethylpentene (PMP) with n = 1.46. Other tech-
nical polymers have slightly higher refractive indices such as polycarbonate (PC, n = 1.58), polystyrene
(PS, n = 1.57) or polyethyleneterephthalate (PET, n = 1.58 — 1.62).

For polymer waveguides, photoresists are commonly used. They are in most cases transparent to
visible light and their refractive indices are known to optimize lithography. As an example, SU-8 from
Microchem Corp. is presented. This negative-tone photoresist can be used for e-beam as well as
conventional UV-lithography and has a refractive index of about 1.58[148]. Polymer families with a high
refractive index are polysulfones and polyimides. The polymer family of polysulfones are used for high
temperature applications. Polysulfone (PSU, n = 1.635) and polyethersulfone (PES, n = 1.65) are
the most common representatives of this group. Polyimides are usually expensive high performance
polymers with high temperature and chemical stability. The refractive index depends on the composition
of the polyimide, but can go up to 1.665.
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Absorption losses of polymers in the near infrared mainly come from overtones of fundamental mole-
cular vibrations[149]. Especially the overtones of stretching vibrations in C-H and O-H bonds, which
can be found in great quantities in polymers, are highly absorptive in the telecommunications windows.
By replacing hydrogen with deuterium or fluorine in the molecular structure of polymers, the absorption
can be reduced and shifted towards longer wavelengths[150]. Fortunately, the overtone absorption of
C-C and C-O bonds, which build the backbone of most polymers, can be neglected because of very
low overtone intensity for absorption wavelengths in the near infrared[151].

4.1.4 Requirements for polymers used

As shown in Fig. 3.2, the maximum achievable surface sensitivity parameter strongly depends on the
refractive index difference between the substrate and the waveguide core layer. The maximum index
difference, and therefore, the maximum surface sensitivity parameter that can be reached in an all-
polymer material system is in any case much smaller compared to the silicon-on-insulator platform. To
achieve sufficient sensor sensitivity, it is important to maximize the refractive index difference between
the substrate and the waveguide core layer. The requirement profiles for the three necessary polymers
start with the requirement profile for the cladding, which is applied as the last polymer, and therefore,
has the fewest requirements. For the other polymers, additional aspects have to be taken into account.
They need to withstand the processing of the subsequent polymers, which should not to be underes-
timated since processing of polymers often includes thermal curing steps and organic solvents, which
can attack the underlying polymers. Good optical properties such as high transparency, low absorption
and low light scattering are demanded for all three polymers.

This is the requirement profile for the cladding polymer:

» The cladding polymer has to be spin-coatable in thicknesses of several micrometers.

* It has to be directly UV-patternable for the definition of measurement windows or microfluidic
channels. Since etching of polymers is not possible as for silicon based materials, the measure-
ment windows or microfluidic channels have to be patterned directly during the application of the
cladding polymer.

» Chemical stability during the functionalization procedure of the sensor surface is required. Al-
though only the core layer surface needs to be functionalized, it is very likely that also the cladding
comes in contact with the liquids involved.

» The polymer for the cladding layer needs to be stable in the chemical environment of biosensing
experiments.

This is the requirement profile for the waveguide core polymer:
» The refractive index of the waveguide core polymer has to be high.
* It has to be spin-coatable in thicknesses of several hundreds of nanometers.

» Chemical resistivity against any solvent, acid or base used during the application and the devel-
opment of the cladding layer and the functionalization procedure of the sensor surface is required.

* If necessary, the waveguide core polymer needs to withstand a thermal curing step of the cladding
layer.



48 Chapter 4: Design of the MZ| sensor

» Good adhesion of the cladding polymer on the core layer is necessary to enable spin coating of
homogeneous cladding layers. Surface pretreatments to increase the adhesion on the polymer
surface such as corona pretreatment or exposure to oxygen plasma may be possible.

» The polymer for the core layer needs to be stable in the chemical environment of biosensing
experiments.

This is the requirement profile for the substrate polymer:
» The refractive index of the substrate polymer has to be low.

+ It has to be a thermoplastic polymer with good injection molding properties to ensure precise
replication of optical sub-pum structures from the injection molding stamp.

« Chemical resistivity against any solvent, acid or base used during the application the waveguide
core layer as well as during the application and development of the cladding layer is essential.
During the functionalization procedure of the waveguide core layer surface and the MZI measure-
ments, the core layer covers the whole substrate and should protect it from any damage.

+ If necessary, thermal stability during a thermal cure step of the waveguide core and cladding layer
is required. This can be a critical point due to the fact that thermoplastic polymers are sensitive
to high temperatures.

» Good adhesion of the waveguide core polymer on the substrate layer to enable spin coating of
thin homogeneous core layers is necessary. Pretreatments to increase the surface adhesion may
be possible.

* The substrate polymer should be cheap in order to keep the cost per sensor chip at a low level.
The cost of the other polymers are not of such a high importance since only a very little amount
of the other polymers is needed.

The refractive index of the cladding polymer is not of high importance, because no cladding is present
in the measurement window and the surface sensitivity only depends on the refractive indices of the
substrate and the waveguide core layer. An ideal choice for the refractive index of the cladding polymer
would be the refractive index of the sample fluid, which would prevent radiation losses at the beginning
and the end of the measurement window. However, these radiation losses have only minor influence
on the sensor performance. Between the substrate and the waveguide core layer an index difference
of about 0.2 seems feasible, without restricting the choices of the polymers too much.

The requirement profiles presented in this section provide a starting point for the material selection
process. Unfortunately, some of these requirements are dependent on the properties of the neighboring
polymers. Thus, the choice of a polymer for a specific layer can change the requirements for the other
layers. For instance, the functionalization procedure depends on the waveguide core polymer, but also
defines the requirements for the chemical stability of the cladding layer. The surface adhesion between
two layers depends on the properties of both layers as well. In such a context, it is necessary to find
a complete set of suitable polymers simultaneously, rather than finding one polymer after the other.
Moreover, for most polymers, not all necessary data is available in advance.
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4.1.5 Selected polymers and properties

Following the guidelines given in the previous section, several polymers were selected as potential
candidates. The data given in the lists below is mainly based on the datasheets provided by the manu-
factures. For the substrate, the following two polymers were selected:

+ Polymethylpentene (PMP) from Mitsui[152] has a refractive index of n = 1.46. It has excellent
injection molding properties as well as good optical properties. For a thermoplastic polymer it
has a very high thermal stability of 173°C (Vicat softening point) and is resistant against most
organic solvents. It is completely non-toxic and meets the safety standards for food packaging.
The main drawback of PMP is its very low surface tension, which leads to poor surface adhesion
and makes surface pretreatments necessary before applying any additional layer. In addition,
PMP has a high thermal expansion coefficient of 0.017 %/°C and shows shrinkage of more than
2% after the injection molding process.

+ As an alternative to PMP, Zeonex, a cyclo olefin polymer (COP) from Zeon Chemicals[153] was
identified. As PMP, it has excellent injection molding and superb optical properties. The refractive
index of Zeonex ranges from 1.509 to 1.531. The chemical resistivity of Zeonex is not as good as
that of PMP, but seems sulfficient for the application as a substrate polymer. The thermal stability
of Zeonex is guaranteed for temperatures up to 123°C, which is much lower than that of PMP and
may cause problems during curing steps of the core layer or cladding polymers. In return, is has
only very little thermal expansion of 0.007 %/°C and a higher surface tension than PMP.

Both substrate polymers are already used for the fabrication of optical components such as lenses.
Therefore, the optical properties of these two polymers can be assumed to be good enough to allow
propagation of a waveguide mode over the range of several centimeters without introducing too much
optical loss. Due to the lower refractive index, the higher thermal stability and the better chemical
resistivity, PMP is the first choice as substrate polymer if the problem of the poor adhesion on PMP
surfaces can be solved. As candidates for the waveguide core polymer the following two polymers are
shortlisted:

» PI2771 from HD Microsystems[154] is a polyimide (PI) that comes in a liquid state. After expo-
sure to UV light and a thermal cure step, this PI forms a tough polymer layer. After curing, P12771
is resistant against most common solvents and has a thermal stability of more than 400°C. The
refractive index is about 1.65. PI2771 is designed to give film thicknesses of several microns
after cure, but can be diluted with n-methyl-2-pyrrolidon (NMP) to reach thinner film thicknesses.
The liquid, non-cured PI2771 solution has a reddish color, which indicates absorption losses for
wavelengths shorter than red light.

* The second polymer for the waveguide core polymer is Ultrason E2020P, which is a polyether-
sulfone (PES) from BASF[155]. It is a thermoplastic polymer that is commonly used for several
technical applications. It has a high thermal stability of more than 180°C and a refractive index of
about 1.65. In most cases, it is used for injection molding, but can be solved in organic solvents
such as NMP, n,n-dimethylformamide (DMF) and n,n-dimethylacetamide (DMAA) to apply PES
for spin coating. PES has a yellowish or brownish color but is, in principle, transparent for many
wavelengths.

To the authors knowledge none of these two polymers have ever been used for optical applications such
as wave guiding. Therefore, optical parameters of these materials are mostly unknown. Preliminary test
of both polymers showed that they are sufficiently transparent for wavelengths of 633 nm and 1.31 um
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Figure 4.3: Sketch of the basic sensor layout.

to guide light without much loss over a distance of 2 cm. Spin coating test showed that if PI2771 is
diluted with NMP, it can be spin coated down to film thicknesses of less than 200 nm. For PES, these
tests showed that in a first attempt film thicknesses as small as 1 pm can be reached by spin coating.
Thinner film thicknesses cannot be reached because no homogeneous layer is formed during the spin
coating step. This limitation may be overcome by adapting the spin coating procedure or by changing
the organic solvent. Since the polyimide showed good performance in these first tests, it is used as
default waveguide core layer polymer. For the cladding one polymer was found:

» Ormoclad from the Ormocer family, produced by micro resist technology[156] is a UV-patternable
inorganic-organic hybrid polymer. It is designed as cladding for optical wave guiding applications,
and therefore, has excellent optical properties. It has a refractive index of 1.52 and exhibit very
low loss in the near infrared and visible range. It is to be applied by spin coating and can be
diluted with Ormothin to adjust the film thickness. After spin coating and curing, employing UV
light and a thermal cure step, it can be developed for the definition of the measurement windows.

Since Ormoclad is direct UV patternable and designed as cladding material for optical waveguides, it
seems to be the optimum choice as a cladding material. To summarize this section, PMP is selected
as substrate polymer, PI12771 as waveguide core layer polymer and Ormoclad as cladding. This gives
a refractive index profile of 1.46 for the substrate, 1.65 for the core layer and 1.52 for the cladding. This
material system is used for the simulations in the next section.

4.2 Simulations and MZI layout

The basic sensor layout is depicted in Fig. 4.3. The MZI is composed of single mode waveguides that
are realized as inverted rib waveguides (see section 4.2.1 and Fig. 4.5 for details). Y-branches split the
incoming light into the two arms of the interferometer and recombine it at the end of the interferometer.
The in- and out-coupling is done by binary line grating couplers and lateral tapers reduce the width of
the waveguides after the gratings to the width of the single mode waveguides. As required, the whole
sensor has a planar layout and can be patterned in a single step process into an injection molded
substrate. Several critical design parameters are shown in Fig. 4.3, e.g. the length of the Y-branches
Ly g, which is defined by the spacing between the two arms of the interferometer and the bending radii
ry g of the waveguides in the Y-branches, the taper length L and the width of the gratings wg, which
is derived from the diameter of the incident beam on the grating. This section deals with all necessary
design parameters.
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Figure 4.4: Optimum waveguide core layer thickness for surface sensing as function of the waveguide core layer
refractive index. The inset shows the slab waveguide system used for these calculations.

Due to the small refractive index difference of polymer material systems, the surface sensitivity of this
sensor cannot compete with surface sensitivities of high index difference material systems, such as SOI.
However, in contrast to SOI, transparent polymers are not only transparent in the near infrared region,
but also in the visible range. This allows for the use of smaller wavelengths to partly compensate for
the lower surface sensitivity. Therefore, the sensor is designed for two different wavelengths. The first
wavelength is 633 nm, which is a typical wavelength for sensing applications due to the widespread use
of the HeNe laser, and the second wavelength is 1.31 um, which is a typical telecom wavelength. The
sensitivity of the overall sensor is reduced when using the telecom wavelength compared to 633 nm,
but in return, it allows for the use of compact, well established and high quality components. In addi-
tion, the requirements on the fabrication process are lower for the telecom wavelength due to a larger
feature size of the optical structures. For all simulations PMP is assumed as substrate material and
Ormoclad as cladding. Further on, the refractive indices of the polymers are assumed to be wavelength
independent because no data about the wavelength dependence is available. In order to compensate
for this uncertainty, a large safety margin is applied to all simulation results.

4.2.1 Waveguide optimization

An inverted rib waveguide structure was chosen due to its compatibility with the injection molding and
spin coating processes. The rib of the waveguides is realized as trench, patterned into the injection
molded substrate. During the spin coating step with the waveguide core polymer, this trench is filled
up with the high index polymer. The first step for the definition of the optimized waveguide cross
section was the calculation of the optimum thickness of the waveguide core layer for surface sensing
applications. This was done by an analytical calculation of the fields of the fundamental mode in a four
layer slab waveguide using a Mathematica script. By variation of the thickness of the core layer, the
optimum thickness was found for each refractive index. Figure 4.4 shows the results of this calculations
for a PMP substrate and a sample fluid with a refractive index of 1.33. The biosensitive layer was
assumed to be 10 nm thick, with a refractive index of 1.5[10].

The optimum total height of the rib waveguides is H = 366 nm for a wavelength of 1310 nm and
H = 160 nm for a wavelength of 633 nm. The etch depth e is chosen to be 150 nm for 1310 nm
wavelength and 40 nm for 633 nm wavelength. The maximum allowable rib widths of the waveguides to
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Figure 4.5: Waveguide cross sections for inverted single mode rib waveguides, optimized for surface sensing.
For wavelengths of a) 1.31 um and b) 633 nm.

guarantee single mode operation were determined with a semi-analytical method[43] (see section 3.1.1)
and amounted to 3.1 pm and 1.9 um for the wavelengths of 1310 nm and 633 nm, respectively. Taking
into account tolerances in the fabrication and uncertainties of the refractive indices, rib widths of w =
2.4 pm for A = 1310 nm and w = 1.6 ym for A = 633 nm were chosen. The final waveguide cross
sections for both wavelengths are presented in Fig. 4.5.

4.2.2 Y-branches for the MZI

The simulations for the design of the Y-branches in this section as well as the tapers in the following sec-
tion were performed using a commercial simulation tool[157] based on the beam propagation method
(BPM).

The beam propagation method (BPM)

The BPM is a comparatively fast simulation technique that allows the simulation of propagating waves
over large distances, up to centimeters. It is a first order approximation to the Helmholtz equation for the
propagation of monochromatic waves. The basic approach of the BPM, as outlined here, is based on a
paper from R. Scamozzino et al.[158], which reviews several simulation methods for photonic devices.
The wave equation (2.11) for the electric field is given by

52 82 8%\ - 02E
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If a scalar electric field in the form E = E(x, y, z)e ™! is assumed, the wave equation for such a field
can be written in the form of the Helmholtz equation for monochromatic:

0? 02 0? 5
(6‘x2+8y2+822+k(x'y'z) >E(x,y,z):0 (4.2)

In this equation, euw? is replaced by k(x, y, z)? = k3n(x,y,z)? = kie(x,y, z), where k(x, y, z) is
the spatially dependent wavenumber with ko = 27/Xg. The geometry of the problem is given by the
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refractive index distribution n(x, y, z). In [158] it is argued that for typical guided wave problems, the
most rapid variation in the field E is the phase variation due to propagation along the guiding axis and
that this rapid variation in the field can be factored out of the problem by introducing the so called slowly
varying field ansatz

E(x,y,z)=u(x,y, z)e”_‘z (4.3)

In this ansatz, it is assumed that the field £ is propagating into the z-direction and k is a constant
number to be chosen to represent the average phase variation of the field £E. This first assumption
leads to the paraxiality condition for the simple BPM that limit the BPM to waves propagating in a
narrow angle around the z-axis. By replacing £ by the slowly varying field v in the Helmholtz equation
(4.2) yields the following equation:

0%u(x,y,z) _.-0u(x,y,z) ©0%u(x,y,z) 0&%u(x,y, z) — 5 -
T+2Ik P + o2 + 5y +(k(x,y,z)—k)°u(x,y,z) = 0(4.4)

The second assumption is that v varies sufficiently slow with z, so that the second derivative % can

be neglected with respect to 2/?% in the equation above. With this so called slowly varying envelope
approximation and a slight rearrangement, equation (4.4) becomes

ou(x,y, z) i o%u(x,y,z) 0%u(
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zy'z) + (k(x,y,2) = K)?u(x,y, 2) (4.5)

This is the basic equation for the BPM. For a given input field u(x, y,z = 0), equation (4.5) gives
the evolution of the field for z > 0. With this equation, the field u for z > 0 can be integrated for
a given input field with any suitable numerical scheme. The slowly varying envelope approximation
reduces the physical problem from a second order boundary value problem to a first order initial value
problem, which can be numerically integrated in a very efficient way. The price for this is a restriction
of the propagating angle of the fields and the index contrast. In addition, neglecting the second order
derivation eliminates backward traveling solutions. Therefore, effects such as reflection cannot be taken
into account.

The most prominent numerical integration scheme for equation (4.5) is a finite difference method based
on a Crank-Nicholson like approach that substitutes the field derivations by differences of the fields on
a discrete grid in the following way[159]:

ou(x,y,z) u(a,b,c+1)—u(a, b, c)
kAL AL 4,
0z Az (4.6)
0%u(x,y, z) lru(a—1,bc)—2u(a b c)+u(a+1bc) N
Ox?2 2 Ax
Jru(a— 1,b,c+1)—2u(a,b,c+1)+u(a+1bc+1) 47)
Ax
ulx,y,z) = % [u(a,b,c)+u(a, b, c+1)] (4.8)

In these equations, u(a, b, ¢) is the field at the grid point with the coordinates x = a- Ax, y = b- Ay,
z = c - Az if the grid points are Ax spaced in the x direction and so on. The Crank-Nicholson scheme
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Figure 4.6: Screenshot of a 2D BPM simulation of a 1.5 mm long Y-branch made from 2.4 ym wide waveguides.
The cross section of the waveguide is given in Fig. 4.5b). The wavelength in this simulation is 1.31 um.

is an implicit numerical method that estimates the finite differences for the calculation of the fields
in the next z-step as an average of the finite differences in the current z-step and the next z-step.
Implicit numerical integration schemes tend to be more stable than their explicit counterparts. Given an
input field u(a, b, 0), step by step u(a, b, ¢) can be calculated for c = 1,2,3, ..... Most BPM software
packages rely on transparent boundary conditions[160] that allow radiational fields to radiate away from
the simulation domain with negligible reflections on the domain boundaries. During the computation,
only the fields of the current z-step (which is only a 2D array of data) must be stored for the calculation
of the next z-step, which allows also for 3D BPM simulations on standard computers. This is a main
advantage compared to the FDTD method as described in section 4.2.4. Depending on the geometry,
Az can in many cases be much larger than the wavelength, which allows for long propagation distances
without the need for increased computational power.

A lot of extensions have been proposed for the BPM to overcome its limitations. To take polarization
effects into account, semi-vector and full-vector BPMs[161, 162] have been introduced that allow for
the simulation of all kinds of polarization effects at the price of higher memory requirements and longer
simulation times. Another example is the so called wide-angle BPM [163] that eases the paraxiality
condition of the basic BPM and enables the simulation of fields propagating in a larger angle to the
z-axis. The modeling of reflections was successfully shown by introducing a bidirectional BPM[164].

Simulation results

The Y-branches are important elements of the MZI and a proper design is necessary for good perfor-
mance of the MZI. The Y-branch at the beginning of the MZI acts as a beam splitter. Due to its symmet-
rical design, it splits the incoming light to same parts into both outgoing waveguides. See Fig. 4.6 for a
2D BPM simulation of such a Y-branch. At the output of the MZI, the Y-branch is a combining element
that is sensitive to the relative phase of the two incident modes. If two modes with the same phase,
the same wavelength and the same amplitude are launched into the output Y-branch, the power of the
two modes is combined at the end of the Y-branch. This is the reciprocal case of the Y-branch as beam
splitter. If two modes with a phase difference of 7 are injected to the Y-branch, they excite higher order
modes, which will then radiate away when the waveguide becomes narrower and shows single mode
behavior again[31]. These two cases are depicted in Fig. 4.7. Any other case with a different phase
difference can be seen as a superposition of these two fundamental examples.
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Figure 4.7: Two examples of the behavior of light in a combining Y-branch. In a) two modes with no phase
difference between them are injected into the Y-branch and recombine at the end, whereas in b) a phase
difference of 7 between the two modes leads to excitation of higher order modes, which then radiate away.
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Figure 4.8: a) Shows the simulated Y-branch and b) the simulation results for Y-branches made from single
mode waveguides as a function of the length of the Y-branch for A = 1.31 ym and A = 633 nm obtained by
3D-BPM Simulation.

The Y-branches were designed using 3D BPM. They are composed of four identical arc waveguides with
maximum radii allowed by the length of the Y-branch L, g and the spacing wy,z; to minimize losses in
the waveguide bends. The waveguide cross sections are adapted to the wavelength corresponding
to the cross sections given in Fig. 4.5. The spacing between the two arms of the MZI was set to
wpz) = 150 um for both wavelength to prevent crosstalk and allow for separation of the measurement
and reference arm during the functionalization procedure.

Figure 4.8a) graphically summarizes the simulations parameters and Fig. 4.8b) plots the calculated
power transfer ratio of the Y-branches as function of the Y-branch length Ly g, which is the main design
parameter. On the basis of these results the length of the Y-branches are chosen as Ly g = 2500 um
and Lyg = 2000 um for a wavelength of 1310 nm and 633 nm, respectively, to ensure efficient and
reliable operation. The chosen Y-branch lengths result in bending radii of the waveguides of g =
13.35cm for A = 633 nm and g = 20.85 cm for A = 1310 nm respectively.
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4.2.3 Lateral tapers
Theory

In straight waveguides, all waveguide modes propagate independently. If the waveguide cross section
changes as function of z, as is the case in taper structures, coupling between these modes occurs.
Based on the coupled mode theory, the coupling coefficient C,;, between two waveguide modes with
the mode numbers a and b can be defined as[165]

k = = 3 2
Can(2) = 7 [EO iBb(Z)/Ez(X,%Z) : Eb(x,y,z)dedy (4.9)
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where (8,(z) and B,(z) are the propagation constants of the interacting waveguide modes with the
mode fields Ea(x, y, z)and Eb(x, v, z). The geometry of the taper structure is given by the 3D refractive
index profile n(x, y, z). The coupling coefficient C,;, gives the degree of coupling between the a-th and
the b-th waveguide mode as function of z. To calculate the total amount of energy that is coupled from
one mode to another, C,;, has to be integrated along the length of the taper L +[46]:

2

Ly _
Kap = / Cap(2)eP?dz (4.10)
0

In this equation, 43 is the average accumulated difference in propagation constants. The total power
loss of the fundamental mode during propagation through the taper is given by >},° ; kop. In regions
where the coefficients C,, are small, the waveguide cross section can be varied quickly without in-
troducing too much mode coupling, while in regions where the coupling coefficients are large, only
gradual changes of the waveguide cross sections can prevent strong mode coupling. For rib and wire
waveguides, mode coupling between even and odd modes is very low due to the fact that even modes
have a symmetric and odd modes an anti-symmetric mode profile, thus the integral [ E;(x,y,z) .
I::b(x, y, z)dxdy gives zero. Adiabatic tapers are defined as tapers that vary the waveguide cross sec-
tion so slowly that mode coupling can be neglected. For lateral tapers, as presented in the next section,
it can be said that in general that mode coupling becomes the stronger, the wider the taper becomes.
Due to the fact that the propagation constants of lateral higher order modes are very similar in wide
waveguides, m becomes very large. Therefore, adiabatic tapering is not possible if the width
of a lateral taper exceeds a certain value, which is in agreement with the simulation results presented
below. This theory, as shown here, is not suitable to analytically describe the behavior of tapers or
to give design rules. Nevertheless, this very short introduction to mode coupling in taper structures is
presented to give insight into the basic mechanisms of how tapers work and to allow the interpretation
of the simulation results later on.

Simulation results

Simulations were performed using 2D-BPM (see section 4.2.2) for lateral tapers of different lengths.
These linear tapers are used to reduce the width of the waveguides after the gratings to the width of
the single mode waveguides. Tapers for a wavelength of 1.31 um and 633 nm were simulated and the
waveguide core layer thickness, the etch depth of the waveguides as well as the width of the single
mode waveguides were adapted to the wavelength corresponding to the cross sections presented in
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Figure 4.9: a) Taper structure and b), corresponding power transfer ratio as function of the input width wg of
tapers for different length, calculated using 2D-BPM for wavelength of 633 nm and 1310 nm.

Fig. 4.5. The results of these simulations are presented in Fig. 4.9b) for several taper lengths L as
function of the input width of the taper. As expected, the power transfer ratio, defined as the ratio
between the power of the fundamental mode at the beginning of the taper and the remaining power in
the single mode waveguide, of tapers decreases with the input width. For small input widths, the tapers
show adiabatic behavior and nearly all of the energy remains in the fundamental mode, the size of which
is slowly decreased as the light propagates through the taper. If the taper input width exceeds a certain
value, a considerable amount of optical power is coupled to higher order modes, which are gradually
radiated away as the taper becomes narrower. Surprisingly, this cannot be overcome by increasing
the length of the taper. Even when comparing tapers with the same slope, for example a taper with
L = 0.5 mm and wg = 50 pm compared to a taper with L =2 mm and wg = 200 pm, the longer taper
with the larger input width shows a much weaker performance. However, this counter-intuitive behavior
of tapers can be explained in the context of the theory presented above. For very wide waveguides, the
propagation constants of the waveguide modes are very close. This induces strong coupling between
these modes, which explains why this nonlinear relationship cannot be overcome by increasing the
length or by adjusting the shape of the taper[46]. The simulation results for the tapers indicate that for
2 mm long lateral tapers the input width should not exceed 50 um. Since the input width of the taper
defines the diameter of the incident beam on the grating, a grating width of 30 um is chosen in order to
guarantee efficient lateral tapering into single mode waveguides.

This interesting behavior of lateral tapers was further investigated for several material systems, ranging
from high index contrast SOI to low index contrast polymer waveguide systems as well as for two
different waveguide structures. The first waveguide structure is a single mode rib waveguide, where the
thicknesses of the waveguides are optimized for surface sensing for each material system, similar to the
waveguides presented in section 4.2.1. The second waveguide type is a single mode wire waveguide
with typical dimensions for the particular material system. The length of the tapers is fixed at 1 mm for
these simulations. Unlike the simulations above, the substrate and the cladding in these simulations
were assumed to be made of silicon dioxide with a refractive index of 1.46. The geometric parameters
of all the simulated waveguide cross sections are summarized in Table 4.1. Within these simulations,
the wavelength was set to 1.55 um. One might expect that due to the stronger lateral confinement,
especially in material systems with a high refractive index difference, tapers with large input widths
show better performance than in systems with a small index difference. However, the simulations as
presented in Fig. 4.10 show a different picture. First of all, the most important conclusion of these
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Table 4.1: Summary of the parameters refractive index of the waveguide core layer n, 4, waveguide thickness
H, etch depth e, and width w of single mode rib- and wire-type waveguides used in the taper simulations
shown in Fig. 4.10.

waveguide type Nnwg H w e

silicon (Si) rib-waveguide 3.48 60 nm 1 um 15 nm

silicon nitride (SiN) rib-waveguide 2.0 185 nm 1.8um 55nm

SU-8 rib-waveguide 1.58 530nm 25pum 250 nm
polymer A rib-waveguide 1.50 1150 nm 4 pm 500 nm
polymer B rib-waveguide 1.48 1800 nm 6 pm 900 nm
silicon (Si) wire-waveguide 3.48 400nm 400 nm

silicon nitride (SiN) wire-waveguide 2.0 600nm 600 nm

SU-8 wire-waveguide 1.58 1.6 um 1.6 um
polymer A wire-waveguide 1.50 2.5um 2.5 um
polymer B wire-waveguide 1.48 4 pum 4 ym

simulations is that irrespective of the material system and the waveguide geometry, the taper efficiency
drops significantly for input widths larger than about 50 um. All the tapers showed more or less the same
performance. Another interesting aspect is the fact that in these simulations the tapers in the high index
difference material systems (Si and SiN) showed the worst performance. It can be interpreted that the
high optical input width, defined as wg - nyg, for high refractive index has a stronger influence on the
taper efficiency than the better lateral confinement.

The results of this investigation further reinforce the statement that efficient lateral tapering into single
mode waveguides is basically independent of the type of the waveguide, the specific waveguide cross
section and the materials used. As a rule of thumb, it can be said that efficient lateral tapering into
single mode waveguides is not possible for input width larger than about 50 um.

4.2.4 Grating couplers

Theory for grating output couplers

This section provides the basic definitions and relations that are necessary for the interpretation of the
simulation results given in this section. It introduces the optimum spot size of a grating as an intuitive
parameter that allows for a fast estimation of the optimum coupling configuration of a grating. The
coupling strength o of a grating defines the amount of optical power that is radiated away from the
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Figure 4.10: Simulation results for 1 mm long linear lateral tapers made from a) rib-type waveguides and b)
wire-type waveguides in several material systems as function of the input width of the taper (A = 1.55 um).
The geometrical parameters of the waveguides are summarized in Table 4.1.

guided mode per unit length[166]. The coupling strength is linked to the imaginary part of the effective
index k of the waveguide mode in the grating region via o = 2wk /Xo. The field distribution A(x, y, z) of
the major field component of a waveguide mode propagating in a slab waveguide in positive z-direction
can be defined as

Alx,y,z) = AOA(y)ei(“Jt—kZ) (4.11)

where A(y) is the vertical mode profile, Aq a scalar that scales the amplitude, and k the norm of the
wave vector. The wave vector points in z-direction and its norm is defined as k = 2mnerr/ Ao, Where
Ao is the free space wavelength and nerr the effective index of the guided mode. The optical power P
guided in this mode remains constant as long as the mode propagates in the slab waveguide. When
entering an output grating, as illustrated in Fig. 4.11, a certain part of the energy of the guided mode is
diffracted per unit length into several diffraction orders. If all incorporated materials are loss less, this
can be expressed as a differential equation[167] for the power of the guided mode

dP(Z) ZQa P(z Zza P(z) z=[0 ] (4.12)

or the amplitude of the guided mode

dA(Z Za Alz) - Za Alz)  z=[0, ] (4.13)

In these equations, a, and a;, indicate the amount of energy that is diffracted into the m-th diffraction
order into the cladding and the substrate, respectively. With the coupling strength o of the grating
definedas o =), a§, + >, a5, these equations can be written as

dP(z)
dz

dA(z)
dz

= —2aP(z) and = —aA(z) z =10, ] (4.14)
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Figure 4.11: A grating output coupler that diffracts light into the -1st diffraction order; the graph below plots the
optical power guided in the waveguide along z-direction.

The solution to these simple differential equations in the region z = [0, o] for the boundary conditions
P(z =0) = Py and A(z = 0) = Ag is well known to be the exponentially decaying function. Therefore,
the amplitude A and the power P of the guided mode decrease exponentially in z-direction in the
following way[13, 168]:

A(z) = Age™ ¢ z =10, 0] (4.15)
P(z) = Poe 22 z =10, o] (4.16)

The light of the guided mode is diffracted into several diffraction orders. These diffraction orders share
the same exponentially decaying profile along z-direction as the guided waveguide mode in the grating
region[168]. The wave vectors of the diffraction orders are linked with the wave vector of the guided
mode via the well-known grating equation (e.g. [65, 66, 169, 170])

kSlS = k + mAk (4.17)

where k,s;,/é is the z-component of the wave vector of the m-th diffraction order. The grating vector is
defined as Ak = 2w /A, where A is the period of the grating. The superscript denotes whether the
diffraction order radiates into the cladding (c) or into the substrate (s). The length of the wave vectors
ks/€ = 2mn, /c/ Ao depends on the refractive index of the material the diffracted light is propagating
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in. After calculating k,fq/é, the out-coupling angle of the diffraction orders can be determined using

sinS.¢ = s/C/ks/c. The number of diffraction orders depends on the grating period and on the
refractive indices of the substrate and the cladding. If the grating is long enough to diffract all energy
from the guided mode into the diffraction orders, the total power that is carried by each diffraction order

P,f?{tcot is defined as

o‘s/c
Prtor = Po—r (4.18)

Hence, [~ e 2*?dz = 1/2a, PS/C can be calculated the following way:

/ a e [ Pr
S/C m S/C — z ’
Prtor = Po—= = Pmlo/o e ?%dz = e (4.19)

s/c
m,0

From this equation and from P;/g = (A% 7)? it follows that

PC=2a5)°Py  and  AYG(2) = \/2a3 Ao (4.20)

For shorter gratings analogous considerations can be done by replacing Fy with the amount of diffracted
power in the short grating.

If the materials used are not loss less, absorption can be accounted for by introducing an additional
term in equation (4.12):

dP(Z

Zza P(z) — Z2a P(z) = 20asP(z)  z =10, ] (4.21)

dA(Z

Za A(z) — Za A(2) — aapsA(z)  z=[0, 0] (4.22)

All equations remain valid if « is now defined as a = >, af, + >, a5, + aaps. Itis to bear in mind that
if absorption takes place, the total amount of diffracted power is not equal to the incident power from
the guided mode, because the part P,ps = Po% is lost in absorption.

In the case of coupling light out of a waveguide, the amplitude profile of the radiated beams is often of
no relevance because large photodiodes directly attached on top of the grating can be used to collect
all the light radiated away from the grating in the direction of the photodiode. The grating simply has to
be made long enough (2acz >> 1) so that all power can radiate away from the waveguide.

Most types of gratings, including simple binary grating couplers, diffract the guided light at approximately
equal amounts into the substrate and the cladding. Therefore, if the grating is sufficiently long, an out-
coupling efficiency of about 50% can be achieved. If a perfect mirror is applied to one side of the
grating, the light radiating away in the opposite direction is reflected and the out-coupling efficiency can
theoretically be increased to 100%.
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a)

couplinginto
Gaussian beam

Figure 4.12: a) Situation for the output grating coupler when coupling the -1st diffraction order in direction of the
cladding into a Gaussian beam. The offset zs, the beam diameter d and the spot size s of the Gaussian
beam are shown. The spot size of the beam on the grating is s = d/ cos ¢ ;. b) Definitions of a Gaussian
beam and of the amplitude profile of the light diffracted into the i-th order.

However, if the diffracted light should be coupled into an optical fiber by means of a focusing element,
only the light from one specific diffraction order can be coupled into the optical fiber. An overlap inte-
gral between the exponentially shaped amplitude profile of the diffracted light and the Gaussian beam
shape, necessary for the coupling into an optical fiber defines the conversion efficiency. This overlap
integral is given by[171]

" 2
_ [ 46,52 ] [ A1(x, 2) A5 (x, 2)dxdz] (4.23)

(Br+B2)?) ] [ Ai(x, 2)Ai(x, z)dxdz [ Ax(x, z)A%(x, z)dxdz

where A1 (x, z) and Ax(x, z) are the amplitude profiles and G; and 3, are the propagation constants of

the two overlapping modes. This overlap integral has to be carried out in a rotated coordinate system
[x5/€, v/, 25/, as depicted in Fig. 4.12a) that is aligned to the propagation direction of the diffraction

order. The parameters o and P,f,,/’g, which determine the amplitude profile of the diffracted light, have

to be adapted to the rotated coordinate system of the diffraction order, so that

o Ps/c
(m) — plm.s/c . __m0_ 4.24
“ cos Pm and m.0 cos Pm (4.24)

The superscript (m) denotes a variable in a coordinate system aligned to the m-th diffraction order. The
law of energy conservation has to be fulfilled during this transformation.

P(m),s/c _ P(m)'s/c o e—2a(m)zmdz _ Prs‘l,,Té))VS/C _ Pri/g Cos Pm _ ’Drsn/g _ Ps/c (4.25)
m,tot m,0 0 m 2a(m) cos ¢m 2a 20 m,tot .



4.2 Simulations and MZI layout 63

100000 T

E

310000 >~

&

o 1000

N

= \

% 1004 s

o \

g 10 typical

£ sol

B systems

o 1 1 r 1
0.0001 0.001 0.01 0.1

coupling strength a (um-?)

Figure 4.13: Relationship between coupling strength and optimum spot size; typical regions for SOl and for
polymer waveguide systems are indicated.

In these equations, ¢, is the angle of the diffraction order in the media where the coupling takes
place. Even if the refractive indices of the substrate and the cladding are different, the coupling usually
takes place in air, which is why o, does not depend on the diffraction order radiating into either the
substrate or the cladding. The overlap integral between an amplitude profile of a Gaussian beam and
an exponentially decreasing amplitude profile, as depicted in Fig. 4.12b), was numerically optimized
and the following relations for optimum conversion were obtained[172]

omd = 1.36756 (4.26)
d/zc = 1.46244 (4.27)

The maximum conversion efficiency for these two types of amplitude profiles is nearly 80.1%[173] if
equations (4.26) and (4.27) are satisfied. If it is assured that the optical fiber and optional optical
elements are perfectly aligned to the propagation direction of the diffraction order, the out-coupling effi-
ciency can be calculated as the percentage of optical power diffracted into the desired diffraction order
times the conversion efficiency given by the overlap integral. In the case, where only two diffraction or-
ders are present, one into the substrate and one into the cladding, and both are carrying approximately
the same amount of power, the maximum achievable coupling efficiency is about 40% to Gaussian
beams.

If optimum coupling conditions are maintained, the spot size s of the Gaussian beam on the grating,
as shown in Fig. 4.12a), is defined by s = d/ cos ¢,,. Employing this definition and o, = a/ cos ¢,
equation (4.26) can be rewritten to give a relation between the optimum spot size s,,; of a Gaussian
beam and the coupling strength o of the grating independent on the angle and order of diffraction[174]

0 Sopt = 1.36756 (4.28)

This very simple relationship between optimum spot size and coupling strength is plotted in Fig. 4.13
with some additional information about expected values for different material systems.
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Figure 4.14: Simple example for the reciprocity theorem between output and input grating couplers. If the angle
and the mode profile are preserved, the input coupler has the same efficiency as the corresponding output
coupler. The reciprocity theorem makes no statement about the power in the transmitted and reflected beam
in the case of the input coupler.

Relation between input and output grating couplers

Input grating couplers and output grating couplers are linked by a reciprocity theorem[34, 169], which
can be directly derived from Maxwell’s equations. The reciprocity theorem states that if the exact mode
profile and the angle of the beam is preserved, a grating coupler used for in-coupling has the same
efficiency as the corresponding output coupler. An efficient output coupler is also an efficient input
coupler for the same beam. Figure 4.14 shows a simple example for the application of the reciprocity
theorem for grating couplers with one diffraction order into the cladding and the substrate. Therefore,
all arguments that lead to equation (4.28) for output couplers are valid for input couplers as well. Thus,
equation (4.28) is also valid for input couplers. It introduces the spot size of a grating as an important
and intuitive parameter of a grating structure and allows for a fast and easy estimation of the optimum
beam diameter.

Simulation methods

Most simulations of grating couplers were carried out with the simulation tool Grinco, which was devel-
oped in the IT department of AIT. Grinco is an acronym for grating input coupler. This tool employs
a rigorous Floquet-Bloch (FB) approach[175, 176, 177] to calculate the input coupling efficiency of
waveguide grating couplers. In the current version, Grinco is restricted to 2D geometries.

The underlying theory of the FB approach, as summarized here, was published in 1999 in the paper
by Norman Finger and Erich Gornik[175]. Norman Finger was the main developer of the simulation
tool Grinco. The FB approach utilized in Grinco assumes an infinite long grating structure. The grating
structure is described by a set of horizontal layers (see Fig. 4.15). Each layer j is either a uniform
or a periodic layer. In principle, there is no limitation to the number of layers and also periodic and
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Figure 4.15: Schematic for the description of binary grating structures in the simulation tool Grinco. The grating
is described as a set of horizontal layers. Within each layer, the dielectric permittivity depends on z only.

homogeneous layers can be arranged in any order. Due to the periodicity of the structure, the dielectric
permittivity e¥) () of the j-th layer can be expanded in a Fourier series of the grating vector Ak = 27/A,
where A is the period of the grating.

)=+ 3 eemnk (4.29)
m==+1,£2,...

For each layer, the dielectric permittivity has to be independent of y. For non-corrugated layers all E%)

are zero except for €8). Complicated grating structures such as slanted gratings or gratings with a

saw tooth profile can be step-wise approximated by many thin layers. Floquet’'s theorem states than in
periodic structures the electric field in every layer can be expressed as

EO(y,z) =€ 3 EP()emkz= 3 ED(y)e* (4.30)
m=0,+1,£2,... m=0,%+1,%+2,...

with B, = Bo + mAk, where 3, is the complex propagation constant and a time dependence of e~ /¢t
for the electric field is implied. The 2D Helmholtz equation (see equation (4.2) in section 4.2.2)

2 2
ot o K@) B n) =0 (@31)

has to be satisfied for each layer. Inserting equations (4.29) and (4.30) into equation (4.31) leads to an
infinite set of coupled equations for the partial waves E%)(y) for each layer .

d2eY) 3% » .
dmz() = Y [5ndB2 — B lmg] EP (1) (4.32)
4 m=0,£+1,£2,...

In this equation, &4, is the Kronecka-delta and ||€Y)|| . is a matrix with

1ED | mg = &9)_, (4.33)
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The ansatz of complex exponential functions for the fields in each layer
Er(%) (y) = Cg)e/’)’(j)y (4.34)

transforms the set of coupled equations into the eigenvalue problem

o0

> maB2 — 11ED Img| €Y = ~yP2C) (4.35)

g=—00

The eigenvalues [7}”]2 and eigenvectors C(J3 of this eigenvalue problem are related to the grating
eigenfunctions

XP(z) =" cYletnz (4.36)
m

The electric field in every layer can be expanded in terms of these grating eigenfunctions in the following
way:

E(f)(y,z) — Z |:A(J) I’Y/ y + B(J) I’Y/ } X(J)(Z) (437)
/

where Afj) and B,(") are amplitude coefficients for waves propagating in the positive and negative y-
direction. By using equation (4.36) and (4.30) the expression

£ TG [0+ 69 e
/

is obtained for the partial waves of the electric field. For homogeneous layers, this expression can be
further simplified due to the fact that only the zeroth Fourier component of the dielectric field e(J)
unequal to zero. For numerical computations, the infinite set of partial waves is truncated to a flnlte set
withm=—T,...,—1,0,1,..., T,where T is the truncation order. This gives a set of M = 2T + 1 partial
waves and the eigenvalue problem (4.35) is represented by a M x M matrix and yields M eigenvalues
and eigenvectors. The index /, labeling the grating eigenvalues, runs also from —7 to T. It has to be
noticed that AEO) and B,(S), where S is the number of layers, are known. These coefficients correspond
to waves traveling towards the inside of the grating structure in the outer layers. They are usually set
to zero, except when modeling an electromagnetic source with a field that is incident on the grating
structure.

At the interfaces of the horizontal layers, the parallel field components E, (represented here by E,
because the major field of TE modes points in the x direction) and H, as well as the tangential field
component B, have to be continuous. The even stricter criterion that for each partial wave E,,(x) and
dE,(x)/dy must be continuous ensures the continuity of the parallel and tangential field components.
Matching the boundary conditions

EDy) = EY™(y) (4.39)
() (j+1)
dEm’ (v) _ dERT() (4.40)

dy lyoy, dy oy,
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gives a set of 2SM equations for 25 M unknown coefficients Agj) and B,(j). These boundary conditions
can be written in the form of a matrix equation

||F|la=0 (4.41)
with the coefficients arranged in a 25 M sized vector
7= (BO@ AN O AG-D B AG) (4.42)

where AU) and BU) are M sized vectors with AU) = (AY). . AY)) The complex propagation constant
Bo is given by the solution of the equation

det[||F(Bo)ll] =0 (4.43)

Once 3y is found, the amplitude coefficients AEJ) and B,(J) as well as the electric fields E,(/,) can be
calculated. Finding one or more solutions to equation (4.43) is laborious numerical work and the per-
formance of the simulation tool strongly depends on the implementation of the algorithm that searches
solutions to this equation. Grinco calculates the fields of the partial waves for a given grating structures
and allows for arbitrary incident fields. For the given incident field, the power in the guided mode in the
grating region is calculated. The FB approach assumes an infinitely long grating structure. To calculate
the input coupling efficiency of a grating coupler, Grinco calculates the power of the guided mode of the
infinite grating structure as function of z. At the interface between the grating section and the unper-
turbed waveguide, partial waves of the FB modes describing the guided field in the grating region are
matched to the modal field distribution of the adjacent unperturbed waveguide. The algorithm based
on the FB approach calculates all fields in the grating region as if the grating structure is infinite. In real
applications, all gratings are finite. The transition between the grating region and the waveguide region
is modeled by a simple overlap integral neglecting all other possible effects that may occur at the end
of the grating. For waveguide grating couplers, this model is sufficiently accurate to allow a precise
calculation of the coupling efficiency.

The simulations performed with Grinco were extensively compared and benchmarked with finite differ-
ence time domain (FDTD) simulations. FDTD simulations are a standard simulation method for design-
ing purposes of photonic structures. The FDTD method is a first order approximation of the Maxwell
equations on a discrete grid. It’'s approximation of Maxwell's equations is both a blessing and a curse.
The main advantage of FDTD is that the approximations do not restrict the generality of the simulation
method, i.e. FDTD makes no assumptions about the underlying geometry. Therefore, it can be used
for simulations of any kinds of photonic effects. On the other hand, FDTD simulations are very slow
and require a lot of computer memory and computational power. The FDTD algorithm as outlined here
and nowadays used is based on a paper by K.S. Yee[178] published in 1966. Within his paper, Yee
introduced a numerically very stable and accurate computation scheme, which will be sketched here.
The two rotational Maxwell equations are given by (see also equations (2.1) to (2.4) in chapter 2):

OH _

e E 4.44
T V X (4.44)
ol _

e— = VxH-—j (4.45)
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These two vector equations are abbreviated forms of six scalar equations. As examples the first lines
of these two equations are

OH, OE, OE,
- = _ = 4.46
Kot oy oz (4.46)
0E,  OH, 0OH, .
“at T Tay oz ™ (4.47)

The derivations in all six equations are now replaced by finite differences of the fields on neighboring
grid points. Any grid point is characterized by three integers a, b, c that give the position of the grid point
as (x,y,z)=(a-Ax,b- Ay, c-Az). The parameters Ax, Ay, Az are the spacings of the grid points in
the x, y, z direction respectively, which are not necessarily equal. In his paper, Yee proposed to define
the field components on different grid points within the unit cell of the grid (see Fig. 4.16) and at different
time points, which allows for a more accurate modeling of the boundary conditions. By replacing the
derivations with finite differences, equations (4.46) and (4.47) become

HITY2(a,b+1/2, ¢ +1/2) — HE Y(a,b+1/2,c +1/2)
At N
_ Ej(ab+1,c+1/2)—E}(a, b c+1/2)
Ay
_E;(a, b+1/2,c+1)—Ej(a, b+1/2,¢)
Az
Ef(a+1/2,b.c) — Ef7M(a+1/2,b,0)
At
CHIYVP(a+1/2,b+1/2,¢) - H P (a+ 1/2,b-1/2,¢)
_ A
HI Y2 (a+1/2,b,c+1/2) — HU Y?(a+1/2,b,c — 1/2) 1
- Az “Jfx

(4.48)

— (4.49)

The superscripts of the fields denote the time steps that the fields correspond to. Rearranging these
two equations gives a very simple numerical scheme to calculate the fields of the next time step from
the fields of the previous time step.

HIPY2(a b+ 1/2,c+1/2) = H Y2(a, b+ 1/2,c + 1/2) + (4.50)
At
bz [Ej(ab+1/2,c+1)—Ej(ab+1/2,¢)] -
At
— =T [EMa,b+1,c+1/2) — ENa b c+1/2
MAy[ 2(ab+1,c4+1/2) — Ez(a. b c +1/2)]
EQ(i+1/2,),k) = EZH(i+1/2,5. k) + (4.51)
N . )
tay [HQ V2(a41/2, b+ 1/2,¢) — H! 1/2(a+1/2,b—1/2,c)} _
AL - - At -
— o [H P 120 b e+ 12) - e 12,0 - 1/2)] - S

Given the fields from the previous time step £7~1 and H"~1/2, first E" and then H"+1/2 can be calcu-
lated, which are the fields of the current time step. In most FDTD simulation packages, the simulations
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(a,b+1 c)

Figure 4.16: Position of the field components in a FDTD unit cell as proposed from Yee[178]. The E field
components are defined in the middle of the edges of the unit cell and the H components are defined at the
center of the faces.

start with all fields equal to zero at all points. In the next step, optical light sources are modeled by intro-
ducing, in most cases, a free current density j¢ at several points of the grid, which leads to excitation of
E and H fields that can propagate in the optical structure, defined by n(x, y, z). The simulation software
calculates the fields at all grid points for one time step after the other until the simulations reach their
designated end. This numerical scheme reveals the main limitation of the FDTD method. All fields at
all grid points of the current time step need to be stored in computer memory to make the calculation
of the fields of the next time step possible. Moreover, in every time step, a calculation of all fields at
all grid points is necessary. This is the reason why FDTD simulations usually take several hours up
to many days, depending on the simulation domain, the simulation time and the resolution of the grid,
even if powerful workstations or simulation clusters are provided. Due to the very simple computation
scheme, FDTD is outstanding for parallelization on computer networks, because the simulation domain
can simply be split into independent regions where only the boarder points need to by synchronized.

For 2D simulations simplified computations schemes exist but, nevertheless, they do not overcome
the main limitation of FDTD simulations. To guarantee the stability of the computational algorithm it is
necessary to satisfy a relation between the time increment At and the spacing of the grid points:

V(M) + + (AZ)2 > CmaxAt (4.52)

where cpmax is the maximum light velocity in the simulation domain, and therefore, dependent on the
refractive indices of the materials used. The FDTD simulations done during this work were performed
using the freely available software package MEEP[179], developed by the MIT with subpixel smoothing
for increased accuracy[157].
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Figure 4.17: Input grating coupler structure as used in the simulations for the grating input coupler in sec-
tion 4.2.4. A Gaussian beam with a diameter d (spot size s on the grating) is incident under the angle ¢ on
a grating coupler with a period A. The thickness of the core layer H, the etch depth e and the offset of the
Gaussian beam z; is additionally shown.

The simulation tool Grinco is an extremely fast and powerful tool for designing grating couplers. Calcu-
lating the input coupling efficiency as function of the angle of incidence for a given grating structure is
a matter of minutes. Doing the same with FDTD simulations tool takes many hours or days, even if the
simulations are performed on powerful computer hardware. Grinco is limited to the simulation of pure
periodic structures, i.e. any changes in the grating structures such as variations in the grating profile,
the duty cycle or the etch depth are prohibited. On the other hand, the FDTD algorithm makes no
assumptions to the underlying geometry and is able to realistically simulate all kinds of optical effects,
even in 3D, if sufficient computational power and memory is provided and if material parameters are
exactly known.

The simulations presented in the next sections are mostly performed with Grinco. Even for simple
binary grating couplers, the three parameters, namely angle of incidence, position of the incident beam
and etch depth of the grating need to be optimized for a given input beam. Such a design task is
not possible with FDTD simulations within a feasible time frame. Therefore, all optimization of grating
structures were done with Grinco and the results of Grinco were verified with FDTD simulations for
specific coupling configurations. For all tested coupling configurations the results of Grinco agree very
well with the results of the FDTD simulations. A comparison of results obtained from Grinco and from
FDTD is given in Fig. 4.26 on page 78 on the example of a SU-8 grating coupler configuration.

Simulation results

As was argued in section 4.2.3, the input width of lateral tapers, and therefore, the maximum beam
diameter incident on the cladding is limited to about 50 um to ensure efficient lateral tapering into single
mode waveguides. In consequence, the beam diameter of the incident beam was chosen to be 30 um.
In a first attempt, input grating couplers in the chosen material system (ns = 1.46, n,g = 1.65, nc =
1.52) were simulated for a 30 um wide Gaussian beam incident from the cladding, as depicted in
Fig. 4.17. The thicknesses of the core layer were set to H = 160 nm for A = 633 nm and H = 350 nm
for A\ = 1.31 um, in accordance to the waveguide cross sections from section 4.2.1. The gratings are
about 200 um long to ensure that all optical power passes the grating and the periods of the gratings
were setto A = 1.58 uym for A = 1.31 ym and A = 766 nm for A = 633 nm, giving an optimum angle
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Figure 4.18: The input coupling efficiency and the optimum spot size of grating couplers as function of the etch
depth e fora) A = 633 nm and b) A = 1.31 pm (ns = 1.46, n,g = 1.65, nc = 1.52).
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Figure 4.19: The optimum spot size of binary grating couplers as function of the index difference of the material
system used. The three lines correspond to 25%, 50% and 75% etch depth from the total thickness H of
the waveguide core layer. For each material system, H was optimized for surface sensing (A = 1.55 um).
Additional polynomial fits for these three lines are inserted. The parameters for these gratings used in the
simulations are summarized in Table 4.2.

of incidence of about 45°in air, which allows for an easy alignment of the incident beams. Due to the
choice of these large periods, a second diffraction order exists. However, the existence of a second
diffraction order should have minor influence on the coupling efficiency since binary gratings show only
very little second order coupling. The results of these simulations are presented in Fig. 4.18 as function
of the etch depth e of the grating. For each point in these plots, the angle of incidence ¢ as well as
the offset zs of the Gaussian beam were optimized for maximum coupling efficiency. Nevertheless, the
simulated grating couplers show only poor performance, which can be attributed to the large mismatch
between the spotsize of the used 30 pm wide beam und the optimum spot sizes of the gratings, which
is in the range of several millimeters, shown in Fig. 4.18. The maximum achievable coupling efficiencies
are less than 8% for A = 633 nm and 5.5% for A = 1.31 um, which is far away from 40%, which is the
theoretical maximum coupling efficiency from a Gaussian beam for a binary grating coupler.
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Table 4.2: Parameters used in the simulations in section 4.2.5 and the results presented in Fig. 4.19: refractive
index ny, g, thickness H of the waveguide core layer, and the grating period A of grating couplers.

core material nwg An H A

silicon (Si) 3.48 2.02 60nm 1.1 um

silicon carbide (SiC) 2.6 1.14 100nm  1.15um

silicon nitride (SiN) 2.0 056 185n€m  1.25um

polyimide (PI) 1.65 0.19 400 nm 1.35 um
SU-8 1.58 0.12 530nm  1.5um
polymer A 1.50 0.04 1150 nm 1.5 um
polymer B 1.48 0.02 1800nm 1.5um
polymer C 1.47 0.01 2700 nm 1.5um

To better understand the poor results for these grating couplers, a comprehensive study of grating cou-
plers was performed. Grating couplers in different material systems were simulated for a wavelength of
A = 1.55 ym, which is a typical telecom wavelength. For a better comparability between the different
material systems, a symmetrical waveguide system was assumed with the substrate and the cladding
made from SiO, (n = 1.46). The thickness of the waveguide core layer was optimized for surface sens-
ing in each material system, and the periods of these gratings were adapted to maintain an optimum
angle of incidence of about 20° in air. All necessary parameters are summarized in Table 4.2. Grat-
ings with the same etch depth e, measured in percent of the waveguide core layer thickness H were
compared, namely 25%, 50%, and 75% of the waveguide core layer thickness. This data is plotted in
Fig. 4.19, together with a polynomial fit for each line. These fits show good agreement with the simu-
lated data and can be applied as fast tool to estimate the optimum coupling configuration for a given
material system. These three fits are:

Sopt = 436.46An"113*  for e = 0.25H (4.53)
Sopt = 102.77An" 132 fore =0.5H
Sopt = 48.495An"1329  fore=0.75H

According to these simulations, an optimum spot size suitable for a 30 um wide beam can be either
reached by using silicon as waveguide core layer with an etch depth of about 50% of the core layer
thickness or silicon carbide with an etch depth of 75%. Gratings in low index difference material systems
have much larger optimum spot sizes. For gratings made from polyimide the optimum spot size ranges
from 2.5 mm down to 400 um, depending on the etch depth. This is in good agreement with the
simulation done at a wavelength of 1.31 pm presented above. If the index difference is further reduced,
the optimum spot size increases drastically. For the material system with the lowest index difference of
An = 0.04 studied in this comparison, the optimum spot size is in the range of centimeters.
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Figure 4.20: Input grating coupler with high index coating (HIC).

4.2.5 High index coating for grating couplers
Motivation

The simulations in the previous sections showed that efficient coupling into single mode waveguides by
means of simple binary grating couplers and lateral tapers is not possible for low index difference mate-
rial systems such as polymer material systems or inorganic material systems such as silicon oxynitride.
For large beam diameters incident on the gratings, the gratings show good performance, but the lat-
eral tapers are very inefficient, whereas for small beam diameters, the situation is reversed and grating
couplers show a weak performance. To artificially increase the index difference in the grating region,
grating couplers with a thin inorganic high index layer, a so called high index coating (HIC), were stud-
ied. This HIC is assumed to be applied as homogeneous layer on top of the grating that also covers the
side walls of the grating structure in the same thickness (see Fig. 4.20). The HIC can be deposited em-
ploying conformal deposition techniques such as PECVD or sputtering. If necessary, the HIC outside
of the grating region can be removed by etching or a lift-off process. Compared to the fabrication of the
gratings with their small feature sizes, the lithography needed for the structuring of the HIC is easy, with
feature sizes of several tens of microns.

This approach to increase the coupling strength of gratings has been previously mentioned for exam-
ple in the context of weakly modulated diffused Ti:LiNbO3; waveguides[174, 180] or multimode polymer
waveguides[166]. However, so far no systematic study about the effects of a HIC on grating structures
has been performed. Here, a comprehensive numerical study on optimum beam diameters and cou-
pling efficiencies of grating couplers with respect to grating modulation depth e and HIC thickness ty;c
is presented for different low index contrast material systems. Also deep etched structures and radiation
effects at the interface of the waveguide without HIC and the grating with HIC are taken into account.

Simulation results and consequences

To explore the possibilities of HICs on grating couplers in material systems with low refractive index
difference, the optimum spot sizes of such grating couplers were calculated. The calculation of the
optimum spot size of a grating is easier and faster than the calculation and optimization of the coupling
efficiency because only the complex refractive index of the guided mode in the grating region needs to
be calculated and no optimization of the offset and the angle of the incident beam is necessary. The
complex refractive index is an intrinsic property of the grating structure and does not depend on the
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Figure 4.21: The optimum spot size calculated for a) silicon nitride (SiN) and b) polyimide (Pl) as waveguide
core layer material. For both material systems silicon (n = 3.48) was used as HIC. (A = 1.55 pm)
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Figure 4.22: The optimum spot size calculated for a) SU-8 and b) polymer A as waveguide core layer material.
For both material systems silicon nitride (n = 2.0) was used as HIC. (A = 1.55 ym)

incident beam. Simulations were performed for different waveguide material systems and for silicon
nitride (n = 2.0) and silicon (n = 3.48) as HIC materials. As in section 4.2.4, the waveguide core layer
thicknesses were optimized for surface sensing and the wavelength was A = 1.55 pym. Again, silicon
dioxide (n = 1.46) was used as substrate and cladding. The simulation parameters thickness H and
refractive index n, 4 of the core layer as well as the period of the grating A as used in these calculations
are summarized in Table 4.2.

Simulation results for the calculation on the optimum spot size are presented in Fig. 4.21, Fig. 4.22
and Fig. 4.23 for six different material systems. Figure 4.21 contains results for the material systems
with the highest index difference, namely gratings made from silicon nitride (An = 0.54) and polyimide
(An = 0.19), whereas 4.23 shows results for material systems with an extreme low index difference
of only An = 0.02 and An = 0.01 to the silicon dioxide substrate and cladding. The last two material
systems are SU-8 with an index difference of An = 0.12 and polymer A with An = 0.04, given in
Fig. 4.22. Silicon (Si) and silicon nitride (SiN) are used as HIC in these simulations. These two materials
can be either sputtered or deposited with PECVD and are common materials in nearly every cleanroom
environment.
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Figure 4.23: The optimum spot size calculated for a) polymer B and b) polymer C as waveguide core layer
material. For a) silicon nitride (n = 2.0) and for b) silicon (n = 3.48) was used as HIC. (A = 1.55 um)

The simulations showed that for all material systems a strong reduction of the optimum spot size can
be achieved by applying a HIC. For all material systems, an optimum spot size of nearly 10 um can be
reached, provided that very large etch depths are used. Consequently, spot sizes as low as in SOI sys-
tems can be obtained with grating couplers in low index material systems with HIC. Obtaining very high
etch depths compared to the waveguide core layer thicknesses is feasible in inorganic material systems
where the grating is fabricated employing an etch step in most cases. For gratings in polymer material
systems, where the polymer waveguide layer is applied by spin coating on patterned substrates, two
issues have to be addressed, when using large etch depths. Firstly, the liquid polymer has to fill up the
trenches completely in the spin coating step, which can be troublesome especially if high aspect ratios
are necessary. The second point is that a grating structure with a large depth modulation influences
the upper surface of the polymer and can cause ripples in the polymer surface. These ripples them-
selves can act as a grating structure and influence the coupling efficiency. However, at this stage, such
fabrication related difficulties are not accounted for in this survey of the possibilities of HICs.

The lower the index contrast of the waveguide core layer to the surrounding layers, the higher the
possible relative reduction of the optimum spot size. For SiN and Pl gratings, a reduction of more than
an order of magnitude is possible compared to gratings without HIC. In the case of the polymer B and
polymer C waveguide systems, with a refractive index of n,,4 = 1.48 and n,,4 = 1.47 respectively, this
relative reduction goes up to nearly four orders of magnitude. The peaks in the optimum spot size for
these two material systems (see Fig. 4.23) can be observed also for other material systems with very
low index differences, where the waveguides become thicker than the wavelength. These peaks are
most likely caused by resonance effects occurring in the dielectric multi-layer system for specific etch
depths.

It has to be mentioned that the necessary thickness of the HIC decreases as the index difference of
the material system decreases. This can be readily observed when comparing the results for SU-8 and
polymer A in Fig. 4.22 as well as the results for polymer B in Fig. 4.23a). The necessary thickness of
the SiN HIC to reduce the spot size to about 10 um decreases from 200 nm for SU-8 to only 100 nm
for the polymer B material system. This can be attributed to the fact that for lower refractive indices
of the waveguide layer, the optical power becomes more easily confined in the HIC, thus enhancing
the effect of the HIC. Simulations on Si and SiN HICs showed very similar performances in reducing
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Figure 4.24: Input coupling efficiency for a 30 um wide Gaussian beam incident on a SU-8 waveguide grating
as function of the etch depth e and the thickness of the SiN HIC t;,c. For each plotted point, the angle of
incidence and the position of the Gaussian beam were optimized for maximum in-coupling efficiency.

the optimum spot size. As expected, for Si HICs much smaller thicknesses are sufficient due to its
very high refractive index. Figure 4.21b) shows simulation results of PI grating couplers with Si HICs
of different thicknesses. A strong reduction of the spot size is already achieved at a HIC thickness of
20 nm. Therefore, a very precise control of the thickness of the deposited Si layer is required to obtain
high coupling efficiency. This requirement is relaxed when using SiN as HIC, where a comparable effect
is obtained with a HIC thickness of about 200 nm to 250 nm. Such thicknesses can be easily deposited
using PECVD in a reliable and reproducible way.

To demonstrate the impact of HICs on the input coupling efficiencies of small gratings, the SU-8
waveguide system was chosen. SU-8 is a commercial photoresist with excellent spin coating prop-
erties that can be spin coated in thicknesses from several hundredth nanometers up to more than
100 um. Furthermore, it has very high temperature stability if adequately processed. This enables the
deposition of high quality SiO, as cladding employing PECVD, which allows for an exact experimental
realization of the simulated structure in a later step. Table 4.2 and Fig. 4.20 provide details of the sim-
ulated structure. For uncoated gratings, the optimum spot size in this material system is in the range
from 1 mm up to 10 mm, as shown in Fig. 4.22. In order to demonstrate the positive effect of the HIC,
a TE-polarized Gaussian beam incident from the cladding with a diameter of 30 um was chosen. The
surface grating at the waveguide core/cladding interface comprises hundred periods of A = 1.5 um, i.e.
the coupling condition is fulfilled for an angle of incidence of about 27 deg in air at A = 1.55 ym for
the uncoated gratings. Figure 4.24 shows a contour plot of the in-coupling efficiency for this grating
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Figure 4.25: Simulated mode profiles in the grating region in a SU-8 material system with a 530 nm thick core
layer and an etch depth of 210 nm. The left-most profile is the one of the fundamental mode in the non-
corrugated waveguide and the other profiles show the profiles of the guided modes in the grating region
for several thicknesses of the SiN HIC. The black curve overlaying the mode profiles gives the conversion
efficiency between the waveguide mode in the homogeneous waveguide and the guided mode in the grating
region, which is an important factor for the coupling efficiency of grating couplers. The corresponding grating
structures are indicated in the background.

system as function of the etch depth e and the thickness of the HIC t;¢c. For each point in this graph,
the angle of incidence @ as well as the longitudinal offset z; of the Gaussian beam were optimized
to obtain maximum in-coupling efficiency for each configuration. These simulations take into account
radiation effects occurring at the transition of the guided mode from the grating structure to the non-
corrugated waveguide due to the mismatch between the mode profiles of the guided modes inside and
outside grating region. This effect increases with the thickness of the HIC, which leads to a stronger
confinement of optical power within the HIC.

The simulations do not include reflection losses at the air/cladding interface, i.e. the simulated light
source is located in the cladding material. As expected, the coupling efficiency of the uncoated gratings,
represented by the lowest line in Fig. 4.24, is very low due to the large mismatch between the narrow
beam used in the simulations and the optimum beam diameter. The efficiency of the uncoated gratings
is always lower than 6%. A maximum input coupling efficiency of 25.1% was achieved for ty,c =
180 nm and e = 210 nm, which corresponds to a relative increase of more than 6 dB. An important fact
is that with increasing thickness of the HIC not only the efficiency increases, but also the optimum etch
depth is shifted towards lower values, which simplifies the fabrication of the devices. The application of
a HIC in this coupling configuration provides very relaxed fabrication tolerances. Every point within the
range of e.g. 140 nm < ty;c < 190 nm and 195 nm < e < 300 nm has a coupling efficiency higher
than 22%.

The fact that the theoretical optimum coupling efficiency of 40% is not reached can be mainly attributed
to two effects. First, radiation losses due to different mode profiles at the interface between the grating
and the non-corrugated waveguide reduce the overall coupling efficiency. Figure 4.25 gives the mode
profile of the fundamental mode in the non-corrugated waveguide at the left-most position as well as
mode profiles of the guided mode in the grating region for several thickness of the HIC for the SU-8
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Figure 4.26: Comparison of simulation on the input coupling efficiency of a SU-8 grating coupler configuration
(H =530 nm, e = 200 nm, ty;c = 100 nm, zs = 13 um) obtained from Grinco and from FDTD, for a 30 um
Gaussian beam.

grating system used for the simulations above. The etch depth is fixed at a value of 210 nm for the
mode profiles in the grating region and the thickness of the HIC is varied from 0 nm up to 240 nm.
The conversion efficiency between the waveguide mode and the modes in the grating regions was
calculated using the overlap integral given in equation (2.47) on page 16 and is overlaid in Fig. 4.25.
For the optimum coupling configuration with ¢, = 180 nm and e = 210 nm the conversion efficiency
at the waveguide/grating interface is about 79%, which reduces the maximum achievable coupling
efficiency from 40% to 31.6%. Surprisingly, the maximum conversion efficiency was not found for the
grating system without HIC, but for 20 nm SiN HIC. In the system without HIC, due to the etching of
the core layer, additional low index material is introduced from the top into the waveguide region, thus
leading to a small downward vertical shift of the peak amplitude. By applying a thin HIC, this effect is
mostly compensated and so the maximum conversion efficiency can be found for a 20 nm SiN HIC.
The thicker the HIC becomes, the more the guided mode is confined within the HIC. The guided modes
become narrower and the peak amplitudes of the profiles are shifted towards the HIC, thus reducing
the overlap integral with the fundamental waveguide mode.

The second effect that reduces the overall coupling efficiency is enhanced second order coupling. Due
to the choice of the grating period, two diffraction orders are present both in the cladding and in the
substrate. Binary gratings with a duty cycle of 0.5 have very low coupling coefficients for second order
diffraction. The HIC breaks this symmetry and slightly increases second order coupling, which leads to
a reduction of the in-coupling efficiency.

The results obtained from Grinco were benchmarked employing FDTD simulations. In Fig. 4.26, simula-
tions from Grinco and FDTD are compared on the example of a SU-8 grating coupler with H = 530 nm,
e = 200 nm, ty;c = 100 nm, zg = 13 pum, for a 30 pwide beam. During the fabrication of grating
couplers with HIC, the HIC is deposited on the already fabricated grating and then selectively removed
outside the grating region. This necessitates an alignment step to align the remaining HIC with the
grating structure. The sensitivity of the coupling efficiency to misalignment of the HIC with respect to
the grating structure was investigated employing FDTD simulations. Figure 4.27) shows the field distri-
butions of SU-8 gratings, with e = 200 nm, ty,;c = 100 nm for a 30 um wide Gaussian beam incident
from the cladding, obtained from FDTD simulations. In case a), the HIC ends 20 um before the end of
the grating region. The HIC ends exactly with the grating/waveguide interface in case b) and in case
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Figure 4.27: Field distributions of the major field component E, of the TE mode for SU-8 grating couplers with
SiN HIC (e = 200 nm, ty;c = 100 nm) obtained from FDTD simulations. The refractive index profile of the
waveguide grating coupler is indicated as a grey scale profile in the background. In a) the HIC ends 20 pm
before the grating, in b) the HIC ends at the end of the grating, and in ¢) the HIC covers also 20 pm of
the waveguide. The simulations showed nearly the same coupling efficiency for all these configurations, as
shown in Fig. 4.28.

c), the HIC covers also 20 um of the waveguide. The results of the FDTD simulations presented in
Fig. 4.28 showed only minor influence of the alignment of the HIC with respect to the grating. If the HIC
extends in the waveguide region, the slightly reduced coupling efficiency can be explained by the fact
that the power in the guided mode in the grating region is at first transferred into a waveguide mode
of the waveguide with HIC. The conversion efficiency of this transfer is given by an overlap integral
(see equation (2.47)) between the mode profile in the grating region and in the waveguide region with
HIC. Then, a second conversion takes place at the interface where the waveguide with HIC meets the
waveguide without HIC. This double conversion leads to slightly higher radiation losses than in the case
where the HIC covers the grating region only. In the case where the HIC ends before the grating, also
only a slight reduction of the coupling efficiency was calculated, provided that the grating is still long
enough to couple all available energy from the incident beam into the grating. Due to the low coupling
strength of the grating without HIC, the guided mode in the grating region gains energy in the region
with HIC, but travels nearly unaffected in the grating region without HIC. However, in this case, an ad-
justment of the position of the incident beam is necessary. If the position of the beam relative to the
grating is not altered, the coupling efficiency drops significantly if the end of the HIC is located inside
the grating region. In summary, it can be stated that the alignment of the HIC on the grating structure is
not a critical parameter for a good performance of the grating coupler.

Similar simulations were carried out to show the effect of HICs on a waveguide grating system with very
low index difference. Figure 4.29 shows the simulation results for input grating couplers made from
polymer B with a refractive index of 1.48. For a 30 um wide Gaussian beam the input coupling efficiency
of the uncoated grating does not exceed 0.1%, which is caused by the huge mismatch between the
optimum spot size of these uncoated gratings, which is larger than 5 cm and the used 30 pm wide
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Figure 4.29: Input coupling efficiency for a 30 um wide Gaussian beam (A = 1.55 um) incident on grating
couplers with a polymer B (n,,4 = 1.48) core layer as function of the etch depth and the HIC thickness.

beam. With a coupling efficiency of up to 15.35% the gratings with HIC showed a significantly improved
performance. The very low coupling efficiencies at an etch depth around 1.1 um can be explained by
the large optimum spot sizes for this etch depth (see Fig. 4.23a)) that are caused by interference effects
in thick waveguides. This confirms the usefulness of the optimum spot size as a figure of merit for the
design of efficient grating couplers. Such interference effect can be found in several material systems
with very low index differences where the waveguides become very thick. Again, the maximum in-
coupling efficiency in this material system is lower than the theoretical limit of 40%. Moreover, it is
also lower than the maximum efficiency of the SU-8 gratings. The limiting factors for this reduced
efficiency are the radiation losses at the interface of the grating region with HIC and the homogeneous
waveguide without HIC. These radiation losses for this material system are higher than for SU-8. For
the configuration with the maximum coupling efficiency (e = 400 nm and ty;c = 75 nm) the coupling
efficiency is reduced by a factor of 0.674.
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Figure 4.30: a) Angle and b) wavelength tolerances for SU-8 grating input couplers (t = 530 nm, n,,4 = 1.58,
A = 1.55 pm) as function of the incident beam diameter. For each beam diameter, the grating was optimized
for efficient in-coupling (see Table 4.3) and the angle tolerance at fixed wavelength as well as the wavelength
tolerance at a fixed angle were calculated.

Table 4.3: Parameters of the grating configurations used for the calculation of the angle and wavelength toler-
ances shown in Fig. 4.30

beam diameter n,, ¢4 30pum  60pum 120 um 240 pm 480 um 960 pm
grating length 150 um 300 pum 600pum 1.2mm 24 mm 4.8 mm
optimum etch depth e 210 nm 240nm 170 nm 200nm 230 nm 290 nm

optimum thickness of the HIC t;¢c 180 nm 90 nm 80 nm 70nm  40nm  O0nm

Summarizing the grating simulations, it can be stated that the application of a HIC strongly increases the
in-coupling efficiency for small beam diameters even in material systems with very low index differences.
The theoretical maximum in-coupling efficiency of about 40% cannot be reached due to increased
second order coupling and radiation losses at the grating/waveguide interface. These negative effects
become stronger for material systems with lower refractive index difference.

Further advantages of small gratings arise from the relaxed angle and wavelength tolerances. Simula-
tions were performed for SU-8 input grating couplers in similar configurations as above, but for different
beam diameters. For each beam diameter, the gratings were adapted for efficient in-coupling. Table 4.3
summarizes the parameters beam diameter d, etch depth e, thickness of the HIC ¢4, and the length
of the grating as used in these simulations. Afterwards, the angle tolerance Ay at a fixed wavelength
of 1.55 um as well as the wavelength tolerance Ay for a fixed angle of incidence were calculated.
Figure 4.30 shows the full width at half maximum (FWHM) of the in-coupling efficiency and correspond-
ing fits as function of the beam diameter d. As expected, the angular tolerance Ay as well as the
wavelength tolerance A increase if the beam diameter is reduced. The fits for these two parameters
are:

Ap = 61.2954 999 (4.54)
AN = 1607.6d7%-51 (4.55)
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Figure 4.31: The input coupling efficiency for PI gratings with SiN HIC as function of the etch depth e for A =
633 nm. (A =766 nm, H = 160 nm, ns = 1.46, n,,g = 1.65, nc = 1.52).
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Figure 4.32: The input coupling efficiency for PI gratings with SiN HIC as function of the etch depth e for A =
1.31 um. In a) the grating period A = 1.58 um gives an angle of optimum coupling of about 45°in air and in
b) A = 1.75 pm results in an optimum coupling angle of about 55°in air. (H = 350 nm, ns = 1.46, n,,gq =
1.65, nc = 1.52)

The simulations showed good reciprocal behavior of the angle and the wavelength tolerance with re-
spect to the beam diameter. For the smallest calculated beam diameter of 30 um, which corresponds to
the SU-8 grating presented above in Fig. 4.24, the FWHM of the angular tolerance is larger than 2 de-
grees and FWHM of the wavelength tolerance exceeds 50 nm.

After this comprehensive study of gratings with HICs, the calculations on the grating couplers for the
biosensor chip were continued. The results for the uncoated grating couplers, presented in Fig. 4.18 in
section 4.2.4, were extended with simulations on grating couplers with SiN HIC. As depicted in Fig. 4.17,
the grating is present at the substrate/core layer interface and a 30 um wide Gaussian beam is incident
from the cladding. The simulation results for these gratings are plotted in Fig. 4.31 for A = 633 nm
and in Fig. 4.32a) for A = 1.31 um. The coupling efficiency can be increased to more than 31%
in both cases. In addition, grating couplers for a wavelength of A = 1.31 um with a grating period
of A = 1.75 um were simulated. The results are plotted in Fig. 4.32b). The larger period of these
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gratings allows for an easier fabrication by means of conventional UV-lithography, and therefore, for an
easier experimental verification of the simulated enhancement of the coupling efficiency. Due to the
larger period of these gratings, the angle of optimum in-coupling is shifted from about 45° in air for
A = 1.58 um to about 55° in air for a period of A = 1.75 um. The simulations of PI grating couplers
verified that grating couplers made from materials with a refractive index similar to Pl are excellently
suited to be combined with a HIC. The coupling efficiency of such grating couplers can be strongly and
easily increased by application of a HIC without sacrificing too much efficiency due to radiation losses
and enhanced second order coupling.

4.2.6 Summary of grating coupler simulations

Due to the comparatively small index difference in polymer waveguide systems, the coupling strength of
grating couplers is very low, thus allowing efficient coupling only for very large (several hundred microns)
gratings. The application of a thin high index coating (HIC) in the grating area increases the coupling
strength of gratings in low index material systems and enables efficient coupling of narrow beams into
single mode polymer waveguides. Since the HIC is only present in the comparatively small grating
area, the optical quality of the HIC has only minor influence on the coupling efficiency. Therefore, low-
temperature thin film deposition techniques such as sputtering, which are usually not used for optical
waveguide fabrication because of low optical quality, can be employed for the HIC deposition. Silicon
nitride (SiN) is a suitable HIC material because it is transparent in the visible and near infrared domain.
By applying a HIC, the optimum etch depth can also be adjusted in a way that the grating has the same
etch depth as the tapers and the waveguides. In addition, smaller gratings allow for larger angular and
wavelength tolerances.

The lower the index difference of the material system, the less HIC is necessary to achieve a strong
reduction in the optimum spot size. In nearly all material systems an optimum spot size of about
10 um can be reached, which corresponds to optimum spot sizes in SOI systems. The efficiency
of small grating couplers in low index difference material systems can be significantly increased for
small beam diameters by application of a HIC. In addition, the necessary etch depths of gratings for
efficient coupling can be reduced by HICs. The theoretical maximum coupling efficiency of 40% for an
input coupler cannot be reached due to radiation losses at the transition from the grating region to the
homogeneous waveguide and enhanced second order coupling. The maximum achievable coupling
efficiency depends on the refractive indices of the material system. The overall trend shows that the
maximum achievable coupling efficiency decreases if the index difference decreases, because of higher
radiation losses at the grating/waveguide interface. On the other hand, the relative increase in the
coupling efficiencies between gratings with and without HIC is strongest in material systems with very
low An. Grating couplers made from Pl or materials with similar refractive indices show great potential
in combination with HIC. The uncoated gratings have a very low coupling, which can be improved to
more than 30% by the application of a HIC for a 30 um wide Gaussian beam.

4.2.7 Further enhancement possibilities for grating couplers

The input grating couplers made from Pl with HIC showed a theoretical performance of more than 30%,
which is already a good value for a simple binary input grating coupler. To further increase the coupling
efficiency, mainly four strategies can be applied.
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Figure 4.33: Principle of a backside mirror for a grating input coupler. The maximum coupling efficiency of an
optimized grating coupler can be increased from 40% to 64%. Reflections at the grating interface can be
neglected if the refractive index differences between the cladding and the waveguide core layer are small.
For a successful increase of the coupling efficiency, phase matching between the in the first pass in-coupled
light and the reflected beam is required.

The first strategy is reducing the period of the grating, so that only one diffraction order into the substrate
and the cladding is present. This condition is satisfied only for very small angles of incidence, typically 3°
to 4°. One also has to avoid the pitfall of a vertical incidence, which, due to symmetry reasons, couples
light in both horizontal directions at the same efficiency, and therefore, reduces the coupling efficiency
in the desired direction by half. The optimum in-coupling angle depends on several parameters such
as the thickness and refractive index of the core layer as well as the thickness and refractive index of
the HIC. Therefore, such coupling configurations leave only very little space for fabrication tolerances
to avoid vertical incident.

A second technique can be the application of a kind of taper structure to smooth out the transition from
the region with HIC to the region without HIC, to reduce radiation losses at this interface. Simulations of
such a structure would require 3D-simulations either with a BPM or FDTD and have not been performed
yet.

The third method to increase the efficiency of grating couplers can be the application of a backside
metal[64, 72] or dielectric mirror[181] to force the light that is transmitted through the grating to a second
pass. Theoretically, the coupling efficiency of an input grating coupler can be increased from 40% up to
64% (see Fig. 4.33). The distance between the grating and the mirror has to be chosen in such a way,
that the reflected light interferes constructively with the incident light in the plane of the grating. The
distance is dependent on the refractive index of the substrate, the angle of incidence and the effective
index of the guided mode in the grating region. For the application of such a mirror at the biosensor
chip, it would be possible to apply a mirror on top of the cladding and introduce the incident light through
the substrate. However, this would require a very precise thickness control of the cladding layer.

Finally, a variation of the duty cycle or the etch depth of the grating in longitudinal direction can be
introduced to optimize the overlap factor with the incident Gaussian beam[182], e.g. realized for grating
couplers in SOI[181]. The duty cycle of a grating has strong influence on the coupling strength. This
allows for an adjustment of the coupling strength along the grating for an optimized overlap with the
incident beam. With this technique, the efficiency of a grating can be, in theory, increased from 40% up
to 50%.



5 Experiments and results

This chapter contains the results of the experiments performed during this work. It first gives an
overview on the fabrication of the MZI sensors employing silicon wafers with a SiO, layer on top as
substrates that are patterned with a well established and reliable fabrication platform based on CMOS
technology. Then, the optical elements necessary for the MZI are analyzed in detail, starting with the
cross section of the spin coated polymer waveguides. In addition to this, grating couplers with HICs,
which are a critical element for the realization of MZI sensors on injection molded substrates are in-
vestigated. Experimental results on the improvement of the coupling efficiency for small, low index
contrast grating couplers by means of a high index coating are given and compared to the results from
the simulations in the previous chapter.

Finally, biosensing with polymer waveguide based MZIs is demonstrated in the biotin-streptavidin sys-
tem and the results are examined with respect to sensitivity and reproducibility. The biosensing exper-
iments were first carried out on MZIs that were measured in end-face coupling configuration and then
verified on MZI sensors with grating couplers for in- and out-coupling. The simulations in the previous
chapter were given for wavelengths of 633 nm and 1310 nm. The experiments in this chapter were per-
formed only at the telecommunication wavelength of 1310 nm. On the one hand, the shorter wavelength
should provide increased sensor sensitivity in surface sensing experiments, but on the other hand, it
shrinks down all optical structures. Especially the feature size of the grating couplers would drop below
the limit of conventional UV-lithography if designed for a wavelength of 633 nm.

5.1 Sample fabrication

This section describes the fabrication of samples, on which the experiments were performed. The
procedure is graphically summarized in Fig. 5.1. If the fabrication process of specific samples deviates
from this default procedure, the changes are given in the corresponding section.

The samples were prepared on silicon wafers with a 5 um thick thermal SiO- layer on top. After cleav-
ing of the wafer into 3 cm x 3 cm pieces, the samples were cleaned with acetone in an ultrasonic bath
for several minutes and then rinsed with isopropanol and blown dry in a nitrogen stream. In the next
step, the primer hexamethyl-disiloxan (HMDS) and the positive-tone photoresist MIR 701 from Micro-
Chemicals were applied employing spin coating. Spin coating of this photoresist at a rotation speed of
7500 rpm for 35 s gives a film thickness of about 475 nm. After a 60 s softbake at a temperature of
110°C on a hotplate, the photoresist film is ready for the UV-exposure step. The exposure was done
using a manual mask aligner Karl Suss MJB3, equipped with a 350 W high pressure mercury lamp and
UV 400 exposure optics. In this configuration, the mask aligner has an output of about 30 mW/cm? in
the wavelength range from 350 nm to about 450 nm. The exposure was done in two steps. In the first
step, the center of the sample was covered with a 2 cm x 2 cm chrome square on a quartz photomask.
A 20 s exposure of the border area of the sample and a 25 s puddle development in MIF 726, also pur-
chased from MicroChemicals, removes the inhomogeneous photoresist film at the edge of the samples
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Figure 5.1: Summary of the default fabrication procedure.
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Table 5.1: Process parameters for RIE of SiO, substrate and SiN HIC.

gas 1 gas 2 working pressure plasma power base pressure
20 sccm SFg 10 sccm Ar 50 mtorr 50 W 5.10 %torr

Table 5.2: Process parameters of PECVD of SiN HIC.

gas 1 gas 2 working pressure plasma power temperature

180 sccm (98% Ny / 2% SiH;) 20 sccm NH3 1 torr 10W 350°C

and leaves a very homogeneous 2 cm x 2 cm photoresist film in the middle of the sample, which allows
for a more precise replication of small structures such as gratings and waveguides in the next exposure
step. In this second exposure step, the grating and the waveguide structures were transferred into the
photoresist film. The exposure time was set to 4.16 s and the photoresist film was developed for 17.5 s
in MIF 726, giving the best results for the replication of the grating structures. The optical structures
were transferred from the photoresist into the substrate employing reactive ion etching (RIE) on an Ox-
ford Plasmalab 80 Plus. The process parameters of this RIE process are summarized in Table 5.1. In
this mainly chemically driven etch process, SF¢ is used as etch gas for the SiO,. The etch rate of this
process is about 20 nm/min, resulting in a process time of about 7.5 min for an etch depth of 150 nm.
After the RIE, the remaining photoresist was stripped using acetone and an ultrasonic bath for several
minutes. Then, the samples were rinsed with isopropanol and blown dry.

If the samples were intended to be used with grating couplers for in- and out-coupling, a silicon nitride
(SiN) HIC was applied. The SiN HIC was deposited using plasma enhanced chemical vapor depo-
sition (PECVD) and selectively removed outside the grating area employing a second RIE step. The
deposition of the HIC was done on an Oxford Plasmalab 80 Plus with the parameters summarized in
Table 5.2. The deposition rate of SiN using this process is about 9 nm/min. A deposition of 120 nm SIN
HIC takes 13.3 min. After deposition of the HIC, a second lithography step is needed that covers the
grating regions with photoresist and prevents the etching of the HIC beneath in the following RIE step.
The photoresist was spin coated at a rotation speed of 4000 rpm for 35 s, followed by a soft bake of 60 s
on a hotplate at 110°C. Due to the very large feature sizes of the structures that have to be patterned
in this lithography step, the exposure can be performed in a single step. The photoresist was exposed
for 6.5 s on the same mask aligner as above and developed for 25 s in MIF 726.

Then, the HIC was removed using RIE with the same parameters as for the etching of the SiO, on the
substrate (Table 5.1). Due to the very high etch rate of PECVD-deposited SiN of about 200 nm/min,
typical etch times are below 1 min. The etch progress was monitored using a refractometer integrated
in the Oxford Plasmalab. The etch process was aborted after a complete removal of the HIC with a
safety margin of about 10 s, which results in a maximum over-etching into the SiO» below of less than
5 nm. After this etch step, the photoresist was stripped in a TePla 100-E oxygen plasma oven for 5 min
at a power of 300 W, followed by an ultrasonic bath in acetone for several minutes and a rinse with
isopropanol. The ash of the photoresist in the plasma oven before the acetone rinse was found to be
necessary to avoid dirt of the samples during the strip of the photoresist.
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Figure 5.2: a) SEM micrograph of a 1.6 um wide inverted rib waveguide cross section obtained from a cleaved
end facet of a sample. The rib waveguide has a 150 nm etch depth and a 450 nm thick PI core layer applied
by spin coating. The side wall angle of the waveguide trench is about 55° b) AFM scan of the Pl surface
above a 1.6 um wide waveguide trench with an etch depth of 150 nm. The modulation depth of the PI surface
is about one third of the etch depth of the waveguide trench in the SiO, layer.

The remaining part of the fabrication procedure is the spin coating of the core layer and the cladding
polymer. The core layer polymer P12771 is designed to be spin coated in film thicknesses of several
microns, which is much too thick for surface sensing applications. Therefore, the Pl solution has to be
diluted with n-methyl-2-pyrrolidone (NMP). The dilution factor and the rotation speed for the spin coating
step depend on the desired film thickness. For a film thickness of 450 nm, the Pl is diluted 1:0.8 with
NMP with the rotation speed set to 4500 rpm, while for a film thickness of 160 nm the dilution factor is
1:1.5 with the rotation speed set to 5500 rpm. After a 1 min softbake at 100°C, a 30 s flood exposure to
UV light at the Karl Suss MJB3 mask aligner was followed by a 1 h thermal cure step at a temperature of
200°C. After cool down of the samples, the surface of the Pl layer was exposed to an oxygen plasma in
the TePla plasma oven for about 30 s to increase the adhesion of the cladding polymer. The Ormoclad
cladding polymer was applied by spin coating at a rotation speed of 1500 rpm and a 2 min softbake
at 120°C. The measurement windows of the MZIs were transferred into the cladding during a 90 s UV-
exposure at the mask aligner. After a 5 min post exposure bake at 120°C, the samples were developed
in Ormodev for 40 s and then rinsed with isopropanol and blown dry in a nitrogen stream. The final step
in the fabrication procedure was a 3 h hardbake of the cladding polymer on a hotplate at 150 °C.

For the use of the samples in end face coupling configuration, the samples were cleaved to produce
smooth and flat sample facets, which allowed a very close approximation of optical fibers, thus minimiz-
ing coupling losses between the fibers and the optical waveguides.

5.2 Analysis of waveguide cross section

The inverted rib waveguides are the basic elements in the MZI. Their single mode behavior is a pre-
requisite for the proper function of the MZI. In theory, the PI, which is spin coated as a liquid, should
completely fill up the waveguide trench etched into the SiO, substrate, and therefore, generate a per-
fect inverted rib waveguide structure with a flat surface. Measurements on samples revealed that this
perfect waveguide structure cannot be reached. Figure 5.2a) gives a SEM micrograph of a waveguide
cross section from a cleaved facet of a sample, while Fig. 5.2b) shows an AFM scan of the PI surface
on a similar waveguide. The width of this specific waveguide is 1.6 um with an etch depth of 150 nm.
The SEM micrograph reveals that the etch process of the SiO, leads to a side wall angle of only 55°.
The AFM scan gives the information that the surface of the Pl layer has a 60 nm dip over the waveguide
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Figure 5.3: a) Pl and b) SU-8 grating structures as fabricated as well as used for the simulations and measure-
ments presented in section 5.3.

trench, which corresponds to roughly one third of the etch depth of the waveguide trench. In the ex-
periments it was found that the shape and the depth of this dip cannot be significantly influenced by
changing the dilution of the Pl solution or the rotation speed in the spin coating step. Variations in the
duration of the soft or hard back steps also showed to have no impact on the waveguide cross section.
This behavior is in agreement with the explanation that the dip in the Pl surface profile is caused by
the evaporation of the solvent in the liquid Pl solution. In the liquid state, the Pl layer in the region of
the waveguide trench is thicker, thus containing more organic solvent. In the soft bake step, the solvent
evaporates, leading to shrinkage of the layer. In the region of the waveguide trench, this shrinkage is
more pronounced due to the larger amount of solvent present, which then results in a dip in the surface
of the solidified PI.

It has to be mentioned that the exact waveguide cross section is not critical to the function of the MZI, as
long as the single mode behavior of the waveguide is maintained. The MZI measurements presented
below indicate that there are no negative effects arising from this waveguide cross section.

5.3 Grating couplers with high index coating

The positive effect of HICs on grating couplers, predicted in the simulations in the previous chapter, was
experimentally verified for Pl and SU-8 waveguide gratings fabricated on silicon wafers. In order to facil-
itate the waveguide fabrication, grating structures slightly different to the one presented in section 4.2.5
were chosen. Whereas in the simulations of the SU-8 gratings, given in Fig. 4.24 of section 4.2.5, the
gratings of the SU-8 waveguides were present at the core layer/cladding interface, the gratings are now
present at the substrate/core layer interface. For the Pl gratings, a waveguide core layer thickness of
1 um was chosen. The fabricated grating structures, which are also used for the simulations in this
section, are depicted in Fig. 5.3 for both material systems.

The default fabrication procedure given in section 5.1 was adapted for the fabrication of these samples
because first measurements with grating couplers showed strong disturbance of the incident beam from
reflected light at the Si/SiO, interface. To avoid these reflections, a 210 nm SiN anti-reflection layer was
deposited on bare Si-wafers using PECVD with the parameters given in Table 5.2. Afterwards, a 3.4 pm
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Table 5.3: Process parameters of PECVD of SiO;, layer.

gas 1 gas 2 working pressure plasma power temperature

710 sccm (98% N»/2% SiH4) 425 scecm N»0 1 torr 10W 300°C
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Figure 5.4: a) Simulation results on the input coupling efficiency for the measured PI grating coupler system.
b) Relative enhancements of the input coupling efficiency for Pl grating couplers with SiN HIC of different
thicknesses, compared to gratings without HIC. Calculated increase of the coupling efficiency from the sim-
ulations given in a) for etch depth of 200 nm and 250 nm as well as experimentally obtained values are
shown.

thick SiO, layer was deposited, again employing PECVD. The parameters for the deposition of the SiO,
are given in Table 5.3. With the so prepared Si-wafers, the samples were fabricated using the default
fabrication procedure. The etch depth varied slightly over the samples due to variations in the RIE
process and was measured to be between 200 nm and 250 nm for the P| gratings and between 215 nm
and 225 nm for the SU-8 gratings. The 1 um thick PI layer was spin coated at a rotation speed of
3600 rpm with PI12771 diluted 1:0.5 in NMP, exposed to UV light and thermally cured. For the SU-8
gratings, the 530 nm thick core layer was spin coated using SU-8 2000.5 from Microchem Corp at a
rotation speed of 2500 rpm. After the spin coating step, the SU-8 layer was hard baked at a temperature
of 300°C for 20 min. The cladding of the SU-8 gratings was made from SiO, that was deposited using
PECVD (see Table 5.3). The PI gratings have a period of 1.75 um and the SU-8 gratings have a period
of 1.5 um. The gratings were investigated with a 30 um wide Gaussian beam incident from the cladding
at a wavelength of 1.55 pm.

The incident light from a single mode fiber was focused on a 30 um large spot using a focusing element.
The grating couplers coupled the incident light into 30 pm wide waveguides. At the end of the samples,
the in-coupled light is transferred into a multi mode fiber with a 50 um core by end face coupling.

For each HIC thickness, eleven gratings with and eleven gratings without HIC were measured and
compared. In order to suppress all possible influences, neighboring gratings with and without HIC were
compared on the same sample. An enhancement of the input coupling efficiency induced by the HIC
could be confirmed for both material systems. Despite a strong increase of the coupling efficiency
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Figure 5.5: a) Simulation results on the input coupling efficiency for the measured SU-8 grating coupler system.
b) Relative enhancements of the input coupling efficiency for SU-8 grating couplers with SiN HIC of differ-
ent thicknesses, compared to gratings without HIC. Calculated increase of the coupling efficiency from the
simulations given in a) for etch depth of 220 nm and experimentally obtained values are shown.

Figure 5.6: SEM micrograph of a grating coupler cross section taken from a cleaved facet on a reference sample.

through the HIC, the measured enhancement is not as high as predicted in the simulation. Figure 5.4
and Fig. 5.5 give the simulation results for the fabricated grating structures and compare the predicted
coupling efficiency enhancements from the simulations and the measured enhancement for the PI
and the SU-8 gratings, respectively. As possible reasons for the mismatch in the enhancement of the
coupling efficiency between the simulations and experiments, imperfections of the fabricated grating
structures such as variations of the duty cycle and the waveguide core layer thickness as well as
non-vertical side walls and corrugations of the surface of the waveguide core layer due to imperfect
planarization in the spin coating process were identified. A further reason for the differences between
measurements and simulations may be an insufficient quality of the phase front of the 30 um spot on
the grating.

To obtain additional information about the fabricated grating structure, atomic force microscope mea-
surements of the grating and the core layer surface as well as SEM measurements of grating cross
sections on reference samples were performed for the Pl based gratings. In the SEM micrograph of
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Figure 5.7: AFM scan of a grating coupler with HIC and the adjacent 30 um wide waveguide trench before spin
coating of the polymer core layer. The inset shows a detailed scan of the grating region.
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Figure 5.8: AFM scan of the PI surface over a grating coupler with HIC and the waveguide trench. The inset
shows a detailed scan of the Pl surface over the grating region. Both scans reveal the non-perfect planariza-
tion of the PI in the spin coating step.

the grating cross section, given in Fig. 5.6, certain deviations of the fabricated grating structure from
the simulated model can be recognized, i.e. the angle of the grating side walls is only about 55° and
variations of the duty cycle of the grating are obvious. The duty cycle of a grating is a critical parameter
for the coupling efficiency. Simulations of grating couplers with different duty cycles confirmed that for
the uncoated gratings a deviation from the optimum duty cycle by 0.2, which means a duty cycle of 0.3
or 0.7, reduces the absolute coupling efficiency by 2.2 dB. For the gratings with 140 nm SiN HIC, the
same variation of the duty cycle leads to a 1 dB decrease of the coupling efficiency. Since the gratings
were patterned by conventional UV lithography, the duty cycle may vary from grating to grating and,
thus, influence the experimental results.
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Figure 5.9: Waveguide layout of the MZI sensor in end face coupling configuration.

As a second factor, effects of waveguide core layer thickness variations on the enhancement of the input
coupling efficiency were numerically investigated. Is was found that variations of the core layer thickness
have only little influence on the absolute coupling efficiency of a single grating, but can degrade the
relative enhancement of the input coupling efficiency between a grating with and without HIC. According
to simulations, deviations of £100 nm of the PI core layer thickness on a grating with an etch depth
of 250 nm lead to changes of the enhancement of the input coupling efficiency between a grating with
140 nm HIC and an uncoated grating of about 1 dB.

To estimate the effect of the sidewall angle on the coupling efficiency, the Fourier-components, which
determine the coupling behavior of the grating, of a perfect rectangular grating cross section and a
grating cross section with a sidewall angle of 55° were compared. The Fourier-components for both
cross sections are nearly the same, indicating that variations of the sidewall angle have no impact
on the coupling efficiency of the grating structure. The SEM picture also shows that the HIC on the
sidewalls is as thick as on the horizontal interfaces, which corresponds to the simulation model. AFM
measurements of the grating coupler region are given in Fig. 5.7 for the etched SiO, surface with HIC
and in Fig. 5.8 for the PI surface on a simmilar grating after the spin coating step. The AFM scan in
Fig. 5.8 revealed that the 1 um thick Pl layer has a corrugated surface with a modulation depth of about
20 nm. The simulation model was adopted to account for this surface topology and the calculations
revealed that a modulation of less than 100 nm has only minimal impact on the coupling efficiency.

5.4 First measurements with end face coupled MZIs

The aim of the measurements in this section was to quickly prove the proper function of the MZIs as
well as to test the stability of the sensor signal, the measurement setup, and the fluidic system without
incorporating grating couplers for in- and out-coupling and the surface modification, which is necessary
for biosensing experiments.

Setup description and fluidics system

The samples for the measurements in this section were fabricated using the default fabrication proce-
dure, presented in section 5.1, with a core layer thickness of about 450 nm, but without HIC. The layout
of the MZI sensors is depicted in Fig. 5.9. The measurement setup for this kind of measurements is
described in Fig. 5.10 and Fig. 5.11. The light from a tunable laser source (TLS, A = 1280 nm to
1360 nm) is transported to the sample by means of a polarization maintaining fiber (PM-fiber). The
PM-fiber is cleaved to minimize coupling losses to the sample.
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Figure 5.10: Depiction of the measurement setup for homogeneous measurements with end face coupling.
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Figure 5.11: Measurement setup with mounted MZI sensor chip and fluidic system.

At the end of the sample, the out-coming light is collected by a tapered lens fiber. The alignment of the
fibers with respect to the waveguides is assisted by piezo-driven two-axis auto-alignment stages that
optimize the position of the fibers at the in- and output for optimum transmission. An optical isolator
is inserted between the tapered lens fiber and the optical power meter to improve the signal-to-noise
ratio.
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Figure 5.12: a) Transmission and calculated phase shift of a MZI sensor during a homogeneous measurement.
Water that is rinsed over the sensor is exchanged with a NaCl solution (An = 0.0031). This leads to a phase
shift of more than 37 in the measurement arm. Then, the NaCl solution is exchanged back with water and
the sensor goes to its initial state. b) Experimentally measured phase shifts of MZ| sensors as function of
the refractive index difference between water and the NaCl solutions as well as the theoretically predicted
values for a slab waveguide with H = 450 nm.

The fluidic system comprises a flow chamber made from PDMS, a PMMA cover plate, a syringe pump,
several tubes and an analyte reservoir. The hand-made PDMS flow chamber is placed on the sample
and defines a fluidic channel over the measurement window with a height of about 300 um and a width
of about 1.2 mm. The PMMA cover plate, which also provides the fluidic connections, is pressed on the
PDMS layer and seals the fluidic channel from the top. After these preparations, the analyte reservoir
and the syringe pump can be connected.

Homogeneous measurements

Homogeneous measurements with MZls were performed by rinsing water alternating with NaCl solu-
tion over the sensor by means of the PDMS flow chamber. Figure 5.12a) shows the transmission curve
(A = 1.31 pm) of a measurement with a MZI comprising a 10 mm long measurement window. At the
beginning, water is rinsed over the sensor and the transmission of the sensor is stable. Then, the water
is exchanged with a NaCl solution (An = 0.0031). The higher refractive index of the NaCl solution
changes the propagation constant of the waveguide mode in the measurement window and leads to a
phase shift with respect to the waveguide mode in the reference arm. This phase shift is transformed to
a modulation of the transmitted power by the MZI. The extinction ratio of the MZI, defined as the ration
between the maximum and the minimum transmission of the MZ| sensor, is larger than 20dB for this
measurement. The accumulated phase shift during this measurement is calculated by reversing the
sinusoidal characteristic of the MZI, which is given in equation (3.8) on page 32. If the NaCl solution is
again exchanged against water, the phase shift is reversed and the sensor goes back to its initial state.
The refractive indices of the NaCl solutions were determined with a refractometer at a wavelength of
633 nm. These measurements were performed with different concentrations of NaCl in water. Fig-
ure 5.12b) shows the measured and the theoretically predicted phase shift of the sensors as function of
the refractive index difference between water and the NaCl solutions. The sensors showed very linear
response to the change of the refractive index of the solution. The experimentally obtained phase shifts
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are slightly lower than the predicted phase shifts. This can be mainly attributed to deviations of the
core layer thickness from the design value of 450 nm and variations of the refractive index of the core
layer from that assumed in the calculations. Both quantities have strong influence on the sensitivity of
homogeneous measurements. As a summary, three important criteria for successful measurements
with a MZ| sensor are:

1. Stability of sensor signal as long as the refractive index of the sample fluid that is rinsed over the
sensor remains constant.

2. Linearity of the phase shift with respect to index difference between the sample fluids that are
rinsed over the sensor.

3. Reversibility of the sensor signal. From the physical point of view, the refractive index of the
sample fluid should be the only variable factor during a measurement. For each sample fluid, the
sensor has a defined state. The sensor must reach this state independent on the condition before
the specific sample fluid is rinsed over the sensor.

5.5 MZI online measurements of biotin-streptavidin binding

For the demonstration of the biosensing abilities of the sensors, measurements of the biotin-streptavidin
binding process were chosen because of its well-known characteristics (e.g. [183, 184]) and the wide
range of published results that can be used for comparison. The interaction between biotin and strep-
tavidin is commonly used to validate the sensitivity of biosensors[28, 29] because of the high mass
of the protein streptavidin (60 kDa) that serves as analyte and the strong affinity between biotin and
streptavidin (binding constant K, ~ 10%4).

Moreover, surface bound streptavidin provides free binding sites for biotin and can be utilized for im-
mobilization of biotinylated ligands such as biotin-tagged DNA strands. Thus, the biotin-streptavidin
biorecognition system can serve as flexible platform for more advanced biosensing experiments[30].

5.5.1 Modification of the polyimide (Pl) surface

A surface modification protocol for the binding of biotin on the PI surface was developed and optimized
for maximum streptavidin binding capacity on the PI surface, while not thinning or attacking the PI
core layer. In addition, the distance of the molecular binding sites for the target molecules to the
polyimide surface was minimized in order to expose the target molecules to the maximum intensity of
the evanescent tail of the guided mode, and therefore, achieving maximum sensitivity. Details on the
optimization of the developed surface modification protocol have been published in [185].

For cleaning and activation of the surface in the optimized protocol, the polyimide samples were treated
with oxygen plasma for one minute at room temperature, 40 W power and 1 mbar in the plasma sys-
tem Femto (generator: 2.45 GHz) from Diener, Stuttgart, Germany. The effects of atomic oxygen[186],
oxygen plasma exposure[187] and oxygen reactive ion etching[188] on polyimide surfaces are well de-
scribed. Judging from these reports, it can be expected that short oxygen plasma exposure does not
destroy the thin film of polyimide, but leads to surface peroxides[188] and hydroxyl (-OH) groups[189] af-
ter dipping the activated surface into water. These reactive groups can serve as binding sites in the first
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functionalization step with 3-mercaptopropyl trimethoxysilane (MPTMS), which carries reactive thiol (-
SH) groups and subsequently may react specifically with the maleimide moiety in the maleimide-PEG»-
biotin. For the silanization of the oxygen activated polyimide surface, the samples were dipped into
MPTMS solution (acetate buffer 0.07 M, 25%v methanol, 2.8%v TritonX-100 and 3%V 3-mercaptopropyl
trimethoxy silane) for one hour at room temperature. Finally, the samples were dipped for two hours into
M-PEG>-Biotin solution (5 uM Malemide-PEG>-Biotin solved in ultrapure water with 10%v isopropanol
and 10%v phosphate buffer) at room temperature. The resulting biotinylated polyimide surface is used
to immobilize streptavidin.

For the measurement of the total streptavidin binding capacity, fluorescence-labeled streptavidin was
bound to the biotinylated PI surface. Thus, 1 uyM Chromeon 642-streptavidin in 150 mM PBS buffer
was spotted by means of a pipette on ten different biotinylated samples. After a reaction time of 1 h
and cleaning, the samples were analyzed by fluorescence scans. The fluorescence intensity was mea-
sured at 633 nm excitation wavelength and 692 nm emission filter with a fluorescence scanner. For
quantification, a calibration set was prepared on untreated polyimide samples. Different concentrations
(10-200 fmol/mm?) of Chromeon 642-streptavidin were spotted on untreated polyimide samples and
the spots were dried at room temperature in the dark to create a solid standard array. With the resulting
calibration curve a concentration of 144 4 20 fmol/mm? was determined for ten biotinylated samples.

This result for the surface coverage with streptavidin is better than what can be expected in theory on
a perfectly planar surface. The streptavidin ligand has a size of 4.5 x 4.5 x 5.8 nm>[190] and occupies
a binding area of 26 nm?. By optimal (100%) packing density, the concentration of the streptavidin on
the planar surface would be estimated as 64 fmol/mm?. The published closest coverage of streptavidin
on planar surfaces are about 66% (42 fmol/mm?) for two dimensional crystals[190, 191] and 40% (26
fmol/mm?)[28] on a silicon surface with a streptavidin monolayer. Higher concentrations of streptavidin,
e.g. 37,000 fmol/mm? have been achieved employing a three-dimensional binding matrix[192]. The
result of 144 & 20 fmol/mm? evidences a more than two dimensional binding behavior of streptavidin
on the polyimide surface.

In order to gain additional information on the reasons of the high binding capacity of the PI surface, the
surface structure and roughness were monitored by atomic force microscopy (AFM). Polyimide sam-
ples were analyzed by AFM in tapping mode before treatment, after MPTMS modification and biotin
functionalization, as well as after streptavidin immobilization (see Fig. 5.13). The untreated polyimide
film showed a smooth surface with a mean roughness, R, = 0.379 nm. After the MPTMS functional-
ization, the surface roughness increased to a R, = 0.56 nm and nanoporous structures with a maximal
depth of 10 nm and a diameter of up to 50 nm have been found. The surface properties of the biotin
functionalized sample were similar with R; = 0.57 nm.

After the immobilization of Chromeon 642-streptavidin, the surface shows in comparison less nano-
porous structures and the maximal depth was about 3 nm. These results prove that the proposed
polyimide film functionalization method does not cause a significant change of the surface roughness,
which is beneficial for keeping the propagation losses in the waveguide low. Nevertheless, it seems that
the nanoporous structure of the functionalized surface is responsible for the high streptavidin binding
capacity by providing an enlarged binding area with a high number of possible binding sites.
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Figure 5.13: AFM scans of the Pl surface before and after the surface modification steps; a) before treatment,
b) after MPTMS modification, ¢) after biotin functionalization and d) after streptavidin immobilization.

5.5.2 Reproducibility of binding experiments and blocking of the modified Pl surface

In the first online measurement of biotin-streptavidin binding on the sensor surface, the sensor was
first rinsed with 150 mM phosphate buffered saline (PBS) solution (pH 7.2) at a flow rate of 20 pl/min,
which corresponds to an average flow speed of about 2.5 cm/min. This allowed verifying of the stability
of the sensor signal. At the beginning of the measurement, the wavelength of the tunable laser light
source was adjusted to a point where the MZ| showed maximum transmission. Although this point
does not show maximum sensitivity for small changes of the effective index of the propagating mode,
it simplifies the calculation of the phase shift out of the sensor transmission. Then, a concentration of
10 pg/ml Chromeon 642-streptavidin dissolved in PBS at a flow rate of 20 pl/min was introduced to the
10 mm long measurement window of the sensor and the change in the transmission of the MZI sensor
as function of time was recorded. Figure 5.14 plots the transmitted power of the MZI sensor during this
measurement. From this data, the accumulated phase shift during this measurement was calculated
by reversing the sinusoidal characteristic of the MZI (Eq. (3.8) on page 32). The calculated phase
shift for this measurement is given in the same diagram as the transmitted power in Fig. 5.14. For this
measurement, the insertion loss from the laser source to the photo detector is better than 16 dB. The
ratio between maximum and minimum transmitted power of the MZ| is 14 dB.



5.5 MZI online measurements of biotin-streptavidin binding 99

-10 3
B
M\ NN O]
13 sy 25
—
%‘46 l ) \ 2 E
2 19 15 £
g 22 1 §
25 05
28 og/ 0

0 500 1000 1500 2000 2500 3000
time (s)

Figure 5.14: Transmitted power and calculated phase shift of a MZI sensor (10 mm long measurement window)
with a non-blocked surface during the detection of 10 ug/ml streptavidin dissolved in PBS solution. The ratio
between the maximum and the minimum transmission of the MZI sensor is 14 dB, with an insertion loss of
about 16 dB. (A = 1.31 pm)
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Figure 5.15: Phase shifts obtained from MZI measurements of biotin-streptavidin binding (10 pg/ml concentra-
tion of streptavidin in PBS solution) on BSA-blocked (blue lines) and non-blocked (red lines) PI surfaces.
The BSA-blocking of the Pl surface reduces the maximum streptavidin binding capacity by about 40%, but
suppresses non-specific binding. The standard deviation at t = 2000 s of these measurements is 4% for
the non-blocked surfaces and 12% for the BSA-blocked surfaces.

Repeated measurements of the same streptavidin concentration on different samples were performed
to estimate the standard deviation of the phase shift. These measurements are given as red curves in
Fig. 5.15. All samples showed very similar behavior. The slope of the phase shift is de facto identical
for all curves. At the time of 2000 s the calculated phase shift of these measurements varies between
2.39 -2 and 2.63 - 2m. The calculated standard deviation for this set of curves is around 4%.

Experiments verified that no significant amount of streptavidin binds to an untreated PI surface, which
was tested by rinsing PBS solution alternating with 10 pg/ml streptavidin in PBS solution over an un-
treated sensor. In such measurements, the sensors showed a perfectly reversible characteristic. Nev-
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Figure 5.16: Comparison of results on streptavidin binding and rinsing with PBS solution on BSA-blocked and
non-blocked sensors. On the BSA-blocked sensor the phase shift remains stable during PBS rinsing, while
on the non-blocked surface weakly bound streptavidin is washed away, thus reducing the phase shift.

ertheless, it was found that the modified surface not only attracts streptavidin molecules on the desired
biotin binding sites, but there is also a certain amount of non-specific binding. This became evident
when samples were prepared by exposing the surface to oxygen plasma and MPTMS solution, but
without dipping into M-PEG-Biotin solution. If then pure PBS buffer and PBS buffer with streptavidin
is rinsed over the sensor, the sensor showed a non-reversible response, which indicates streptavidin
binding, even without biotin present at the sensor surface. In additional experiments it was verified that
unspecific binding of streptavidin on the Pl surface can be blocked employing bovine serum albumin
(BSA). For this purpose, the sensor surface was exposed to oxygen plasma and MPTMS solution, but
instead of dipping the samples into M-PEG5-Biotin solution, the samples were dipped into phosphate
buffered saline (PBS) buffer solution with 100 pg/ml BSA for 30 min. After blocking of the MPTMS
functionalized surface with BSA, PBS buffer with and without streptavidin was rinsed over the sensor
surface. The small observed response was caused by the slightly different bulk refractive index of the
PBS solution with streptavidin and could be fully reversed by rinsing the sensor again with pure PBS,
which proofs that the BSA blocking procedure successfully prevents non-specific binding of streptavidin
on the sensor surface.

After these experiments, online measurements of streptavidin binding on BSA-blocked sensors with a
concentration of 10 pg/ml were done in the same way as on the non-blocked surfaces. The results for
the measurements with the BSA-blocked surfaces are given as blue lines in Fig. 5.14. Comparing the
results of the sensors with and without BSA-blocked surfaces revealed that the total binding capacity
of streptavidin, and therefore, the maximum achievable phase shift during a measurement is reduced
by about 40% when using a BSA-blocked surface. From these results, it can be concluded that without
BSA blocking, 40% of the sensor response is induced by non-specific binding for high concentrations
of streptavidin on the Pl surface.

The samples with and without BSA-blocking show a different behavior when rinsing pure PBS solution
over the sensor surface after the streptavidin binding process. In contrast to BSA-blocked samples,
where rinsing with PBS after the streptavidin binding process does not result in a reduction of the phase
shift, rinsing with PBS solution after the measurement on non-blocked samples reduces the phase shift



5.5 MZI online measurements of biotin-streptavidin binding 101

a) b)
1.2 = 0.0005 =
homogeneous measurements £
o 115 < 0
= u
< 1.1 4 a surface sensing
g surfacesensing 'E_ -0.0005 +
@ 1.05 -
=
G ﬁ
- 11 = o0 -0.001 +
] o
N £ £
= 0.95 = C
] 0o —-0.0015 + homogeneous measurements
€ 085 .g -0.002 +
ot
08 r r r y = -0.0025 r r r )
P
350 550 350 550

4?:(tj.'ore! layer tﬁgkness (nrﬁsJO gg?e layer tﬁgkness (nsrg(i

Figure 5.17: a) Calculated sensitivity for surface sensing and homogeneous sensing experiments as function
of the waveguide core layer thickness, normalized to the sensitivities at the design thickness of 450 nm. b)
Derivations of the curves given in a). For small variations of the core layer thickness, the ratio between the
derivative of the homogeneous sensitivity and the derivative of the surface sensitivity gives the ratio between
the variations of the phase shift in homogeneous and surface sensing experiments.

by about 10% because weakly bound streptavidin is washed away. The corresponding measurements
can be compared in Fig. 5.16. On the other hand, these results not only indicate that on the BSA-
blocked sensors all streptavidin on the sensor surface has strongly bound to its biotin counterpart, but
also that the BSA molecules have stable bindings to the sensor surface and cannot be washed away in
a fluidic stream.

As reasons for the variations in the repeated measurements of 10 pg/ml streptavidin, which are given in
Fig. 5.15, one can identify two possible classes of sources: deviations in the physical sensor geometry
from one sample to another and variations in the surface modification procedure. From the physical
point of view, the sensitivity of the sensors in surface sensing applications as well as for homogeneous
measurements is defined by the layout of the sensor, the refractive indices of the materials and the cross
section of the waveguides. The layout of the sensor, including the arrangement of the waveguides, but
also the length and the position of the measurement window is defined by a lithography step, and
should, therefore, be reproducible to a high degree. The refractive indices of the SiO, substrate should
not be subject to change. The waveguide core polymer Pl and the cladding material Ormoclad are
commercial products with defined properties of high stability. It can, therefore, be assumed that if
processed in a reproducible way, the refractive indices of these materials are constant on all samples.

The waveguide cross section includes the width and etch depth of the waveguide trenches and the
thickness of the waveguide core layer. The waveguide width is defined in the lithography step in a
reproducible way. In addition, it has only a minor influence to the sensitivity parameters, which are
mainly determined by the vertical light distribution in the waveguide. The vertical light distribution mostly
depends on the waveguide core layer thickness, which is again dependent on the spin coating process
of PI, but as argued in section 5.2, to a smaller degree also on the etch depth of the waveguide trench.
The etch depth is a physical parameter that can be measured easily and it was found that it can be
assumed that the etch depth does not vary more than +-10%. The exact thickness of the Pl after the
spin coating process depends on several parameters, such as the ambient temperature and humidity
or the exact amount of organic solvent in the Pl precursor.
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Figure 5.18: Phase shifts of homogeneous measurements (H,O exchanged against PBS solution, An = 0.0052)
on samples also used for streptavidin binding experiments. From the variation in the homogeneous mea-
surements (5%, it can be calculated that these samples should not vary more than +2% in surface sensing
experiments.

Importantly, under the assumption that the thickness of the waveguide core layer is the only relevant
parameter varying, it can be stated that there is a relationship between variations in homogeneous
measurements and in surface sensing scenarios. As a result, if for a set of samples data exists for ho-
mogeneous measurements, the expected variations in surface sensing experiments can be calculated
from the known variations in the homogeneous measurements. Figure 5.17a) plots the calculated sen-
sitivity for surface sensing and homogeneous sensing experiments as function of the waveguide core
layer thickness, normalized to the sensitivities at the design thickness of 450 nm. From this data, it can
be concluded that if a specific sensor has a core layer thickness of 500 nm, instead of the design value
of 450 nm, its homogeneous sensitivity drops by about 12% and its surface sensitivity drops by about
5.5%. The converse argument is that if a sample shows 12% less sensitivity for homogeneous sensing
than a sample with 450 nm core layer thickness, this sample has a core layer thickness of 500 nm and
its sensitivity in surface sensing applications is reduced by 5.5%.

For small deviations of the core layer thickness from the design value, it can be assumed that the relation
between the sensitivity and the thickness is linear and the derivative of the sensitivities (presented
in Fig. 5.17b)) gives the slope of the sensitivity parameter as function of the core layer thickness.
Therefore, the ratio between the derivative of the homogeneous sensitivity and the derivative of the
surface sensitivity gives the ratio between the variations of the phase shift in homogeneous and surface
sensing experiments.

For the design thickness of 450 nm, the derivation of the homogeneous sensitivity is -0.0022 nm~1,
while the derivative of the surface sensitivity is -0.0009 nm~!. The ratio between these values

—0.0009 nm~!/ — 0.0022 nm~! = 0.409 (5.1)

gives the ratio between variations in homogeneous measurements and surface sensing applications.
For each sample used for streptavidin binding experiments, a homogeneous measurement was per-
formed by rinsing first pure H>,O and then PBS solution over the samples (An = 0.0052). Figure 5.18
shows examples of these homogeneous measurements. From this data, it can be concluded that these
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Figure 5.19: Measured phase shifts as function of time for different streptavidin concentrations in PBS solution
on BSA-blocked Pl surfaces (A = 1.31 um). The steps in the measurement curves (e.g. curve for 25 pg/ml
at a time of 1750 s or curve for 1 pg/ml at a time of 850 s) are caused by the correction of a misalignment
of the input or output fiber. The setup suffers from a slow mechanical drift, which is corrected intentionally
by activating the fiber auto alignment system. The automatic switching of the optical power meter between
different measurement ranges can also result in dips or peaks in the measurement curves, e.g. in the curve
for 10 pg/ml at a time of 330 s or curve for 0.5 ug/ml at a time of 1150 s.

samples that have been produced in different batches in different weeks in the cleanroom, differ in ho-
mogeneous measurements by about +5%. With the calculated ratio of 0.409 is can be expected that
the same samples vary about +0.409 - 5% = 2.05% in surface sensing scenarios. From this result, it
can be concluded that the main part of the deviations in the streptavidin binding experiments is caused
by variations in the biology/chemical part of the sensor.

5.5.3 Concentration dependent measurements

To get information about the dynamic range of the sensors, measurements were performed for different
concentrations of streptavidin in PBS solution ranging from 25 pg/ml down to 0.1 pg/ml. Figure 5.19 and
Fig. 5.20 summarize these measurements, for BSA-blocked and non-blocked surfaces respectively. As
expected, the higher the streptavidin concentration, the larger the induced phase shift in the interfer-
ometer. The steps in the measurement curves (e.g. curve for 25 pg/ml at a time of 1750 s or curve for
1 pg/ml at a time of 850 s in Fig. 5.19) are caused by the correction of a misalignment of the input or
output fiber. The setup suffers from a slow mechanical drift, which is corrected intentionally by activating
the fiber auto alignment system. The automatic switching of the optical power meter between different
measurement ranges can also result in dips or peaks in the measurement curves, e.g. in the curve for
10 pg/ml at a time of 330 s or curve for 0.5 pg/ml at a time of 1150 s in Fig. 5.19.

Figure 5.21 plots the measured phase shift as a function of the streptavidin concentration for fixed
times of 200 s, 500 s, and 1000 s. For the lowest concentration of 0.1 pg/ml streptavidin on the BSA-
blocked sensors, the phase shift is 0.007 - 2w at t = 200 s, 0.028 - 27 at t = 500 s and 0.0549 - 27 at
t = 1000 s. In order to facilitate measurements of low concentrations with small resulting phase shifts,
it is beneficial to start close to a point of minimum transmission by adjusting the wavelength of the laser
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Figure 5.20: Measured phase shifts as function of time for different streptavidin concentrations in PBS solution
on non-blocked Pl surfaces (A = 1.31 um).
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Figure 5.21: Phase shift as function of the streptavidin concentration measured at 200 s, 500 s and 1000 s, for
a) non-blocked and b) BSA-blocked sensors.

source. If the transmitted power is measured on a linear scale, the most sensitive point of the MZ| for
small changes of the effective mode index is the so called quadrature point, where the MZI transmit half
of the maximum power. When measuring on a logarithmic scale, the points of maximum sensitivity are
shifted towards the transmission minimum. The higher the extinction ratio, the higher is the maximum
sensitivity and the closer are the points of maximum sensitivity to the transmission minimum. Keeping
that in mind and assuming a ratio of 15 dB between the minimum and maximum transmission of the
MZI, the given phase shifts translate to a change in the transmission by nearly 1dB for t = 500 s and
nearly 3 dB for 1000 s, which can be resolved easily.
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Figure 5.22: Waveguide layout of the MZI sensor with grating couplers.

MZI sensor chip with Syringe pump

measurement window in cladding

DFB laser diode 1310 nm

£\

fluidic outlet

focuser

manual polarization control ) g
multi mode fiber

(50 um core diameter)

optical power meter

grating couplers

and lateral tapers
fluidic inlet

fluidic chamber

analyte reservoir USB interface
to computer

Figure 5.23: Schematic of the measurement setup for samples with grating couplers.

5.6 Verification on MZIs with grating couplers

The results presented in the previous section have been obtained from samples that were measured in
end face coupling configuration. The fabrication of such samples is faster and less critical compared
to samples with grating couplers, because the deposition of the HIC can be omitted and no sub-um
structures have to be patterned. On injection molded substrates, an end face coupling configuration
cannot be applied due to the fact that no high quality sample end facet can be provided by cleaving of
the samples like on a silicon wafer. Therefore, grating couplers are needed to couple light into and out
of waveguides on injection molded substrates.

In order to demonstrate the sensor concept with grating couplers as coupling elements and to verify
some of the results from the previous section with this new layout, several experiments, carried out on
samples in end face coupling configuration, have been repeated on samples with grating couplers. The
layout of the new sensor samples (given in Fig. 5.22) is transferable on injection molded substrates
without any changes.
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Figure 5.24: Picture of the measurement setup for samples with grating couplers.

Device and setup

The MZIs on these samples are sandwiched between two lateral tapers that increase the waveguide
width to 30 um and lead to 50 um wide gratings with a period of 1.75 um. At a wavelength of 1310 nm
the optimum angle for in- and out-coupling is around 52 ° for this grating coupler period. The MZI design
itself is identical to that used on the samples in end face configuration, except that the measurement
window is one millimeter longer, and therefore, has a length of eleven millimeters. The samples have
been fabricated according to the default fabrication procedure given in section 5.1 with a core layer
thickness of about 500 nm.

The setup for these measurements is depicted in Fig. 5.23, while a picture of the setup is given in
Fig. 5.24. The light from a distributed feedback laser diode with a center wavelength of 1310 nm is
transported employing a single mode fiber to a manual polarization controller and subsequently to a
focusing element that focuses the light to a 30 um spot on the input grating coupler. At the end of
the sample, the out-coming light from the output grating coupler is collected by a cleaved multi-mode
fiber with a core diameter of 50 um. The alignment of the focusing element and the multi mode fiber
with respect to the grating couplers is done by manual five-axis alignment stages. These stages allow
the adjustment of the focus point of the focusing element and the tip of the multimode fiber in all three
dimensions as well as the adjustment of the coupling angle and the focus distance without losing the
focal point. The light collected from the multimode fiber is then guided to a photodetector. The fluidic
system was applied in the same way as on the samples in end face coupling configuration.

Experiments

On the sensors with grating couplers, measurements of 10 pug/ml streptavidin binding on BSA-blocked
surfaces were repeated. The calculated phase shifts of these measurements are given as green lines
in Fig. 5.25, in addition to the results of the corresponding measurements in end face coupling config-
uration (blue lines). Comparing these two sets of curves, it becomes obvious that the induced phase
shift on the MZIs in grating coupler configuration is about 35% higher than the results from the MZIs
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Figure 5.25: Phase shifts of biotin-streptavidin binding experiments (10 pg/ml concentration of streptavidin in
PBS solution) obtained from MZIs in end face coupling configuration (blue lines) and with grating couplers
(green lines) on BSA-blocked Pl surfaces. The standard deviation of the measurements with grating couplers
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Figure 5.26: Phase shifts of homogeneous measurements (H,O exchanged against PBS solution, An = 0.0052)
on MZIs with grating couplers also used for streptavidin binding experiments. From the variation in the
homogeneous measurements (+£1.5%) it can be calculated that these samples should not vary more than

4+0.61% in surface sensing experiments.

with end face coupling. This higher signal can be partly explained by the fact that the measurement
window is 10% longer than on the MZIs measured by end face coupling. The remaining 25% percent
difference can be most likely attributed to variations of the surface modification. Another reason might
be the modified fluidic chamber. While the end face coupled MZIs were placed in the middle of the
3 cm x 3 cm silicon chip, the MZIs with grating couplers were placed near the border of the silicon chip,
necessitating another PDMS flow chamber with a different layout of the fluidic channels. This may have
lead to different flow conditions on the sensor surface raising the streptavidin binding, and therefore,

the sensor signal.
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The homogeneous measurements performed on these samples (see Fig. 5.26) show only little devia-
tions between different samples. The samples were processed in the same batch in the cleanroom, and
therefore, have variations of only +-1.5% in their homogeneous sensitivity. According to the calculations
in the previous section, this value can be translated to an expected variation of £1.5 * 0.409 = 0.61%
for surface sensing applications.



6 Summary and conclusion

The focus of this work was the demonstration of a planar integrated single mode polymer waveguide
based sensor that employs the highly sensitive Mach-Zehnder interferometer (MZI) principle for the
detection of binding events of biomolecules on the sensor surface. The design of the sensor was
kept fully compatible with cost-efficient mass production technologies for polymers, such as injection
molding and spin coating. This work is to be seen as one step towards the realization of all-polymer
sensor chips, where the low index polymer substrate carrying all necessary optical structures for the
sensor is fabricated by injection molding, while the high index core layer and the low index cladding layer
are applied by spin coating. This approach takes full advantage of the powerful technology platform that
is available for polymer processing and makes the proposed device attractive as disposable sensor for
applications where ultra-high sensitivity is not required and fabrication costs are a driving factor.

The necessary theoretical background for the design of the sensor was given and followed by an
overview and comparison of currently used optical sensor concepts and commercially available prod-
ucts utilizing photonic sensor concepts for the detection of biomolecules. Polyimide (Pl, n = 1.65) was
selected as waveguide core material and Ormoclad (n = 1.52) was selected for the UV-patternable
cladding. Then, the optical elements for the MZI sensor were rigorously simulated and the poly-
mer waveguide based sensor was designed using the novel approach of utilizing thin film polymer
waveguides for biosensing applications. Particular attention was paid to the simulations of grating cou-
plers in waveguide material systems with comparatively low index contrast, which are a critical element
for the realization of the all-polymer sensor on the injection molded substrates. The fact that a thin
inorganic high index coating (HIC) on top of small grating couplers, used to couple light into narrow
single mode waveguides by means of lateral tapers, significantly increases the coupling efficiency was
predicted with simulations and experimentally verified. In the simulations, the input coupling efficiency
of Pl based grating couplers of about 5%, was increased to more than 30% by the application of a sil-
icon nitride (SiN) HIC. In the experiments, an increase of the coupling efficiency by about 5dB due the
application of a HIC was verified. Insights gained from these simulations and experiments are not only
valid for Pl waveguide grating couplers, but also for all similar low-index contrast material systems.

A surface modification protocol for the binding of biotin on the PI surface was developed for maxi-
mum streptavidin binding capacity, while not attacking the thin Pl core layer. With fluorescent labeled
Chromeon 642-streptavidin, a maximum population density of 144 fmol/mm? was measured on the PI
surface. This result for the surface coverage with streptavidin is better than what can be expected in
theory on a perfectly planar surface and evidences a more than two-dimensional binding behavior of
streptavidin on the Pl surface, which can, at least partly, be explained by the nano-porous structure of
the PI surface.

Finally, the MZI biosensor on an inorganic substrate, with a layout ready to be transferred to an injection
molded substrate without any changes, was demonstrated in the biotin-streptavidin system, which is
commonly used to benchmark the performance of optical biosensors. Results of online measurements
of streptavidin binding for concentrations ranging from 25 pug/ml down to 0.1 pg/ml = 1.66 nMol were
shown and a high factor of reproducibility of the binding experiments was confirmed. Highly sensitive
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devices have been demonstrated for the detection of the protein streptavidin. Examples are sub-nM
detection of streptavidin with ring resonators in the most sensitive SiO»/SiN material system at a wave-
length of 633 nm by Ksendzov et al.[96] or the detection of 60 fM streptavidin with a SOI ring resonator
array by Igbal et al.[30]. Due to the comparatively low refractive index contrast, the demonstrated poly-
mer based sensor cannot compete with these demonstrations in terms of sensitivity. Nevertheless, it
has to be mentioned that depending on the instrumental effort, the achievable sensitivity even of SOI
based sensing devices can be significantly lower than that of the above cited systems. For instance,
the smallest measured streptavidin concentrations reported in recent publications employing SOI ring
resonators are in the range of 0.1 ug/mli[28] and 1 pug/mi[193], which is, despite the comparatively low
theoretical surface sensitivity and the large wavelength of 1310 nm, similar to the results in this work,
where the focus was laid on the development of a sensor device that can be mass-produced at minimal
costs and effort.

The theoretical sensitivity of the sensor can be improved by a factor of four by changing the wavelength
to 633 nm and adopting the waveguide cross sections and the grating couplers to this wavelength. Nev-
ertheless, the fabrication of smaller structures is beyond the possibilities of conventional UV-lithography.
This limitation ceases to apply after the transfer of the sensor concept on the injection molded substrate.
For injection molding, only one master stamp carrying the optical structures has to be fabricated, which
can be done using e-beam lithography.

Fabricated samples with Pl waveguides showed an excellent long-term stability, which is an important
factor in the context of the development of a commercial product. It could be proven that the devices do
not significantly change their transmission or their sensitivity within two years, if stored in a clean and
dark place.



7 Outlook

Parallel to the realization and demonstration of the polymer waveguide based biosensor on inorganic
substrates, which is the main topic of this work, also an injection molding process for the polymethylpen-
tene (PMP) polymer substrates was developed in collaboration with the company Hubertus Goller plas-
tic engineering[194]. This outlook gives a short overview on the progress of the development of the
injection molding technology for the sensor substrates made from the material chosen in section 4.1. In
addition, preliminary results of DNA measurements with the Pl waveguide based sensor on inorganic
substrates are presented. These first results obtained for very high DNA concentrations serve as a
proof of principle and provide an estimation of the maximum phase shifts that can be induced in the
polymer MZI. The determination of the dynamic range of the sensor and the limit of detection remains
an issue for ongoing research.

7.1 Injection molding results

Injection molding (see Fig. 7.1) requires an injection mold with a cavity containing the structures to be
replicated. An injection mold was designed and fabricated that is able to take different circular mold
inserts (2" diameter) as carriers of these structures. The design of the mold allows the adjustment
to the specific thickness of the mold inserts. Therefore, the use of different mold inserts such as Si
wafers, metal plates, glass plates or nickel stamps is possible. In the injection mold, the mold inserts
are pressed from the backside against a ring with a diameter of 43 mm, which is also the diameter of the
resulting injection molded substrates. In the presented experiments, nanopatterned 2" silicon wafers
serve as exchangeable mold inserts and are directly employed for the injection molding process. The
use of directly patterned Si wafers as mold inserts ensures optimum feature quality. Moreover, this
approach provides maximum flexibility in design, especially for prototyping purposes and small series
production, while keeping effort and costs low. The Si wafers can be fabricated by either optical or
electron beam lithography and subsequent etching.

Injection molding of nanostructures

In recent years, progress in the replication of nanostructures employing injection molding processes
has been reported and structures with sub-100 nm features were successfully replicated. For example,
pillars with sub-100 nm features in polystyrene (PS) and polycarbonate (PC)[195] or holes with a diam-
eter of 50 nm in PC[196] or nanofeatures of protein complexes in the 10-nm range in polyethylene (PE),
polypropylene (PP), cyclic olefins copolymers (COC), polymethylmethacrylate (PMMA) and biodegrad-
able polymers[197] have been demonstrated. In most cases, advanced versions of injection molding
processes based on compact disk (CD) fabrication have been employed for the replication of nano-
structures. A large amount of experience has been gained using typical standard technical polymers
such as PC, PS or PMMA. The Ni-based master stamps for these replication processes are fabricated
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Figure 7.1: Schematic of the injection molding process with exchangeable mold inserts.

by a comparatively expensive electroplating process, which additionally bares the risk of introducing
defects into the pattern during the process. The omission of the electroplating process step, which
is required in case of the conventional injection molding procedure, simplifies the whole process. In
addition, the electroplating process can degrade the quality of structures with very small feature sizes.
Due to the excellent release properties of PMP, no additional surface treatment of these wafers was
necessary after the etching process.

In order to evaluate the quality of the PMP injection molding process and its limits with respect to
feature size, various test structures were replicated, which have been etched into 2" Si wafers with
different sizes and depths. The mold inserts for the replication of nanopatterns were fabricated by
100 kV electron beam lithography, metal lift-off and dry etching. For the injection molding process,
standard parameters according to the PMP datasheet were used and no pre-evacuation of the mold
was applied.

Figure 7.2 shows atomic force microscopy (AFM) measurements of various nanostructures with feature
sizes between 300 nm and 100 nm. Figure 7.2a) shows the replication of a checker board pattern with
an edge length of 300 nm, Fig. 7.2b) a replication of cross bars with 100 nm feature size, Fig. 7.2¢)
lines and spaces with 200 nm period, and Fig. 7.2d) replications of meander structures with 150 nm
feature size. The mold insert used for this replication has a modulation depth of about 150 nm. Most
replicated structures on the replicated PMP disks have nearly the same modulation depth as the mold
insert. Only the modulation depth of the lines and spaces is considerably smaller than that of the
original structures.

Figure 7.3 directly compares the smallest nanostructures on the mold insert and the injection molded
PMP substrates. The feature size of these nanostructures is about 50 nm. Figures 7.3a) to 7.3c) show
SEM pictures of meander structures, cross bars structures and pillars on the 2" Si mold insert after fifty
injection molding processes, while Fig. 7.3d) to 7.3f) show their replicated counterparts on the PMP
substrates. A 2 nm gold layer was sputtered on the Si mold insert as well as on the investigated PMP
substrate before the SEM measurements. This very thin layer did not form a homogeneous layer on the
Si wafer, which is responsible for the island-like surface structure that is obvious in Fig. 7.3a) to 7.3c).
The modulation depth of the mold insert for this replication is about 65 nm. AFM measurements were
performed for replicated nanostructures from this mold insert and it was found, that the modulation
depth for these structures is about 55 nm, which is only 10 nm less than the modulation depth of the
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Figure 7.2: AFM measurements of hanostructures replicated into PMP; a) checker board structure with a feature
size of 300 nm; b) replicated crossbars pattern with 100 nm feature size; ¢) lines and spaces with 100 nm
feature size; d) replicated meander structure with 150 nm feature size; The modulation depth of the struc-
tures on the silicon mold insert is about 150 nm. Most replicated structures nearly reach the full modulation
depth of the mold insert. Only the lines and spaces show a smaller modulation depth.

mold insert. Therefore, the aspect ratio for these nanostructures is larger than 1. In summary, the
AFM measurements and the SEM pictures confirmed that all nanostructures were well replicated. All
replicates structures have a flat top surface and most structures nearly reach the full modulation depth
of the mold insert.

Injection molding of optical structures and waveguides

For optical and photonic applications, the requirements in terms of feature sizes are often more relaxed
than for the replication of nanostructures as presented above. On the other hand, the surface quality
in terms of roughness and the contour accuracy of the replication can be vitally important for many
optical applications. The ability of the injection molding process to replicate nanostructures with very
small feature sizes indicates that larger structures can be replicated in a high quality with respect to
surface roughness and contour accuracy, provided that the mold insert shows a sufficient quality. In
the design of the MZI, the grating couplers are the most challenging structures in term of feature size.
For polymer waveguide grating couplers, the period is typically in the range of 1-2 um for near infrared
light and several hundreds of nanometers for visible light. In Fig. 7.4, AFM measurements for replicated
grating couplers are presented. Figure 7.4a) gives an overview scan of a 50 um wide grating coupler
with a period of 1.58 um, which can be used to couple light with a wavelength of 1.31 um at an angle of
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Figure 7.3: The pictures a), b) and ¢) show SEM micrographs of nanostructures with about 50 nm feature size on
the silicon mold insert after fifty injection molding processes (bright areas are heightened and dark areas are
deepened) and d), e) and f) show corresponding SEM images of the injection molded PMP substrates. To
minimize the influence on the nanostructures for SEM characterization, a 2 nm thin gold layer was sputtered
on the mold insert and the PMP substrate. This layer was too thin to form a homogeneous layer on the Si
wafer and is responsible for the island-like surface structures that are visible in pictures a)-c).

incidence of about 45° into single mode polymer waveguides. This measurement shows a defect-free
replicated grating coupler with well defined grating lines. In Fig. 7.4b) a detailed AFM scan of a grating
coupler with a period of 500 nm is given. The investigated grating coupler is precisely replicated from
the silicon mold insert. It has flat horizontal surfaces with very little surface roughness. The duty cycle
and the modulation depth of the grating are the same as on the mold insert.

For first wave guiding experiments, samples were prepared based on injection molded PMP substrates.
On these substrates, the commercial photoresist mr-UVL 6000 from micro resist technology was spin
coated as waveguide core layer with a thickness of about 500 nm. The light of a fiber-coupled HeNe
laser (A = 633 nm) was then collimated to a beam diameter of 500 um and coupled into a 500 um wide
inverted rib waveguide by means of a grating coupler. The picture in Fig. 7.5 shows the measurement
setup with the mounted sample and the incident light beam that is coupled into the waveguide core
layer and propagates in the waveguide on the injection molded substrate.

The demonstration of the all-polymer MZI sensor was so far prevented from high propagation losses
in single mode waveguides on the injection molded substrates. For the fabrication of waveguides, a
high replication quality along the whole length of the waveguide is necessary, because already a small
number of localized defects can lead to a significantly increased loss in the waveguide. Figure 7.6 gives
an AFM scan of a 5 um wide waveguide trench and reveals two important imperfections of the replicated
structure. First, the trench profile is not perfectly symmetric. This can be most likely attributed to shear
forces that occur in the cooling of the sample in the injection molding process due to the high shrinkage
of the PMP. The second imperfection is the insufficient replication quality of the edges of the waveguide
trench. It was found that this is caused by residuals of PMP that stick on the Si stamp in the corners of
the rib to be replicated. In contrast to many other materials tested, PMP has only a comparatively small
tendency to leave residuals on the Si surface. Nevertheless, it seems that this non-perfect replication
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Figure 7.4: a) AFM scan of a 50 um wide waveguide grating coupler with a period of 1.58 um. b) Detailed
analysis of the inner region of a grating coupler with a period of 500 nm. The AFM measurement reveals
that the replicated grating coupler has flat surfaces of very high quality and fully reaches the modulation
depth of the mold insert that was used for this replication.
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Figure 7.5: Injection molded PMP substrate with a 500 nm thick spin coated core layer made from mr-UVL 6000.
The incident light (A = 633 nm, 500 um diameter Gaussian beam) is coupled by means of a grating coupler
(A = 766 nm) into a 500 um wide inverted rib waveguide. At the end of the waveguide, the guided light is
out-coupled by another grating coupler.

of the waveguide trenches introduces a high amount of scattering to the propagating waveguide mode
and is responsible for the large losses in single mode waveguides. One option to prevent residuals
on the Si surface in the future and to improve the replication is the use of anti-stiction layers on the Si
surfaces. Such layers are often made from fluorinates self assembled monolayers and are a common
technology in micro-electro-mechanical systems (MEMS).
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Figure 7.6: Analysis of a waveguide trench on an injection molded substrate. a) 3D illustration of an AFM
scan of the PMP surface and b) extracted trench profile from this AFM scan, revealing imperfections in the
replication, such as a non-flat bottom or defects at the edges of the profile.
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Figure 7.7: Phase shifts of DNA measurements of 1 uMol complementary DNA (red lines) and 1 uMol non-
complementary DNA (blue, dotted line). The green line shows the measurement of 1 pMol complementary
DNA on a sample, where the last step in the surface modification protocol was omitted, which was the
modification of the surface with biotin-tagged DNA. This measurement proves that no significant amount of
DNA binds non-specifically to the PI surface.

7.2 Online measurements of DNA binding

In addition to the detection of proteins, such as streptavidin, the detection of the binding characteris-
tics of DNA strands is the second important field of medical applications, where optical sensors are
assumed to be of great benefit due to their online measurement capabilities. DNA strands usually have
a smaller mass than streptavidin, and therefore, induce a smaller sensor response.

The samples for the DNA binding experiments were processed in the cleanroom as given in section 5.1,
but without HIC. Then, the samples were silanized and biotinylated as for the streptavidin measure-
ments (surface modification protocol given in section 5.5.1). On the biotinylated Pl surface, 100 pg/ml
streptavidin in PBS solution was rinsed over the surface to bind a maximum amount of streptavidin on
the surface. The surface was then rinsed with ultrapure water for 30 minutes to remove any unbound
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Table 7.1: Sequences of used DNA strands.

abbreviation = DNA sequence and notes

sequence: TCG CCATTC GTTGACTACTTCTTAT
biotin-tagged DNA, can bind to streptavidin

sequence: ATA AGA AGT AGT CAA CGA ATG GCG A
C-DNA complementary DNA sequence to B-DNA, can to B-DNA,
labeled with Cy3 fluorescent dye

sequence: TTT GAG ACG GAG TCTCGT T
N-DNA non-complementary DNA sequence to B-DNA, cannot bind to B-DNA,
labeled with Cy5 fluorescent dye

B-DNA

streptavidin. Finally, biotin-tagged DNA (B-DNA) was introduced to the sensor surface for 10 minutes
at a concentration of 1 pMol/l in PBS solution. The biotin side of the B-DNA strand binds to the sur-
face bound streptavidin and provides binding sites for complementary DNA strands. The exact DNA
sequences of the DNA strands used is given in Table 7.1. The samples were measured in end face
coupling configuration.

To prove the sensor capability for online detection of DNA binding events on the sensor surface, DNA
strands with a complementary sequence (C-DNA, see Table 7.1) dissolved in PBS solution were rinsed
over the sensor. The calculated phase shift of the MZI measurements are given as red lines in Fig. 7.7.
Due to the high concentration of 1 pMol and the fast diffusion of the small DNA molecules in the PBS
solution, the sensor showed a fast response and reached its saturation already after about one minute.
As expected, the acquired phase shift in these measurements is considerably smaller than in strepta-
vidin binding experiments. Nevertheless, a clear identification of the DNA binding process is possible,
also supported from the quick sensor response, which minimizes negative effects such as sensor drift.
To test for non-specific binding, C-DNA was rinsed over a sensor, functionalized with a surface modifi-
cation protocol that omitted the last step, which is the immobilization of B-DNA on the sensor surface.
The measurement (dark green line in Fig. 7.7) revealed that no significant amount of DNA binds non-
specifically to the sensor surface. The selectivity of the binding process was investigated by introducing
1 pMol non-complementary DNA (N-DNA, see Table 7.1) to the sensor surface. The sensor showed
only a very small response to this N-DNA. The measurement curve is presented as blue, dotted line in
Fig. 7.7.

In summary, it can be said that the Pl waveguides based MZI sensor shows a small, but well defined
response in measurements of DNA strands. The DNA binding on the sensor surface was found to be
specific and selective. These promising first results put emphasis on the fact that biotin-streptavidin
system is a suitable platform for the development of advanced biosensing applications.
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Appendix

Abstract in english

The selective detection of biomolecules, such as proteins or DNA strands, is of vitally importance for
medical diagnosis. Optical biosensors are believed to be a promising way to overcome the limitations of
expensive and time-consuming state-of-the-art diagnostic tests by offering label free analyte detection
employing selective molecular binding processes, fast sensor response, real time measurements of the
analyte binding processes and a high level of integration. Because of hygienic standards and to prevent
cross contaminations, sensors including the fluidic systems have to be designed as single use systems
for most medical applications. Therefore, fabrication costs are another critical parameter that has to be
taken into account for the development of new sensor systems.

In this thesis, the development of a fully integrated Mach-Zehnder interferometer biosensor, based on
high index contrast polymer waveguides is reported. An additional advantage of the highly sensitive
Mach-Zehnder interferometer concept is the simple read out system, which can be composed of a sin-
gle mode laser diode with a fixed wavelength and a photodiode. The optical sensor design, based on
grating waveguide couplers for light in- and out-coupling as well as single mode polymer waveguides, is
fully compatible with cost-efficient mass production technologies for polymers such as injection molding
and spin coating, which makes the sensor an attractive alternative to inorganic optical sensors. Poly-
imide (n = 1.65) was selected as waveguide core material and Ormoclad (n = 1.52) was selected
for the UV-patternable cladding. The sensor elements are rigorously simulated and optimized applying
the parameters from the selected materials. For an improved efficiency of small grating couplers in
material systems with comparatively low index contrasts, the novel approach of a high index coating
on top of grating couplers was applied. Simulations revealed a nearly 8 dB increase in the maximum
coupling efficiency into narrow single mode waveguides by means of grating couplers due to the high
index coating. The positive effect of the high index coating was then experimentally verified.
Biosensing capabilities of the sensors were demonstrated in the biotin-streptavidin system. For the
binding experiments, the surface of the polyimide waveguide core layer was functionalized with 3-
mercaptopropy! trimethoxy silane and malemide tagged biotin. An optimized surface modification pro-
tocol was developed for maximum streptavidin binding capacity, while not attacking the thin polymer
core layer. With fluorescent labeled Chromeon 642-streptavidin, a maximum population density of
144 fmol/mm? was measured on the polyimide surface. This result for the surface coverage with strep-
tavidin is better than what can be expected in theory on a perfectly planar surface and evidences a
more than two-dimensional binding behavior of streptavidin on the Pl surface, which can at least be
partly explained by the nano-porous structure of the PI surface.

Finally, the polymer waveguide based biosensor was applied for label-free online measurements of
biotin-streptavidin binding processes on the sensor surface at a wavelength of 1310 nm. Despite the
large wavelength and the comparatively low surface sensitivity of the sensor system due to the low
index contrast in polymer material systems compared to inorganic material systems, streptavidin con-
centrations down to 0.1 pg/ml were resolved.
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Abstract in german

Die selektive Detektion von Biomolekilen, wie z.B. Proteinen oder Teilen von DNA, ist von essen-
tieller Bedeutung flr die medizinische Diagnostik. Optische Biosensoren werden aktuell als vielver-
sprechende Kandidaten gehandelt, um die Beschréankungen teurer und zeitaufwandiger state-of-the-
art diagnostischer Tests zu Uberwinden indem sie markerfreie Messung des Analyten durch selek-
tive molekulare Anbindungsprozesse, schnelle Sensorreaktion, die Fahigkeit zur Echtzeitmessung der
Bindereaktion des Analyten sowie geringen Platzbedarf und ein hohes MaB an Integration bieten.
Aufgrund hygienischer Anforderungen und um Kontaminationen zwischen Sensoren zu vermeiden,
muissen Sensoren und fluidische Systeme fir die meisten medizinischen Anwendungen als Einweg-
gerate ausgelegt werden. Daher sind Fabrikationskosten ein wichtiger Faktor, der in der Entwicklung
neuer Sensorsysteme berlcksichtigt werden muss.

In dieser Arbeit wird die Entwicklung eines vollstédndig integrierten Mach-Zehnder Interferometer Biosen-
sors, basierend auf Hochindexkontrast Polymerwellenleitern, dargelegt. Ein weiterer Vorteil des Mach-
Zehnder Interferometer ist das unkomplizierte Auslesesystem, welches aus einer Laserdiode mit einer
fixen Wellenlange und einer Photodiode aufgebaut werden kann. Das Design des optischen Sensors,
basierend auf optischen Beugungsgittern flr die Kopplung von Licht in und aus dem Sensor sowie
monomodigen Polymerwellenleitern, ist vollstdndig kompatibel mit weit verfugbaren und kosteneffizien-
ten Technologien zur Massenproduktion von Polymer-basierten Bauteilen, wie SpritzgieBen und Auf-
schleudern, was diesen Sensor zu einer interessanten Alternative zu anorganischen Sensorkonzepten
macht. Polyimid (n = 1.65) wurde fir die Wellenleiterschicht und Ormoclad (n = 1.52) fir die
Deckschicht ausgewahlt. Die Elemente des Sensors wurden unter Anwendung der Parameter der se-
lektierten Materialien vollstédndig simuliert und optimiert. Um die Koppeleffizienz kleiner Gitterkoppler in
Materialsystemen mit niedrigem Indexkontrast zu erhéhen, wurde der neuartige Zugang einer Hochin-
dex Beschichtung von Gitterkopplern angewandt. In den Simulationen zeigte sich eine Steigerung der
maximalen Koppeleffizienz mittels Gitterkopplern in schmale, monomodige Wellenleiter durch die Auf-
bringung dieser Hochindex Beschichtung um nahezu 8 dB. Der positive Effekt der Hochindex Beschich-
tung wurde anschlieBend experimentell verifiziert.

Die Fahigkeiten der Sensoren fiir biologische Messungen wurden im Biotin-Streptavidin System gezeigt.
Fir die Binding von Streptavidin auf der Sensoroberflache wahrend dieser Experimente wurde die Sen-
soroberflache mit 3-mercaptopropy! trimethoxy Silan und Malemid-markiertem Biotin funktionalisiert.
Eine optimierte Oberflachenmodifizierung wurde entwickelt, welche die Polyimid-Oberflache nicht an-
greift oder dinnt. Mit fluoreszenzmarkiertem Streptavidin wurde eine maximale Besetzungsdichte von
144 fmol/mm? gemessen. Diese Besetzungsdichte ist héher als man auf einer perfekt planen Ebene bei
dichter Packung erwarten kann, womit ein mehr als zweidimensionales Bindungsverhalten von Strep-
tavidin auf dem Polyimid bewiesen wird, was zumindest teilweise durch die nanoporése Struktur des
Polyimids erklart werden kann.

Zuletzt wurde der auf Polymerwellenleitern basierte Sensor fir die markerfreie Echtzeitmessung der
Bindungsprozesse von Biotin-Streptavidin bei einer Wellenldange von 1310 nm eingesetzt. Trotz der
groBen Wellenlange und des geringen verfligbaren Brechungsindexkontrastes in Polymer-Material-
systemen, verglichen mit anorganischen Materialsystemen, konnten Streptavidin Konzentrationen ab
0.1 pg/ml erfolgreich detektiert werden.
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