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"Can we build it? Yes, we can"
– Bob the Builder (1999 – )





Abstract

Optical devices based on evanescent-wave excitation or sensing are attaining more and
more attention in various fields of research and industry. For sensing, the evanes-
cent wave of such devices is exploited to detect changes in the refractive index of the
medium into which the wave penetrates. When used for excitation, the short pene-
tration depth of the evanescent field is used to confine the excitation to very small
volumes and increasing the signal to background ratio. Numerous practical devices
utilize the evancescent-wave principle in one way or another to realize e.g. high sen-
sitivity biosensors or for fluorescence excitation. With the ever growing demand for
inexpensive, compact, low power and highly sensitive devices, an increasing emphasis
is being put into research and development in this field.

In this thesis, the design, fabrication, development and characterization process of
a novel symmetrical optical polymer based waveguide structure is described. The
structure is devised to be used in an aqueous environment and can either be used for
evanescent-wave sensing or for excitation. Here, the main focus is put on the exci-
tation capabilities of the device, especially with respect to utilization in fluorescence
microscopy. The novelty of the device presented here lies in the symmetric configu-
ration of the structure which gives it some interesting properties. These include the
possibility of tuning the penetration depth by varying the structure geometry, efficient
end-fire excitation from optical fibers or on-chip light sources and multiple-wavelength
excitation through the same optical path. Furthermore, it can provide continuous and
uniform surface-confined illumination of macroscopic areas and it places no special
requirements on the detection optics.

In the thesis, the theoretical outline behind the sensing- and excitation principles of
the waveguide structure is presented. The performance of the waveguide structure is
compared to standard epi- and confocal fluorescence microscopy techniques and the
bio-compatiability and functionality of the device, both with respect to fixed- and live-
cell imaging, is demonstrated. Experimental characterization and numerical modeling
of several types of highly integrated optical components based on the waveguide struc-
ture is also established. These include directional couplers, microring resonators and
interferometric modulators.
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Chapter 1

Introduction

For the last 2-3 decades there has been an increasing interest in optical devices and com-
ponents, both due to new scientific knowledge and due to drastic developments in nano-
fabrication processes. Through this, new scientific concepts and fields such as plasmon-
ics, photonic crystals, meta-materials, near-field physics and integrated electro-optics have
emerged which has led to the invention of some highly sophisticated devices. Optics and
optical components have for a some time dominated the tele-communications industry and
the drive and ever-growing commercial need for faster, cheaper and improved devices has
in turn sparkled a growing interest in utilizing this knowledge for other purposes such as
in medical diagnostics and therapy and in scientific research. Research and production of
optical sensors has grown immensely over the last decade and there seems to be a general
development in every aspect of the field. This includes huge advances in material sciences,
in particular the discovery of new coatings, interface chemistries, probes and polymers,
nanomaterials (such as fullerenes, nanotubes and graphenes; quantum dots and other lumi-
nescent nanoparticles and upconverting luminophores), but also when it comes to optical
devices, such as diodes, lasers and CCD cameras. Optical components can be made very
small and compact, they work fast, can be made very reliable and precise and are usually
inexpensive to fabricate in large volumes. For these reasons, and others, optical sensors
and devices are increasingly being used for many different purposes such as detection, ma-
nipulation and analysis and today they stand hand-in-hand with chemical sensors as the
main tool for biosensing.

When it comes to sensing, and bio-sensing in particular, there are a number of key
issues that need to be taken into consideration. One is the size of the device. There are
many reasons why small devices are preferred over large ones. Small devices generally
imply decrease in manufacturing cost, smaller sample volumes, reduced power consump-
tion and increased portability. They can often allow for multiple functionality and superior
analytical performance when it comes to high throughput, efficiency and control. High
throughput basically means that the device is able to work fast, with rapid response- and
readout times. Optical devices need to be compact, easy to handle and operate, especially
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2 CHAPTER 1. INTRODUCTION

if they are to be employed in harsh conditions, and they need to be biocompatible, mean-
ing that they are non-toxic and can interact with biological materials on a molecular level.
Label-free biosensing is when biological or chemical receptors are used to directly detect
analytes (molecules) in a sample which in turn can give detailed information on the se-
lectivity, affinity, and, in many cases, also the binding kinetics and thermodynamics of an
interaction [1]. Through label free biosensing one is thus able to detect proteins in their nat-
ural form which makes sample preparation and manipulation more straightforward. A term
that is frequently associated with sensing is the specificity of the method used. The heart of
the biosensor is the biological recognition element, which is chosen for its specificity and
affinity, and can be an enzyme, receptor, antibody, chelator, nucleic acid, or antibiotic. For
use in any optical sensor, the end result must be a change in an optical property induced
by interaction of the recognition element with the target, which in many cases is in the
form of a change in the local refractive index. Example of such devices are Mach-Zehnder
interferometers, micro-ring resonators and surface plasmon resonance sensors.

In this thesis a new type of evanescent-wave-generating platform is presented which
is based on a symmetric waveguide configuration. The platform can be utilized either as
a sensor or for highly localized excitation, in different configurations and for various pur-
poses, both in biological and non-biological applications. The main difference between this
new type of evanescent-wave platform and other similar devices is the symmetric cladding
environment of which it is composed, giving it some very useful and unique properties such
as highly controllable ranges of evanescence field penetration depths and highly efficient
end-fire coupling with the possibility of multiple wavelength excitation through a single
optical fiber. The design also allows for excitation over large areas and various choices of
guiding layer polymers.

When used as a sensor, the evanescent wave can be used to detect small changes in
the refractive index in the cover medium which in turn can be translated into valuable
quantities such as binding affinity, concentration or something similar. When used as a
light source, the evanescent-wave is used to locally excite molecules within the reach of
the evanescent field. This makes it ideal for application in surface specific fluorescence
microscopy (FM). In such configuration, the evanescent wave excites fluorophores and
the resulting signal is then picked up by a standard optical microscope. This method of
fluorescence microscopy is referred to as evanescent-wave fluorescence microscopy. In the
last decade, evanescent-wave microscopy has proven to be an excellent tool for studying,
e.g., events at or within the cell membrane, cell morphology, cell motility, and focal adhe-
sions. The imaging of fluorophore-labeled specimens through evanescent-wave excitation
gives a superior signal-to-noise (i.e. signal-to-background) ratio compared to standard
epi-fluorescence microscopy, due to the absence of fluorescence excited outside the focal
plane. Evanescent-wave fluorescence microscopy has been used to carry out fluorescence
imaging down to the level of single molecules [2] making it an important tool of biophysics
and quantitative biology.
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Currently, the most commonly used evanescent-wave technique is the total internal
reflection fluorescence microscopy (TIR-FM), introduced by D. Axelrod around 1990 [3].
Commercially available TIR-FM systems are typically based on laser excitation through a
high numerical aperture immersion objective (NA > 1) on an inverted microscope where
the excitation light undergoes total internal reflection at the substrate-sample (typically
glass-water) interface. An exponentially decaying electric field associated with the total
internal reflection extends into the sample with a decay length that depends on the in-
cidence angle, wavelength and the refractive indices of the two media. In practice, the
penetration depth obtained with a TIR-FM system is usually 50-100 nm. One of the most
exciting developments in TIR-FM has been the ability to image single molecules in living
cells but TIR-FM is especially well suited for single molecule detection and fluorescence
correlation spectroscopy configurations [4]. An evanescent-wave platform, as the one de-
scribed in this thesis, provides some advantages over TIR-FM and represents a valuable
addition to the flora of optical devices used in modern biological research.

This thesis is partially based on three published articles, that cover the fabrication pro-
cess of the evanescent-wave platform [P2], its utilization for local excitations and applica-
tions for studying biological cells [P1] and finally the fabrication and utilization of inte-
grated optical components within the platform, in order to realize highly integrated optical
devices for sensing elements or lab-on-a-chip type of device [P3]. In addition, an article,
[P4], which covers the integration of Mach-Zehnder thermo-optical switches into the plat-
form for time-lapse evanescent-wave imaging of live cells, is in preparation. The thesis
is meant to supplement the articles, explain and define the various concepts and parame-
ters used for characterizing the platform and the integrated optical components that have
been demonstrated. Chapters on the theory, fabrication, characterization techniques and
platform design will be presented and also results from basic testing of the devices. Mea-
surements were mostly carried out using various types of fixed biological cells, which were
labeled to express proteins that are especially suited for this type of evanescence-wave plat-
form. The thesis ends with a chapter on future aspects, how the platform may be further
developed both to improve the current types of utilization but also for potential use in new
applications.





Chapter 2

Theoretical background

This chapter is meant to introduce the basic properties of dielectric waveguides, both their
optical properties and also how waveguide devices can be utilized for various applications.
The chapter moreover sets the framework of the waveguide device discussed in the fol-
lowing chapters and defines the most important concepts and characterization parameters
which are presented in the articles appended at the end of this thesis.

2.1 Fundamental optical properties

The purpose of this section is to give the reader the theoretical background needed in order
to understand the physics behind the symmetric evanescent-wave structure studied in this
thesis. There are various methods, both theoretical and numerical, that can be used to suf-
ficiently describe the behavior of light in waveguide structures with each method perhaps
being differently suited to describe different aspects of the same process. For example,
phenomenologically, the movement of light in a waveguide sturcture can be quite easily un-
derstood and visualized using the model of total internal reflection. However, it is generally
accepted that in order to fully describe and explain the modal behavior of the waveguide
system, Maxwell’s equations do an excellent job. Maxwell’s equations are a set of four par-
tial differential equations, which together with the Lorentz force law, completely describe
classical electromagnetism. Through these relations a good description is obtained on how
the electric- and magnetic fields relate to their sources, charge density and current density,
and how they develop with time and how the interact with matter [5–12]. However, when
it comes to understanding and calculating characteristic properties of rather complicated
structures, solving Maxwell’s equations analytically is impossible. In that case numerical
methods can do a better job in order to gain understanding and insight into how optical
devices behave.

For the purpose of this thesis, where the subject concerns light propagating in either
slab (confined in one dimension) or channel (confined in two dimensions) waveguides,
light is best described as an electromagnetic wave or field, propagating in three dimensional

5



6 CHAPTER 2. THEORETICAL BACKGROUND

space. As the name suggest, an electromagnetic wave is composed both of an electric part
and a magnetic part that travel combined through space (free space or transparent media).
Like other waves, electromagnetic waves are characterized by wave-amplitude, phase and
speed and also polarization. Mathematically, electromagnetic field is specified by electric-
and magnetic field vectors, that oscillate perpendicular to each other and to the direction of
propagation. The development or propagation of an electromagnetic field in medium can
be fully described by Maxwell’s equations, which have the following general form:

∇×E =−∂B
∂t

∇×H = J+
∂D
∂t

∇ ·D = ρ

∇ ·B = 0

(2.1)

J is the electric current density and ρ is the total charge density (including both free and
bound charges), which are only non-zero for conducting media such as metals. E and
B are the electric- and magnetic field vectors respectively, and D and H are the electric
displacement and magnetic induction vectors, respectively. For linear and isotropic (not
necessary homogenous) media these parameters are connected to each other through the
following relations:

D = εE
B = µH
J = σE

The parameter σ represents the conductivity of the medium and the parameters ε and µ
are known as permittivity and permeability of the medium and they are related to their
respective values in vacuum through:

ε = ε0εr

µ = µ0µr

where εr and µr are the relative permittivity and permeability of the medium, respectively.
Non-conducting materials with negligible σ are called insulators or dielectrics. The mag-
netic and electric properties of materials are completely governed by ε and µ since these
parameters describe how the electric- and the magnetic fields affect and are affected by the
medium. They are measures of the ability of a material to be polarized by an electric- or
magnetic fields respectively. The speed of light (v) in the medium is determined by these
two parameters and can be computed using the following relation:

v =
1
√

εµ

The speed is related to the angular frequency, ω, and electromagnetic wavelength, λ,
through:

ω =
λ

v
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For dielectric materials, the ratio of the speed of light in vacuum (c) to the speed of light
in the medium (v) is known as the index of refraction, n.

n =
c
v

=
√

εrµr

Actually, as we will see later, permittivity and permeability are functions of frequency of
the electromagnetic radiation, which means that the index of refraction will also dependent
on frequency (n = n(ω)). This dependency is known as material dispersion and as the
name suggests, it is a property of the material alone1. The frequency dependence of these
parameters indicate that light with different wavelength (frequency) will behave differently
(have different velocity) when traveling through a medium.

This thesis will mainly deal with electromagnetic waves traveling in structures made
of optically transparent polymers, which refers to a large class of natural and synthetic
materials with a wide variety of properties. Optical polymers can be approximated as
"lossless" dielectric media which means that the Maxwell’s equations, given in equation
2.1, can be expressed in a more simplified form. By replacing J = ρ = 0 (non-conducting
media) and µ = µrµ0 = µ0 (non-magnetic media) in equation 2.1, the following simplified
form of the Maxwells equations are obtained:

∇×E =−µ0
∂H
∂t

(2.2)

∇×H = ε
∂E
∂t

(2.3)

∇ ·E = 0 (2.4)
∇ ·H = 0 (2.5)

Using the vectorial rotation operator (∇×) on equation 2.2 and using the vectorial formula
∇×(∇×E) = ∇(∇ ·E)−∇2E, these equations can be transformed into two vectorial wave
equations describing the electric- and magnetic fields as:

∇
2E = µ0ε

∂2E
∂t2 (2.6)

∇
2H = µ0ε

∂2H
∂t2 (2.7)

Wave-equations of this form are known as a homogeneous wave equations. There are
number of possible solutions to the wave equation but one of the most simple type is in
the form of a traveling time-harmonic plane wave, i.e. a wave whose surfaces of constant
phase are infinite planes, perpendicular to the direction of propagation. As mentioned
earlier, an electromagnetic wave consists of both a magnetic field (H) and an electric field
(E) that oscillate perpendicular to each other (E ·H = 0) and with respect to the direction of

1Material properties can however depend on temperature and pressure
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E

H

k

Wavelength

Electromagnetic wave

Figure 2.1. An electromagnetic wave propagating in the direction of the wavevector k perpendic-
ular to both the electric field E and the magnetic field H.

propagation (k) (see figure 2.1). Both parts will thus have to be represented mathematically
as plane harmonic waves in the form:

E(r, t) = E0e−i(k·r−ωt+φ0) (2.8)

H(r, t) = H0e−i(k·r−ωt+φ0) (2.9)

where H0 and E0 represent the field-intensity vector (amplitude and polarization) of the
magnetic- and electric components respectively and ω = 2π f is the angular frequency
of the wave; typically corresponding to a temporal frequency of f (≈ 1015 Hz for light
waves). r is the position vector, k is the wave-vector and φ0 is an arbitrary phase angle.
The magnitude of the wave-vector:

|k|= k =
√

k2
x + k2

y + k2
z

is known as the wavenumber. The wavelength of the electromagnetic radiation is the dis-
tance between the planes of equal phase, which is defined by the exponential part of the
equations (k · r−ωt), and typically lies in the range 400-700 nm for visible light. The
wavevector is always perpendicular to the set of planes of constant phase. Substituting
the relations for the electric- and magnetic fields given in equations 2.8 and 2.9 into the
wave-equations given by 2.6 and 2.7, the following form of wave-equations, known as the
homogeneous Helmholtz equations, are obtained:

∇
2E+ k2E = 0 (2.10)

∇
2H+ k2H = 0 (2.11)
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Using the homogeneous Helmholtz equations the wavenumber can be directly associated
with the permittivity and frequency of the light through a relation known as the dispersion
relation.

k = ω
√

µε = ω
√

µ0ε0
√

µrεr = k0
√

µrεr = k0n =
2π

λ
= n

2π

λ0
(2.12)

2.1.1 Group and phase velocity
From the dispersion relation, given in the previous section, the evolvement of the overall
shape of a wave’s amplitude can be determined as the wave propagates through space. The
velocity of the overall wave-packet of a wave is know as group velocity, vg, and is given
by [10]:

vg =
∂ω

∂k
(2.13)

Similarly, a phase velocity, vp, of a wave can be defined as the rate at which the phase of
the wave propagates in space. This is the speed at which the phase of any one frequency
component of the wave travels. The phase velocity is given by [10]:

vp =
ω

k

and is equal to the previously mentioned speed of light (vp = v). If ω is directly proportional
to k, then the group velocity is exactly equal to the phase velocity. Otherwise, the envelope
of the wave will become distorted as it propagates. As mentioned above, dispersion is the
phenomenon in which the phase velocity of a wave depends on its frequency. Media having
such a property are termed dispersive media [10] and all optically transparent media have
phase velocity that depends on frequency (n(ω)). Using equation 2.12 with equation 2.13,
the expression for the group velocity can be expresses as:

vg =
∂ω

∂k

=
d
dk

(
kc0

n

)
=

c0

n
− kc0

n2
dn
dk

= vp−λ
dvp

dλ

= vp

(
1− k

n
dn
dk

)
This form of the group velocity can in some cases be convenient.

2.1.2 Attenuation
In low-loss dielectric media, such as optical polymers, there will be very little attenuation
of the traveling wave and often it can be neglected for short distances. However, in other
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cases, attenuation may become a significant factor. This is for example the case for non- or
partially optically transparent polymers and metals. Even though the sources of attenuation
are different between dielectrics and metals, it can still be expressed in a similar manner.
Attenuation in media manifests itself in a complex permittivity constant, ε̃r(ω) = ε′r + iε′′r
where the real part (ε′r) is related to the stored energy of the electromagnetic wave in the
medium, while the imaginary part (ε′′r ) is related to the dissipation (or loss) of energy within
the medium. Through the material dispersion relation, the complex permittivity will result
in a complex refractive index ñ(ω) = n+ iκ, which in some cases can be more convenient
to use than the complex permittivity. The real part of the refractive index (n) relates the
phase velocity in the medium (vp = c/n) to the vacuum speed of light (c), and thus the
wavelength in the medium (λ0/n ) to the vacuum wavelength (λ0) while the imaginary part
(κ) describes the material absorption of the field.

Returning to the Helmholtz wave equation given in equation 2.10 and 2.11, and keeping
in mind the new complex expression for the permittivity ε̃, we see that the presence of
the imaginary term in ε̃ must imply a wavenumber that also has an imaginary part. This
complex wavenumber is usually denoted by k̃. where

k̃ = k + iα

where k is the regular wavevector (phase constant) and α represents the attenuation con-
stant, which is related to the extinction index by:

α =
ω

c
κ

In general, the wave equations for the electric- and magnetic fields remain as previously
given, except that now the wavenumber k will have to be replaced with the complex
wavenumber k̃. For example, an electromagnetic wave traveling in the z-direction, with
φ0 = 0, can now be expressed by:

H(r, t) = H0(x,y)e−i(k̃z−ωt) = H0(x,y)e−αze−i(kzz−ωt) (2.14)

E(r, t) = E0(x,y)e−i(k̃z−ωt) = E0(x,y)e−αze−i(kzz−ωt) (2.15)

The factor e−αz indicates that the fields will decrease exponentially with distance (z). As
previously mentioned, for most optically transparent polymers, the attenuation can often
be neglected, but in some cases, for various reasons, it may be necessary to include an
attenuation constant to fit the given situation. This will become apparent in later stages of
this thesis when trial solutions for a slab waveguide are being proposed and also when light
is interacting with thin metallic films.

The field-intensity vectors H0 and E0 not only represent the amplitude, but also the
polarization of a uniform plane wave. The polarization of a wave describes the direction
of the time-varying field intensity vector at a given point in space. If the amplitudes H0
and E0 are constant real vectors, then the wave is said to be linearly polarized. Light can
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also be circularly or elliptically polarized in which case the field-intensity vectors along a
given direction are represented by complex numbers. For the purpose of this thesis, it will
however be sufficient to regard electromagnetic waves as being linearly polarized.

2.1.3 Energy transfer, Poynting vector
It is necessary to have a look at how the energy of the electomagnetic wave relates to the
magnetic- and electric field components since energy, power or intensity of light is usually
a property that one is able to measure. By considering the power going into and out of a
given volume of material due to electric- and magnetic fields combined with the change
in internal energy, an expression for the net energy flux can be expressed in the form of a
power vector named Poynting vector defined as [5, 6, 10]:

S = E×H

The net energy flow (flux) is in the direction perpendicular to the both the electric- and
magnetic fields, that is, in the direction of propagation (k). For a set of plane waves,
such as those given in equations 2.14 and 2.15, the amplitudes of the electric field and the
magnetic fields will be related through a simple scaling factor according to:

H0 =
E0

cµ

The magnitude of the Poynting vector can thus be written in the form:

S(t) = E0 H0 cos2 (ωt− kzz)e−2αz

= cεE2
0 cos2 (ωt− kzz)e−2αz

= cµH2
0 cos2 (ωt− kzz)e−2αz

This means that the time-averaged magnitude of the Poynting vector is given by:

〈S〉= cε

2
E2

0 e−2αz =
cµ
2

H2
0 e−2αz

The preceding relation shows how the power stored in an electromagnetic radiation can
be related to the square of either the electric- or the magnetic fields. 2α is known as the
absorption coefficient which describes the energy loss of the traveling wave as it propagates
though the material.

2.2 Slab waveguides

In this section the above electromagnetic wave analysis will be used to describe the wave
propagation characteristics of a dielectric slab and channel waveguide structure. A waveg-
uide is a structure that confines light and guides it in a predetermined manner. A slab
waveguide, sometimes referred to as one-dimensional waveguide, is a guide made out of
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Figure 2.2. Vectorial representation of transverse magnetic- (TM), transverse electric- (TE) and
transverse electromagnetic (TEM) waves. TM waves have have no magnetic component in the
direction of propagation and TE waves no electric field component. TEM waves have neither
a magnetic- nor electric field component in the direction of propagating mode. The image on
the right shows the propagation of a bound mode (symmetric green curve) in the structure (n2 >
{n1 = n3}).

three different dielectric layers with the middle layer, known as the guiding layer, confin-
ing the light in one dimension. The upper and lower layers surrounding the guiding layer
are referred to as upper and lower cladding layers or cover and substrate layers respectively.

Before continuing with applying electromagnetic wave theory to waveguide structures,
it is necessary to take a moment to clarify some important concepts that are to follow. So
far light has been defined as an electromagnetic wave with magnetic and electric field com-
ponents that oscillate perpendicular to each other and to the direction of propagation. Such
a wave, traveling in an isotropic medium, is generally referred to as a transverse elec-
tromagnetic wave (TEM). When dealing with light in waveguides the light will interact
with different types of media (cladding layers and guiding layers), resulting in reflection
and refraction of the wave which ultimately manifests itself in the binding of the light in
the structure. In other words, at the boundary between the different media of the waveg-
uide, the electric- and magnetic field components of the wave must fulfill certain boundary
conditions that ultimately puts restrictions on the bound light that propagates through the
guide. As it turns out, only waves with either one or both the magnetic- or the electric
components being totally transverse to the direction of propagation can be supported and
guided by a slab waveguide [8]. Also, as will become clear later, only certain discrete sets
of bound modes can be supported by the waveguide structure. The situation is illustrated in
figure 2.2 showing the three types of electromagnetic waves supported by a slab waveguide
structure; transverse electric (TE), transverse magnetic (TM) and transverse electromag-
netic (TEM)2.

2This applies to slab waveguides only. For channel waveguides, TEM waves are not supported.



2.2. SLAB WAVEGUIDES 13

n3

n2

n1

y

x
z

x

n

n1

n2

n3

2a
+a

-a

Figure 2.3. Asymmetric slab (1D) optical waveguide composed of three dielectric media with
different refractive indices. n2 > n3 > n1. The core layer is indicated to be 2a thick.

As seen in figure 2.2, TE waves have a magnetic component in the direction of propa-
gation of the bound mode (the waveguide´s z-direction) and similarly TM waves have an
electric component in direction of propagation of the bound mode (again in the waveg-
uide´s z-direction). This can sometimes be a bit confusing, because while a plane elec-
tromagnetic wave can not have a magnetic or electric field component in the direction of
propagation, the overall bound mode in a waveguide can.

Figure 2.3 shows a typical slab waveguide structure composed of three types of dielec-
tric media. As we shall see later, in order for the structure to confine light (bound modes),
the refractive index of the guiding layer (n2) must be greater than that of the semi-infinite
cladding layers (n2 > n1 and n2 > n3). A guide of this type is know as an asymmetric slab
guide since the upper and lower cladding materials do not have the same refractive index.
The asymmetry of the slab waveguide will result in asymmetric TE- and TM bound modes
inside the structure. Similarly, a structure with n1 = n3 is referred to as a symmetric slab
waveguide, which means that the bound modes in the structure will have a symmetric or
anti-symmetric nature.

By utilizing boundary conditions, the previously discussed TM and TE concepts and
the results from the previous discussion on the Maxwell’s equations, which resulted in the
general homogeneous Helmholtz equations (equations 2.10 and 2.11), the necessary tools
for analyzing and characterizing the slab waveguide structure are in place.

Assuming that the bound modes will be traveling without loss (α = 0), we look for
solutions to the Helmholtz wave equations of the form of harmonic waves propagating in
the z-direction of the waveguide structure with a propagation constant β which is yet to be
determined. Such harmonic waves are given in equations 2.14 and 2.15 and by plugging
them into the Helmholtz´s equations will result in the following expressions:

∇
2
xyE+(k2−β

2)E = 0 (2.16)

∇
2
xyH+(k2−β

2)H = 0 (2.17)
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Where ∇2
xy = ∂2/∂x2 +∂2/∂y2. These equations will result in six second order differential

equations, one for each component of E and H. The equations can not be solved indepen-
dently and the exact solution will depend on the geometry and boundary conditions that
a particular field component must satisfy at the different interfaces [8]. However, not all
the various components of E and H are independent and the six equations do not need to
be solved simultaneously. Assuming solutions in the form of the harmonic wave equations
(2.14 and 2.15) and substituting them into the Maxwell’s curl equations given in 2.5, will
reveal another six equations describing the relationship between individual components of
E and H [8]. As it turns out, all the transverse components of E and H can be related to
the axial components which means that the whole set of equations can now be separated
and designated into the two (three) types, namely TE and TM (and TEM), depending on
whether Ez or Hz exist or not. By considering each of the mode types separately, the com-
plexity of the solution can be greatly reduced.

Keeping the geometry of the slab waveguide in mind, lets first have a look at the TE
wave. In that case there will be no electrical component in the direction of propagation
(Ez = 0). The coordinate system can further more be arranged in such a way that Ex = 0,
meaning that we are left with only one electric field component, namely Ey. The magnetic
field is always perpendicular to the electric field, meaning that Hy = 0. However, Hz and
Hx can be both non-zero. Furthermore, since the waveguide structure is uniform in the
y-direction, we may assume ∂/∂y = 0. Using this information, and substituting it into the
Maxwell´s curl equations, one ends up with a scalar Helmholtz wave equation for each
layer of the slab guide (i = 1,2,3):

d2Eyi

dx2 +(k2
i −β

2)Eyi = 0 (2.18)

where:

Hx =− β

ωµ0
Ey

and
Hz =

i
ωµ0

d Ey

d x

In a similar manner expressions for the magnetic component of a TM wave can be obtained
to yield:

d2Hyi

dx2 +(k2
i −β

2)Hyi = 0 (2.19)

where:

Ex =− β

ωµ0n2 Hy

and
Ez =− i

ωµ0n2
d Hy

d x
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Equations 2.18 and 2.19 describe how the electric- and magnetic field components in y-
direction (Ey and Hy) change with x and link the transverse fields Ey and Hy with the
propagation constant (eigenvalue) β. The tangential components Ey and Hz should be con-
tinuous at the boundaries of the two different media.

It is customary to define an effective refractive index neff as:

neff =
β

k0

in which case one ends up with:

d2Eyi

dx2 + k2
0(n

2
i −n2

eff)Eyi = 0 (2.20)

and
d2Hyi

dx2 + k2
0(n

2
i −n2

eff)Hyi = 0 (2.21)

It can be seen that the effective refractive index is some kind of weighted average of the
refractive indices of the structure in which the mode is bound and propagates. The mode
number, as we shall see later, determines the propagation constant β and the field pattern
of a specific mode. If the mode is highly confined within the core layer then the effective
refractive index will be close to that of the core layer. If however the mode extends in to the
cladding layers, the effective refractive index will be closer to that of the cladding layers.

2.2.1 Dispersion equation and modes
The propagation constant and the mode distributions for TE and TM modes can be ob-
tained by solving equations 2.20 and 2.21 using the appropriate boundary conditions. The
solution will be in the form of a wave equation and a dispersion relation, also known as
the eigenvalue equation for the system. Considering the structure defined in figure 2.3,
solutions to equations 2.20 and 2.21 must be considered both in the core- and the cladding
layers and they must be properly matched at the boundaries. In the guiding layer the so-
lution will take the form of a wave propagating in the z-direction without attenuation, and
in the cladding layer the wave must decay exponentially (evanescent wave) away from
the interface in order for the mode to be bound and not radiate away. To fulfill these re-
quirements the following trial solutions for the electric field distribution of a TE mode are
assumed [7, 9]:

Ey =


Acos(δa−φ)e−σ(x−a) if x > a,

Acos(δx−φ) if −a≤ x≤ a,

Acos(δa+φ)eξ(x+a) if x <−a.

(2.22)

where A is an undetermined constant. φ is a phase constant which appears as a result of
boundary conditions (continuity requirement of Ey at each interface) and δ, σ and ξ are
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related through and given by the following expressions:

δ =
√

k2
0n2

2−β2 = k0

√
n2

2−n2
eff

σ =
√

β2− k2
0n2

1 = k0

√
n2

eff−n2
1

ξ =
√

β2− k2
0n2

3 = k0

√
n2

eff−n2
3

(2.23)

It should be noted, that the exponential factors σ and ξ, describing the penetration depths
of the evanescent fields, are only dependent on neff, λ and refractive index of the cladding
(n1 or n3). All geometrical factors of the structure are included in neff.

Another boundary condition, states that the gradient dEy/dx needs also to be continu-
ous at each interface results in a set of equations which ultimately yield the following mode
(eigenvalue) expressions for the structure [7, 9]:

δa =
mπ

2
+

1
2

tan−1
(

ξ

δ

)
+

1
2

tan−1
(

σ

δ

)
φ =

mπ

2
+

1
2

tan−1
(

ξ

δ

)
− 1

2
tan−1

(
σ

δ

) (2.24)

where each discrete solution corresponds to a particular guided mode, defined by the mode
index m = 0,1,2, .... The equations given in 2.24 are the dispersion equations (eigen-
value equations) for the dielectric guide and they have to be solved together numerically
or graphically in order to obtain the propagation constant and the electromagnetic field
distributions. In general, only a fixed number of modes can be supported by a waveguide.
A waveguide that can only support one mode for a given polarization is referred to as a
single-mode waveguide. If the guide can support a number of modes, it is referred to as a
multi-mode waveguide.

The situation becomes simpler for a symmetric slab waveguide, since by setting n1 = n3
equation 2.24 simplifies to the following form:

δa =
mπ

2
+ tan−1

(
σ

δ

)
φ =

mπ

2

(2.25)

Such a symmetric guide can only support symmetric or anti-symmetric modes as is shown
in figure 2.4(a) where the field varies sinusoidally inside the guide, and decays exponen-
tially outside.

Examples of field patterns for TE modes obtained using equation 2.22 for a three-
layer symmetric (n1 = n3) and asymmetric slab waveguides (n1 < n3) are given in figures
2.4(a)–(b). A TE wave of mode m is denoted by TEm and the TE0 mode is referred to as
the fundamental mode. Other modes are simply referred to as higher order modes.
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Figure 2.4. a) Electric field distribution of the symmetric TE0 mode and the antisymmetric TE1
mode for a symmetric slab waveguide (n1=n3). b) The TE0 mode and the TE1 mode for a asym-
metric slab waveguide (n1<n3)

It is clear from figure 2.4(a) that the modes in the symmetric guide are either symmetric
or antisymmetric around x = 0. For an asymmetric structure, as is the case in figure 2.3,
the modes will be asymmetric, meaning that the exponential field components extending
into the cladding materials will be different for the two materials as can be seen in figure
2.4(b). The different confinement of the different modes can be clearly seen in the figures,
with the TE0 mode to a large extent confined within the core-layer itself (n2) and only to a
small extent in the cladding layers (n1 and n3) while the TE1 mode is to a larger extent in
the cladding layer. The reason behind this will be discussed in subsection 2.2.2. Whether a
waveguide is single- or multimode depends not only on the geometry and media of which
it is constructed but also on the wavelength of the electromagnetic wave (light) it supports.
At low optical frequencies (when λ0 is large and k0 is small), a guide might only support
the single fundamental mode, but as the frequency of the light is increased, the second
mode becomes allowed. The different amount of confinement of different modes can be
utilized in many ways. For example, high confinement can be beneficial in channel waveg-
uides since it reduces propagation loss in bends of the waveguides. However in biosensing
for example, long exponential tails can be useful since they reach longer into the sample
and thus increase sensitivity of the sensor.

Non-linear mode expressions (eigenvalue expressions) for TM modes can be obtained
in exactly the same manner as for the TE waves explained above to yield TM modes in the
form TMm. The results are qualitatively similar to the eigenvalue equation for the guided
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TE modes and are expressed as:

δa =
mπ

2
+

1
2

tan−1
(

n2
2 ξ

n2
3 δ

)
+

1
2

tan−1
(

n2
2 σ

n2
1 δ

)
φ =

mπ

2
+

1
2

tan−1
(

n2
2 ξ

n2
3 δ

)
− 1

2
tan−1

(
n2

2 σ

n2
1 δ

) (2.26)

The behaviour of TM modes in slab waveguides is very similar to that of TE modes. Due
to the refractive index ratios appearing in the equations, the detailed shape of the dispersion
diagram is slightly different for the TM modes compared to the TE modes. In general the
TE modes are slightly better confined in the core than the TM modes. However, if the
refractive index difference between the cladding and the guiding layer is small, the ratios
in equation 2.26 will approach unity and then the two modal types will become practically
identical.

2.2.2 Cut-off conditions
As illustrated in last section, in order for modes to be confined by a waveguide structure,
the exponential factors σ and ξ in equation 2.22 were set to be purely real. This require-
ment results in the necessary conditions for the refractive indices, neff < n2 and neff > n3.
However, it is interesting to examine the situation when these requirements are not met, in
which case either or both of the exponential components (σ or ξ) will be complex numbers.
This will result in the electromagnetic fields in the cladding layers to become oscillatory
(propagating waves) in the transverse direction (x-direction). Solutions to the eiginvalue-
equation corresponding to such a configuration results in non-bound modes, generally re-
ferred to as a radiation modes. Radiation modes remove energy from the system meaning
that light will not be fully confined in the waveguide. Figure 2.5 shows a graphical inter-
pretation of bound and radiative modes for different configurations of refractive indices.

The condition for where a certain mode is no longer guided and becomes a radiation
mode is known as the cut-off condition. If it is assumed that n1 < n3, as was done in figure
2.3, the following condition for the cut-off frequency is obtained:

βcut-off = k0n3 =
ω

c
n3 (2.27)

In general, for a slab waveguide structure, three physically realistic combinations of re-
fractive indices are possible.

1. Bound-modes. Here k0n2 > β > k0n3 and there is a discrete number of bound or
guided modes which vary sinusoidally inside the guide core, and decay exponentially
outside the guide.

2. Substrate-modes. Here k0n3 > β > k0n1 and the solutions vary exponentially in the
top cover layer and sinusoidally in both the guide and in the bottom cover layer.
Usually the bottom layer represents the substrate on which the waveguide structure
is formed and hence this situation is usually referred to as a substrate-mode.



2.2. SLAB WAVEGUIDES 19

Substrate modes Bound modes

n
1

n
2

n
3

k
0
n

3
>β>k

0
n

2
k

0
n

2
>β>k

0
n

3

TE
1

TE
0

TE
1

Radiation modes

k
0
n

3
>k

0
n

1
>β

Figure 2.5. The left mode is a radiative TE1-mode, where k0n3 > k0n1 > β > k0n2. The fields are
oscillatory in all regions (n1,n2 and n3) and energy is lost from the waveguide. The middle mode
is a TE1 substrate-mode where k0n3 > β > k0n2 > k0n1. The mode furthest to the right is a bound
TE0 mode where k0n2 > β > k0n3 ≥ k0n1.

3. Radiative-modes. Here k0n3 > k0n1 > β and solutions vary sinusoidally in all three
layers. All energy will essentially be lost though radiation and the mode is unable to
propagate.

Radiative modes also play an important role when waveguides of different sizes are being
coupled together, as will be discussed in section 2.4.3.

Symmetric vs. asymmetric stuctures

The cut-off conditions for individual TEm and TMm modes can be calculated using the
above mentioned definitions for the mode numbers and cut-off. By substituting the cut-off
condition from equation 2.27, and the relations given in 2.23, into the mode formula given
by equation 2.24, the following expression for the cut-off frequencies (ωcm) for TE modes
are obtained:

ωcm =
1

2ac
√

n2
2−n2

eff

[
tan−1

(
n2

eff−n2
1

n2
2−n2

eff

)1/2

+mπ

]
(2.28)

and a corresponding equation for the TM modes:

ωcm =
1

2ac
√

n2
2−n2

eff

[
tan−1

((
n2

n1

)2(n2
eff−n2

1

n2
2−n2

eff

)1/2)
+mπ

]

where ωcm stands for cut-off frequency of mode m. These are general expression for the
cut-off frequency of mode m in a slab waveguide with n1 < n3. Looking closely at these
expression it can be seen that the fundamental mode of a symmetric waveguides has an
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Figure 2.6. Dispersion curves for TE modes in a symmetric slab waveguide. Radiation modes are
found outside the cone represented by the lines c/n1 and c/n2. Guided modes are found inside
the cone. The structure can sustain different amount of modes depending on the frequency of the
propagated light. The frequency at which a specific mode is no longer bound is referred to as
cut-off frequency.

interesting property compared to its counterpart in an asymmetric waveguide. By setting
m = 0, for the fundamental mode, n1 = n3, for a symmetric waveguide and n1 = n3 = neff,
for the cut-off condition, one ends up with:

tan
(

aωc0

c

√
n2

2−n2
eff

)
= 0

which will be satisfied for:
aωc0

c

√
n2

2−n2
eff = m

π

2
(2.29)

where m = 0,1,2, ... is again the mode number. This is the cutoff condition for all the
modes in a symmetric slab guide. Since a, n1 and n2 are all finite, it follows that for the
fundamental mode (m = 0), ω must be zero to satisfy equation 2.29. Effectively, therefore,
there is no cutoff for the lowest order mode. This is a particular property of the symmetric
slab guide. Asymmetric slab waveguides will always have a solution to the corresponding
equations for the fundamental mode for a certain value of a. This particular thickness value
is referred to as cut-off thickness which puts a limit on the core-layer thickness in which the
fundamental mode can travel. For a multimode waveguide several cutoff thicknesses exist -
one for each waveguide mode. This is true for both symmetric and asymmetric waveguide
structures. Only the fundamental mode of a symmetric waveguide has no cut-off thickness.
The importance of this property will be discussed in chapter 3 which covers the design of
the symmetric evanescent-wave platform.

The dispersion characteristics of modes can be represented by a graph of ω versus β.
Figure 2.6 shows ω as a function of the calculated value of β for for a symmetric waveg-
uide structure. The first three TE modes are plotted. As can be seen then the there is no
cut-off frequency for the TE0 mode. From the figure it can be seen that for low frequencies
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only the fundamental mode exists (TE0). With increasing frequency, the cut-off frequency
for the second mode (m = 1) is reached at which point the waveguide structure will start to
support a second antisymmetric mode (TE1) and so on.

Note that each mode lies within a region defined by two lines with slopes of c/n1 and
c/n2, respectively, so that the phase velocity of any mode cannot be less than c/n1 or
greater than c/n2. The former value is approached if the mode is well-confined, that is
to say, when most of the field is traveling in the core layer (layer 2, which has refractive
index n2). The latter is approached as the mode tends towards cut-off, when most of the
field is traveling outside the guide (in a medium of index n1). Consequently, the effective
index of all guided modes must lie between n1 and n2. This relates to the previously put
forth statement in section 2.2 that the effective refractive index is some kind of weighted
average of the refractive indices in which the wave travels.

Since the phase velocity clearly depends on frequency (and also on the mode number),
the guide must be dispersive. For each mode the group velocity is given by equation 2.13:

vg =
∂ω

∂βm

In general, the group velocity will also depend on frequency and mode number ( ∂ω

∂βm
not

constant). This dependence is known as waveguide dispersion and is distinct from pre-
viously mentioned material dispersion (which is ignored in figure 2.6). Sometimes the
modal (m) and the frequency (ω) dependence of the waveguide dispersion are referred to
separately, as inter- and intra-modal dispersion, respectively. The former refers to the vari-
ation in group velocity between the different modes and the latter to changes in a particular
mode’s group velocity with frequency.

For single-mode symmetric waveguide structures, which is the main topic of this the-
sis, the frequency dependent material- and waveguide dispersion are the most important
ones. The material dispersion stems from a frequency dependence of the bulk material
permittivity and has its origin in atomic transitions or molecular vibrations. The waveg-
uide frequency dispersion is a purely due to geometrical effects, and is based on change in
the relative size of waveguide and wavelength. In channel waveguides, the bending radius
will introduce an additional dispersion component.

The dispersion frequency term can be expressed as a series expansion where the dis-
persion is written as a Taylor series around the operating frequency ω0 [12]:

β(ω) = β0 +
∂β

∂ω
(ω−ω0)+

1
2

∂2β

∂ω2 (ω−ω0)2 + ...

Usually when dealing with light in a narrow frequency interval, a first order expression is
sufficent. The zero-order term then describes a common phase shift β0 per unit length and
the first-order term describes the group delay (the inverse of the group velocity defined by
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equation 2.13) per unit length of waveguide of a propagating pulse.

It is often more convenient to express the dispersion in terms of wavelength rather than
frequency as:

β(λ)≈ β0 +
∂β

∂λ
(λ−λ0)

Calculating the first order term yields:

∂β

∂λ
=−β

λ
+

2π

λ

∂neff

∂λ
=− k

λ

(
neff−λ

∂neff

∂λ

)
=− k

λ
ng

which defines the effective group index, ng, which can be considered as a first order disper-
sion correction of neff.

β(λ)≈ β0−ng
k
λ

(λ−λ0)

2.3 Channel waveguides and waveguide devices

Instead of confining light in only one dimension, as was the case with previously described
slab waveguides, rectangular waveguides, often referred to as channel waveguides, con-
fine light in two dimensions meaning that the light will only be allowed to move freely
in one dimension. This opens up the possibility for making optical circuits, with bends,
splitters and other structures of various shapes and sizes. This property, together with the
invention and development of coherent light sources (lasers), has been the foundation for
a relatively new technological field known as integrated optics in which light is manipu-
lated to produce various desirable phenomena [13]. Application of integrated optical cir-
cuitries usually mean increased band-width and multiplexing capabilities, high resistance
to electromagnetic interference and low signal-loss transmission as compared to electronic
circuitry. Combination and integration of optical- and electrical integrated circuitries is
referred to as opto-electronic systems. As mentioned in the introduction, integrated op-
tical components have been very noticeable in the telecommunication industry and only
recently has their potential been realized and utilized in other fields such for sensing and
for medical diagnostics and therapies. This has made fields like nano-optics and biopho-
tonics one of the most rapidly growing fields in science today [14–16].

Since light traveling in channel waveguides is confined in two dimensions, the modes
will be designated with two modal numbers m and n and separate eigenvalue equations.
The resulting electric- and magnetic field solutions will thus be represented by TEnm
and TMnm, respectively. The method of obtaining the characteristic equations for a
two-dimensional system can be treated approximately by separation of variables and the
overall result will be rather similar to the one dimensional case. There are numerous
ways of treating rectangular waveguides, with the best method depending on the type of
structure and type of information needed for each case. A detailed treatments is outside
the scope of this thesis, so these methods will not be out-listed here and the reader is
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referred to the following works [7, 9, 11, 17]. Instead, the focus will be on different
types of integrated waveguide components that have been realized using the proposed
evanescent-wave platform.

Generally, integrated channel waveguides have a uniform cross-section and the waves
propagating through such structures can be treated in a similar manner to that of slab-
waveguides to yield modes that are either confined (bound) or radiative. The penetration
depth of the evanescent part of the guided mode will still be determined by the σ and ξ

given in equation 2.23. However, channel waveguides are of limited use if they can not be
bent. Bends in channel waveguides will induce radiative loss which is generally referred to
as bend-loss. Bend-loss can be visualized as continuous conversion of a guided light into
radiation modes. The amount that is lost depends on various factors, such as bend radius,
propagation constant and how well the light is confined.

2.3.1 Directional couplers
Directional couplers are commonly found in integrated, fiber and microwave optics. It is a
device that couples together two separate modes in order to work as a switch, beam/power
splitter, filter or polarizer. As described in the previous sections, a certain mode propa-
gating in a slab or channel waveguide will have an exponential tail extending out from the
guiding-layer into the cladding layers. If two channel waveguides, both capable of carrying
separate modes, are brought close enough together, the exponential tails of the two modes
will overlap and interact with each other. This situation is illustrated in figure 2.7. The
length over which the two modes interact is know as the interaction length. This length is
not strictly defined by the length of the straight sections since mode interaction or coupling
will take place already at the curved regions of the coupler. This implies that the interac-
tion length is a length that includes the entire mode-coupling effect in both the straight and
curved regions [18].

Because of the modal overlap it can be difficult to distinguish between the two waveg-
uide systems. One method for treating the system is by the use of perturbation theory, in
which case the electromagnetic fields of the coupled waveguide structure can be expressed
as a perturbed eigenmodes of the individual waveguides. Without going into details, it can
be shown that for a system with two identical symmetric single mode waveguides (same
refractive indices and dimensions), the individual mode amplitudes, A1 and B1 (see figure
2.7), will in fact be coupled together through the following simple coupled-mode equa-
tions: [7]:

dA1

dz
+ iκB1e−i∆βz = 0 (2.30)

dB1

dz
+ iκA1ei∆βz = 0 (2.31)
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Figure 2.7. Directional coupler. Light is coupled in at one waveguide (A0). Depending on the
length of the coupling region, the output will either be in the same waveguide as the light started
(A1), in the other waveguide (B1) or divided between the two guides. The length at which a mode
is totally coupled from one waveguide to the other is known as the coupling length (L). The lower
part of the figure shows the normalized power distribution of the directional coupler as a function
of interaction length.

where ∆β = |βA−βB| and βA and βB are the propagation constants for the two waveguides
respectively3. For the case of codirectional couplers with identical channel waveguide
sections ∆β will be equal to zero. The quantity κ is known as the coupling coefficient and
is defined as:

κ =
k2

0
2β0

〈(n2
T −n2

2)EB1 ,EA1〉
〈EA1 ,EA1〉

(2.32)

where nT (x,y) is the refractive index distribution for the complete coupler, 〈(n2
T−n2

2)EB1 ,EA1〉
is the overlap-coupling term and 〈EA1 ,EA1〉 is a self-overlap coupling term. The expres-
sion for coupling constant is relatively complicated. However, by noting that the first term,
k2

0/2β0, which depends mainly on the optical wavelength, will be constant and that the
term, 〈EA1 ,EA1〉, is a normalisation factor, the salient features will all contained in the
term, 〈(n2

T − n2
2)EB1 ,EA1〉. This is, in effect, an overlap integral between ∆εr2 (the per-

mittivity experienced by guide A due to guide B) and the electric fields EA1 and EB1 . The
coupling usually occurs over a short distance and over that short distance the difference
in the propagations constants for the two different waveguides can be assumed to be ne-
glectable. Hence the following simplification can be made for small interaction distances:
β0 ≈ βA ≈ βB. For a more detailed description on the coupling coefficient, the reader is
referred to literature on the subject [7, 9, 11].

3This form of the coupled-mode equation is only valid when the coupling is sufficiently weak to be consid-
ered perturbative.
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Essentially, the coupling equations state that changes in the amplitude of the mode in
guide A are linked to the amplitude of the mode in guide B through the coupling coefficient
κ, and vice-versa. The equations can be solved to yield the following expressions for the
two modal amplitudes [7, 19]:

A1(z) =
{

A0

[
cos(qz)+ i

∆β

2q
sin(qz)

]
− iB0

κ

q
sin(qz)

}
e−i∆β/2z (2.33)

B1(z) =
{
−iA0

κ

q
sin(qz)+B0

[
cos(qz)− i

∆β

2q
sin(qz)

]}
ei∆β/2z (2.34)

where:

q =

√
κ2 +

(
∆β

2

)2

Assuming that light is only coupled into one guide at z = 0 (B0 = 0) and that ∆β ≈ 0,
Poynting´s theorem can be applied to evaluate how the power in each of the guides behaves
with distance z. Doing so, the following expression for the optical power flow in the z-
direction is obtained [7]:

PA1(z) = A1A∗1 = A2
0 cos2(κz) (2.35)

PB1(z) = B1B∗1 = B2
0 sin2(κz) (2.36)

The functions PA1 and PB1 are plotted in the lower part of figure 2.7 and show that the power
distribution oscillates between the two waveguides as a function of the interaction length
z. At z = Lc, known as the coupling length, all the power from guide A will be transferred
to guide B. Through equations 2.35 and 2.36, the coupling length can be obtained in the
following manner:

Lc =
π

2κ
(2.37)

This power transfer between the two waveguides structures will happen periodically when
the condition κz = pπ/2, for p = 1,2,3, ... is satisfied. If the two waveguides being cou-
pled together do not have the same propagation constant then 100% power transfer is not
possible and the following expression for the coupling length is obtained:

Lc =
π

2

√
κ2 +

(
∆β

2

)2

An alternative way of describing the directional couplers can be carried out by treating
the interaction region of the structure as a single five-layer system. Such an approach is
referred to as the mode-interference model. Besides giving a good intuitive view on how
the system works, the modal interference approach is also more precise compared to the
perturbation theory in the case of strong coupling. In the mode-interference approach the
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Figure 2.8. Directional coupler viewed in terms of modal interference. The input signal coming
from the upper waveguide structure can be described as a superposition of the first even mode
(solid line) and odd mode (dotted line) of a five layer slab waveguide system. These two modes
propagate with different speeds though the structure and over one coupling length, the odd mode
has traveled half a wavelength less than the even mode. This results in the superposition of the
modes that represents a single output signal in the lower waveguide.

eigenmode of the input signal (three layered structure) is approximated by superposition
or interference of the odd- and even modes of the five-layer system it is entering. The
situation of figure 2.7, where light is coupled in at A0, can for example be treated as the
superposition of a odd- and even mode of the five-layered system. However, the two modes
will have different phase velocities as they propagate through the five-layered structure.
After propagating a distance corresponding to one coupling length (z = Lc), the odd mode
will be 180 ° out of phase with the even mode. This means that now the superposition of the
two modes will represent a mode corresponding to the single eigenmode of the lower, three
layered waveguide structure. This has thus resulted in the power being totally transferred
from the upper waveguide to the lower one (B1) as is illustrated in figure 2.8. For the five-
layered system the mode-coupling coefficient, κ, can be related to this difference in the
phase velocities between the two modes as:

κ =
π

2Lc
=

βe−βo

2
(2.38)

where βe and βo stand for the even- and odd-mode propagation constant for the five-layer
system.

As seen from the expressions for κ, given in equations 2.32 and 2.38, the coupling
constant depends on the wavelength of the in-coupled light through β0. This means that a
simple directional coupler can act as a wavelength filter, where only light with a specific
wavelength that corresponds to the coupling length of the directional coupler will be fully
coupled over to the other waveguide. This is demonstrated in [P3] where a simple direc-
tional coupler is used to successfully split a two-color input into separate waveguide arms.
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Figure 2.9. Mach-Zehnder interferometer. The light traveling though the lower arm experiences
a change in phase compared to the light in the upper arm. This phase shift can be introduced by
some kind of change in the local environment in the lower arm, such as change in temperature,
humidity, length etc.

2.3.2 Mach-Zehnder interferometer
The discovery of Lukosz and his colleagues in the 1980’s [20, 21] that waveguides with
high refractive index contrast alter their light-guiding characteristics upon changes in their
environment e.g. path lengths, ambient humidity, temperature etc., has provided the basis
for the extensive use of planar optical waveguides in chemical and biochemical optical
sensing [14]. An integrated Mach-Zehnder interferometer (MZI) is a device that utilizes
the interference that occurs when light from two different channel waveguides is joined
together. A schematic of a typical Mach-Zehnder interferometer is shown in figure 2.9.
An optical beam, Iin, is split into two equal parts, that travel through two distinct arms. If
the light traveling through one of the arms experiences a relative phase shift, either due to
longer travel distance or a change in local refractive index, the combined output intensity
Iout, will be modulated due to interference when light from the two arms is combined. If
the relative phase change difference between the two arms is ∆φ, then the output intensity
is given by:

Iout =
Iin

2
(1+M cos(∆φ)) (2.39)

where M is a modulation factor and:

∆φ =
2π

λ0
∆neffL (2.40)

where L is the length of the sensor area, λ0 is the wavelength and ∆neff is the change
in the effective refractive index produced by the variation in the properties of the outer
medium. The factor M gives the contrast of the interference signal (difference between the
maximum and minimum intensity) and depends on the coupling factor of the divisor and
on the propagation losses of the guided mode in the interferometer arms [22].

It is easy to see how such a configuration can be used to realize both optical switches
as well as a sensing device that detects changes in the local refractive index. This sensing
principle can be exploited as a tool for monitoring the adsorption/binding of chemical or
biological molecules to the surface. When used as a switch, a phase shift of ∆φ = π is
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Figure 2.10. Simple optical ring resonator. The dotted waveguide structure indicates that for
a ring with relatively large diameter, the coupling region of the ring resonator to the straight
waveguide can be viewed as a special case of a directional coupler.

introduced in one of the arms, e.g. by thermal heating, which results in the output signal
being extinguished. A common type of MZI based switch consists of a thin metallic film
heater deposited on a the cladding material covering one of the interferometer arms, as
illustrated in figure 2.9. A switch should ideally have a fast response time (switching time)
and low operating power (heating).

2.3.3 Ring-resonators
Optical micro-ring resonators (RR) are versatile wavelength-selective devices that can be
used as sensors, switches or filters. A ring resonator consist of a waveguide in a closed loop
coupled to one or more input/output waveguides. Light, of the appropriate wavelength, can
be coupled into the loop from a straight input section lying adjacent to the loop. The light
in the loop then builds up in intensity over multiple round-trips due to constructive inter-
ference. The light can also be coupled out of the loop by another waveguide. Generally,
the phase velocity of the light in the RR, will not be the same as for the light in the straight
section. However, as was discussed for the directional couplers, given that the coupling
section between the RR and the straight section is relatively small, it may be assumed that
over the coupling section, βA = βB = β0 and thus the coupling constant will be identical for
both the ring- and the straight section. Strictly speaking, equations 2.33 and 2.34 should be
solved using ∆β 6= 0 in order to obtain the full expressions for A1 and B1 of a RR. However,
for simplicity, the RR resonator can be treated here as a special case of a directional cou-
pler and the system may be described using equations 2.33 and 2.34 setting ∆β = 0. The
situation is illustrated in figure 2.10. The main difference here is that for the directional
couplers it was assumed that light was only coupled in through one guide (A0), while for
the ring resonator this will not be the case and hence B0 6= 0. It can also be seen that in fact,
the input light (B0) will be a function of the output light B1 meaning that the input wave
can be expressed as a normal plane wave whose amplitude will depend on the output:

B0(L) = B1e−ρLe−iβL
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Figure 2.11. The transmitted power Pt(φ) (blue) and the circulating power Pc(φ) (red) as a func-
tion of φ (βL) for a ring-resonator configuration.

where ρ is a attenuation constant experienced by the light in the ring resonator and L is the
circumference of the ring resonator. By introducing the following parameters:

x = e−ρL

y = cos(κz)
φ = βL

where z is the now the effective coupling length, the following formulas for the transmit-
tance intensity (Pt(φ)) and the intensity in the ring resonator (Pc(φ)) can be obtained [23]:

Pt(φ) =
∣∣∣∣A1

A0

∣∣∣∣2 = 1− (1− x2)(1− y2)
(1− xy)2 +4xysin(φ/2)2

Pc(φ) =
∣∣∣∣B1

B0

∣∣∣∣2 =
x2(1− y2)

(1− x2y2)2 +4x2y2 sin(φ/2)2

Figure 2.11 shows the transmission- and circulating power characteristics of the ring res-
onator as a function of φ according to the equations above. Intensity-dips are observed in
the transmission spectrum at regular intervals corresponding to the wavelength that the RR
supports. In the case where there is no attenuation in the ring section (ρ = 0) and if the
light is not otherwise coupled out of it, there will be no dips forming in the transmission
spectrum (x = 1). However, in the case the resonated light is coupled out or in the case
where attenuation takes place (x 6= 1), dips will form in the transmission spectrum. These
dips occur at the resonance condition for the intensity which is given by: βL = 2mπ and
the resonance spacings in terms of frequency and wavelength will thus be given by:

∆ω =
2πc
ngL
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∆λ≈ 2π

L

(
∂β

∂λ

)−1

=− λ2

ngL
(2.41)

where ng is effective group index defined in section 2.2.2. The frequency spacing of the
two resonance peaks is called free spectral range (FSR). The full-width-half-maximum of
the resonance peaks and the finesse, F , of the resonator, are given by:

δφ =
2(1− xy)
√

xy
(2.42)

F =
2π

δφ
=

π
√

xy
(1− xy)

(2.43)

The maximum and minimum transmittance are obtained at these resonances and are given
by:

Tmax =
(x+ y)2

(1+ xy)2 (2.44)

Tmin =
(x− y)2

(1− xy)2 (2.45)

So in order to maximize Tmax and simultaneously minimize Tmin, x and y should be as
close to unity as possible. That corresponds to having little loss (α≈ 0) and good coupling
between the ring resonator and the straight waveguide cos(κz)≈ 1. It can also be seen that
Tmin becomes zero when the following condition is satisfied:

x = y
cosκz = e−ρL ⇔

The quality factor, Q, of a resonator is given by the ratio of the wavelength and the reso-
nance width:

Q =
λ

δλ
=

ngL
λ

F

By changing the length of the RR, L, different resonance conditions will be fulfilled, mean-
ing that different wavelengths will be supported by the ring. In this way the ring resonator
can act as a spectral filter. By observing and measuring the shift in resonance dips (φ),
the ring resonator configuration can be used as a sensor that monitors changes in the lo-
cal environment of the ring itself. An excellent reading on the use of ring-resonators as
biosensors, their limitations and strengths, can be found in reference [24].

2.4 Coupling

Unless a light source is somehow integrated into the waveguide structure e.g. built-in lasers,
organic light emitting diodes or fluorescent dyes, the light in the waveguide will need to be
introduced by an external light source. In this section, three important techniques for cou-
pling light into planar or channel waveguides will be briefly described. These techniques
are prism coupling, grating coupling and finally end-fire coupling, which is the method
used exclusively for the evanescent wave platform discussed in this thesis.
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Figure 2.12. In-coupling of light into a slab-waveguide using the Kretschmann configuration. In
a prism coupler, the incoming laser beam is totally reflected at the interface between the prism
and the upper cladding layer. The light is then coupled into the waveguide through the evanescent
field [25].

2.4.1 Prism coupling
In order to couple light of wavelength λ0 into a slab- or channel waveguide the basic
requirement is that the z-component of the wave-vector of the in-coupled light kz has to
match that of the mode supported by the waveguide, βm. Assuming we excite using a
plane wave of the type given in equation 2.8, this will mean that the following condition
has to be met [25]:

βm = k0neff = kz (2.46)

where kz stands for the z-component of the wave-vector of the incoming light. If the in-
coming light is incident at the surface at an angle θ0 to the normal-axis in a medium with
refractive index nin, then kz = 2π/λ0nin sinθ0 = k0nin sinθ0. Since coupling is normally
carried out in air, implying that nin ≈ 1, then in order for relation 2.46 to be satisfied,
sinθ0 > 1, which is physically impossible.

A way around this is to introduce a prism, as is shown in figure 2.12, which has a
refractive index, nin greater than both the upper cladding layer and the core layer. The
upper cladding layer thickness should also not be too big. The incoming angle is adjusted
until the condition 2.46 is met, at which point the light will be coupled into the waveguide
(resonance condition). This arrangement of coupling light into slab- or linear waveguides
is know as the Kretschmann configuration and is widely used in surface plasmon reso-
nance (SPR) measurements. Even though coupling with a prism is usually quite efficient,
the distance from the prism to the guide must be precisely maintained to get maximum
coupling, so coupling can be degraded by small mechanical or thermal (environmental)
perturbations [17].
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2.4.2 Grating coupling
Deflection of light using a prism, as previously described, is a form of refraction. In that
case the direction of the wavevector of the incoming light is changed in order to fulfill
equation 2.46. However, changing of wavevector is also possible though diffraction by
gratings. Gratings are periodic structures that act as semi-infinite arrays of point scatterers
that split the incoming wave in to number of discrete plane-waves that move out from the
point of scattering in different directions. The form of the light diffracted by a grating
depends on the structure of the grating elements and the number of elements present, but
all periodic gratings have intensity maxima at angles θν which are given by the grating
equation [25]:

ns sinθν = ni sinθi +
νλ0

∆
. (2.47)

where θi is the angle of incidence, ∆ is the separation of grating elements, ni and ns are
the refractive indices of the medium in which the wave is incident and scattered, respec-
tively, and ν is an integer which can be positive or negative. Beside defining a discrete set
of angles θν where constructive interference occurs, this equation also implies that as the
diffraction spacing (∆) decreases, the more separated the diffraction orders (ν) will be.

Equation 2.47 can be rearranged and interpreted geometrically using a phase-matching
diagram.

nsk0 sinθν = nik0 sinθ0 +νK
ksz = kiz +νK

⇔ (2.48)

This form of the equation can sometimes be useful to predict the directions of diffraction
orders geometrically and can be visualized in the following manner: The first term corre-
sponds to the z-components of the wave vector for the outgoing diffracted wave, kν. The
second term corresponds to the z component of the original incident wave vector ki and
the third term can be interpreted as a vector component provided by the grating, with a
magnitude νλ0/∆, in accordance with the order of the diffraction m. For this reason, this
component is related to a grating vector, defined by |K|= K = 2π/∆. Note that the grating
vector is in the plane of the film and normal to the corrugated lines forming the grating
structure.

An example of a grating coupler is given in figure 2.13. Here a plane input beam of
a specific wavelength, is incident from air on a corrugated grating, fabricated on a pla-
nar waveguide. Excitation light with a specific wavelength is incident on the grating at a
specific angle θ0. In order for the light to be effectively coupled into the waveguide, the
z-component of the outgoing diffracted wave (first term in equation 2.48) needs to be equal
to a bound eigenmode β of the waveguide structure. This implies that for a grating coupler
to work, the following must apply:

βm = k0ni sinθ0 +νK

In-oupling of light into waveguides using gratings is cases beneficial over other types of
in-coupling. It can, for example, sometimes be difficult to find suitable prism when the
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Figure 2.13. In-coupling of light into a slab-waveguide using surface grating configuration.

refractive indices of the waveguide structure are high, as is often the case for semiconduc-
tor waveguides, making in-coupling using a prism difficult or impossible. With current
advances in nano-fabrication procedures, gratings can also be quite precisely manufac-
tured using high standard photo- or e-beam lithography or nano-imprint techniques. Even
though this configuration has the advantage that the coupling is fully integrated into the
waveguide structure, grating couplers are seldom very efficient and small variations in the
grating structure and shape can result in large coupling losses [17, 25].

2.4.3 End-fire coupling
End-fire coupling through the end-facet of a planar waveguide is simpler than the previ-
ously described methods in the sense that in this case the wave vector matching of the
excitation light and the guided light is already fulfilled. The efficiency of the coupling is
based on the modal overlap of the in-coupling waveguide, which is usually an optical fiber,
and the waveguide into which the light is to be coupled. The efficiency also depends on
reflection from the fiber/sample facet, the alignment accuracy, end-facet quality and other
factors such as the medium, if any, between the two guides4. The treatment of the coupling
depends very much on whether the guides are single-mode or multi-mode. For the pro-
posed evanescent-wave platform, a single mode input fiber is used as an excitation source
and the platform sustains only a single mode in the out-of plane direction. The situation
can be visualized as is shown in figure 2.14. In order to ensure high efficiency coupling,
the input mode of the fiber should spatially overlap the mode profile of the waveguide as
closely as possible. The difference between the two mode shapes results in excitation of
radiation modes. Assuming a single interface, there will be four fields involved in the cou-
pling process; the transmitted propagating and leaky fields and the reflected incident and
leaky fields. The fields can then be treated by ensuring the continuity of tangential electric-
and magnetic field components over the waveguides interface to reveal the reflection- and
transmission coefficients for the incident mode [17]. A direct formulation of such a system

4In the literature, end-fire coupling is often referred to coupling between waveguides that are separated either
by a focusing lens or air. Direct coupling, were the waveguides actually touch, is referred to as butt-coupling
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Figure 2.14. In-coupling of light into a slab-waveguide using end-fire configuration. The input
mode usually has a different spatial profile compared to the guided mode of the waveguide it is
meant to excite. The overlap of the two determines the efficiency of the coupling.

of fields will not lead to any solvable system of equations. However, by assuming that no,
or very little, power will be carried away by the leaky modes, the fields corresponding to
the leaky modes can be neglected. This simplification is valid as long as the input field and
the waveguide mode are not too dissimilar.

If we let neff1 and neff2 represent the effective refractive indices experienced by the
modes of the two adjacent waveguides (input and waveguide) respectively, then the reflec-
tion, R, for a mode coupling will be given by:

R =
∣∣∣∣neff1 −neff2

neff1 +neff2

∣∣∣∣2
while the transmission, T , will be given by:

T =
4neff1neff2

(neff1 +neff2)2
[
R

EiE∗t dA]2

[
R
|Ei|2 dA] [

R
|Et |2 dA]

(2.49)

where Ei and Et are the input and waveguide field amplitudes respectively. The convo-
lution integrals appearing in the expressions for the transmission coefficient represent the
overlap of the two modes. It is important to realize that when there is not a complete over-
lap between the two modes, R + T 6= 1, which will be the situation is most cases and part
of the incident power will be transferred into leaky modes.

End-fire coupling can be quite efficient, but the alignment tolerance and the space
needed for such configuration can be a problem in some applications. Another benefit of
end-fire coupling is that the alignment is independent of the wavelength of the in-coupled
light. This means that once the setup is aligned, excitation with different wavelengths
can be carried out without realignment. This is a benefit for multi-wavelength excitations,
where the same in-coupling fiber can be used to couple in light of different wavelengths
simultaneously, e.g. to excite different (fluorescent) particles.



Chapter 3

Properties of a symmetric evanescent-wave
platform

The key concepts of the symmetric evanescent-wave platform are the symmetry of the
waveguide structure and the evanescent part of the guided mode traveling through it. As
outlined in the section 2.2, a guided mode traveling in a one- or two dimensional waveguide
structure will have an evanescent tail reaching out on either side of the core layer and into
the cladding material. In the case of a slab waveguide, this tail is characterized by the
exponential parts σ and ξ given in equation 2.23. The penetration depth, dp, of the tail into
the cladding materials is defined as the point where the electric-, or magnetic fields has
dropped to 1/e of its value at the core-cladding layer interface. Or equivalently, where the
intensity of the field has dropped to 1/e2 of its maximum intensity.

dp =
1
σ

=
1

k0

√
n2

eff−n2
1

=
λ0

2π

√
n2

eff−n2
1

(3.1)

From this we see that the penetration depth of the field will be a function of the excitation
wavelength (λ0) as well as neff, which again depends on the refractive indices of the three
layers, the excitation wavelength, its polarization and the core layer thickness (a), as stated
in eigenvalue expressions 2.24and 2.26. For typical wavelength and effective refractive
index values, the penetration depth of the evanescent field will be of the order of 100-200
nm for a single mode guide. This short penetration depth is the key issue and forms the
basis for many evanescent-wave excitation- and sensing devices.

The symmetry of the structure has some important implications. Let´s imagine that
one has a asymmetric slab waveguide that produces an evanescent tail that is to be utilized
for sensing. Since the penetration depth needs to be well defined, the structure has to en-
sure that only the fundamental mode is supported for a given polarization (single mode).
As discussed in section 2.2.2, for both asymmetric and symmetric waveguides there is
an upper-limit to the core layer thickness before the guide starts to support higher order
modes. This thickness can be determined using equation 2.28. However, for asymmetric

35
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Figure 3.1. a) Effective refractive index as a function of core layer thickness for 633 nm light.
The blue line is for a asymmetric slab waveguide composed of layers with n1 = 1.33, n2 = 1.59
and n3 = 1.517. There is a cut-off thickness indicated by a dotted blue line (d ≈ 250 nm) below
which no mode is supported by the structure. The red line is for a symmetric guide with refractive
indices n1 = n3 = 1.33 and n2 = 1.59. There is no cut-off thickness for the symmetric mode. The
red dotted line indicates the thickness where higher order modes will start be supported. b) The
corresponding penetration depth as a function of core layer thickness for the two configurations.

guides only, the equation will also determine a certain cut-off thickness below which no
mode will be sustained. Such a lower cut-off thickness does not exist for the fundamental
mode of a symmetric waveguide, as was explained in section 2.2.2.

Figure 3.1(a) shows the calculated effective index value for a 633 nm light as a func-
tion of guiding layer thickness (2a) for asymmetric glass substrate and symmetric index
matched slab waveguides. The symmetric waveguide has no lower cut-off thickness for
the T E0 mode, but already at thickness around 350 nm the T E1 has its cut-off thickness,
at which point the symmetric waveguide will no longer be single mode. The asymmetric
structure has a cut-off thickness around 250 nm for the T E0 mode and around 870 nm for
the T E1 mode. Another noticeable feature of the symmetric configuration is the higher sen-
sitivity of the effective refractive index to changes in core layer thickness as compared to
the asymmetric structure. Figure 3.1(b) shows the corresponding penetration depth of the
fundamental modes as a function of core layer thickness for the two waveguide configura-
tions. As can be clearly seen, there is a substantial difference in the obtainable penetration
depth. For 633 nm light, the asymmetric waveguide has a penetration depth ranging from
120 to 140 nm while the symmetric guide has larger range, spanning from around 145 nm
and up and well into the micron range. This wide span of available penetration depth for
symmetric waveguides can in some cases be of benefit.

As explained in section 2.4.3, the in-coupling efficiency for an end-fire coupling of
light into a waveguide structure depends on the overlap between the input mode and the
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waveguide mode as was indicated in equation 2.49. Hence, the more similar these two
modes are the higher the coupling efficiency. A single mode optical fiber has a symmet-
ric mode which means that an end-fire coupling into a symmetric waveguide can be made
quite efficient.

The chapter will now be divided into two sections, the first is involved with the sens-
ing part of the evanescent-wave devices and the second with the fluorescence excita-
tion/detection part, which is the main focus of this thesis.

3.1 Evanescent-wave sensing and devices

Devices utilizing evanescent-waves are steadily becoming more standard, especially within
the field of biosensing where strong focus has been on detection of substances in low con-
centrations and in small volumes [26]. Biosensing is essentially about selectively detecting
biological species, electrically, optically, chemically or mechanically, with sizes ranging
from nanometers to micrometers [27]. This includes sensing of DNA, proteins, lipid bi-
layers, viruses, bacteria and larger biological substances such as individual cells or larger
cell structures [28–30]. Biosensing also includes studies on the interaction of biological
objects with surface or other analytes. Biosensors thus find a wide range of applications
within clinical diagnostics, drug development, environmental monitoring, food quality in-
vestigations and in basic research.

The surface selectivity of evanescent-wave devices can been exploited in number of
ways to realize various types of devices. These include resonant mirrors, interferometers,
surface plasmon resonance sensors (SPR) and fiber optic and planar array fluorescence sen-
sors [26, 31]. Evanescent-wave devices which are based on slab waveguide structure are
typically used either as refractometers or for local optical excitation. In the former case, the
device senses changes in the refractive index of the upper cladding layer, due to changes
in external conditions, such as humidity, temperature, chemical binding to core layer etc.
Examples of such devices include the previously described Mach-Zehnder interferometer
shown in figure 2.9 and conventional surface plasmon resonance sensors. In the other case,
the evanescent field is used to locally excite, for example fluorophores or other particles
within reach of the evanescent field (within the penetration depth). Examples of devices
that exploit this property are Zeptosens microarray readers and fluorescence microscopy
based on evanescent-field excitation, which will be described in the next section.

3.1.1 Symmetric waveguide as a sensor
The sensitivity of an evanescent-wave waveguide sensor that monitors changes in refractive
index is dependent on the confinement of the guided mode. Optimal sensitivity is obtained
for modes that are symmetric and have a large penetration depth, [32]. As was seen in fig-
ure 3.1(b), large penetration depths can be achieved using the symmetric configuration but
they can also be achieve using so called reverse symmetry waveguides, in which case the
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refractive index of the upper cladding layer, which forms the sensing layer, is larger than
that of the lower cladding layer (substrate layer). In this case the waveguide mode is still
asymmetric, with most of the guided mode in the upper cladding layer instead of the lower
layer. The benefit of such a device is the increased penetration depth of the evanescent field
which makes it more sensitive to refractive index changes in the cover layer and is thus well
suited for studies where large penetration depths are needed. Waveguide devices with large
penetration depths have already proved their worth in many applications [30, 33–38].

The evanescent field in a waveguide is sensitive to changes in the upper cover medium
(n1), due to temperature changes, solvent mixing, etc. and due to absorbance of molecules
on the waveguide interface itself, forming a thin adlayer of specific refractive index (nad)
and thickness dad. This is the basic sensing principle of many waveguide sensors. Various
types of designs exist that aim to improve and optimize the sensitivity of the sensor for
a given application as well as the in- and out-coupling of light. As mentioned before
interferometers can directly sense changes in the effective refractive index. Such changes
in neff can be expressed as [39]:

∆neff =
(

∂neff

∂dad

)
∆dad +

(
∂neff

∂n1

)
∆n1 (3.2)

The terms in the equation above can be derived separately, with the first term usually
expressed in the form [39]:

∂neff

∂n1
=
(

n1

neff

)(
n2

2−n2
eff

n2
2−n2

1

)(
dp

deff

)[
2

neff

n1
−1
]ρ

(3.3)

where deff is the effective waveguide thickness which is composed of the waveguide thick-
ness, 2a, and penetration depth of the evanescent fields into the adjacent media. For a
symmetric waveguide deff = 2a + 2dp. ρ = 0 for TE modes and ρ = 1 for TM modes.
A similar equation is obtained for refractive-index changes due to an adlayer of thickness
dad� λ [39]:

∂neff

∂dad
=
(

n2
2−n2

eff
neff deff

)(
n2

ad−n2
1

n2
2−n2

1

)[
(neff/n1)2 +(neff/nad)2−1
(neff/n1)2 +(neff/n2)2−1

]ρ

(3.4)

Equations 3.3 and 3.4 can be used together with equation 3.2 to predict the sensitivity for
a given waveguide geometry and refractive indices. It can also be used for predicting the
effect of core layer thickness on sensitivity by simply setting nad = n1.

The equations imply that high sensitivities are reached for single mode waveguides
with high refractive index contrast and thin core layer. The sensitivity is slightly better for
TM modes compared to TE modes.
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3.2 Fluorescence excitation and fluorescence microscopy

Luminescence denotes emission of light from any substance due to relaxation of electroni-
cally excited states. It is formally divided into fluorescence and phosphorescence, depend-
ing on the nature the excited state from which the light originates. Fluorescence is the
return of an excited singlet state electron directly down to its ground level. The emission
rate of fluorescence is characterized by a lifetime, τ, that is typically in the range 10−9 sec.
Phosphorescence is the emission of light from a triplet excitation states, where the relax-
ation has to go trough an extra state before returning to the ground state. Typical lifetimes
in phosphorescence are in the order of milliseconds and seconds but can also reach several
hours [40]. There is also a third way for the excited electrons to reach their ground level
by means of a non-radiative relaxation, which as the name suggest, does not result in light
being generated.

A fluorophore is a fluorescent molecule which is characterized by its fluorescence life-
time (τ) and quantum yield (Q). The lifetime describes the average time the fluorophore
stays in its excited state before fluorescing and returning to the ground state while the
quantum yield describes the number of emitted photons relative to the number of absorbed
photons. For emissive rates, Γ, and non-ratiative decay rates, knr, the quantum yield and
lifetime of a fluorophore are expressed by:

Q =
Γ

Γ+ knr
(3.5)

and
τ =

1
Γ+ knr

(3.6)

respectively. In traditional fluorescence experiments, changes in quantum yield and life-
time can occur due to changes in the non-radiative decay rates knr which result e.g. from
changes in the fluorophore environment, quenching or Förster resonant energy transfer
(FRET) [41].

Fluorescence quenching is a denominator for a variety of processes where the inten-
sity of the fluorescence signal decreases though different mechanisms [40]. Collisional
quenching occurs when the excited state fluorophore is deactivated upon contact with some
other molecule (quencher), resulting in a non-radiative transfer of the fluorophore to the
ground state. Quenching can also be static, in which case a molecule (the quencher) and
a fluorophore in its ground state form a non-fluorescent complex. In both these cases
the molecules and fluorophores are not chemically altered in the process, which distin-
guishes them from photo-bleaching in which case a photodynamic interaction between a
fluorophore and another molecule involving a promotion of the fluorescent molecule from
a singlet ground state to a relatively long-lived triplet excited-state by a process termed
intersystem crossing. Once in this exited state, the fluorophore becomes more chemically
reactive and may participate in chemically irreversible reactions including decomposition,
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Figure 3.2. a) A simple Jablonski diagram explaining the quantum yield and lifetime concepts of
a fluorescence process. b) An absorption- and emission spectra for fluorescent molecules in water
(orange FluoSpheres® from Invitrogen). The image is obtained from Invitrogen’s homepage.

polymerization, oxidation (primarily by singlet oxygen) or reaction with another mole-
cule [40, 42]. Upon bleaching the chemical state of the compound changes and often re-
sults in a toxic product (phototoxicity), which should be avoided especially in live-cell
microscopy. Fluorescent dyes are differently susceptible to photobleaching and in some
instances, the specimen may recover from the effects of photobleaching, particularly if it
is kept cool and in a dark environment. The amount of photobleaching is most easily re-
duced by reducing the exposure of the fluorescent molecules to intense illumination and
improving detection sensitivity instead [40].

Figure 3.2(a) shows a simplified Jablonski diagram for a fluorescent process. A mole-
cule absorbs light at a particular wavelength (absorption or excitation wavelength) and is
transfered to an excited state where it dwells for a short time before returning back to
the ground state either by emitting light at a different and longer wavelength (emission or
fluorescence wavelength) or though non-radiative processes indicated by kre in the figure
(quenching, bleaching, etc.). In reality, however, fluorescent molecules have a broad spec-
trum of absorption and emission wavelengths as is shown in figure 3.2(b).

The fluorescence property can be found in naturally occurring minerals (see figure
3.3(a)) but for scientific purposes, such as in fluorescence microscopy (FM), specially de-
signed fluorescent dyes, called fluorophores, are used to visualize particular components
of complex biomolecular assemblies such as cellular components, individual molecules or
proteins within a cell (see figure 3.3(b)).
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(a) (b)

Figure 3.3. a) Naturally found fluorescent minerals emitting fluorescence light when exposed to
ultra-violet excitation light. b) Fluorescent dies fabricated for use in fluorescence spectroscopy.

In biology and related fields, fluorescence is by far the most frequently used detection
method. It can be used in various ways and information can be obtained from fluorescence
intensity, decay time, anisotropy, quenching efficiency, luminescence energy transfer and
so on [43]. In fluorescence microscopy, a cell is stained with fluorescent molecules (see fig-
ure 3.3(b)) and then illuminated with light at the absorbing wavelength. The light emitted
from the fluorescent molecules can then be viewed (usually through a filter blocking the
excitation light) using an eyepiece or with a camera attached to the microscope. Observed
light indicates the presence and the location of the cellular components that are labelled
with the fluorescent molecules. The technique is for example used to monitor cellular in-
tegrity, endocytosis, exocytosis, membrane fluidity, protein trafficking, signal transduction
and enzymatic activity. Today, translocations of fluorescent molecules in the cell are stud-
ied in cellular assays in the pharmaceutical industry and the outer membrane regions of
mammalian cells are often the main focus because the main part of drug targets is present
in this region.

Most fluorescence microscopes are designed using epi-illumination. Figure 3.4(a)
shows a typical setup for epi-illumination fluorescence excitation in which light passes
through an objective lens and illuminates a fluorescent dye. Light emitted from the dye is
often collected by the same objective lens. When this illumination method is used, investi-
gations are sometimes hampered by secondary fluorescence from out-of-focus ares within
the illuminated volume (background fluorescence), making it difficult or impossible to ex-
tract detailed information.

A wide variety of specialized fluorescence techniques exist that enhance the specific
features or events of interest. These include confocal laser scanning microscopy, two-
photon absorption, resonance energy transfer and total internal reflection fluorescence
microscopy (TIR-FM) [44–47]. TIR-FM is a common and well established evanescent-
wave technique that relies on total internal reflection to generate an evanescent field at the



42 CHAPTER 3. PROPERTIES OF A SYMMETRIC EVANESCENT-WAVE PLATFORM

(a) (b)

Figure 3.4. a) A typical setup for epi-fluorescence microcopy. Excitation light (green) is is fo-
cused on the sample surface and the emitted light (red) is collected either though the same lens or
through an adjacent lens. b) TIR-FM setup by use of a high-aperture objective. By adjusting the
laser excitation incidence angle to a value greater than the critical angle, the illuminating beam is
entirely reflected back into the microscope slide upon encountering the interface, and an evanes-
cent excitation light is generated in the sample-substrate interface. The evanescent excitation light
interacts with fluorophores and fluorescence light is created which is then observed either through
the same lens or an adjacent one.

sample-substrate interface. Figure 3.4(b) outlines the basic setup for TIR-FM. The exci-
tation light is usually incident on the sample from a substrate with higher refractive index
(e.g. a thin glass slide) under an angle large enough for it to undergo total internal reflec-
tion at the substrate-sample interface. For the light to undergo total internal reflection the
light has to be coupled into the glass slide either by prism-coupling (see section 2.4) or by
use of high numerical aperture objective (see figure 3.4(b)), which offers greater flexibility
in specimen manipulation and measurement options than does the prism-based technique,
but the precise control of incident illumination angle is more difficult [42]. In TIR-FM,
fluorescence in the sample is only excited within the penetration depth of the exponentially
decaying evanescent field, which ensures good signal-to-background ratio but also, when
studying live cells, ensures longer lifetime for the cells since they are exposed to less light
in the evanescent field than in standard epi-illumination1.

Fluorescence excitation by an evanescent field can also be accomplished using the pre-
viously described planar waveguide structure, where the sample (typically in an aqueous
solution) forms one of the waveguide cladding layers. Fluorescence microscopy based on
this type of excitation has been referred to as waveguide-exited fluorescence microscopy
(WExFM) [31]. The penetration depth of the evanescent field into the sample in this case
is defined by the relationship between the refractive index of the sample, substrate and

1The local light intensity at the surface is probably similar but only a small part of the cell is exposed
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waveguide materials, as well as the thickness of the waveguide layer. The use of asym-
metric planar waveguide structures for fluorescence excitation and microscopy has been
previously reported in the literature [31] and the reverse symmetry waveguides, described
earlier have been used to monitor cell attachment and spreading [29, 34], but not in fluor-
escence imaging applications.

3.2.1 Symmetric waveguide excitation (SWEx)
In order to realize a symmetric waveguide structure, the refractive index of the upper
cladding layer must match that of the lower cladding layer. Since the upper cladding layer,
where the sensing or excitation occurs, is usually composed of solutions with n ≈ 1.33,
the lower cladding material must have the same index. There are not many optically trans-
parent materials that have refractive index close to that of water, but one of them is a
fluorinated polymer called Cytop® from AGC Chemicals, ASAHI Glass Co. Ltd.. Beside
having refractive index close to 1.34, Cytop has an excellent chemical stability towards
organic solvents, acids and alkalis [48] meaning that a large variety of optical polymers
can be spin coated directly on it without effecting its chemical or optical properties. It is
also highly optically transparent over a wide spectral range (200-1600 nm) [49] and it is
highly dissolvable in the proper solvents, making it ideal for thin film coating.

A symmetric waveguide structure can therefore be fabricated using Cytop as lower
cladding layer and using water or Cytop as upper cladding layer. For the described struc-
ture, wells were patterned into the upper Cytop cladding layer in which a water droplet
with a specimen was placed. This was done in order to avoid having liquid present in the
in-couping region. A high-index guiding layer is sandwiched between the two cladding
layers as shown in figure 3.5.

For the work presented here, the guiding layer was made of polymethyl methacrylate,
also known as PMMA or plexiglass. The choice of PMMA is mainly due to its suitably
high refractive index of 1.49, its optical transparency, low autofluorescence and last but not
least due to the fact that it is a well studied high resolution resist for electron-beam lithogra-
phy [50], making direct channel waveguide patterning possible. The low autofluorescence
of PMMA [51] makes it well-suited for applications involving fluorescence excitation and
detection. UV/ozone treatment can be used to increase the surface energy of PMMA and
hence its bonding to other polymeric materials, making it suitable for microfluidic appli-
cations [52, 53].

Excitation light can be efficiently coupled into the PMMA guiding layer using a stan-
dard optical fiber by end-fire coupling, eliminating the need for patterning of gratings and
use of angle-dependent coupling required for grating- or prism coupling geometries. The
excitation light travels through the structure, generating an evanescent wave at the core-
cladding boundary. Fluorophores located in the sensing well are excited and the resulting
fluorescence signal is then collected using either an inverted or upright optical microscope.
The fact that the guided mode can be efficiently excited directly from an optical fiber, using
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Substrate

Figure 3.5. Schematic of the symmetric waveguide structure (Cytop-PMMA-Cytop) used for
local excitation. A well is patterned into the upper Cytop cladding layer into which a droplet
containing the specimen of interest is placed. The appropriate excitation light is then coupled
in to the PMMA guiding layer using end-fire coupling, generating an evanescent field in the
waveguide-structure that interacts with particle within the penetration depth of the field. The
resulting emission is then collected by a conventional microscope objective (inverted or upright).

end-fire excitation, also implies that the sample can be excited with multiple wavelengths
through the same fiber. The planar waveguide platform, together with a fiber-coupled
light source, can therefore deliver TIR-FM performance on a standard (normal or inverted)
light microscope, delivering continuous illumination of high intensity confined to a sub-
micrometer penetration depth over macroscopic areas for low light level and/or high frame
rate imaging.

As mentioned earlier, one of many benefits of the symmetric configuration is the en-
hanced penetration depth of the evanescent field. Although large penetration depths can be
realized using reversed symmetry waveguides, there will eventually be a large difference
between the TE and TM modes in such structures. Figure 3.6(a) and 3.6(b) show the pene-
tration depths of TE0 and TM0 modes as a function of PMMA guiding layer thickness for
the symmetric waveguide structure kept at 20 and 37 °C respectively. The refractive indices
used were calculated using the thermo-optical coefficients given in references [54–57] and
are presented in table 3.1. A 1-D mode solver, was used to calculate the effective index
experienced by each mode and the final penetration depth, pd , was then evaluated using
equation 3.1.

It can be seen that the penetration depths of the TE0 and TM0 follow each other quite
closely, within few tens of nanometers, but there is an obvious difference between the
penetration depths depending on the two system temperatures. The difference is more
pronounced for longer wavelengths.
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Figure 3.6. Penetration depth of an evanescent field according to equation 3.1 for a waveguide
composed of a water-PMMA-Cytop slab structure at a) 37 °C and b) 20 °C.

Table 3.1. Refractive indices of water, PMMA and Cytop for different excitation wavelengths
used for calculations of penetration depths at 20 °C and 37 °C.

488 nm 546 nm 594 nm 633 nm

37 °C

nwater 1.33665 1.33409 1.33246 1.33142
nPMMA 1.50296 1.4995 1.4975 1.4962
nCytop 1.3424 1.3408 1.3398 1.3392

20 °C
nwater 1.33428 1.33172 1.33011 1.32906
nPMMA 1.5016 1.4976 1.4956 1.4943
nCytop 1.3424 1.3408 1.3398 1.3392

Since biological cells have refractive indices in the interval 1.34-1.58 [58–63] the pen-
etration depth may de different than that for water. Figure 3.7 shows a comparison between
the calculated penetration depth in a water-PMMA-Cytop and a Cell-PMMA-Cytop sys-
tems at 37 °C. Here a refractive index of 1.36 is used for the cell, which is typical for the
cell´s cytoplasm. The difference is greatest for higher wavelengths so only the 633 nm ex-
citation light is shown for clarity. Due to the asymmetric nature of this system, core layer
thicknesses below 150 nm are not practical since cut-off conditions will be reached.
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PMMA-Cytop and Cell-PMMA-Cytop at 37 °C for 633 nm excitation light.



Chapter 4

Characterization techniques

This chapter discusses various aspects of optical microscopy which is of central importance
for this Ph.D project. Also, it briefly covers electron microscopy and lithography which
was used during the fabrication process, for processing control and for characterization.

4.1 Optical microscopy

In order to detect small signals excited by the evanescent platform a standard optical (light)
microscope is used. For most of the studies presented here, an upright Zeiss Axiotech Vario
100 microscope was used, equipped with five objectives (5x, 10x, 20x, 50x and a 63x,
NA = 1.2 water immersion), various types of cut-off filters and a halogen lamp for general
sample inspection. The images are obtained using QuantEM:512SC electron-multiplying
CCD camera (Photometrics) which allows for low light intensity detection. It is not the
intention of this section to give a detailed description of types, function or operation of
microscopes in general but rather to explain the most important concepts relevant to the
work presented in this thesis. Olympus and Nikon have provided exceptionally good and
detailed descriptions of many aspects of optical microscopy and I refer to them for further
details [42, 64].

Resolution

When it comes to optical microscopes, the objectives are arguably the most important
items, since they determine the magnification, resolution, image aberration, depth of field,
etc. Objectives come in various types and qualities depending on the application they are
meant for. Generally a high resolution objective tries to collect as much light as possible
from the object being illuminated. However, since no objectives are capable of collecting
all of the light from the object, some light and thus information will be lost. Furthermore,
the quality of the objective (lenses, etc.) puts a limit on the resolution obtainable. The fun-
damental limit of the resolution of an imaging system is referred to as the diffraction limit.
Originally it was the German scientist Ernst Karl Abbe who first formulated the diffraction
limit, but today it is more commonly referred to as the Rayleigh criterion. When light from

47
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Intensity distribution

Figure 4.1. Airy pattern and their intensity distributions as a function of separation distance. The
figure explains the Rayleigh criterium and the diffraction limited resolution of objects viewed by
optical microscopes. Image is obtained from [42].

the various points of a specimen passes through the objective and is reconstituted as an im-
age, the various points of the specimen appear in the image as small patterns (not points)
known as Airy patterns. The area of central maximum of the Airy patterns is referred to
as an Airy disk. Figure 4.1 shows the intensity distribution from two point sources being
represented by Airy patterns. As the objects come closer together, they become more dif-
ficult to distinguish. According to Rayleigh’s definition, the smallest resolvable distance
between two objects (R) is determined by the position of the first minimum of intensity
referred to the central maximum which leads to the following expression for the smallest
resolvable distance being given by [10]:

R = 0.61
λ

nsinθ
(4.1)

where, λ is the wavelength, n is the refractive index of the medium through which the
light travels and θ is the collection angle of the light (one-half the angular aperture of the
objective). This formula gives the distance between two object points which a microscope
can just resolve when they are illuminated by incoherent light and the aperture is circular
[10]. In general, illumination having low coherence is desired for brightfield and reflection
optical microscopy modes, while light with higher coherence is required for phase and
interference modes. The halogen source, used in most optical microscope is an example of
a non-coherent light source.

Numerical aperture

The quantity nsinθ in equation 4.1 is referred to as the numerical aperture (NA) of the
objective, which is a measure of the amount of light which traverses the objective and is
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generally the most important design criterion to consider when selecting a microscope ob-
jective. Looking at the Airy disks in figure 4.1, the larger the NA, the sharper the central
Airy maximum is. NA must be large if a high resolution power is to be achieved, but be-
cause sinθ cannot be greater than 90 degrees, the maximum possible numerical aperture is
determined by the refractive index of the medium between the object and the objective lens.

Most microscope objectives use air as the medium through which light rays must pass
when traveling from the sample to the front lens of the objective. For light near the center
of the visible range (λ≈ 560 nm), and assuming NA = 0.95 (which is close to the practical
maximum numerical aperture of dry objectives [65]) equation 4.1 reveals that a resolution
limit of 360 nm is achievable, which is approximately equal to λ/2, which is generally
used as a rule of thumb for obtaining the maximum resolution power of a conventional
imaging systems. The distance between the objective and the focus point (sample object)
is know as the working distance (WD) as is shown in figure 4.2(a). High magnification
with high resolution means that low working distances are required.

Realizing higher NA usually involves immersing the lens-objectives in either water
(n≈ 1.3) or oil (n≈ 1.5−1.6) in which case the water or the oil become in a way part of
the objective. The principle of water/oil immersion is demonstrated in figure 4.2(b) where
individual light rays are traced through the specimen and either pass into the objective
or are refracted in other directions. The figure illustrates the difference between a dry
objective and a oil/water immersion objective with light shown entering the objectives
through a coverslip. The light rays are refracted at the coverslip-air interface and only the
rays closest to the optical axis of the microscope (blue line) have the appropriate angle to
enter the objective front lens. Other rays either miss the objective (red dotted lines) or are
internally reflected back through the coverslip and contribute to some internal reflections
of light at glass surfaces that may degrade the image. When air is replaced by oil of the
same refractive index close to that of as glass, the light passes through the glass-oil/water
interface with only small net deviation due to refraction and a greater angle of acceptance is
realized (red lines). By using a water or oil immersive objectives the resolution is enhanced
by a factor 1/noil/water.

Depth of field

The axial range through which an objective can be focused without appreciable change in
image sharpness is referred to as the depth of field. This value varies radically from low
to high numerical aperture objectives, decreasing with increasing numerical aperture. At
high numerical apertures, the depth of field is determined primarily by wave optics, while
at lower numerical apertures, the geometry of the optical components dominates. The total
depth of field dtot is given by the sum of the wave and geometrical optical depths of field
as:

dtot =
λn

NA2 + r′
n

M×NA
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Figure 4.2. Schematic showing two ways of enhancing resolution by affecting NA. a) The work-
ing distance (WD) affects the angle of acceptance (θ) and thus on the numerical aperture (NA) of
the system. Blue rays indicate high WD, meaning low angle of acceptance and low NA and thus
low resolution. Bringing the objective closer to the sample, as indicated by the red rays, means
low WD, hence higher angle of acceptance and with that higher NA and higher resolution. b) The
NA can also be affected by changing the media in which the light travels. Using a water or oil
immersion lens increases the resolution by factor 1/noil/water since more light is collected by this
way.

where M is the objective lateral magnification (magnification being inversely proportional
to the working distance), and r′ is the smallest distance that can be resolved by a detector
that is placed in the image plane of the objective. The first term in the above equation
describes the diffraction-limited depth of field (axial resolution) and it shrinks inversely
with the square of the numerical aperture, while the lateral limit of resolution is reduced
with the first power of the numerical aperture. Hence, the axial resolution and the thickness
of optical sections are affected by the system numerical aperture much more than is the
lateral resolution of the microscope [64].

Magnification and image brightness

The overall magnification (M) of a compound microscope is the product of the linear mag-
nification of the objective (M0) and the angular magnification of the eyepiece or camera
port (Me). The magnification of the objective depends on the focal length of the lens ( f0)
and on the distance d between the objective back focal plane and the focal plane of the
eyepiece (also referred to as tube length).

M0 ≈
d
f0
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and the angular magnification of the eyepiece is given by:

Me =
25cm

fe

where fe is the focal length of the eyepiece objective. A formula for the overall magnifica-
tion M can thus be expressed as:

M = MeM0

This formula is the standard form which is usually quoted for microscopes, but it is an ap-
proximation which may not be a good one under certain circumstances. Obtaining precise
magnifications for the assessment of the standard approximations requires application of
the lens equation.

The brightness of an image obtained by a microscope is mainly governed by two prop-
erties. One is the light-gathering capability of the objective which is proportional to the
square of the NA. The contributing factor to the overall image brightness is the mag-
nification, but the image brightness is inversely proportional to the square of the lateral
magnification. The overall brightness can be expressed as:

B ∝

(
NA
M

)2

which applies to all setups using transillumination or waveguide excitations. In epi-fluor-
escence the objective serves both to gather the light from the specimen but also to focus the
excitation light onto the object under investigation. This results in even higher dependence
on NA represented as:

B ∝

(
NA2

M

)2

In fluorescence microscopy the image brightness is governed by the signal from the speci-
men, which is a product of the illumination intensity, the quantum yield of the fluorophore
and the light-gathering power of the objective (NA).

CCD cameras

As mentioned before, a QuantEM:512SC electron-multiplying CCD (charge coupled de-
vice) camera (Photometrics) was used for obtaining images. This camera offers electron-
multiplying (EM) gain with quantitative stability across 16 bits1 at 10-MHz, 5-MHz, and
1.25-MHz operation speeds and one of its primary applications is in live-cell fluorescence
imaging. Its main advantages are the high accession rates of 10 MHz readout (corre-
sponding to roughly 32 frames per second using 512x512 pixels and 1x1 binning) making
it ideal for high-speed image visualization and very high sensitivity (quantum efficiency

116-bit processing simply implies that the EMCCD is able to encode 216 = 65.536 gray levels from each
pixel.
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greater than 90% ) and low noise. The QuantEM:512SC camera has 512 x 512 imaging
pixels with each pixel being 16 x 16 µm2.

CCD cameras come in many variations and types but generally consist of a rectangular
array of photoactive regions on a silicon chip. When light is absorbed on the photoac-
tive region a charge proportional to the product of the light intensity and exposure time
is produced and stored [66]. A conventional CCD camera obtains a signal which then is
transferred from a transfer shift register, either directly out to an A/D converter and an
amplifier or through a frame transfer array and then out to an A/D converter and amplifier
(see figure 4.3). CCD cameras can achieve high sensitivity by integrating the signal within
each pixel prior to readout in order to overcome read noise, which is incurred only once for
each frame. However, for low light levels, long exposure times are required in order to ac-
cumulate sufficient signal and consequently maximum frame rates will be limited to a few
frames per second [42, 64]. An EMCCD camera works in similar way as a conventional
CCD camera except that in an EMCCD an incorporated array component, that works in
a similar way as an electron avalanche photodiode, is used to amplify the captured signal
from each pixel before it is transferred to the A/D converter and amplifier (see figure 4.3).
The high frame rate of EMCCD cameras is obtained by operating the electron multipli-
cation component at a much higher clock-speed than the normal readout clock-speed of
the camera. So for low light level applications, a low signal will be obtained using short
exposure time, which then is amplified very fast on the chip by electron multiplication, and
finally read out. The EMCCD mechanism reduces the read noise, relative to signal, by the
value of the multiplication gain factor.

Detector quantum efficiency (QE) is a measure of the likelihood that a photon having
a particular wavelength will be captured in the active region of the photoactive region and
generate charge carriers. QE is a major determinant of the minimum detectable signal for a
CCD camera system, particularly when performing low light level imaging. Today, mainly
due to back-illumination technology, high performance CCD cameras can have QE over
90% for some wavelengths. The signal-to-noise ratio (SNR) of a camera is basically the
ratio of the total signal generated during the exposure time divided by the combined noise
attributable to the three primary noise components found in the system. These are:

Read noise. Noise caused by camera operation and electrical circuit. Can be suppressed
by low readout speed and low noise circuit design.

Dark noise. Temperature dependent noise stemming from the silicon dark current char-
acteristics. Increased with exposure time but can be minimized by cooling the CCD
sensor.

Shot noise. Noise caused by statistical fluctuations in the light intensity, mostly observed
for low light intensities. High QE sensors reduce shot noise.
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Figure 4.3. Electrons accumulate in the active region of the CCD sensor and are subsequently
transferred to the output (readout) through a transfer shift register, either directly (shown here) or
through a frame transfer array (not shown). The size of the multiplication array determines the
overall multiplication gain of the EMCCD.

The following equation is commonly used to calculate a CCD camera’s SNR:

SNRCCD =
P ·QE · t√

P ·QE · t +D · t +R2

where P is the incident photon flux (photons/pixel/second), QE is the quantum efficiency,
t is the integration time (seconds), D is the dark current value (electrons/pixel/second), and
R represents read noise (electrons rms/pixel). Using back-illuminated CCD, the QE can
be high and by cooling the dark current D can be minimized. The read noise can be re-
duced by using low noise circuit design and longer exposure times but for low light-level
conditions (assuming dark noise is essentially eliminated by CCD cooling), read noise is
greater than shot noise and the image signal is said to be read-noise limited. The camera
exposure time (integration time) can be increased to collect more photons and increase the
signal-to-noise ratio, until a point is reached at which shot noise exceeds both read noise
and dark noise. At longer exposure times, the image is said to be photon-noise limited.

The evaluation of the SNR of an EMCCD camera requires the above expression to be
modified to reflect the effect of the on-chip multiplication gain (M) and the excess noise
factor (F), stemming from a statistical uncertainty in the gain produced [42, 64]. This
excess noise factor acts as a multiplying factor for both dark current and photon-generated
signal in the camera system. Generally the F factor is in the range 1–1.4 and M can range
from anywhere between 1–2000 [42, 64]. The modified expression for the SNR for the
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EMCCD will thus be given by:

SNREMCCD =
P ·QE · t√

(P ·QE ·F2 · t)+(D ·F2)+
( R

M

)2

It is clear from the above equation that for low-light imaging, for which conventional CCD
cameras are read noise limited, the M factor will significantly reduce its contribution to the
overall SNR and hence reduce the need for long exposure times.

4.1.1 Light sources
The excitation light used with the SWEx platform should be fairly monochromatic, but not
necessarily very narrow or coherent. In fact, using highly coherent laser light for excita-
tion may result in the formation of strong interference patterns in the sensing area. Light
power is also of concern since intense and highly focused illumination may damage the
facet of the waveguide structure where the light is coupled in. In this project, four types of
light sources were used for excitation. Three of them were lasers, 633 nm HeNe, 532 nm
Nd:YAG and a 473 nm DPSS laser, with a highly coherent beam and the fourth one was
a pulsed (80 MHz) super-continuum light source (SuperKTM Versa, NKT Photonics A/S)
which gives less coherent light and less power compared to the laser source, but allows
multiple wavelength selection (490-2200 nm) and thus multiple wavelength excitation to
be carried out. The light source is fitted with an acousto-optic tunable filter, providing
single-mode output tunable from 450 nm to 700 nm. It can operate on 8 different filter
channels, making it excellently suited for multiple wavelength excitation configurations.
The main drawback of the light source is the limited power, especially at shorter wave-
lengths.

A laser can produce a highly monochromatic and spatially coherent light with high
brightness which leads to outstanding single-mode beam quality. Supercontinuum light
source on the other hand generate a non-spatially coherent light but highly temporally
coherent with high brightness and beam quality with single-mode beam characteristics.
Figure 4.4 shows the broad emission spectrum achievable with a supercontinuum light
source. The broad white light spectrum from supercontinuum light sources is filtered in
order to obtain a single wavelength output. The spectral width of the output is thus mainly
governed by the filter characteristics. Applications of supercontinuua include coherence
tomography, fluorescence microscopy, flow cytometry, the characterization of optical de-
vices, the generation of multiple carrier waves in optical fiber communications systems,
and the measurement of the carrier envelope offset frequency of frequency combs [67]. An
overview article on various types of supercontinuum light sources can be found in [68].
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Figure 4.4. A typical supercontinuum spectral performance of SuperK light sources. The Versa
model used in this thesis has the lowest power density. Image is obtained from [69].

4.2 Principles of spectroscopic ellipsometry

Spectroscopic ellipsometry (SE) is a non-perturbing optical technique that allows one to
measure accurately the dielectric properties of a given material. The technique utilises the
change that polarised light experiences upon reflection from surfaces, interfaces and thin
films. A collimated beam of monochromatic light with a known polarisation is incident on
a sample surface and the polarisation of the reflected beam is analysed. Usually the inci-
dent light is circularly polarised and if the surface induces changes in either the p-polarized
or s-polarized component of the light then the resulting reflected light will be elliptically
polarised. The same is also true if the incident beam is linearly polarised. The degree of
change depends only on the surface characteristics and incident wavelength and not on the
absolute intensity or absolute phase.

A schematic of a simple ellipsometry setup is given in figure 4.5. In the figure, linearly
polarised light is incident on the sample at a known arbitrary angle and the reflected light
becomes elliptically polarised. For arbitrary input light with phasor electric field compo-
nents Eip and Eis, the reflected light is given by:

Erp = rpEip Ers = rsEis

Where rs and rp are the complex reflection coefficients. Taking the ratio of the respective
sides of this equation one ends up with:

ρ =
rp

rs

where ρ is dependent on the angle of incidence, wavelength and layer thickness and rp and
rs can be determined from Fresnel’s equations. It has become customary in ellipsometry
to express ρ in polar form in terms of two ellipsometric angles Ψ and ∆ as follows:

ρ = tan(Ψ)exp(i∆)
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Figure 4.5. Basic schematic of the principle of ellipsometry. Polarized light (here linearly) con-
taining components Eis and Eip is incident on a dielectric surface. Upon reflection, the s and p
components experience a change which results in the reflective light having different components
Ers and Erp. This change can be monitored and information about the optical properties of the
dielectric layer can be obtained.

∆ is the phase shift between the two perpendicular components contributing to the ellip-
soid and Ψ represents the relative amplitude (tan(Ψ) = |Rp|/|Rs|). From these parameters
various properties such as film thickness, refractive index, surface roughness, interfacial
regions, crystallinity and anisotropy can be deduced using an appropriate optical model.

In the present work, ellipsometry was used throughout the fabrication process of the
waveguide structure mostly to determine the thicknesses of individual layers, but also to
check whether optical properties of films changed after processing. SE measurements re-
vealed, for example, changes in the refractive index of the PMMA guiding layer after
photoresist had been spin coated on the layer and subsequently removed, thus requiring
the use of an aluminum protective layer before spin coating the photoresist.

Figures 4.6(a) and 4.6(b) show a output data from a typical thickness measurements
carried out on the lower Cytop cladding layer. The spectra are obtained from two differ-
ent places on the same substrate, one from a relatively flat and homogeneous area (fig-
ure 4.6(a)) and the other one from a rougher area (figure 4.6(b)). By fitting the Ψ vs.
wavelength data for a given set of Cauchy coefficients, that are obtainable from the liter-
ature [49], the film thickness can be accurately obtained. Even though the rough surface
seems to give less accurate fit compared to the fit from the smooth area, the resulting thick-
ness can be in quite good agreement. In this example the data from the smooth area reveals
a film thickness of 3.94 µm and the rough area a film thickness of 4.11 µm. This indicates
that the ellipsometer can be used to accurately determine thicknesses even in the presence
of surface roughness.
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Figure 4.6. Ellipsometric Ψ data vs. wavelength from a Cytop film prepared on Silicon. The
data is obtained from the same Cytop surface but from two distinct areas at a 55 ° angle. a)
smooth Cytop area and b) rough Cytop area. Both spectra give approximately the same fitted
Cytop thicknesses.

4.3 Scanning electron microscopy

Scanning electron microscopy (SEM) is one of many microscopy and spectroscopy tech-
niques that use electrons to probe the material of interest. It is however probably the single
most widely used and versatile electron microscopy technique available and is used in
many fields of science, technology and industry. In SEM the surface is illuminated with
a highly focused electron beam of particular kinetic energy (2-100 keV) that corresponds
to a certain wavelength according to the de Broglie law. A series of advanced electron
lenses are then used to manipulate the primary incoming beam for focusing and scanning
and different detectors are then used to map out the surface piece by piece.

At the focused impact site of the primary electrons a number of effects will be gen-
erated as is shown schematically in figure 4.7. These include X-ray (which can be used
to chemically analyze the surface) and light generation, heat generation and bulk plasmon
generation, emission of low energy secondary electrons (0-30 eV) and Auger electrons
(100-1000 eV) and the backscattering of the primary electrons (BSE). All of these effects
originate from different depth in the sample and can be used to give different information
concerning the surface being scanned. The size of the interaction volume indicated by the
"plume" in figure 4.7 depends primarily on the acceleration voltage for the electron beam
and the atomic numbers of the matter it is interacting with. The interaction volume in-
creases with increasing acceleration voltage and decreases with increasing atomic number.

As seen in in figure 4.7, most of the secondary electrons originate from a thin layer
close to the surface and from a relatively small volume. This makes the information de-
duced from these electrons very sensitive to surface topography and hence the collection



58 CHAPTER 4. CHARACTERIZATION TECHNIQUES
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Figure 4.7. In SEM, the interaction volume of the primary beam is larger than the primary
electron focus size and is plumb-like. The resolution obtainable is thus generally poorer than size
of the focused electron spot. The primary beam-matter interaction will give rise to different kind
of effects that originate from different depths and give different kind of information about the
sample.

of these electrons allows a detailed topographic image of the sample to be obtained that
has a much greater depth of field and a much higher ultimate magnification than would be
possible with conventional optical microscopy techniques [70]. The display of the SEM
maps the intensity of the secondary electrons into the image in a position corresponding to
the position of the beam on the specimen when the signal was generated. So the image is
formed step by step by sequential scanning of the sample.

Secondary electrons (SE) are generally divided in to two (sometimes even three) groups,
SE1 and SE2. SE1 are secondary electrons that are generated by the incoming electron
beam as it enters the surface as shown in figure 4.8(a). Probing of SE1 can give images
with a high spatial resolution which is only limited by the electron beam diameter. SE2 are
secondary electrons that are generated by the backscattered electrons that have returned
to the surface after several inelastic scattering events as is shown in figure 4.8(b). SE2
originate from a surface area that is bigger than the spot from the incoming electrons and
hence the resolution obtained using them is bit poorer than for SE1 exclusively. The signal
intensity from SE2 is however much greater compared to SE1. Usually an in-lens detector
is used for high resolution (∼1 nm) SE1 detection and primary electrons are kept in the
300 - 20 kV range.
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Figure 4.8. SE1 and SE2 are two types of secondary electrons that are used for studying topog-
raphy of surfaces.

The main advantages of SEM are the high resolution and magnification together with
the high depth of field. Usually SEM has at least an order of magnitude higher depth of
field compared to optical microscopes which makes SEM more suitable for studying for
example rough surfaces. It is thus not only advantageous to use SEM for high magnifi-
cation purposes but also to increase depth of field and hence allows for realistic looking
images of highly three-dimensional samples, such as biological structures. The high mag-
nification and resolution capabilities of the SEM is mainly due to the wave-like nature of
the electrons and the ability to focus them to an extremely small point. The resolution is
directly proportional to the wavelength through the Rayleigh criteria, and an 10 kV elec-
tron has an wavelength of around 12.3 pm which is about hundred thousand times smaller
than for a 1eV photon (1240 nm).

In SEM there are many factors that contribute to the overall resolution of the instru-
ments, such as spherical aberration, chromatic aberration and other which explains why a
general resolution higher than around 1 nm is not obtainable. Generally speaking a smaller
beam size gives higher resolution. Typical SEM operating conditions (10 -20 KV) are the
least suitable to achieving high resolution microscopy. High resolution can be achieved
either at high voltage > 20 kV, or at low voltage < 5 kV. Magnifications ranging from 3x to
500.000x are possible depending on the instrument and spatial resolution may be as good
as 1 nm. The working distance (WD) is the distance between the observed surface of the
sample and the bottom surface of the objective lens. Analogous to optical microscopy, the
shorter the WD, the smaller the beam size, but larger WD will give better depth of field.
Smaller aperture gives smaller beam size, better resolution, and increased depth of field,
but reduced probe current and signal to noise (S/N) ratio. Larger aperture gives higher
probe current or better S/N ratio, larger beam size but reduced resolution, and reduced
depth of field.
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For conventional imaging in SEM, specimens must be electrically conductive, at least
at the surface, and electrically grounded to prevent the accumulation of electrostatic charge
at the surface.

4.3.1 Electron beam lithography
Another important feature of SEM is that it can be used for electron beam lithography
which is similar to optical lithography except that instead of having UV light exposing a
photo-sensitive material (negative and positive photoresist), electrons are used to expose
an electron-sensitive material such as PMMA. With E-beam lithography one is able to
write features that have components in the order of some tens of nanometers compared to
something around 1 µm obtainable using standard optical lithography. Upon exposure to
an electron beam the electron-resist undergoes a chemical change making it more (posi-
tive) or less (negative) soluble in a specific developer. A careful calibration of photoresist
thickness, electron beam current and exposure time must be carried out in order to achieve
good results. Standard SEMs are thus good for prototyping but not the system of choice
when it comes to writing of large-area components in large scale production.



Chapter 5

Fabrication process

The planar waveguide structures were fabricated in a class 100 cleanroom at the Science
Institute, University of Iceland, using standard cleanroom processing methods. The overall
fabrication process involves several steps which all have been thoroughly tested and op-
timized. The basic steps are shown schematically in figure 5.1 and a detailed account of
each of these steps is presented in the next subsections. Article [P2] covers to a large extent
the fabrication process and the evaluation of different fabrication methods, but for a brief
step-by-step fabrication recipe for the optimized process, the reader is referred to appendix
A.

5.1 The substrate (a)

One of the key issues in realizing a high quality waveguide-structure is a good substrate to
which the structure adheres well. Cytop, which forms the first layer of the waveguide struc-
ture is particularly difficult to attach to substrates and during this project experiments with
Cytop adhesion were carried out on six types of substrates. The different substrates do not
only display different adhesion properties, but may also have other distinct properties such
as surface roughness, optical properties (transmission and reflection), autofluorescence etc.
The substrates tried out in this project together with their potentially advantageous prop-
erties are given in table 5.1. The substrate most often used in the project, and the one that
generally showed the best adhesion properties, was the polished silicon substrate, usually
either Si(111) or Si(100). Polished silicon wafers have very flat surfaces that can withstand
various chemical treatments (acetone, methanol etc.). Since silicon substrates are among
the most frequently used substrates in both optical- and semiconductor industry, they have
been very well characterized when it comes to adhesion of polymers and other materials.
They are also relatively cheap and can easily be diced and/or broken.

Prior to spin coating the first cladding layer, the silicon wafer was heated on a hot-
plate to approximately 200 °C in order to remove as much water and other loosely bound
contaminants from the surface as possible. Reactive ion etching was also tried to remove
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Figure 5.1. The step by step schematic of the fabrication process of the evanescent-wave plat-
form. a) Substrate of choice. b) Lower Cytop layer on substrate. c) PMMA layer on Cytop.
d) Aluminum layer on PMMA. e) Photoresist on aluminum. f) Lithography step. g) Upper Cy-
top layer. h) Photoresist on Cytop. i) Lithography step. j) Reactive ion etching. k) Photoresist
development. l) Ready made structure. Each step is outlined in the text.

surface contaminants, but that kind of treatment did not seem to result in any significant
improvements. After cooling for about 1 minute on a cooling plate a thin layer of adhesion
promoter was spin coated onto the wafer in order to enhance the adhesion between the
silicon and the subsequent Cytop bottom cladding layer. In this work a solution of hydrol-
ysed acetoxy silane (AP3000, DOW Chemical Co.) was used as an adhesion promoter for
the Cytop layer. Even though AP3000 is developed as an adhesion promoter for Benzocy-
clobutene polymer (BCB), it improves adhesion between Cytop and Silicon as well.

Experiments were also carried out using a silane coupling agent (H2N(CH2)3Si(OC2H5)3
(3-Aminopropyl)triethoxysilanerom), from Sigma-Aldrich, which was recommended by
the manufacturer of Cytop, as an adhesion promoter between glass and Cytop. The silane



5.1. THE SUBSTRATE (A) 63

Table 5.1. The different types of substrates used in the project together with their main interest-
ing/advantageous properties.

# Substrate Advantageous property

1 Si(111)/Si(100) Very flat and well studied surface with good adhesion
properties.

2 Unpolished Si(100) Little reflection from surface.
3 Black Si(100) No reflection from surface.
4 Glass (SiO2) Optically transparent, for use with inverted micro-

scopes and particularly for live-cell imaging.
5 BCB Buffer layer to enhance adhesion to glass substrates.
6 PMMA Buffer layer to enhance adhesion to glass substrates.

agent was diluted in methanol. According to manufacturer [49], the recommended concen-
tration range should lie between 0.001-0.05%, but in this project concentrations ranging
from 0.05-1% were tried. It turned out that the actual concentration used was not crucial
as long as it exceeded 0.05% and that formation of droplets was avoided after spinning.
The droplets can be observed by visually inspecting the wafer after spinning using an op-
tical microscope. In the case where droplets are formed, they can be removed by treatment
in acetone (5min), methanol (5min), iso-propanol (5 min) and finally deionized water for
5 minutes respectively. Good results were obtained using 0.125% concentrations and a
freshly prepared solution seemed to give better result compared to a prepared solution that
had been left standing for several days. Figures 5.2(a) and 5.2(b) show the dicing marks
from a fully-made waveguide structure fabricated using AP3000 and Silane adhesion pro-
moters, respectively. Even though the AP3000 gives reasonably good results, the wafers
treated with silane seem to give even better results. There was a tendency for the edges
to come loose for the AP3000 treated structures, especially after extensive handling. This
was however not the case for the silane treated substrates.

Even though polished silicon wafers work well as substrates for the waveguide struc-
tures, they have at least two limitations. One is that the wafer surface reflects visible light
which creates a double image and increases the out-of-focus background contribution when
used for fluorophore imaging. The other limitation is that in order to use the waveguide
platform with an inverted microscope, the substrate will need to be optically transparent.
For live-cell imaging where cells have to be kept in a temperature-controlled environment
and in a culture medium, the use of inverted microscope is essential. It was thus decided
to test polished glass wafers as substrates for the waveguide structure. Most high resolu-
tion objectives used with optical microscopes have very short working distance which puts
a limit on the thickness of the glass substrate to be used with an inverted microscope to
around 150 µm, which makes all processing and handling during fabrication very delicate.
Another concern is again the adhesion between the glass and the lower Cytop layer. Table
5.2 summarizes the various methods tried for improving adhesion on glass and the result-
ing outcome.
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(a) (b)

Figure 5.2. Dicing cuts from waveguide structures prepared on a silicon wafers, a) when AP3000
adhesion promoter was used and b) when silane coupling agent was used.

As can be seen from the table, three procedures were successful in assuring good ad-
hesion of Cytop to glass. One included the use of 1 µm thick BCB buffer layer on to
which the Cytop seemed to adhere well and indeed the final outcome for the waveguide
structure on BCB turned out well as can be seen in figure 5.3(a). There were however
some concerns that the BCB, which has a refractive index close to 1.56-1.60, might act as
waveguide sandwiched between the glass substrate (n=1.5) and the Cytop (n=1.34). Even
though calculations confirm that the guided mode in the BCB is sufficiently well confined,
meaning it will not interact directly with the PMMA layer or the sensing area, it is likely to
cause some autofluorescence and scattering from particles inside the BCB layer as it trav-
els through the structure and thus contributes to some unwanted background signal. Due
to this, the use of BCB buffer layer was thus abandoned and a second method using a thin
PMMA buffer layer was tried instead.

PMMA seems to adhere well enough to glass but unfortunately Cytop does not adhere
well to PMMA. Different methods were tried to increase the adhesion between the Cytop
and a PMMA buffer layer and after some unsuccessful attempts, one method seemed to
work. The method used was partially adopted from the process of adhering PMMA to
Cytop, in which case the Cytop adhesion properties are increased using a surface polar-
ization method which will be described in a later section of this chapter. By using this
same polarization method on a PMMA layer, the adhesion property of the PMMA layer
was considerably improved. The method is as follows:

1. Etch the glass wafer in Ar/O2 for 3 minutes in RIE.

2. Spin coat AP3000 adhesion promoter on the wafer.

3. Spin coat approximately 300 nm of PMMA on the wafer.



5.1. THE SUBSTRATE (A) 65

Table 5.2. Various substrate preparation methods tried in order to get the lower Cytop cladding
layer to adhere to a glass substrate. The outcome after dicing was used to estimate the quality of
the adhesion.

# Preparation Outcome

1 Various RIE methods were tried on
glass prior to spinning on Cytop.

Cytop layer seems to adhere but be-
comes loose at the edges.

2 Cytop baked without cover glass, with
and without AP3000

Cytop layer came easily off during dic-
ing and developing.

3 BCB buffer layer used Successful. The Cytop layer seems to
adhere well to the BCB layer.

4 Thin buffer PMMA layer on glass. Cytop layer came easily off during dic-
ing and developing.

5 Thick PMMA buffer layer on glass. Cytop layer came easily off during dic-
ing and developing.

6 Bake Cytop layer on PMMA buffer
layer at lower temperature (130 °C in-
stead of 180 C).

Cytop layer came easily off during dic-
ing and developing.

7 Polarizing the PMMA layer using alu-
minum prior to spinning on Cytop

Successful. The Cytop layer seems to
adhere well to the PMMA layer.

8 Usage of silane adhesion promoter di-
rectly on glass prior to spin coating Cy-
top

Successful

(a) (b)

Figure 5.3. Dicing cuts from waveguide structures prepared on a silicon wafers using a) BCB
buffer layer and b) PMMA buffer layers.
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4. Place on hotplate for 5 min at 120 °C.

5. Deposit approximately 110 nm aluminum to polarize the PMMA layer.

6. Etch aluminum using an NaOH based developer. Rinse in deionized water for 1
minute and blow dry with nitrogen.

7. Spin coat with desired thickness of Cytop.

The final outcome after dicing can be seen in figure 5.3(b). Again the method seems quite
successful with no loose edges and relatively good adhesion. The manufacturer of Cytop
recommends a treating the PMMA buffer layer with a specially designed primer (CT- P10,
AGC Chemicals, ASAHI Glass Co. Ltd.) to enhance adhesion between PMMA and Cytop.
The substance of the primer is however classified and it is not available outside Japan.

Overall, the silane coupling agent from Sigma-Aldrich seems to give the best and the
most reproducible results. The performance of the waveguides fabricated on silane treated
glass gave excellent results, comparable or even better than the structures prepared on
polished side silicon wafer. This was mainly apparent in the fact that there was less back-
ground signal apparent and less amount of stationary fluorophores (fluorophores bound to
the PMMA surface) when waveguides prepared on glass substrates were used. However
no systematic studies were carried out to confirm this.

As mentioned above, the polished silicon surface reflects visible light very efficiently
which might have an effect on the quality (contrast) in fluorescence microscopy. In order
to reduce reflection from the silicon substrates two different methods were tried. One was
to fabricate the waveguide structure on the unpolished side of a silicon wafer and the other
was to treat the silicon with RIE to form so called black silicon. Both these methods turned
out to be successful when it came to the fabrication and in reducing reflected light from the
emitted fluorophores. The waveguide structures fabricated on the unpolished side of the
silicon however showed an extremely uneven surface with large ridges and steps. Figure
5.4(a) shows the as-received surface profile of an unpolished silicon wafer exhibiting rough
and uneven surface. However, after Cytop had been spin coated on the surface, it improved
substantially as can be seen in figure 5.4(b). Figures 5.4(c) and 5.4(d) show an optical
microscopy image and a surface profile from a fully made waveguide structure respectively.
As is apparent from both images, the surface is far from being smooth, at least on a large
(mm) scale. Nevertheless, the structure is more than smooth enough to efficiently guide
light without considerable loss. After the final dicing, the adhesion and edge qulity were
in good order. Fluorophores in the well behaved normally and seemed to fluoresce as
expected within the penetration depth of the field.

The black silicon method is a procedure in which a smooth polished silicon surface
is transformed into a "grass"-like structure composed semi-ordered microspikes approxi-
mately 50-200 µm high and couple of microns wide. The method has mainly been drawing
attention due to the broad absorption that devices made using black silicon are expected to
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Figure 5.4. a) Surface profiles from an as-received unpolished side of a silicon wafer. b) Surface
profile of the same surface after Cytop spin coating. c) An optical microscope image showing a
fully-made waveguide structure with a sensing well (with protective photoresist on top) indicating
clearly the roughness of the surface. d) Surface profile from the same area as in c) showing the
Cytop-to-sensing-well interface prepared on the unpolished silicon wafer after all photoresist has
been removed. It is clear that the surface is very rough both in the wells as on the Cytop surface.

provide which might result in some significant advantages for detection, imaging, sensing
and high-power applications in the future [71]. Black silicon is achieved using RIE em-
ploying a SF6/O2 mixture in appropriate ratios. The procedure depends on various factors
such as the type of RIE chamber, power used, flow rate, etching time etc. Detailed descrip-
tions on the process and how to achieve black silicon can be found in the literature [72–76].
Besides being a great candidate for future advances in broadband applications, black sil-
icon´s properties make it an excellent candidate for a non-reflecting substrate. By using
black silicon as a substrate for the waveguide structure it was hoped that the main advan-
tages of using polished silicon substrate, such as flatness, chemical resistance, etc. together
with the non-reflecting property of black silicon could be obtained simultaneously.
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Figure 5.5. Fully made waveguide structure prepared on black silicon. a) Optical microscope
image showing the sensing well (with out protective photoresist on top) indicating smooth surface
with some cracks. b) Surface profile from the same area as in a) showing the Cytop-to-sensing-
well interface after all photoresist has been removed. The images indicate smooth and continuous
surface. The strange features observed in the wells of figure (a) are the remains of Cytop due to
insufficent etching.

Black silicon wafers were successfully fabricated by closely following the recipe given
in reference [72] and were subsequently used as substrate platforms for waveguide fabri-
cation. The fabrication process turned out well and the waveguides performed as expected,
with fluorophores blinking as the moved in and out of the evanescent excitation field. Some
minor scratches or cracks appeared in some areas during the baking procedure (see figure
5.5(a)), but these cracks did not seem to affect the performance of the device in any way.
There was very little surface scattering and image contrast was good. The quality of the
edges after dicing was not perfect but good enough for effective incoupling. Figure 5.5(a)
and 5.5(b) show an optical microscope image of the Cytop upper cladding layer and the
sensing well and the vertical profile of the same area respectively.

5.2 The lower cladding layer (b)

The cladding layers of the waveguide structure consist of the previously mentioned Cytop
polymer. Cytop is produced in types A, M and S which differ in their fluoropolymer end-
groups, giving them some different properties used for different applications [49]. Native
Cytop is hydrophobic which is beneficial when investigating biological systems as it pre-
vents non-specific adsorption, rendering it useful for microfluidic applications [77]. Beside
having different endgroups, Cytop can be obtained in different molecular weights and in
different solvents. For the waveguides described here, an A-type Cytop, CTX- 809AP2,
which has COOH endgroups, was mainly used. An M-type Cytop, CTL-809M, which has
CONH endgroups, was also tried, mainly because it came highly recommended by the
manufacturer for increasing adhesion to both glass and silicon.
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As previously mentioned, native Cytop in any of the three types is hydrophobic in na-
ture. In order to fabricate layered waveguide structures by spin-coating, the hydrophobicity
of the Cytop must be overcome. Various approaches were tested to increase the wettability
of the Cytop by subjecting it to different surface treatments, mostly consisting of different
forms of RIE processes of which a detailed description is given in [P2]. In order to char-
acterize the different wetting properties of the differently treated Cytop surfaces, standard
contact-angle measurements were carried out. Using RIE, Cytop surfaces with contact
angles down to 57 ± 1° could be achieved, however, adhesion was never adequate which
resulted in the PMMA guiding layer coming loose either during some subsequent fabrica-
tion step or during the final dicing step. The treatment that gave the best result consisted
of vacuum-depositing a thin aluminum layer on the Cytop surface and then removing it by
wet etching in an NaOH based solution. Immediately after aluminum removal the surface
showed distinct improvements in wettability. Upon aluminum deposition, the endgroups
of the Cytop, on the Cytop-alumium interface, reorient to face the aluminum. Upon sub-
sequent aluminum removal the reorientation of the Cytop surface layer remains, making
it less hydrophobic and simultaneously improving the adhesion to the subsequently spin
coated PMMA core layer. Heating the polarized Cytop layer to temperatures above 100 ◦C
restores the original hydrophobicity of the Cytop surface [78]. Various deposition thick-
nesses ranging from 20 to 200 nm were tried out all of which gave the same results. The
actual thickness of the deposited aluminum layer does thus not seem to be critical, as long
as the total coverage of aluminum is ensured. This procedure is generally referred to as the
surface polarization method in the text of this thesis.

Even though the surface polarization method resulted in the strongest adhesion be-
tween the Cytop and the subsequently spin-coated PMMA layer, the contact-angle from
the polarized Cytop was not as low as had been achieved using RIE procedures. This in-
dicates that even though a low contact-angle is an indication of a good adhesion, the two
properties are not directly correlated and other aspects must be taken into consideration.

Minimizing the surface roughness of the lower cladding layer is crucial to ensure low
light scattering in the waveguides. The surface structure of Cytop after spinning and baking
depends on the type of Cytop used and on the baking procedure. For Cytop CTX-809AP2
it was found that the surface quality was greatly enhanced by placing a glass cover (in-
verted petri dish) over the wafer during removal of polymer solvents carried out by oven
baking. The risk of unwanted particles gathering on the surface during baking is simulta-
neously reduced by this method.

Figure 5.6 shows the surface profiles from differently prepared and different types of
Cytop layers. Figures (a) and (b) show the profile from CTX-809AP2 Cytop (A-type)
prepared in an oven with and without placing a cover glass over the wafer according to
the standard procedure described in appendix A. The surface quality/flatness is greatly
improved in the former case, presumably due to slower solvent evaporation during the
initial stages of the baking period. However, the resulting Cytop thickness is reduced
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around 20% by using the cover glass. Figure (c) shows the surface profile from a CTL-
809M Cytop (M-type) surface prepared by a method specially prescribed in order to obtain
a flat surface for that type of Cytop [79]. In accordance to this method, the wafer was kept
for 60 seconds on a hot plate set to 65 ◦ and then ramped up to 95 ◦C over 4 minutes and
kept at that temperature for 60 seconds before leaving it for 3 hours in a 180 ◦C hot oven.
The surface profile reveals a relatively flat surface, although not as flat as was achieved
for the A-type shown in figure (a). Figure (d) shows the surface profile obtained from an
A-type Cytop prepared in the same manner as the M-type Cytop in figure (c). Here the
smoothness is considerably less than was achieved for the M-type but still better than what
was realized using the method in (b). It should be noted that even though the M-type Cytop
baked using the method resulted in a relatively flat surface, it gave around 50% thinner
Cytop layer compared to what was obtained using the A-type for the same spin speed
and same baking procedure. The final dicing of wafers prepared by the M-type Cytop
also resulted in rather low quality facets meaning that light in-coupling into the waveguide
structure became difficult. A-type Cytop was therefore used, both for structures prepared
on silicon and glass wafers, and baking was performed under a cover glass in order to
obtain a smooth surface.

After the substrate wafer of choice had been appropriately prepared and primed, the
wafer was spin coated with an approximately 4-µm thick layer of Cytop. Solvent removal
and annealing was carried out by placing the Cytop-coated wafer in a cleanroom oven
under a glass cover in atmospheric ambient as described in appendix A. The temperature
was held at 50 ◦C for 30 min, then ramped to 180 ◦C over 1 hour and maintained at 180
◦C for 1 hour. After cool-down, approximately 20-nm of aluminum was deposited on the
Cytop surface by thermal evaporation. The aluminum was then removed by etching in ma-
D 331 photoresist developer (MicroResist Technology GmbH) for 1 minute before being
rinsed in deionized water and finally blow dried using nitrogen.

5.3 The guiding layer (c)

The core layer of the waveguide consists of a polymethyl methacrylate (PMMA) polymer
(Micro Resist Technology GmbH) which, after polarization of the Cytop surface, is spin
coated directly on the Cytop layer. Standard PMMA products cover a wide range of film
thicknesses (down to appr. 50 nm) and are formulated with 495.000 or 950.000 molecular
weight (MW) resins in either chlorobenzene or the safer solvent anisole. In this project a
950.000 MW PMMA diluted in anisole was used, since that type is typically used for high
resolution electron beam lithography applications [80]. PMMA has the drawback that it
swells and dissolves in many organic solvents; it also has poor resistance to many other
chemicals on account of its easily hydrolyzed ester groups. It is thus the material with the
least chemical resistance of all the materials used in the waveguide structure and hence
great care must be taken before exposing it to the solvents involved in the subsequent pro-
cessing steps.
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Figure 5.6. Surface profiles of differently prepared Cytop surfaces. a) CTX-809AP2 baked in an
oven using the standard procedure given in appendix A with cover glass placed over the wafer.
b) Same as in a, except here the baking takes place without a cover glass. c) CTL-809M Cytop
prepared according to a different recipe (see text) and d) CTX-809AP2 using the same new recipe.

The PMMA guiding layer thickness has to be precisely determined in order for the
waveguide to operate in the desired manner. The PMMA thickness not only depends on the
spin speed, but also on the subsequent curing (baking) and on the substrate on which it is
spun. Figure 5.7 shows the resulting PMMA thicknesses, measured with an ellipsometer,
as a function of spin speed for two concentrations of PMMA (2% and 4%) prepared on
two different kinds of substrates (Cytop and silicon). It is clear that there is a difference
in the resulting PMMA thickness depending on which substrate the PMMA is spun. For
the spinning conditions used here, the difference in thickness is rather constant, with the
PMMA on Cytop about 65 nm thinner than on silicon. Equation 3.1 can then be used to
calculate the anticipated penetration depth for each PMMA core layer thickness.

The PMMA is put directly on the polarized Cytop using a disposable pipette and then
spun at the desired speed (see appendix A). After spinning the layer is cured by placing
the wafer on a 120 ◦C hot plate for 5 minutes after which the wafer is allowed to cool
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Figure 5.7. PMMA thickness on Cytop (blue) and silicon (red) as function of spin speed for two
concentrations of PMMA (4% and 2%).

down. The recommended baking temperature for PMMA is between 170–180 °C, but
due to the low glass-transition temperature (Tg) of the underlying Cytop (Tg = 120 °C
[49]), a lower baking temperature is applied but for a longer time period. After baking,
an ellipsometric film thickness measurement is carried out to ensure that the right PMMA
thickness has been achieved. The next step in the fabrication process is to coat the structure
with positive photoresist in order to provide an etch stop layer for for sample wells in
the top cladding Cytop layer. However, due to the previously mentioned poor chemical
resistance of PMMA, the solvent of the photoresist used was found to affect the optical
properties of the PMMA layer on which it is spun. It is thus necessary to include an
intermediate step in which a thin layer of aluminum is coated on the PMMA layer for
protection.

5.4 Aluminum protective layer (d)

A protective layer of aluminum has to be deposited onto the PMMA layer before cover-
ing it with the photoresist. Experiments were carried out using various nominal aluminum
layer thicknesses ranging from 50 to 300 nm, of which all were found to give adequate
protection. However, a 300 nm thick protective layer turns out to be too thick if the in-
tention is to include integrated optical components in the waveguide structure and it also
possesses a problem during subsequent baking of the photoresist as will be discussed later.
An aluminum layer thickness close to 200 nm was found to work well. For deposition of
the protective layer it is recommended to use thermal evaporation instead of e-beam evap-
oration because e-beam evaporation over prolonged time (evaporation times exceeding 5-8
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(a) (b)

Figure 5.8. Channel waveguides written in two differently prepared PMMA films. a) Aluminum
protective layer deposited using e-beam evaporator and b) using thermal evaporator.

minutes) was found to effect the PMMA, presumably due to scattered electrons and/or
electromagnetic radiation from the source. Figures 5.8(a) and 5.8(b) show SEM images
of channel waveguides written in a PMMA layer that had a protective layer made using
an e-beam evaporator and thermal evaporator respectively. The difference is clear with the
waveguides obtained using thermally evaporated aluminum showing nice and smooth fea-
tures. Channel waveguides, fabricated in a PMMA layer which had undergone a prolonged
e-beam deposition, were never found to work properly. Hence, all aluminum deposition
processes carried out after PMMA spin coating were performed using a thermal evapora-
tor. This is especially important if the intention is to integrate some optical circuitry into
the structure by use of e-beam writing as will be clear in a later section.

Another problem encountered using an aluminum protective layer was the formation
of surface defects in the waveguide structure after subsequent baking of the positive pho-
toresist. Figure 5.9 shows an optical microscope image of the defects that seem to form a
worm-like ridges about 200-500 nm high (according to profilometer). The formation of this
pattern is strongly dependent on the aluminum protective layer thickness and on the heat-
ing ramp during photoresist baking. Similar patterns have been reported in the literature
and are supposedly related to the glass transition temperature (Tg) of the PMMA which
is between 95 - 106 ◦C [81–83]. In the present case, the effect was strongly enhanced
in the presence of the Cytop underlayer, which has a glass transition temperature around
Tg = 108 ◦C [49]. In either way, the outcome can be explained by the effect of stresses
on the Cytop/PMMA polymer material layer by the thin metallic protective layer due to
the difference in thermal expansion coefficient between the two. According to literature
the solution to the problem lies either in increasing the glass transition temperature of the
PMMA by thermal treatment or by replacing the PMMA guiding layer with an optically
transparent polymer with a glass transition temperature higher than that of PMMA (PMMI
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Figure 5.9. During post baking of the positive photoresist on top of the aluminum protective layer
a worm-like defect was observed. Image is obtained using a 20x objective.

for example) [82]. The tests carried out in order to increase the glass transition temperature
of PMMA were however not successful, further indicating that the effect has more to do
with the interaction between the protective aluminum layer and the underlying Cytop cover
layer rather than the PMMA layer itself.

It was found that the worm-like pattern could be avoided by slowly ramping the temper-
ature during photoresist baking using an oven, rather than placing it directly on a hot-plate.
Our studies show that by applying normal positive photoresist baking at 100 ◦C in an oven
for 30 minutes will result in appearance of a wormlike pattern when an aluminum protec-
tive layer thicknesses less than 150 nm is applied. Consequently, a protective layer thicker
than 150 nm needs to be used. However, as mentioned earlier, too thick a protective layer
will pose a problem during removal since too long aluminum etching times will effect the
photoresist of the unexposed areas of the photoresist. Prolonged etching times also results
in an photoresist undercut, affecting the outlines of the sensing wells, which should be
avoided as much as possible. A critical protective layer thickness between 150 and 200
nm will thus have to be maintained in order to ensure good enough protection, minimizing
photoresist undercut, avoid wormlike pattern from forming and to ensure that the photore-
sist does not come off during aluminum etching.

5.5 Positive photoresist (e-f)

After deposition of protective aluminum, an approximately 1 µm thick layer of positive
photoresist (ma-P 1210, Micro resist technology GmbH) is spin-coated on the protective
layer. No adhesion promoter is needed for this step and the photoresist is placed on the
wafer using a disposable pipette. After spinning the wafer is placed on a 6" silicon wafer
and then in a 100 ◦C hot oven for 30 minutes. After cooling, the photoresist is exposed to
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365 nm ultra-violet light using the appropriate mask. The mask pattern corresponds to the
shape of the sensing well of the waveguide structure (see figure 3.5).

Following exposure the photoresist is developed using ma-D 331 developer (sodium
hydroxide based solution from Micro resist technology GmbH) for as long time as is
needed to totally remove the protective aluminum layer under the exposed resist. For
aluminum protective layers around 200 nm thick, this time corresponds to around 6-7
minutes. The wafer is usually kept in the developer one minute past the point of total
aluminum removal before being rinsed in deionized water for one minute and finally blow
dried using nitrogen. At this point the structure consists of exposed areas of PMMA with
predetermined etch-stop patches on top consisting of positive photoresist with aluminum
underneath as is indicated in figure 5.1(f).

5.6 Upper cladding layer (g)

The next step is to complete the waveguide structure by spin-coating an upper cladding
layer on the patterned photoresist and PMMA layer. For this step, Cytop is used as before
which is spin coated to provide approximately 4 µm thick layer. The overall flatness of
this layer is not as critical as it was for the lower cladding layer and since post baking of
Cytop without use of cover-glass generally results in a thicker Cytop layer, the cover glass
is not used for this step. However, due to the low glass-transition temperature of PMMA
and Cytop, the baking is carried out at only 100 ◦C instead of 180 ◦C as was done for the
lower cladding layer to preserve the quality of the structure. The temperature is held at 50
°C for 30 min, then ramped to 100 °C over 1 hour and maintained at 100 °C for 1 hour.
After cool-down, approximately 20-nm of aluminum is deposited on the Cytop surface by
thermal evaporation in order to polarize it and improve adhesion for the next spin coated
material. The aluminum is then removed by etching in ma-D 331 for 1 minute before being
rinsed in deionized water and finally blow dried using nitrogen.

5.7 Negative photoresist (h-i)

After completing the waveguide structure the next step in the process is to open up areas
(wells) in the upper cladding layer where the specimen to be studied or excited by the
guided mode is to be placed. The upper Cytop cladding layer thus needs to be etched
away at the places where the etch stop patches can be found. In order to do this a negative
photoresist protective layer is spin coated on the structure, which will be patterned to form
an etch mask layer. A 4 µm thick layer of negative photoresist (ma-N1420, micro resist
technology GmbH) is spin coated on the structure and baked in a 100 ◦C hot oven for 20
minutes. The absolute thickness of this negative photoresist layer is not critical as long it is
thick enough to ensure sufficient protection of the underlying Cytop from the subsequent
RIE.
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Figure 5.10. Etching depth vs. etching time of Cytop using RIE at 100 W RF power, O2:CHF3
(20:60 sccm) and 15 mtorr pressure.

After cooling, the photoresist is patterned using a mask which is analogous to the etch-
stop-mask used in step (f) of the fabrication process, but around 1 µm smaller on each side
in order to make mask alignment easier and to ensure that the subsequent RIE will not
damage the waveguiding core layer due to imperfect alignment. After exposing the wafer
to UV light, the layer is developed for 2 minutes using ma-D 533 photoresist developer
(TMAH based solution from Micro resist technology GmbH) before being rinsed in deion-
ized water for 1 minute and finally blow dried using nitrogen. At this point, the structure
is covered with exposed negative photoresist except at the places over the etch stop pads as
indicated in figure 5.1(i).

5.8 Reactive ion etching (j-k)

The wafer is now placed in a reactive ion etching chamber and the chamber pumped down
until a base pressure around 10−6 mbar is reached. At that point a mixture of O2:CHF3
(20:60 sccm) is allowed into the chamber and plasma ignited. The reactive ion etching
is operated at 100 W RF power and 15 mtorr for a period sufficient to totally remove the
Cytop on top of the positive etch-stop layer (see figure 5.1(j)). The etching depth of Cytop
(CTX-809 AP2) vs. etching time for the particular chamber and parameters used here is
shown in figure 5.10. From the graph a etching rate of 135 nm/min is achieved. The etching
rate of the negative photoresist is somewhat less (about factor 2).

After etching, positive photoresist remains in the wells and negative resist elsewhere.
These layers are kept in place to prevent particle contamination during subsequent dicing
of the wafer into individual chips. Before dicing, the wafer is exposed to UV light for
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(a) (b)

(c)

10 μm

(d)

Figure 5.11. SEM and optical microscope images of a fully fabricated waveguide structure. a)
SEM image showing the corner of a sensing well and b) the approximately 4 µm high Cytop step
forming the sensing well. c) SEM image of the cross-section of the sensor-chip showing the clear
marks in the silicon substrate from the dicing saw. d) Optical microscope image showing the
cross section of the waveguide structure with the PMMA core layer clearly visible in between an
approximately 4 µm thick upper cladding layer and a 3 µm lower cladding layer made of Cytop.
The white area on the right is the silicon substrate and the thin layer on the upper cladding layer
is the protective layer made of negative photoresist.

about 1 minute in order to fully expose the remaining positive photoresist in the wells. A
typical chip size used in the present work was 10 mm × 10 mm with a 2 mm × 2 mm
sample well in the center of the chip. After dicing and just before the chip is to be used,
the remaining positive and negative photoresists are removed by placing the chip into a
solution of a strong sodium hydroxide photoresist remover (ma-R 404 from Micro Resist
Technology GmbH) for 30-60 seconds before being rinsed in deionized water for about
a minute and finally blow dried using nitrogen. This results in the waveguide structure
shown in figure 5.1(k) indicating clean exposed areas of PMMA in the sample well and is
ready to be used as an evanescent-wave device for use with aqueous solutions as shown in
figures 5.11(a)–(d).





Chapter 6

Platform performance

In order to test the platform performance, a number of experiments were carried out that
mostly involved studying of either scattered light from gold nano-particles or fluorescence
from fluorophores, which were placed in a solution in the sensing well and excited us-
ing the appropriate wavelength. Figure 6.1 shows a typical experimental setup for the
evanescent waveguide structure. Excitation light is provided either by a laser source or
by a supercontinuum light source. The polarization of the light can be controlled using
retardation plates (P.C.) before being guided by a polarization maintaining single mode
optical fiber towards the sensor chip were it is butt-coupled to the waveguide structure.
Fiber-to-waveguide alignment is carried out by adjusting the xyz-translational stages and
the quality of coupling is ensured and controlled by monitoring the throughput signal using
a CCD camera positioned at the other end of the waveguide structure. Beside helping with
the fiber-to-waveguide alignment, the throughput signal also gives information about the
quality of the waveguide structure.

After assuring good alignment, the specimen to be observed is put in an aqueous solu-
tion and placed in the sensing well usually in the form of a droplet. The resulting signal
(fluorescence or scattering) is then picked up by a microscope objective and viewed either
by the naked eye or by a EMCCD camera connected to the eyepiece. In our laboratory an
upright-microscope setup was used, since the silicon substrate, on which the waveguides
were typically made, is not optically transparent. By using a transparent substrate, like
glass, an inverted microscope can be used as well. The microscope was equipped with 5x,
10x 20x and 50x (NA=0.65) objectives and later, when used for studying fixed and live
cells, a 63x, NA = 1.2 water immersive objective was used in order to enhance the res-
olution and to make comparisons with epi-fluoresecence and confocal microscopes more
accurate. For fluorescence detection, filtering of the excitation signal is in principle not
required since it propagates perpendicular to the axis of the detection optics. However, in
practice, filtering is necessary in order to discriminate between the fluorescence signal and
scattering signal from occasional particles present in the waveguide layer. Thus, a suitable
filter is placed in the eyepiece of the microscope in order to eliminate all scattered excita-
tion light.

79
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Figure 6.1. Experimental setup for the evanescent-wave platform. The optical fiber, platform and
lenses are aligned and positioned using xyz-stages. A droplet with the specimen to be excited is
placed in the platform well. Two CCD cameras are used to monitor the transmitted signal and
the fluorescence or scattered signals. The setup can be equipped with a light sensor in order to
measure the intensity of the fluorescent signal as a function of time and a half-wave or a quarter-
wave plate in order to polarize the excitation light.

Early experiments aimed at investigating whether the platform was working as antici-
pated and to try out whether small particles such as gold nano-spheres or fluorescent beads
could be made to scatter and fluoresce respectively when brought within the penetration
depth of the evanescent field. The quality of the guide was evaluated qualitatively by look-
ing at the through-put of the excitation light at the end-facet apposing side of the structure
when only drop of clean water was placed in the well to ensure symmetric cladding en-
vironment. A symmetric, uniform, well confined and high intensity through-put signal
usually indicates high quality and working waveguide platform.

In order to prevent the water droplet containing the specimens from evaporating, which
puts a limit on the possible observation time, and also to ensure good focusing, the setup
had to be slightly modified. A thin microscope glass-slide was pressed down onto a very
thin silicone gasket surrounding the sensing well as is shown in figure 6.2. In this way
the problem of evaporation was overcome and enhanced focusing ensured. However, the
allowed thickness of both the cover-glass and the silicone gasket are limited due to the
working distance of the objectives. Generally, the higher magnification, the lower the
working distance is, meaning that the distance between the lens and the observable has to
be small.

After the quality of the waveguiding structure itself had been ensured a new chip from
the same wafer was placed on the setup stage and an aqueous solutions, containing e.g.
50 nm gold particles or orange fluorescent 0.2 µm carboxylate-modifed fluosphere beads
(Invitrogen Inc.), was placed in the sensing well. Upon excitation the gold particles and/or
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Substrate

Figure 6.2. Redesigned WExFM setup using cover glass and gasket. A thin gasket made of
silicon is placed around the sensing well in which the aqueous solution is placed. A flat 170 µm
microscope glass is then used to seal the solution ensuring that no evaporation takes place and
better focusing capabilities of the microscope objectives. The figure is not up to scale.

fluorophores are observed as bright spots, blinking as they move in and out of the evanes-
cent excitation field. Some attempts were made to quantitatively or qualitatively measure
the penetration depth of the platforms since the real penetration depth might deviate from
the calculated one, both because the absolute thickness of the PMMA layer and the effec-
tive refractive index might differ from that used in the modeling. One way to quantitatively
determine the penetration depth is by means of correlation measurements [84–86]. How-
ever, correlation measurements require both complicated setup, high frequency data acqui-
sition hardware and a knowledge of the particle diffusion constant so little emphasis was
put into such measurements at the early developing stages of the platform. Even though
the penetration depth could not be determined quantitatively by a simple approach, some
qualitative measurements were carried out. By comparing two images (frames) of scatter-
ing gold nanoparticles obtained from the same location at slightly different times, a clear
distinguishing could be made between platforms with 200, 300 and 500 nm penetration
depths. Using a XOR algorithm on two different frames and counting the remaining parti-
cles observed, it was possible to automatically differentiate between light from stationary
particles on the surface and particles moving in and out of the evanescent field. Hence a
processed image showed only particles that were moving and thus the higher the number
of particles observed, the larger the penetration depth. Hence, using this method a rough
distinction between two waveguides for a fixed particle concentration, but different pene-
tration depths, could be made.

6.1 Protein recognition

Even though the evanescent wave platform can in principle be used for different types of
both sensing and local excitation application, the main focus of this work has been on using
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the waveguide excitation as a tool for fluorescence microscopy and to compare it to other
fluorescence techniques such as standard epi-fluorescence microscopy. We have referred
to this type of configuration as a symmetric waveguide excitation fluorescence microscopy
or SWExFM for short. The preparation of biological cell to be used in fluorescence mi-
croscopy requires rather sophisticated equipment, chemicals and training. However, in
order for the comparison between different microscopy techniques to be reliable, standard-
ized cell culturing and fixation procedures, as are commonly applied within the field of
cell-biology, were used. A step-by-step recipe on cell culturing, staining and fixating can
be found in appendix B and a more thorough description can be found in [87].

In our work we used different types of biological cells, focusing on certain proteins that
were suitable and relevant for testing the special features of the evanescent-wave platform.
These mainly included cell adhesion and intracytoplasmic cytoskeleton proteins since such
proteins will be abundantly expressed close to the cell-platform interface. These proteins
however, do not fluorescence themselves, so a kind of a fluorescent label must be attached
to the protein of interest through a process known as immunofluorescence staining. In sim-
ple terms, a solution is made containing an antibody, which is a certain type of protein that
detects and attaches to only one certain corresponding target protein called antigen, which
in our case is the target protein that we want to monitor. A fluorescent molecule, specially
designed to attach to the antibody, is then introduced into the solution and mixed. The fluor-
escence labeled antibodies are then introduced to their corresponding antigens (proteins of
interest), to which they will link making the antigens detectible through fluorescence mi-
croscopy. To amplify this effect, a method named indirect immunocytochemistry is often
applied, in which case a highly specific antibody, called primary antibody is made to link
in a very distinct way to its target antigen. A second antibody, labeled with a fluorescent
molecule, is then let into the system and that antibody detects and binds to the primary
antibody. However, the specificity of the binding is not so great meaning that several sec-
ondary antibodies can be linked to each primary antibody. Since each secondary antibody
is tagged with a fluorescent molecule, the resulting fluorescent signal will be much greater
than if only a single antibody with a single fluorescent molecule would have been used. A
schematic of the process is given in figure 6.3.

Antibodies can be produced to target a wide range of proteins and hence by attaching
a fluorescent molecule to it, one can use fluorescence microscopy to look at many differ-
ent parts of a cell sample. In the present work, a type of breast cancer cell line known as
MCF7, was mainly used. Since the evanescent-wave chips were usually designed to have
a penetration depth in the range of 200-300 nm, it was decided to label proteins that can
by found inside or close to the membrane or in the cytoskeleton of the cell. One group of
such proteins is called Keratins. The keratins are intermediate filament proteins responsi-
ble for the structural integrity of epithelial cells and are subdivided into cytokeratins and
hair keratins [88]. Cytokeratins (CK) are intermediate filament keratins found in the intra-
cytoplasmic cytoskeleton of epithelial tissue and are thus ideal for use with our evanescent
wave platform. CK18 and CK19 are organ and tissue specific keratins with the former
being one of the most commonly found member of the intermediate filament gene family
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Figure 6.3. A schematic representing the path of indirect immunocytochemistry for fluorescence
labeling. See text for further explanation.

and they are expressed in single layer epithelial tissues of the body. CK19 is the smallest
cytokeratin and is specifically expressed in the periderm, which is the transient superficial
layer that envelopes the developing epidermis [88].

Cadherins (calcium-dependant adhesion proteins) are transmembrane proteins/molecules
that play an important role in cell adhesion and ensure that cells within a tissue are bound
together. They are dependent on calcium ions to function, and hence their name. There are
multiple types of cadherin molecules which are given different prefix depending on what
type of tissue they are associated with. E-cadherins are found in epithelial tissue and are
one of the most studied member of the cadherin family. Loss of E-cadherin function or ex-
pression has been related to cancer progression and metastasis. E-cadherin downregulation
decreases the strength of cellular adhesion within a tissue, resulting in an increase in cel-
lular motility, which in turn may allow cancer cells to invade surrounding tissues [89–93].
Carrying out FM measurements on MCF7 cell expressing E-cadherin is thus both rele-
vant from a biological/medical point of view and is particularly well suited for SWExFM
method.

A couple of other types of proteins such as beta1 integrin [94], which is an attachment
mediating protein and erythropoiesis-stimulating agent (ESA), which is an agent similar to
the cytokine (erythropoetin) that stimulates red blood cell production [95], were also tried
out. However, these measurements did not reveal any new information with respect to the
platform performance, so main focus was kept on the E-cadherin, ck18 and ck19 proteins.
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6.1.1 SWExFM using fixed biological cells
Figures 6.4(a)–(l) show various images of E-cadherin labelled MCF7 cells obtained using
SWExFM, confocal microscopy and epi-fluorescence microcopy. The images are from
one of the earliest FM experiments where we used MCF7 fixed cancer cells expressing the
previously mentioned E-cadherin protein. These experiments led to the publication [P1],
in which a more detailed description can be found on the overall comparison of the three
methods. The SWExFM images are obtained using the equipment described in section
4.1. The FWHM bandwidth of the AOTF output used for excitation was 3.2 nm. The
light source was operated at 551 nm corresponding central excitation wavelength of the
fluorophores giving 150 µW of power for coupling into the waveguide. The SWExFM
images were collected using a QuantEM:512SC electron-multiplying CCD camera (Pho-
tometrics) and the scattered excitation light was blocked using a 570 nm long-pass filter
(Schott glass). Figures 6.4(a) - (b) and 6.4(g) - (h) show four different cell clusters marked
with E-cadherin imaged using the SWExFM platform.

For comparison, images of the same cells or cell cluster, were obtained using a conven-
tional epi-fluorescence microscope (Nikon Eclipse E800, 100x, NA = 1.3 oil-immersion
objective, 100W halogen lamp with a G-2A filter block, Nikon DXM1200F digital camera)
and a confocal laser scanning microscope (Zeiss LSM 5 Pascal, 63x NA = 1.4 oil immer-
sion objective, 543 nm HeNe-line excitation, 560-615 nm bandpass filter for detection)
adjusted for large depth of focus (7 µm). The images obtained from the confocal micro-
scope can be seen in figures 6.4(c)–(d) and 6.4(i)–(j) for the epi-fluorescence microscope in
figures 6.4(e)–(f) and 6.4(k)–(l). The SWExFM images give essentially two-dimensional
cross-section of the cell membrane adjacent to the waveguide surface, revealing details that
are masked by bulk signals in epi-fluorescence images. Furthermore, images obtained by
SWExFM give more clear definition of the cell morphology. It is thus the general conclu-
sion that the SWExFM images give high quality and detailed images of the near-surface
regions compared to both confocal- and epi-fluorescence microscopy techniques for E-
cadherin expressing cells. It should be noted that the SWExFM technique is not meant
to compete with confocal microscopy since the latter can give information in the form of
cross-sectional segments at arbitrary locations within the specimen being investigated.

Figures 6.5(a)–(b) are SWExFM images of MCF7 cancer cells expressing cytokine 18
(ck18). The images are obtained using a 63x, NA = 1.2 water immersion objective and
an evanescent-wave platform fabricated on a glass wafer with calculated penetration depth
less than 200 nm. The images show very clear cytoskeleton structure with the cell nucleus
partly shadowing the underlying fluorescent molecules.

Figures 6.6(a)–(d) show images obtained using SWExFM with 63x, NA = 1.2 water
immersion objective and images obtained using conventional epi-FM carried out on a stan-
dard fluorescence microscope with 100x, NA = 1.25 oil immersion objective. Even though
the numerical aperture for the oil immerison objective is slightly higher than for the objec-
tive used with the SWExFM, the images obtained using SWExFM ((a) and (b)) give better
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Figure 6.4. Comparison of images of clusters of MFC7 breast cancer cells labeled with antibody
against the transmembrane protein E-cadherin imaged using SWExFM, confocal FM and epi-
FM. (a), (b), (g) and (h) show the result of a symmetric waveguide excitation obtained with an
estimated penetration depth of 185 nm. (c), (d), (i) and (j) show the same cell cluster imaged using
a confocal microscope with a depth of focus around 7 µm. Images (e), (f), (k) and (l) show the
same clusters obtained using epi-FM setup. The images obtained using SWeXFM show enhanced
contrast at the near-surface region compared to the other imaging methods and the imaging time
is reduced by at least an order of magnitude. All the images are 60 µm across.
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(g) (h)

(i) (j)

(k) (l)

Figure 6.4. (cont.)
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(a) (b)

Figure 6.5. SWExFM images of MCF7 cancer cells expressing ck18. The images are obtained
using 63x, NA = 1.2, water immersion objective. Both the images are 110 µm across.

contrast than the images obtained using epi-FM ((c) and (d)). Note also how the nuclei of
the cells are not visible in the SWExFM images due to the nature of the evanescent-wave
excitation field. Figure 6.6(a) shows very explicitly the internal cytoskeleton structure of
individual cells and how they interact with each other by interlinking. These features are
not nearly as clear in the corresponding epi-FM images.

In figures 6.7(a)–(d) a comparison is made of images showing MCF7 cells express-
ing ck19, obtained using SWExFM and confocal-FM repsectively. The false color of
the SWExFM images is only to facilitate comparison with the confocal images that were
recorded with a color camera. The SWExFM images were obtained using a 63x, NA = 1.2
water immersion objective and the confocal-FM images using a 63x, NA = 1.4 oil immer-
sion objective with the focus depth adjusted to around 7 µm. The SWExFM images show a
bit of surface streaking but the general quality of the images with respect to details is quite
good compared to the confocal images.

The SWExFM yields detailed information from the sample region adjacent to the chip
surface. The confocal principle of a laser scanning system can, of course, be used for
imaging a thin section (down to about 0.5 µm in thickness) of the cell cluster close to the
interface and thus eliminating bulk fluorescence. However, when signals originating from
the near-surface region are of interest, the low photobleaching, simplicity and speed of the
SWExFM method make it a more suitable technique, in particular for imaging fast pro-
cesses in live cells.
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(a) (b)

(c) (d)

Figure 6.6. Comparison of images obtained using SWExFM (a–b) and epi-FM (c–d). In the
former case, the signal in the near-surface region is significantly enhanced and the internal cy-
toskeleton structure is clearly much more visible compared to images obtained by the epi-FM.
Images (b) and (d) are approximately 80µm across and images (c) and (a)are 110 µm across.
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(a) (b)

(c) (d)

Figure 6.7. MCF7 cancer cells expressing ck19 obtained using SWExFM and confocal FM re-
spectively. All the images are 60 µm across.
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In general, the SWExFM method gave clear images with a uniform fluorescence signal
from cell membranes in contact with the waveguide surface and an increased signal from
adhesion proteins in the cell-cell contact regions, as expected. No visible bleaching of the
fluorescence signal was observed even during extended observation times of several hours,
presumably due to a combination of a highly sensitive camera, efficient narrow-bandwidth
excitation and optimum cut-off filter selection.

6.1.2 Live-cell microscopy and imaging
Experiments performed on fixed cells can provide valuable information, however these in-
vestigations only provide a static, snapshot view. Being able to observe processes as they
happen within live cells adds an extra dimension to the understanding of cell function, but
it also introduces additional challenges compared to fixed-cell investigations. This applies
both generally to all types of techniques used for live-cell imaging and to the general setup
and function of our SWExFM platform. The work presented in the master thesis of Nína
Björk Arnfinnsdóttir gives and excellent insight into how the setup regarding the SWExFM
experiments had to be adapted to resolve the extra challenges presented in live-cell imag-
ing [87].

There are a number of considerations that must be taken into account when working
with living mammalian cells. Environmental considerations are generally related to the
health and general well-being of the cells during measurements on the stage of the optical
microscope. It is vital to keep the cells in a culture medium, at constant temperature, close
to 37 °C and the correct humidity and CO2 levels must be maintained. Cells are also quite
sensitive to photodamage induced by the microscope light, particularly in the presence of
fluorophores which generate free radicals upon photobleaching. The introduction of green
fluorescent protein (GFP) technology has revolutionized live cell imaging. The spectral
variants of GFP, and the related red fluorescent protein, make it feasible to perform mul-
ticolor imaging of living cells [96, 97]. Simultaneous studies of multiple fluorophores are
excellently suited for our SWExFM setup since multiple wavelength excitation is easily
carried out using a single optical fiber and end-fire excitation.

Other considerations that must be addressed are the sensitivity of the detection, the
viability of the specimen and the speed of acquisition. Optical microscopy of living cells
is essentially a trade-off between acquiring images with a high signal-to-noise ratio and
damaging the sample under investigation. For live-cell imaging it is essential to limit the
duration and intensity of illumination [4]. This means that the system should make the most
out of the light present, meaning that high NA objectives should be used for light collection
and a sensitive camera. For multicolor excitations, fast switching both between excitation
wavelengths and the filters for the emission wavelengths or for simultaneous imaging us-
ing a color camera is crucial. In our SWExFM setup a low power excitation light can be
used which minimizes the bleaching effect but of course reduces the emitted signal as well.
However, the powerful EMCCD camera together with the NA = 1.2 objective, maximize
the collection efficiency. During the experiments and comparison between epi-, confocal-
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Black-tape to reduce scattering

SWEx chip

Petri dish with a hole in the bottom and 

culture medium

Excitation light

Figure 6.8. A schematic showing a how a SWEx platform fabricated on a transparent substrate
could be attached to the bottom of a culture dish for use in live-cell imaging using an inverted
microscope.

and SWExFM it was noticed that photobleaching was significantly less compared to when
epi- or confocal FM was used. Using the SWExFM setup, cell structures could be studied
for hours with continuous excitation without any noticeable photobleaching taking place,
while the observation time was usually limited to minutes using the other techniques.

Figure 6.8 represents an idea of how the SWExFM platform could be designed to work
with living cells in a petri-dish containing culture medium. The measurements would have
to be carried out using an inverted-microscope setup. The platform would be fabricated on
a very thin (170 µm) glass slide which, after dicing, would be placed underneath a petri-
dish with a hole in the middle and glued in place using, e.g. silicone sealant. The glass
slide has to be thin in order to allow for high a NA objective to be used (low WD). Cells
would then be cultured in the petri dish using standard procedures before being placed
under a microscope equipped with a heating stage of some sort in order to keep the cul-
ture medium at suitable temperature. Experiments were carried out where cells were suc-
cessfully cultured using this type of setup. The full setup with temperature control and
excitation has, however, not yet ben tested.

6.2 Performance of optical components

The performance of integrated optical devices were studied and the results reported in ar-
ticle [P3]. Characteristic properties such as mode size, bend loss and evanescent coupling
between waveguides were modeled using effective-index approximation, finite-element
and finite-difference time domain methods. Directional couplers for wavelength splitting
and ring resonators for refractive-index or temperature sensing, were also modeled, fabri-
cated and characterized.
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Table 6.1. Free spectral range (FSR), Full-width-half-maximum (FWHM) and deduced finesse
for a ring resonator with a 40 µm diameter for various nominal coupling gap distances.

Nominal
coupling distance [nm] FSR [nm] FWHM [nm ] Finesse

200 1.614 0.44 3.7
250 1.632 0.42 3.9
300 1.614 0.47 3.4
350 1.613 0.39 4.1

6.2.1 Ring resonators
As described in section 2.3.3, the main characteristic properties of a ring resonator are
the circumference of the ring resonator (L), the effective index experienced by the mode
propagating in the ring resonator (β or neff), the attenuation in the ring section (ρ) and the
coupling constant (κ) describing the interaction of the straight and bend segment of the
coupling region. The size of the ring resonator is controlled by design, but by measuring
the full width half maximum of the transmission dips (equation 2.42), information about
the coupling constant and attenuation constant can be obtained. Similarly, measuring the
resonance spacing will yield information about the propagation speed of the ring mode. By
measuring these two parameters as a function of separation gap between the straight and
the bend segments, information about the ring resonators main properties can be obtained.

A set of ring resonators with different coupling distances was fabricated using electron-
beam lithography. A ring diameter of L = 40µm was used and the waveguide channels
were 450 nm high and approximately 600 nm wide. A tapered fiber was used to couple
light efficiently into the straight section of the resonator while the output light was coupled
into a standard optical fiber and into a spectrometer. By measuring the output intensity as
a function of wavelength, spectra similar to the one shown in figure 2.11 were obtained
from which one could directly deduce the FSR (by measuring the distance between peaks)
and the FWHM. The finesse can then be related to the FWHM according to equation 2.43.
Table 6.1 presents the measured FSR and FWHM and the deduced finesse for different
nominal coupling distances.

According to equation 2.41, the FSR of a given ring resonator should not depend on
the coupling gap distance, only on wavelength, ring diameter and the group index ng. The
measured FSR values are all quite similar for the different coupling gap distances as is to
be expected. According to equations 2.42 and 2.43, the FWHM and finesse depend on the
coupling coefficient κ. It is thus logical to anticipate some coupling gap distance depen-
dence of the FWHM and the finesse. No systematic dependence was, however, determined
experimentally, presumably indicating that loss in the ring cannot be neglected.
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Figure 6.9. Optical microscopy image showing Mach-Zehnder interferometers made of Cy-
top/PMM/Cytop waveguides. The image is obtained after photoresist developing and before gold
deposition. Individual heating strips in the image are 600 µm long.

6.2.2 Mach-Zehnder interferometer
Mach-Zehnder interferometers (MZI), similar to those described in section 2.3.1, were
fabricated using e-beam lithography. Figure 6.9 shows an example of fabricated interfer-
ometers with different length; 100, 200, 300, 400, 500, 600 µm. The image is obtained
after photoresist developing and before evaporation of approximately 4 nm of chromium
(for better adhesion) and subsequently 60 nm thick gold which is to act as a contact layer
and waveguide heater. Single heating elements (individual heaters) are 600 µm x 60 nm x
4 µm and resistance over the set of heaters was measured around 70 Ω. Since the contact
pads are 10 times wider than the each heating strip, it means that all the heating strips
contribute to around 58 Ohms of that value.

Before testing the MZI structures, numerical simulations were carried out in order to
estimate the anticipated response- or switching time for the MZI and the required heating
power needed. Using equation 2.40 for the thermally induced phase shift of a MZ and
plugging in the appropriate values for the thermo-optic coefficient of PMMA (−1.3×104

C−1 [54]) and the geometrical values for the MZ (e.g. L = 400 µm, λ = 532 nm), a tem-
perature change of around 5 °C is needed in order to induce a 180° phase change and hence
switch off the light for this particular length.

For heat flow simulations a commercial finite element software was used (COMSOL
MultiphysicsTM). Figure 6.10 shows the output from the simulations at various times for
a 4 µm wide and 60 nm thick gold heater on top of a Cytop. A steady state condition
is reached rather fast, or after about 1e-6 sec. For the simulations shown here, at steady
state, the temperature in the PMMA waveguide layer is 12 °C higher than initially, which
should be more than sufficient for successful switching. The steady state temperature of the
metal heater is approximately 20 °C higher than it was initially. To achieve this, the model
required approximately 3.3 mW per heater. Simulations using 1.9 mW per heater results
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Surface  Temperature [K]

Time= 1e-8 sec

Time= 1e-7 sec

Time= 1e-6 sec

Time= 1e-5 sec

Time= 1e-4 sec

Min: 293 K

Max: 323 K
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Figure 6.10. Simulated cross sectional temperature profiles around a heated 4 µm wide and 60
nm thick gold strip on top of Cytop cover layer obtained at different times. Simulations indicate
that rather fast switching times should be possible using the specified setup. For the heating power
of 2.3e13 W/m3, the steady state temperature at the PMMA core layer is about 12 °C higher than
prior to heating.

in around 5 °C higher temperature in the PMMA core layer, which should be sufficient for
switching.

The fabricated MZI ware placed on a sample stage and 532 nm light butt-coupled into
individual waveguides using a tapered optical fiber. Electrical contact probes on transla-
tional stages were connected to the MZI contact pads. The output signal from the MZI
was then coupled into a normal optical fiber and measured with a silicon detector. The out-



6.2. PERFORMANCE OF OPTICAL COMPONENTS 95

 !"!#$  !"!$!  !"!%$ !"!!! !"!%$ !"!$! !"!#$

&

%

'

(

$

)

#

 !"#

$

%&'($)*(+,

 
!

"
#
$
%
&

'
(
(
)
*
 
+
'
,
-
(
 
.
&

/
0

 !-.

!

&

%

'

(

 
1

2
2
+
'
)
*
 
3
4
+
(
#
,
)
 
.
/

0

(a)

 !"#!  !"!$ !"!! !"!$ !"#!

%

&

'

#!

#(

 ! " #!$#

%

&'()%*+),-

 
!

"
#
$
%
&

'
(
(
)
*
 
+
'
,
-
(
 
.
&

/
0

#!#" #!".  !// #!#0

!

#

(

)

%

 
1

2
2
+
'
)
*
 
3
4
+
(
#
,
)
 
.
/

0

(b)

 !"#!  !"!$ !"!! !"!$ !"#!

$

%

&

'

(

#!

##

 !"# $!%&

'

()*+',-+./

 
!

"
#
$
%
&

'
(
(
)
*
 
+
'
,
-
(
 
.
&

/
0

$!% $!## $! $ $!%0

$!# 

!

#

)

*

+

 
1

2
2
+
'
)
*
 
3
4
+
(
#
,
)
 
.
/

0

(c)

 !"#!  !"!$ !"!! !"!$ !"#!

$

%

&

'

(

#!

##

 !"# $!%&

'

()*+',-+./

 
!

"
#
$
%
&

'
(
(
)
*
 
+
'
,
-
(
 
.
&

/
0

$!0% $!#" $!01 $!11$!## $!1&

!

#

)

*

+

 
1

2
2
+
'
)
*
 
3
4
+
(
#
,
)
 
.
/

0

(d)

Figure 6.11. The response of a Mach-Zehnder interferometer switch to a square wave voltage
signal applied to the heater. Figures (a)–(b) are obtained using a 15Hz step wave and figures (c)–
(d) using a 20Hz step wave. An average 10-90% response time of 12.5 ms is observed. The fitted
τ values (see text) are given the images in ms.

put response signal from the sensor was then monitored on a digital oscilloscope together
with the square driving function. Figure 6.2.2 shows the resulting response curves from
the Mach-Zhender interferometers. The particular results were obtained using the longest
heating element, which was around 600 µm long.

The output signal from the MZI was fitted with an exponential function of the type
y = A + Be−t/τ . The extracted values of τ for each rise and fall response are given in the
images. The values range from 5.22 to 6.61 ms, but on average they are around 5.70 ms.
Usually the response time is defined as the time needed for transmitted signal to go from
10% of its maximum value to 90%. Using the average value of τ = 5.7 ms this corresponds
to 12.5 ms response time, which is far from the theoretical estimates. For the particular
MZI, from which the data shown in figures 6.11(a)–(d) are acquired, the output signal
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was never totally extinguished, presumably due to some stray light being coupled into the
pickup fiber and/or due to excitation of some higher order modes. However, these results
are very preliminary and further studies and design improvements must be carried out in
order to fully characterize the system.



Chapter 7

Conclusion and future aspects

Through this Phd. project, a functioning evancescent-wave platform has been designed,
fabricated and its performance tested using fluorescence microscopy. The platform has
been used both for fixed and live-cell imaging and has proven to work well to reduce
background fluorescence and increase imaging details in the near surface region. The
optical polymers used for fabricating the structure have proven to be compatible with cell
culturing and fixing procedures and the electron-sensitive properties of the PMMA guiding
layer have opened up the possibilities of integrating various optical components into the
structure, for lab-on-chip type of configuration. Part of the discussion in this thesis has
been focused on the possibility of using the platform for sensing applications and although
it appears promising, its capabilities have yet to be demonstrated and tested. There is thus
still plenty of room for further improvements and developments. In this chapter some
ongoing projects and possible future developments will be listed and discussed.

7.1 Streaking

For some of the chips used for SWExFM of fixed cells, dark streaks appeared in the result-
ing images. These streaks can occur due to shadowing effects from defects and impurity
particles found in the PMMA layer of the waveguide structure, the sample facet and the
edge of the sample well. Figure 7.1(a) shows a rather poor SWExFM image displaying
shadowing effects due to stray small scattering particles and large cell clusters that absorb
the excitation light. Streaking due to scattering may also occur due to sharp refractive
index changes in the sample, especially when penetration depth is large (weak guiding).
Figure 7.1(b) shows an SWExFM image of a single cell where streaks due to shadowing
are evident. Typically, the shadowing effects were more apparent for samples with large
penetration depths which is to be expected since evanescent waves with longer penetration
depths are more easily scattered.

Part of the solution to the shadowing problem was to monitor surface morphology
better throughout the fabrication stage and taking measures to make the PMMA layer as

97
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(a) (b)

Figure 7.1. Two images showing the occasionally observed streak-like features. a) A 20x mag-
nified SWExFM image of cells showing a large shadow area forming in the sensing well due to
a large clump of cells near the Cytop-well interface. Both types of streaks are apparent in this
image. b) Streaks due to bad surface morphology and/or shadowing effect from stray particles.

flat as possible. This was mainly achieved by flattening of the lower Cytop cladding layer
as was explained in the section about the fabrication process. Great care was also taken
to maximize the cleanliness of the fabrication process. However, even though the flatness
of the PMMA layer could be improved, the shadowing effect due to defects could not be
totally avoided. A possible improvement could involve a configuration where the excitation
light is guided with channel waveguides to the sensing well at two places, as illustrated in
figure 7.2. In this way the shadowing effects due to scattering would be partially averaged
out.

7.2 Conjugated fluorescent polymer as core layer

The excitation of high-index contrast single mode waveguides though end-fire coupling
introduces some tough alignment tolerances which may not be practical for routine mea-
surements. An idea to avoid this would be to integrate the excitation light sources directly
on the chip. Such sources could consist of optically pumped fluorescent materials [98, 99]
or electrically driven sources such as organic light-emitting diodes (OLEDs) [100, 101].

In order to demonstrate the possibility of using a fluorescent waveguide layer for
evanescent wave sensing, the PMMA guiding layer of the structure was replaced with a
layer of conjugated fluorescent polymer, MDMOPPV (ADS104RE, American Dye Source).
The coating process was otherwise other way carried out in the same manner as described
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SensingSensing

Figure 7.2. Schematic showing a possible reduction of streaking due to shadowing effects. The
excitation light is split and guided using channel waveguides to enter the sensing well at two
places, perpendicular to each other.

in chapter 5. The polymer has absorption and emission maxima around 510 and 575 nm
respectively. The MDMO-PPV was prepared by first dissolving it in toluene before be-
ing spin-coated on a Cytop-coated silicon wafer to produce a uniform 220-nm thick layer.
After the waveguide structure had been completed and subsequently diced, the conjugated
polymer waveguiding layer was placed on a microscope stage and excited by shining a 5
mW 473 nm laser at an inclined angle at an area away from the sensing well as illustrated
in figure 7.3(a). The signal from the excited polymer imaged from the chip facet is shown
in figure 7.3(b).

In order to test the structure, a dilute suspension of 100-nm gold nanoparticles in de-
ionized water was introduced into the sample well. The scattering from particles within
the evanescent field was collected using a standard microscope objective and imaged with
a EMCCD camera. At the emission wavelength, the fluorescent polymer is transparent and
acts as a normal high-index contrast waveguide core. Blinking of gold particles moving
in and out of the light field provided clear evidence of evanescent wave excitation at the
fluorescence wavelength.
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Substrate

(a) (b)

Figure 7.3. a) Schematic illustration of the experimental set-up used for sensors employing a
fluorescent conducting polymer as a light source. b)Image of the output facet of a waveguide
containing a transparent fluorescent polymer as guiding layer. Upon excitation with blue laser,
the polymer emits an orange light which travels through the waveguide, creating an evanescent
field at the core-cladding layer boundary.

7.3 Plasmonics

The theory and technological application of light-electron interaction at metallic surfaces
is generally referred to as plasmonics [102, 103]. Surface plasmons have been utilized to
realize many new and interesting devices that are already being applied as biochemical
sensors and in microscopy. These include biosensors that are based on the surface plas-
mon resonance (SPR) of thin metal films, as well as metal substrates that take advantage
of electric field enhancements in the vicinity of metallic nanostructures. Surface-plasmons
can be used in combination with TIR-FM or fluorescence correlation spectroscopy to real-
ize some new properties, such as smaller detection volumes, less background fluorescence
and less quenching and bleaching [41, 104–107].

The dependence of the angle of surface plasmon excitation on the dielectric properties
(refractive index) of the medium adjacent to the metal surface forms the basis of SPR de-
vices. Associated with the surface plasmon is an evanescent field in the dielectric medium,
similar to what has previously been described for TIR and WEx platforms. Thus, fluo-
rophores within the evanescent field of the surface plasmon will be excited and re-emit
detectible emission, in a scheme referred to as surface plasmon fluorescence spectroscopy
(SPFS). The situation can also be reversed, were an excited fluorophore emits light that
couples to the metal to create surface plasmons which then radiate into the sample sub-
strate at a defined angle. This latter effect is known as surface plasmon-coupled emission
(SPCE) and has been utilized in sensing applications [104, 107]. In order to realize SPR
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Figure 7.4. Metal enhanced fluorescence (MEF). Metallic sub-wavelength- sized particles en-
hance the excitation field locally around sharp edges and in-between individual particles. In some
cases, fluorophores within this enhanced field may fluorescence more strongly thus increasing
the overall emission signal intensity. In other cases, however, quenching of fluorescence by the
metallic structure may be observed. Image is obtained from [110].

and SPFS a flat metallic surfaces, usually around 40 nm thick made of silver or gold, is
deposited on a dielectric material and prism coupling in a Kretschmann configuration is
typically used to effectively excite the surface plasmon through k-vector matching at the
metal-sample surface.

7.3.1 Metal enhanced fluorescence
Even though interactions between light and electron waves on metal surfaces are based on
the same physical principles, the effects can be quite different for different geometries of
the metal structure. An interesting property that could be applicable with the presented
SWEx platform, stems from the ability of metallic nanostructures to locally enhance the
excitation field and modify the lifetimes of fluorophores in the vicinity of the metal sur-
face. When used for fluorescence signal enhancement, this effect is usually referred to as
metal-enhanced fluorescence (MEF). Changes in fluoresecence properties close to metal
surfaces arise from a complex combination of electric-field enhancement, plasmon-emitter
and plasmon-photon coupling and lifetime modification [41, 104, 105, 107–109].

Figure 7.4 shows the principle of MEF due to sub-wavelength sized metallic particles
on a dielectric substrate. The photograph in the inset shows fluorescein-labeled HSA (mo-
lar ratio of fluorescein/HSA near 7) on quartz (left) and on a thin film of silver particles
(right) [110]. The fluorescence enhancement in this case mainly occurs due to a metal-
induced suppression of self-quenching occurring at high fluorophore concentration.
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7.3.2 Effect on fluorescence quantum yield and lifetime
In the presence of a metallic surface, the quantum yield and lifetime of the fluorophore will
be affected, and hence the expressions given in equations 3.5 and 3.6, will be have to be
modified in the following way:

Qm =
Γ+Γm

Γ+Γm + knr

and
τm =

1
Γ+Γm + knr

where Γm is now the additional radiative decay rate due to the presence of the metal struc-
ture. The excess term of Γm clearly decreases the fluorescence lifetime (τm < τ). If the
surface plasmons can be efficiently coupled back to light, this will cause a significant en-
hancement of fluorescence, especially in fluorophores with intrinsically low quantum yield.

Figures 7.5(a)– (c) show three possible ways how flat or nanostructured metallic films
might be applied to introduce plasmonic functionality into the SWEx platform. First there
is the case of depositing a thin layer of metal directly on the PMMA layer in the sens-
ing well (figure 7.5(a)). The metallic layer will affect fluorescence signals and may offer
new possibilities for surface binding of analytes. Fluorescence converted to plasmons that
can couple back into the waveguide might offer a new path to detection, similar to the
SPCE configuration. Secondly there is the possibility of plasmonic field enhancement
due to interaction of the evanescent wave with small metallic particles on the waveguide
surface (figure 7.5(b)). In the third case, a thin metallic layer on the top cladding layer
(figure 7.5(c)) might be used to generate long-range surface plasmon polariton (LR-SPP)
waves [102, 111] when water is placed on the metal surface. The LR-SPP is coupled
with the dielectric waveguide through the top cladding layer, and gives an evanescent field
extending from the top surface [112]. This situation resembles the five layer waveguide
structure disussed in the analysis of directional couplers in section 2.3.1. If the propaga-
tion constants of the two waveguides are closely matched, the light in the dielectric core
will excite a coupled mode of the two waveguides, thereby transferring energy between the
dielectric core and the surface waveguide.

7.3.3 Hybrid plasmonic-dielectric waveguide
As a preliminary study it was decided to investigate experimentally and through simula-
tions the effect of depositing thin films of gold and silver on top of the PMMA guiding
layer. Metal films with nominal thickness ranging from 5 to 20 nm were prepared by e-
beam deposition using a shadow mask. Figure 7.6 shows an example of a circularly shaped
20 nm thick silver layer prepared in this way within a sensing well and partially on top of
the upper Cytop cladding layer.
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Figure 7.5. Three possible ways of utilizing flat or nanostructured metallic films with the SWEx
platform. a) Thin-film-coated waveguide core. b) Metal nanostructures giving rise to field en-
hancement. c) Generation of LR-SPPs on a metal layer on the top cladding.

Figure 7.6. A circularly shaped 20 nm thick silver layer 1 mm in diameter covering part of the
sensing well of the SWEx platform.
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Table 7.1. The effective refractive indices, neff, for TE mode of the evanescent-wave structure
where the sensing well is covered with a 10 nm thick metal layer and the calculated travel distance
(L) of the light according to equation 7.1. The values of ñ were obtained from [113].

Metal ñ ñeff for TE mode 1/e travel distance [µm]

Al 1.44947+ i7.53873 1.40646+ i1.3099×10−3 38
Ag 0.13461+ i3.98817 1.413439+ i4.520875×10−4 111
Au 0.19683+ i3.09054 1.416944+ i8.837×10−4 57

Once the propagating excitation mode of the dielectric waveguide structure feels the
presence of the metal layer, it will start to attenuate. The mode structure will also be modi-
fied, resulting in a hybrid dielectric-plasmonic waveguide. Figures 7.7(a)–7.7(b) show the
results from vertical mode profile calculations carried out for thin gold and silver films up
to 20 nm thickness on top of 450 nm thick PMMA core embedded in Cytop. For the sim-
ulations, an excitation wavelength of λ = 633 nm was used, together with refractive index
values given in table 7.1. For TE modes, the presence of the metal layer strongly quenches
the evanescent wave on the metal-coated side and pushes the mode towards the substrate.
For TM modes, however, the evansecent wave is enhanced, with the penetration depth of
the field decreasing only slightly in the case of gold, from 204 to 193 nm with increasing
gold thickness.

Figures 7.8(a) and 7.8(a) show the development of the extinction coefficient (κ) for the
TE and TM modes as a function of metal- film thickness. For both gold and silver, the TE
mode has a slowly decreasing extinction coefficient indicating reduced overlap with the
metal layer. The extinction coefficient for the TM mode however, grows with increasing
film thickness as expected for a plasmonic mode.

The distance (L), corresponding to the length for which the intensity of the traveling
mode has fallen to 1/e of its initial value can be evaluated using the following formula:

L =
λ0

4πκ
(7.1)

where κ now denotes the imaginary part of the complex effective refractive index ñeff of
the guided mode. The travel distance is similar for TE and TM modes for film thick-
nesses of approximately 10 nm (around 50 µm for gold and 100 µm for silver for 633 nm
wavelength). For the TM modes, the travel distance decreases rapidly for increasing film
thickness, in accordance with equation 7.1.

7.4 Correlation spectroscopy

One of many goals of current biology research is to identify and decisively determine
physico-chemical processes on the level of individual proteins and nucleic acids. Many bi-
ological mechanisms of these molecules are far from being fully understood so the need for
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Figure 7.7. Calculated vertical mode profile for 5-20 nm thick gold (a) and silver (b) layers on
PMMA embedded in Cytop. P.d. stands for penetration depth of the evanescent field on the metal
side and d represents the gold and silver layer thickness.
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Figure 7.7. (cont.)
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Figure 7.8. Extinction coefficient for the fundamental s- (TE) and p- (TM) modes as a function
of metal layer thickness for a) gold and b) silver.

high resolution spatial and temporal analysis methods of low concentration bio-molecules
is great. One of the method currently used is Fluorescence Correlation Spectroscopy
(FCS). FCS, unlike traditional fluorescence microscopy techniques, focuses on sponta-
neous fluctuations in the fluorescence signal rather than its intensity. These fluctuations
can be quantified in strength and duration by auto-correlating the intensity signal to give
information about the processes governing the molecular dynamics. These processes in-
clude local concentrations, mobility coefficients and characteristic rate constants. FCS can
only work properly for low concentrations and small detection volumes since signal fluc-
tuations must be significant compared to the total intensity. In other words, the number of
observed molecules contributing to the intensity signal must be low so that each of them
contributes substantially to the measured signal. With the arrival of confocal and TIR-FM
microscopes, that limit the detection volume, and with increasing supply of dye molecules,
FCS has become one of the standard tools for inter-cellular activity measurements. Many
review articles can be found on the FCS technique and application [84,85,114–116] and the
combination of FCS and TIR-FM [86, 108, 115, 117–119] and FCS and SPCE [120–122].

Temporal correlation analysis provides a measure of the similarity of time series signal
and thus describes the persistence of the information carried with it. Depending on the
model used for describing the correlation, information about various kinetic processes can
be achieved [117, 123]. These processes include various diffusion processes, photophysi-
cal effects (fluorophore blinking) and association or aggregation kinetics, to name a few.
In relation to the current project, fluorescence correlation spectroscopy is interesting for
two reasons. First, it can be used to determine the penetration depth of evanescence-wave
platform experimentally and secondly, due to the inherently small excitation volume which
can be obtained e.g. using channel waveguides in the SWEx-platform, it is an ideal can-
didate for carrying out high precision FCS.



108 CHAPTER 7. CONCLUSION AND FUTURE ASPECTS

The core of FCS is realizing a small excitation volume. High frequency data acquisi-
tion and highly sensitive photo-detection units are also important. Figure 7.9 shows three
standard TIR-FM-FCS setups together with the developed SWEx-platform and the cor-
responding xy- and z intensity profiles. For the SWExFM setup the excitation light is
constant in the lateral direction (xy) limited by a pinhole defining the measurement area. In
vertical direction (z) the excitation light is described an exponentially decaying function.
For such a geometry the following expression for the correlation function (G(τ)) can be
obtained [115, 117]:

G(τ) =
1

2N

[
(1−2Reτ)eReτerfc[(Reτ)1/2]+2

(
Reτ

π

)1/2
]

Where Re = D/d2 and N is the average number of light emitting particles within the de-
tection volume (N = 〈C〉2πh2d), D is the diffusion constant of the fluorophores and d is
the penetration depth of the evanescent field. Provided that information about the diffusion
constant of the light emitting particles is available, the penetration depth of the evanescent
field can be obtained by fitting this model to the autocorrelation function of the experimen-
tal data.

According to [86] a typically observed diffusion time for fluorophores is in the order of
100 µs while the diffusion constant D is 4×10−10m2s−1. Assuming that particles diffuse
a distance l =

√
6 · t ·D in time t, one gets that the particle travels on average l ≈ 490 nm

in 100µs. Thus, the intensity data would have to be sampled at 10 kHz or faster. In [124],
FCS studies are carried out on 100nm gold colloids with diffusion’s constants equal to
4.49×10−12m2s−1. 25 µs time bins are used for sampling, which corresponds to particles
traveling about 26 nm in that interval.
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Figure 7.9. Four experimental setups for FCS measurements. a) Standard confocal FCS setup
with Gaussian excitation light profiles in x-, y- and z-directions. b) The SWEx setup with expo-
nential intensity profile in the z-direction and constant in the x- and y-directions. c) TIR setup with
focused illumination resulting in Gaussian intensity profiles in x- and y-directions and exponential
profile in the z-direction. d) TIR setup with no-focused excitation light resulting in exponential
intensity profile in z-direction and constant in x- and y-directions.
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Appendix A

Fabrication recipe

1. Bake the Si-wafer on 200 °C hot plate for 5 minutes in order to remove H2O etc.
Cool down.

2. Pre-treatment by spincoating appr. 2 ml AP3000 adhesion promoter on Si at 500rpm
for 10 sec and then 1000 rpm for 20s in order to get the 1st layer of Cytop to stick.
Use disposable pipet.

3. A 1.4ml Cytop CTX-809AP underlayer is spin-coated on the wafer (500 rpm for 10
sec and then 20 sec at 1000 rpm). This should result in approximately 4um thick
Cytop layer. Use pipet. Allow at least 15 sec for the pipet so such up the Cytop from
the bottle and dispose slowly and avoid air-buble formations.

4. Place the wafer on top of 6" wafer and put on coverglass for protection and place it
in a 50 °C hot oven and keep at that temperature for 30 minutes. Next the temper-
ature is raised to 180 °C over an hour (ramped from 50 to 180 °C with ramp-rate
130 °C/hour). When temperature of 180 °C is reached, the wafer is kept at that
temperature for 1 hour and than then let cool down.

5. Approximately 20 nm of Al is deposited (E-beam or thermal evaporation) on the
Cytop in order to polarize it so that the PMMA will adhere better to the Cytop.

6. Next the wafer is dipped into a solution of ma-D 331 developer for photo-resists for
approximately 1 minute or until the Al-coating has been totally removed. Next the
wafer is dipped into de-ionized water and rinsed thoroughly for 1 minute. Finally
one dries the wafer on both sides using nitrogen blower.

7. PMMA is spin-coated (500 rpm for 5 sec and then at the desired speed for 65 sec-
onds) on the wafer. The wafer is loaded on the hot plate at 120 °C and kept there for
5 minutes and then removed.

8. Deposition of approximetly 150-190 nm Al (Thermal evaporation) on the PMMA
layer in order to protect it from the positive photoresist.
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9. Positive photoresist, ma-P 1210, is spincoated on the aluminium layer at 4000 rpm
(approximately 1 µm thick layer). (500 rpm for 5sec and 4000 rpm for 30 sec).

10. Then bake the wafer in an oven at 100 °C for 30 minutes without coverglass on a 6"
wafer.

11. Exposed the wafer using the etch stop mask for 5 sec at (21.3mW/cm2s => 100mJ/cm2)
which is about 3 times more then the required 35±5mJ/cm2.

12. Develop the wafer using ma-D 331 for 6-8 min or until all the aluminium around the
patched areas has been removed. Then rinse in water and finally blow dry it using
nitrogen.

13. Spin coat 1.4ml Cytop CTX-809AP i on the wafer (500 rpm for 10 sec and then 20
sec at 1000 rpm). This should result in approximately 4um thick Cytop layer. The
wafer is then placed in a 50 °C hot oven, in a rack, and kept there for 30 minutes
and then ramped to 100 °C over an 30 minutes (ramped from 50 to 100 °C with
ramp-rate 100 °C/hour). When temperature of 100 °C is reached, the wafer is kept
at that temperature for 1 hour and then let cool down.

14. Deposition of appr. 20 nm of aluminum (thermal or e-beam evaporator) on the wafer
in order for the photorisist to adhere better to the underlying Cytop (same as step #5).

15. Dip the wafer into a solution of ma-D 331 developer for approximately 1 minute or
until the Al-coating is totally removed (same as step #6). Then the wafer is dipped
into de-ionized water and rinsed thoroughly for 1 minute. Finally one dries the wafer
using nitrogen gas.

16. Spin on negative photoresist, ma-N 1420, (500 rpm for 5sec and 1000 rpm for 40
sec).

17. Bake the wafer in an oven at 100 °C for 20 minutes on a 6" wafer without coverglass.
This should result in a relatively thick film (more than 2 µm which is obtained at 3000
rpm).

18. Expose the wafer using the contact hole mask for 30 sec at 22mW/cm2s = 660mJ/cm2.

19. Develop the wafer using ma-D 533 for 2 min and then rinse in deionized water for 1
minute and finally blow dry using nitrogen.

20. Etch through the Cytop layer using the Cytop100W recipe. This recipe etches Cytop
at appr. 140 nm/min. Here one has to etch through the Cytop layer down to the
positive photoresist. 35-40 min etching time.

21. Expose the wafer without mask at 21.4mW/cm2s for 1 min in order to develop the
positive photoresist after the subsequent dicing.

22. Dice the wafer according to cross marks.
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23. Develop the wafer using ma-R 404 for 1-2 minutes or until the wells are clean and
the aluminium is totally gone. Rinse in water for 1 minute and finally blow dry using
nitrogen.





Appendix B

Cell preparation method, fixing and staining

Cell growth:

1. Get cells from nitrogen cooler. The location of each cell-type can be found on an
excel sheet on some computer.

2. Warm up the cell-container in your hands and when it is no longer frozen, use a 1000
µm pipette to suck up the cells and into a centrifuge container (2x1000 µl = 2ml).

3. Add 5 ml PBS to the centrifuge container (7ml total).

4. Centrifuge at 2000 rpm for 3 minutes.

5. While stuff is being centrifuged, prepare a new centrifuge container with 4.75 ml
culture medium (red stuff with PS) and 0.25ml serum (meaning we have culture
solution containing 5% serum).

6. Remove solution from the centrifuge container using a glass sucking pipette and add
1 ml of the culture solution to the container with the cells and mix. Then remove this
solution and place it in the centrifuge container containing the 4 ml culture medium.

7. Place the medium in a culture flask, mark it with type of cells, date, number of cell
generated and the name of the culture medium.

Culturing cells on evanescent-wave sensors:

1. Expose the sensors to be used in UV-light for 10 minutes.

2. Remove the culture medium (CM) from the cell culture flask using glass pipette.

3. Rinse the flask using 1xPBS and remove using glass pipette.

4. Incubate the flask for 5 minutes with 1 ml 0.25% Trypsin/EDTA (T/E) in order to
free cells from the surface.
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5. Add 4ml 1xPBS to the culture flask (5ml total) and pipette a few times to break up
cell clumps.

6. Centrifuge the 5 ml of cell solution at 2000rpm for 3 minutes (remember the 5 ml
balance weight).

7. Suck off the remaining fluid by tilting the centrifuge glass and leave the 3.000.000
cell clump behind.

8. Dissolve the centrifuged cells in 1 ml CM (in the case of MCF7, it´s DMEM+5%
Fetal bovine serum) in the centrifuge glass.

9. We want to have 3 ml of CM in each well of the 6-well plate containing the sensors.
Since we have six, we make 3x6=18 ml in a plastic container. Add to that the 6x25
µl of cell fluid (volume of cell solution is dependent on the total number of cells in
the original flask, for MCF7 that is approx. 3M ) and mix (18 ml total meaning appr.
450.000 cells total or 25.000 per ml).

10. Get new 6-well plate and add 3 ml (3x 25.000=75.000 cells) of the culture solution
prepared in step 8 to each well.

11. Cover and put into incubator.

Cell fixing and immunostaining:

1. Keratin 18 and Beta1 integrin (b1int) are both IgG1 isotopes so they can not be used
together for immunostaining. Use Cytokeratin 19 (ck19, IgG2a) instead.

2. Label the microscope slide that we place the sensors on accordingly.

3. Take out the sensors, remove most of the fluid from underneath them using tissue
paper and place them on the slide (They are allowed to dry totally).

4. Using a hydrophobic marker, distinguish an area around each sensor.

5. Add PBS to sensor areas, discard and add again.

6. While the sensors are covered in PBS, gather together the primary and secondary
antibodies to be used etc.

7. Discard PBS and add 3.5% Formalin. Leave for 5 min.

8. Suck off the Formalin and rinse 2x with PBS.

9. Suck off PBS and add Triton X-100 (0.1% Triton in PBS). Leave for 7 min.

10. Suck the Triton off and add Triton again. Leave for 7 minutes.

11. Mix 10% fetal bovine serum into a centrifuge glass.
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12. Prepare 500 µl of antibody solution (500 µl 10% FBS and the correct amount of
antibody, both ck19 and b1-integrin are diluted 1:50, so 10 µl)

13. Rinse the sensors with PBS.

14. Add 10% FBS to the sensors and leave for 10 min.

15. Suck of fetal bovine serum thoroughly and add approx. 150 µl of marker-solution
and incubate for 30 min.

16. Rinse sensors fast with PBS and then 2x for 5 min.

17. Prepare secondary antibodies, Three containers each containing 500 µl fetal bovine
serum and then 0.5 µl (1:1000 dilution) secondary antibody and mix.

18. Prepare the nuclear stain. 900 µl of 10% fetal bovine serum put in container. Add
1.8 µl (1:500 dilution of nuclear stain (Topro 3) and mix.

19. Add secondary antibody solution to sensors and leave for at least 30 min.

20. Rinse sensors fast with PBS and then 2x for 5 min.

21. Add 100 µl of nuclear stain to sensors and leave for 15 min.

22. Rinse sensors fast with PBS and then 2x for 5 min.

23. Rinse with distilled water and leave to dry in the dark, store sensors at 4 °C.

Preparing chips with fixed cells

1. Take sensor with cells into the cleanroom.

2. Cut out a square piece of silicone with a square hole in the middle. The hole should
be just a little bit bigger than the well on the sensor. The whole gasket should be
smaller than the sensor. (The silicone film is made from Sylgard 184, spin on Si
wafer, 500 rpm).

3. Once the gasket is cut out, apply a very thin layer of Vaseline (olive oil also works,
but it gets a bit messy) on to the gasket. Use fingers. The gasket is then placed on the
sensor (use tweezers). Some native grease/fat from the fingers might even be enough
to do the trick. There is also some grease around the area between the nose and the
eyes.

4. A drop of (deionized) water is placed in the well.

5. Using a pair of tweezers, a piece of cover glass is placed on top, sealing the water
between the sensor and the glass. Use first tweezer, then finger, to press down cover
glass and squeeze out excess water. Keep a piece of paper in between your finger and
the cover glass when pressing down, to avoid stains on the glass. (Even if wearing
gloves, since Vaseline gets everywhere...) Make sure there are no air bubbles in the
well.
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6. You are now ready to image the cells! (If there are any air bubbles: take cover glass
and gasket off, and repeat the process.)
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1. Introduction  

Fluorescence microscopy (FM), including standard epi-fluorescence microscopy and a range 
of more specialized techniques, can be regarded as the most important characterization 
technique within histology, cell biology, molecular biology and related fields [1]. A relatively 
recent addition to the range of FM methods is total internal reflection fluorescence 
microscopy (TIR-FM), introduced by D. Axelrod around 1990 [2]. Commercially available 
TIR-FM systems are typically based on laser excitation through a high numerical aperture 
immersion objective (NA > 1) on an inverted microscope where the excitation light undergoes 
total internal reflection at the substrate-sample (typically glass-water) interface. An 
exponentially decaying (evanescent) electric field associated with the total internal reflection 
extends into the sample (see Fig. 1(a)) with an exponential decay length that depends on the 
incidence angle, wavelength and the refractive indices of the two media [3]. In evanescent-
wave fluorescence microscopy, the excitation is confined to the surface, providing an 
excellent tool for studying, e.g., events at or within the cell membrane, cell morphology, cell 
motility, and focal adhesions. The technique gives a superior signal-to-noise (i.e. signal-to-
background) ratio due to the absence of fluorescence excited outside the focal plane. 

Evanescent-wave microscopy can also be accomplished using planar waveguide 
structures, where the sample (typically in an aqueous solution) forms at least a part of the 
cladding around an adjacent waveguide core. The penetration depth of the evanescent field 
into the sample in this case is defined by the relationship between the refractive indices of the 
sample, substrate and waveguide core materials, as well as the waveguide core thickness and 
the wavelength and polarization of the guided wave. Waveguide-excitation fluorescence 
microscopy (WExFM) has been previously demonstrated using a high-index single-mode 
waveguide layer (e.g., SixTi1-xO2 or Ta2O5) on top of a glass substrate [4,5], giving penetration 
depths in the range 100-200 nm (Fig. 1(b)). In this geometry, the waveguide mode was 
excited through a submicron-period grating patterned into the waveguide layer which requires 
the excitation light to be incident on the grating at a specific wavelength-dependent angle. The 
image quality obtained using this method was limited by uneven illumination resulting from 
imperfections in the in-coupling grating [4]. As an effort to extend the penetration depth of the 
evanescent field further into the sample, waveguide-based sensors having a “reversed” 
cladding geometry (i.e. where the substrate refractive index is lower than the sample index) 
have been reported, using special porous glass substrates (n=1.2) coated with a polystyrene 
waveguide film with imprinted gratings for excitation [6,7], see Fig. 1(c). The potential of 
using such sensors for monitoring cell growth was demonstrated [7], but there are no reports 
of reversed-geometry structures being used for waveguide-excitation fluorescence 
microscopy. 

In the present work, we demonstrate a new principle of waveguide-excitation fluorescence 
microscopy using a symmetric waveguide structure (SWExFM), where the cladding material 
is index-matched to the sample solution (Fig. 1(d)). The symmetric waveguide structure has a 
number of important advantages over the “conventional” or “reversed” asymmetric 
configurations discussed above, including a large selection of possible polymer waveguide 
materials, possibility of tuning the penetration depth over a wide range by varying the 
structure geometry and/or materials, highly efficient end-fire excitation from optical fibers or 
on-chip light sources (eliminating the need for patterning of gratings in the waveguide film) 
and multiple-wavelength excitation through the same optical path. The SWExFM technology 
can provide continuous surface-confined illumination of areas up to macroscopic dimensions, 
it can deliver TIR-FM performance on standard (normal or inverted) light microscopes and it 
is compatible with laser sources as well as single-mode fiber-coupled white-light (e.g., 
supercontinuum) sources. The technique places no special requirements on the detection 
optics. The optical chip fabrication involves only standard cleanroom technologies such as 
spin-coating, photolithography and dry etching. 
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2. Materials and methods 

In order to fabricate a symmetric waveguide chip, the refractive index of the bottom cladding 
material is required to be closely matched to that of the sample solution. In order to match the 
refractive index of water, however, very few materials are available. In this work, we used an 
amorphous perfluorinated optical polymer (Cytop) with n ≈ 1.34, high optical transmission in 
the 200-1600 nm wavelength range, and excellent chemical resistance. As a waveguide core 
material, we selected polymethylmethacrylate (PMMA) due to its relatively high refractive 
index n ≈ 1.49 and low autofluorescence [8].

 

Three-layer planar waveguide structures with sample wells in the top cladding for 
introducing aqueous samples were fabricated as follows: The lower cladding was formed by 
spin-coating a 4” polished silicon wafer with a 4-µm layer of Cytop CTX-809A (Asahi Glass 
Co.) after priming the wafer with AP3000 adhesion promoter (DOW Chemical Co.). A 25 nm 
layer of aluminum was deposited on the Cytop surface and subsequently removed by etching 
in NaOH solution. The fluoropolymer has carboxyl end groups that bind to the aluminum 
layer and remain at the surface after etching, reducing the hydrophobicity of the surface and 
improving the adhesion of subsequent layers. The Cytop surface was coated with a layer of 
polymethylmethacrylate obtained by spin coating 950PMMA dissolved in anisole 
(MicroChem Corp.). We deposited Al on the PMMA layer in order to protect it from the 
photoresist solvent and subsequently coated the wafer with positive photoresist (ma-P 1210, 
Micro resist technology GmbH). The photoresist was patterned using standard UV 
lithography to provide an etch stop layer covering the sample well regions and the underlying 
aluminum was removed elsewhere. The top cladding was formed by spin-coating a 4-µm 
layer of Cytop, followed by Al deposition and removal as above. The wafer was then coated 
with a layer of negative photoresist (ma-N 1410, Micro resist technology GmbH). The 
negative photoresist was used as an etch mask, patterned to expose the areas of the sample 
wells. The sample wells were created by reactive ion etching in O2:CHF3 (20:60 sccm) plasma 
at 100W RF power and 15 mtorr. The wafers were diced into individual chips, leaving the 
positive and negative resist layers in place to prevent contamination during dicing. A typical 
chip size was 10 mm × 10 mm with a 2 mm × 2 mm sample well in the center of the chip. 
Finally, the remaining photoresist and aluminum were removed in NaOH solution, leaving a 
clean exposed area of PMMA in the sample wells. No additional surface treatment was 
performed on the PMMA layer prior to cell growth. 

MCF7 breast cancer cell line
 
[9] was plated directly on the polymer-coated chips and 

cultured in DMEM/F12 culture medium (GIBCO) containing 5% fetal calf serum (GIBCO). 
After a 2-day culture period, cells were fixed in 3.5% Formaldehyde, permeabilized using 
0.1% Triton-X-100 and prepared for immunocytochemistry. Cells were immunostained with 
monoclonal antibody against the transmembrane adhesion protein E-cadherin (HECD-1, 

Fig. 1. Methods of evanescent-wave excitation. (a) Total internal reflection and (b-d) 
waveguide-excitation using a substrate with a refractive index that is (b) higher, (c) 
lower and (d) approximately equal to the sample solution. Arrows indicate the preferred 
method of coupling of excitation light to the evanescent mode, being either incident 
from within the substrate, onto a surface grating or end-fire coupled directly into the 
waveguide. 
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Zymed) and Alexa Fluor 546 Goat Anti Mouse IgG1 fluorescent secondary antibody 
(Invitrogen).  

Our experimental setup is shown schematically in Fig. 2. Imaging of cells on waveguide 
chips was carried out using an upright microscope (Zeiss Axiotech Vario 100). The excitation 
light was provided by a SuperK Versa quasi-CW (80 MHz) supercontinuum source fitted with 
an acousto-optic tunable filter (Koheras A/S), providing single-mode output tunable from 450 
nm to 700 nm. For the experiments described here, a central excitation wavelength of 551 nm 
with a FWHM bandwidth of 3.2 nm was used. The output from the SuperK was coupled into a 
single-mode polarization-maintaining optical fiber (HB450, Fibercore Ltd.) with an efficiency 
of about 30%, giving 150 µW of power for coupling into the waveguide. The output end of 
the fiber was manually aligned to the waveguide chip using a 3-axis translation stage for end-
fire coupling to the waveguide. Waveguide chips with fixed cells immersed in water or buffer 
solution in the sample well, were covered with a 170-µm thick glass slide on top of a 
polydimethylsiloxane (PDMS, Dow Corning Sylgard® 184) sealing ring. Carbon powder was 
mixed into the PDMS before curing for absorbing scattered excitation light. The purpose of 
the sample well is to protect the chip facet from the sample solution during measurement and 
to avoid stray light from the in-coupling region from entering the sample. 

High-resolution SWExFM images were obtained using a Zeiss C-Apochromat 63× water-
immersion objective (NA=1.2) and a QuantEM:512SC electron-multiplying CCD camera 
(Photometrics). Scattered excitation light was blocked using a 570 nm long-pass filter (Schott 
glass). For comparison, we collected images of the same cells using a conventional 
fluorescence microscope (Nikon Eclipse E800, 100× NA=1.3 oil-immersion objective, 100W 
halogen lamp with a G-2A filter block, Nikon DXM1200F digital camera) and a confocal 
laser scanning microscope (Zeiss LSM 5 Pascal, 63× NA=1.4 oil immersion objective, 543 
nm HeNe-line excitation, 560-615 nm bandpass filter for detection) adjusted for large depth of 
field (7 µm).  

The intensity of all images displayed in the paper was normalized by linearly mapping 
99.5% of the intensity histogram of the raw image data onto a 256-level gray scale (zero level 
unchanged). The pixel resolution of (5× oversampled) epi-fluorescence images was reduced 
by half using bicubic downsampling. No additional image processing was performed.  

Fig. 2. Schematic illustration of the experimental configuration. Excitation light was 
provided by a supercontinuum source (SuperK) and filtered using an acousto-optic 
tunable filter (AOTF). The light was coupled through a single-mode optical fiber into 
the planar waveguide. Fluorescence excited by the evanescent tail of the bound mode 
was picked up by the microscope objective. Transmission through the waveguide was 
monitored using a second objective to ensure optimum coupling. 
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3. Results 

3.1 Waveguide simulations 

The penetration depth of the bound waveguide mode into the sample (defined as the distance 
where the electric field amplitude has dropped to 1/e of its value at the surface) can be written 
as

 
[3]: 

 
22

1

2
sampleeff nn

d
−

=
π

λ  (1) 

where neff is the effective index of the waveguide mode, determined by numerically solving 
Maxwell’s equations using the boundary conditions imposed by the layer structure. Using a 
one-dimensional mode solver, we determined the mode index for different core thicknesses, 
taking into account the material dispersion of the core, cladding and sample (water). 
Refractive index values used in the calculation were based on data provided by the polymer 
suppliers and the IAPWS [10]. Figure 3 shows effective indices and penetration depths 
calculated for excitation wavelengths corresponding to commonly used fluorophores. For 
clarity, we only show results for p-polarized modes that exhibit slightly larger penetration 
depths and better excitation efficiency than s-polarized modes [11]. Single-mode operation is 
observed up to core thickness of approximately 350 nm (blue) to 500 nm (red), while for 
thicker layers of PMMA, the structure also supports higher order modes. Multimode 

Fig. 3.  Calculated parameters for waveguide chips. Effective index of the waveguide modes 
(bottom) and the corresponding penetration depths into pure water (top) for common 
fluorophore excitation wavelength. The limit for live-cell imaging and the onset of 

multimode behavior for the Cytop-PMMA chip structure are indicated. 
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structures could potentially be used for multiple-depth imaging by selective mode excitation, 
as suggested by Horvath et al. [7]. 

Samples with variations in refractive index will experience a penetration depth depending 
on the local index. The refractive index immediately inside the membrane of live cells is 
larger than that of water (around 1.36, for example, in a HeLa cell at λ=633 nm [12]) giving 
an increased penetration depth of the evanescent field compared to water. In order for the light 
to be confined to the waveguide in the presence of index variations in the sample, the effective 
index of the guided mode must exceed the maximum value of the refractive index of the 
sample. For the currently investigated structures, this puts a lower limit on the practical 
waveguide core thickness for live cell imaging of approximately 100 nm (blue) to 150 nm 
(red), as indicated in Fig. 3. Larger penetration depths are associated with more weakly bound 
waveguide modes and in practice, therefore, light is more easily scattered out of the 
waveguide mode by sudden changes in the refractive index of the sample.  

In our case, the waveguide core covered the entire chip area but the core layer can also be 
patterned to form channel waveguides for in-plane-localized excitation, improved stray light 
rejection, transfer of the excitation signal to several sample wells and even (if combined with, 
e.g., thermo-optic control) on-chip modulation of excitation intensity for time-lapse imaging, 
switching between sample wells, switching between excitation wavelengths, phase 
modulation for structured illumination [13], etc.  

 

Fig. 4. Comparison of waveguide-excitation and epi-fluorescence imaging. a) Cluster of 
MFC7 breast cancer cells labeled with antibody against the transmembrane protein E-
cadherin imaged using symmetric-waveguide-excitation fluorescence microscopy. The 
estimated penetration depth of the excitation light is about 185 nm into the cells. Arrows 
indicate dark bands caused by scattering from particles in the waveguide film. b) Same 
cluster imaged using a standard fluorescence microscope (dashed line indicates field of 
view). c) Detail of the evanescent-wave image (pixel size corresponds to 200 nm = 0.7r). 
d) Detail of the epi-fluorescence image (pixel size corresponds to 50 nm = 0.18r after 

downsampling). Scale bar in all images represents 10 µm. 
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4.2 Fluorescence imaging 

As a validation study, we investigated clusters of cancer cells from a well characterized 
standard cell line (MCF7). The cells were labeled with an antibody against the trans-
membrane adhesion protein E-cadherin to emphasize the difference between surface-bound 
excitation and epi-illumination. MCF-7 cells were seeded onto preformed chips and 
subsequently placed into the culture medium. Cell growth was observed on the exposed 
PMMA surface in the sample well as well as on the Cytop surface outside the well. The cells 
were allowed to multiply to form clusters of 5-10 cells before imaging. Fluorescence imaging 
was carried out on different instruments, using high-magnification oil or water-immersion 
objectives.  

Figure 4 shows results from the fluorescence imaging on the waveguide chips, compared 
to conventional epi-fluorescence imaging carried out on a standard fluorescence microscope. 
The waveguide chip had a core thickness of around 450 nm which is close to the maximum 
thickness for single-mode operation at the excitation wavelength used (λpeak=551 nm), giving 
a calculated penetration depth of approximately 160 nm in water. Experimentally determining 
the actual penetration depth is not trivial, especially within the cells, and we have not carried 
out such measurements as part of this work. 

In principle, filtering of the excitation signal is not required since it propagates 
perpendicular to the optical axis but in practice it is necessary in order to discriminate between 
the fluorescence signal and scattering from occasional particles present in the waveguide 
layer. In general, the SWExFM method gave clear images with a uniform fluorescence signal 
from cell membranes in contact with the waveguide surface and an increased signal in the 
cell-cell contact regions, as expected. No visible bleaching of the fluorescence signal was 
observed even during extended observation times of several hours, presumably due to a 
combination of efficient narrow-bandwidth excitation and optimum cut-off filter selection.  

SWExFM imaging yields an essentially two-dimensional section of the sample and reveals 
details of the cell membrane adjacent to the waveguide surface that are masked by bulk 
signals in epi-fluorescence images (compare Figs. 4(a) and 4(b)). Furthermore, it gives a more 
clear definition of the cell morphology (compare details in 4(c) and 4(d)). In these images, the 
lateral resolution (defined as r=0.6λ/NA) is similar in both microscopes (approximately 300 
nm), but the SWExFM images appear more grainy due to the pixel size of the camera, which 
corresponds to around 0.7×r, while in the epi-fluorescence images the pixel size is 0.09×r.  

Fig. 5. Comparison of images obtained using waveguide-excitation and laser scanning 
microscopy. (a) Symmetric waveguide excitation with a calculated penetration depth of 
185 nm for the excitation light. (b) Same cell cluster imaged using a laser scanning 
microscope with a large field of view. In the former case, the signal in the near-surface 
region is significantly enhanced and imaging time is reduced by an order of magnitude. 
Scale bars represent 10 µm in both images. 
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In some cases, we observe a shadowing effect in the SWExFM images due to localized 
scattering of the excitation light, which can typically be traced to particles in the waveguide 
film. This results in slightly darker bands appearing parallel to the direction of illumination, as 
seen in the lower half of Fig. 4(a) and indicated by arrows. This problem can be reduced or 
eliminated by improved filtering of the PMMA solution, by preventing contamination during 
processing and/or by illuminating the observation area from several directions simultaneously. 
Many observation areas on our chips were completely free of such dark bands (see Fig. 5(a)) 
which represents a significant improvement over previously reported work on WExFM 
imaging [4]. Shadowing can also arise from abrupt variations in the refractive index of the 
sample, especially for chips with larger penetration depths as noted above, or from 
imperfections at the incoupling facet which can be reduced by using index-matching liquid 
(n=1.34) between the fiber and the chip, by polishing the facets or by introducing a single-
mode channel waveguide section at the edge of the chip. 

We also compared the SWExFM technique to imaging with a laser-scanning microscope 
set to a large depth of field as shown in Fig. 5. The lateral resolution of the laser scanning 
system is given approximately by 0.4λ/NA = 160 nm and the lateral scan step was 130 nm. 
Again, the SWExFM yields detailed information from the sample region adjacent to the chip 
surface while the laser scanning microscope provides 3D information about the cell cluster 
which masks details of the near-surface region. The confocal principle of a laser scanning 
system can, of course, be used for imaging a thin section (down to about 0.5 µm in thickness) 
of the cell cluster close to the interface in order to eliminate bulk fluorescence. However, 
when signals originating from the near-surface region are of interest, the low photobleaching, 
simplicity and speed of the SWExFM method make it a more suitable technique, in particular 
for imaging fast processes in live cells such as protein-protein interactions. For comparison, 
the image in 5(a) was obtained in 125 ms (camera set to 1/3 of maximum gain) while the total 
scan time for image 5(b) was close to 10 s for a similar field of view. 

5. Conclusions  

In summary, we have demonstrated a new evanescent-wave fluorescence imaging technique 
based on waveguide excitation. By using waveguides with a symmetric cladding environment, 
in-coupling of excitation light is greatly simplified and image quality is improved, compared 
to previously reported waveguide-excitation methods. The SWExFM technique is the only 
reported waveguide-excitation method that delivers sufficiently uniform illumination for high-
quality fluorescence imaging. While total internal reflection fluorescence microscopy is better 
suited for confining the excitation field to within 100 nm of the surface, the SWExFM method 
is more flexible with respect to substrate types, range of penetration depths, field of view, and 
decoupling of the excitation and imaging optics. Furthermore, SWExFM can, in principle, be 
carried out on any light microscope and it provides a number of possibilities for controlling 
the illumination on chip using planar waveguide circuits, e.g. for replacing electro-mechanical 
shutters in time-lapse imaging. The polymer platform used for fabricating the waveguide 
chips is also compatible with microfluidics or other lab-on-a-chip functionalities, e.g. for 
regulating the local environment during live cell imaging.  

The SWExFM technique is a significant contribution to current microscopy techniques 
applied to measure and visualize biological samples such as cell cultures. The fact that the 
SWExFM technique can be used with conventional microscopes and can exhibit minimum 
photobleaching effects makes it an attractive choice for researchers focusing on various 
aspects of cellular processes.  
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a b s t r a c t

We present a detailed account of processing issues related to fabrication of optical waveguide sensors
intended for evanescent-wave sensing in aqueous solutions or surface-bound fluorescence excitation
in biological samples. The waveguides consist of a polymer layer on top of a fluoropolymer (CytopTM) clad-
ding. The fluoropolymer is closely index-matched to water, providing a symmetric cladding environment
which simplifies optical excitation and provides tunability in penetration depth not available with other
evanescent-wave techniques. We present methods of controlling the wettability of the fluoropolymer
surface and improving adhesion to the core waveguide layer. Furthermore, we demonstrate the applica-
tion of the waveguide structure to fluorescence imaging of cultured cells.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Optical waveguide sensors, based on optical fibers or planar
waveguides, are widely used in biosensing applications [1]. In
many cases, an evanescent part of the guided mode is used to
probe a sample which is placed adjacent to the dielectric wave-
guide core of a planar waveguide or near a metal surface, as in
the case of surface-plasmon resonance sensors [2]. In conventional
dielectric waveguide sensors, the guided mode is asymmetric since
the substrate (typically glass) has a refractive index substantially
higher than the sample under investigation (water/cytosol/etc.).
This asymmetry puts a limit on the effectiveness of the sensor with
respect to the range of possible penetration depths, excitation effi-
ciency (in terms of the fraction of the total transmitted light inten-
sity actually used for sensing) and coupling of excitation light into
the sensor. Thus, evanescent-wave sensor performance can be sig-
nificantly improved by using a waveguide with a substantially
symmetric cladding environment. In this case, the lower cladding
material must match approximately the refractive index of the
sample which, in biological applications, typically is close to that
of water. An optical material that fulfils this condition is the fluo-
rinated polymer Cytop (Asahi Glass Co.). Cytop is a highly transpar-
ent polymer used as soft pellicle material for deep UV lithography,

in anti-reflection coatings and high-performance polymer optical
fibers [3]. It has also proven useful as a low-temperature wafer
bonding material [4] and for microfluidic applications [5]. The
refractive index of Cytop (n � 1.34) has been exploited for realizing
sensitive refractive index sensors [6], sensors based on long-range
surface plasmon polaritons [7,8] and for waveguide-excitation
fluorescence microscopy [9]. Limited information about fabrication
issues related to processing of Cytop-based waveguide structures
is, however, available in the literature.

In this paper, we describe in detail the fabrication procedure for
optical waveguides suitable for biosensing and bioimaging applica-
tions, using Cytop as cladding material. In particular, we focus on
Cytop–PMMA waveguides for evanescent-wave fluorescence imag-
ing applications where the symmetric waveguide configuration
has several advantages over conventional methods, including effi-
cient coupling to optical fibers in a wavelength-independent cou-
pling geometry, a wide tunability of the evanescent field
penetration depth into the sample, and the possibility of integrat-
ing compact optical circuits onto the chip. Many of the results pre-
sented in the paper are, however, of general importance in
processing of any microsystem utilizing the unique properties of
Cytop like high UV transparency, controllable wettability, bonding
characteristics, etc. First, we describe fabrication issues related to
the cladding, core and substrate materials, followed by a detailed
description of the fabrication process for planar waveguide chips
with sample wells for probing biological samples in an aqueous
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solution and, finally, we demonstrate the potential of using such
waveguides for evanescent-wave excitation in fluorescence imag-
ing applications.

2. Waveguide fabrication

2.1. Waveguide cladding material

One of the few optical materials that exhibit a refractive index
close to water is Cytop (Fig. 1). It has similar electrical and physical
properties to bulk polytetrafluoroethylene (Teflon), and possesses
the desirable properties of fluoropolymers such as resistance to
biodegradation and non-toxicity [10]. Another important property
of Cytop is its excellent chemical stability towards organic
solvents, acids and alkalis [11]. Conventional organic polymers
containing C–H groups exhibit absorption loss in the near-infrared
due to C–H bond vibrations. The perfluorinated skeleton of Cytop,
however, does not vibrate in the visible or near-IR range, making
it optically transparent over a wide range of wavelengths
(200–1600 nm) [12]. The refractive index of Cytop is considerably
lower than that of most organic polymers but higher than that of
other fluorinated optical polymers like Teflon AF [10], making it
uniquely suited for fabricating symmetric optical waveguides for
biological applications, with aqueous solutions forming the second
cladding layer.

Cytop is produced in different types with varying endgroups of
the fluoropolymer. For the sensors described here, Cytop CTX-
809AP2, which has –COOH endgroups, was used. Native Cytop is
hydrophobic which is beneficial when investigating biological sys-
tems as it prevents non-specific adsorption, rendering it useful for
microfluidic applications [5]. In order to fabricate layered wave-
guide structures by spin-coating, however, the hydrophobicity of
the Cytop must be reduced. We tested various approaches to in-
crease the wettability of a layer of Cytop, spin-coated onto a silicon
wafer according to the manufacturer’s directions, by subjecting the
Cytop to different surface treatments.

Plasma treatment has been extensively investigated for improv-
ing the wettability, biocompatibility and bondability of fluoropoly-
mers [13,14]. We investigated the wettability of Cytop CTX-809AP2
using water contact angle measurements after plasma exposure in
reactive ion etcher (Advanced Vacuum Vision 320). Parameters
such as the flow rate, gas ratio and exposure time were varied. Con-
tact angle measurements were carried out using a KSV CAM200
optical goniometer with contact angle detection software. Contact
angles reported here are averages of 5 drops of MilliQ water, each
2 lL in volume, placed in various positions across the sample sur-
face. The results of contact angle measurements are summarized
in Fig. 2.

Exposure of Cytop to plasmas of O2, O2/CHF3 and O2/Ar in vari-
ous compositions for 1 min was found to have little effect on Cytop
wettability, with the resulting contact angles of approximately
103�, similar to that of untreated Cytop (109 ± 3�). Longer exposure
times (up to 5 min) resulted in an increase in hydrophobicity as
shown in Fig. 2. This may be due to a roughening of the Cytop upon

prolonged exposure to plasma. Variation of the gas flow composi-
tion from 30:70, 50:50 and 70:30 for mixtures of O2/CHF3 and O2/
Ar similarly had little effect on Cytop wettability. Hence, plasmas
of oxygen, O2/CHF3 and O2/Ar were found to be unsuitable for
increasing the hydrophilicity of Cytop. Exposure to argon plasma,
however, was found to cause a clear increase of Cytop wettability.
A decrease in water contact angle to 76 ± 1� upon 1 min exposure
to argon plasma was observed, while longer exposure times re-
sulted in a further decrease in contact angle. This may be explained
by the formation of oxygen-containing groups at the polymer sur-
face upon exposure to ambient oxygen and moisture [14]. A mini-
mum contact angle of 57 ± 1� was recorded after a 5 min exposure
to Ar plasma, with a longer exposure time of 10 min not resulting
in any appreciable increase in wettability. The lack of change in
wettability upon etching Cytop with combinations of O2/Ar and
O2/CHF3 suggests that the absence of oxygen is crucial in increas-
ing the wettability of the Cytop CTX-A surface.

The test condition which resulted in the most wettable Cytop sur-
face (exposure to argon plasma for 5 min) was used to prepare Cytop
surfaces for subsequent spin-coating of a PMMA waveguide core
layer (see next Section). This procedure, however, did not ensure
sufficient adhesion between the two layers and resulted in partial
delamination of the PMMA from the Cytop surface during wafer dic-
ing. A different approach to reduce the contact angle of the Cytop
surface while simultaneously improving adhesion to subsequent
layers was therefore adopted. This consisted of a pretreatment by
vacuum deposition of a thin layer (10 nm or more) of aluminum
on the Cytop surface and subsequent removal by etching in an alka-
line solution (NaOH). Upon aluminum deposition, acid–base inter-
actions occur between acidic (electron-accepting) aluminol sites
and basic (electron-donating) carbonyl functional groups [15]. Addi-
tionally, ionic bonding may occur between the carboxylate anion of
the Cytop end group and the aluminum, causing the end groups of
the polymer to reorient to the polymer–aluminum interface. After
aluminum removal, the carbonyl groups remain oriented to the
Cytop-air interface, reducing the hydrophobicity of the surface and
improving adhesion between the Cytop and subsequent polymer
layers. The water contact angle after aluminum deposition and
removal was measured to be 83.3 ± 1.7�. Heating to above 100 �C
restores the original hydrophobicity of the Cytop surface [16].

It should be pointed out that a different version of Cytop with
amidosilyl end groups (M-type) has been designed specifically forFig. 1. Structure of Cytop.

Fig. 2. Change in water contact angle of Cytop upon exposure to plasmas of oxygen
(open squares), argon (filled triangle) and an oxygen/trifluoromethane mixture
(compositon 40:20; open circles). Water contact angles of untreated Cytop and
Cytop prepared by aluminum deposition and removal are shown in filled circles.
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improving adhesive properties [17]. The facet quality of chips fabri-
cated using this type of Cytop after dicing was, however, signifi-
cantly worse than that of the A-type discussed above, rendering
end-fire coupling from optical fibers into waveguides difficult or
impossible. A similar effect was reported in Ref. [8]. For applications
involving end-fire waveguide excitation it is therefore imperative
to select a grade of Cytop that is compatible with a conventional
wafer dicing process.

In order to minimize light scattering in our waveguides, mea-
sures were taken to reduce the surface roughness of the Cytop
layer. The surface structure of Cytop after spinning and baking de-
pends on the type of Cytop used and on the baking procedure. For
Cytop CTX-809AP2 we found that the surface quality was greatly
enhanced by placing a glass cover (inverted Petri dish) over the
wafer during baking in a conventional cleanroom oven (Carbolite
CR130). The risk of unwanted particles gathering on the surface
during baking is simultaneously reduced. Fig. 3 shows surface pro-
files of Cytop-coated wafers after baking with and without a glass
cover. The surface quality is greatly improved in the former case,
presumably due to higher evaporated solvent concentration above
the wafer surface during the initial part of the baking period. It
should also be noted that baking under a glass cover resulted in
an approximately 20% smaller layer thickness when compared to
wafers baked without a cover (spinning and baking parameters
otherwise identical).

2.2. Waveguide core material

The low refractive index of Cytop and its high chemical resis-
tance means that it can be spin-coated with a large variety of opti-
cal polymers for realizing high-index-contrast planar waveguides.
We have successfully experimented with materials such as
polystyrene, Cyclotene (DOW Chemical Co.), Ormocer UV-curable
hybrid organic–inorganic material (Micro Resist Technology,
GmbH), and polymethyl methacrylate (PMMA). Here, we focus
on PMMA, due to its suitably high refractive index of n � 1.49, high
optical transparency, low autofluorescence [18,19], and possibility
of directly writing single-mode channel waveguides by electron-
beam lithography.

PMMA layers of various thicknesses, ranging from a few nano-
meters, are easily prepared by spin-coating. We spin-coated PMMA
dissolved in anisole directly onto our suitably prepared Cytop sur-

faces, followed by baking on a hotplate at 120 �C for 5 min. For fur-
ther processing, PMMA has the drawback that it is sensitive to
some organic solvents. Photoresist spun directly on top of a PMMA
layer, for example, results in an irreversible swelling of the PMMA
layer and a deterioration of its optical quality. To protect the
PMMA layer from contact with the photoresist solvent, the PMMA
was therefore covered with an aluminum protection layer
(50–200 nm) that was etched off in alkaline solution (NaOH) after
photoresist removal. Preparation of biological samples on the
waveguide chips may also involve the use of organic solvents, for
example, when cells are fixed prior to fluorostaining. We found
that the standard procedure of using methanol at �20 �C as fixing
agent was detrimental to the adhesion between PMMA and Cytop.
Fixing cells in 3.5% formaldehyde, on the other hand, did not com-
promise the quality of our waveguide chips.

PMMA is commonly used as a high resolution resist for elec-
tron-beam writing as well as for X-ray and deep UV microlitho-
graphic processes. This opens up the possibility of fabricating
micro- and nanostructures directly into the PMMA layer, thereby
extending the possible applications of the waveguide chip. Instead
of using only planar waveguides, the core layer can be patterned to
form channel waveguides, reflection gratings, etc. We successfully
patterned single-mode 500-nm wide channel waveguides in a 450-
nm thick PMMA layer with Cytop cladding using standard elec-
tron-beam lithography (Fig. 4). PMMA is a positive e-beam resist,
hence the waveguide channel was formed by exposing two 2-lm
wide parallel strips, leaving the 500-nm wide channel waveguide
in between. Using a 2D mode solver, we calculated the mode field
diameter (MFD) of the guided mode to be approximately 0.7 lm
(at 550 nm wavelength) which corresponds, within experimental
error, to the MFD measured by imaging the waveguide output
through a 100� 0.9NA objective (Fig. 4 inset), after correcting for
the resolution of the imaging system. The MFD of a conventional
optical fiber for this wavelength is significantly larger (3–4 lm)
and lensed fibers or on-chip mode converters are therefore re-
quired to ensure optimum coupling conditions. Further work on
fabrication of integrated optical components using Cytop-PMMA
waveguides is in progress.

2.3. Substrates

The choice of substrate for the waveguide layers is not impor-
tant with respect to the waveguide performance, assuming that

Fig. 3. Surface profile of Cytop after baking with (lower curve) and without (upper
curve) a glass cover. Profiling was performed on a 3-mm segment close to the center
of a 400 wafer using low stylus force.

Fig. 4. Scanning electron microscope image of a PMMA waveguide on Cytop before
application of the top cladding. Inset: Light transmitted through a 1-mm long, 500-
nm wide and 450-nm high single-mode PMMA waveguide embedded in Cytop
(k = 550 nm).
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the lower cladding layer of Cytop is sufficiently thick to prevent
any coupling of light into the substrate. In the present work, we
used mainly 4” Si (1 0 0) wafers as substrates since such wafers
are mechanically robust, easily diced, and readily available in high
quality and at relatively low cost. However, the polished silicon
surface poses a problem in fluorescence imaging applications de-
scribed below since it creates a virtual (mirror) image of the wave-
guide-illuminated section below the real image, contributing some
out-of-plane fluorescence signal. However, this effect can be lar-
gely avoided by using unpolished wafers, transparent substrates,
or non-reflecting substrates, such as black silicon [20].

Waveguides were fabricated on black silicon (silicon wafers
prepared using the procedure described in Ref. [20]) and on
178-lm thick 2” glass wafers for comparison with as-received
polished Si (1 0 0) substrates. Chips fabricated using black silicon
substrates yielded high quality waveguides and showed no sign
of a fluorescence mirror image. Glass wafers have the advantage
of low reflectance at the Cytop-substrate interface and, addition-
ally, they can be used for carrying out simultaneous waveguide-
illumination and transmitted-light microscopy. Furthermore, glass
substrates can be used on inverted microscopes to avoid imaging
through water. We have confirmed that with small modifications,
processing of Cytop-PMMA-Cytop waveguides with sample wells
(see below) can be carried out on 2” wafers of standard cover-glass
thickness, enabling, for example, high-resolution waveguide-exci-
tation fluorescence imaging on inverted microscopes.

3. Chip fabrication

Waveguide processing was carried out in a standard Class 1000
cleanroom. Waveguide structures were fabricated on polished sil-
icon, glass or black silicon, as previously discussed. The processing
steps appropriate for a standard silicon substrate are shown sche-
matically in Fig. 5. Prior to processing, the silicon wafer (Fig. 5a)
was heated for 5 min at 200 �C on a hotplate in order to remove
moisture from the surface. The wafer was then primed using a
hydrolysed acetoxy silane solution (AP3000, DOW Chemical Co.)
and subsequently spin-coated with an approximately 4-lm thick
layer of Cytop CTX-809AP2 (Fig. 5b). Solvent removal and anneal-
ing was carried out by placing the Cytop-coated wafer in a clean-
room oven under a glass cover in atmospheric ambient. The
temperature was held at 50 �C for 30 min, then ramped to 180 �C
over 1 h and maintained at 180 �C for 1 h. After cool-down, a 20-
nm layer of aluminum was deposited on the Cytop surface by ther-
mal evaporation. The aluminum was removed by etching in so-
dium hydroxide solution (ma-D 331 photoresist developer, Micro
Resist Technology GmbH) prior to applying the waveguide core
layer, as described in the previous Section. Next, the Cytop surface
was coated with a PMMA layer of desired thickness (Fig. 5c) by
spin-coating 950PMMA dissolved in anisole (MicroChem Corp.),
followed by baking on a hotplate at 120 �C for 5 min. Aluminum
(approximately 150 nm) was deposited on top of the PMMA as a
protective layer against photoresist solvent (Fig. 5d) and the wafer
was subsequently coated with 1 lm of positive photoresist (ma-P
1210, Micro Resist Technology GmbH), followed by baking at
100 �C in an oven for 30 min (Fig. 5e). Patterning of the photoresist
was done using contact UV-lithography to provide an etch-stop
layer for the sample well regions to be etched through the top clad-
ding. The UV-exposed areas of the photoresist and the underlying
aluminum were removed in photoresist developer (Fig. 5f). The top
cladding of the waveguide structure was formed by spin-coating a
second layer of approximately 4-lm thick Cytop (Fig. 5g). For bak-
ing the upper Cytop layer, the wafer was placed in the oven at
50 �C for 30 min, then ramped to 100 �C at rate of 100 �C/h and
kept at 100 �C for 1 h. A cover glass was not used during baking

of the second Cytop layer since the surface roughness of the upper
cladding layer is less critical. Note that while the first Cytop layer
was cured at 180 �C to promote adhesion to the silicon substrate,
the second layer was cured at 100 �C in order to prevent reflow
of the Cytop structure (glass transition temperature 108 �C). After
Al deposition and removeal for improving wettability, the wafer
was coated with 3.5-lm thick negative photoresist (ma-N 1420,
Micro resist technology GmbH) followed by baking for 30 min at
100 �C in an oven (Fig. 5h). The negative photoresist acts as an etch
mask, patterned to expose the areas of the sample wells (Fig. 5i)
using UV lithography. The resist was developed using ma-D 533S
photoresist developer (Micro resist technology GmbH). The sample
wells were created by reactive ion etching in O2:CHF3 (20:60 sccm)
plasma at 100 W RF power and 15 mtorr for a period sufficient to
totally remove the Cytop covering the etch-stop layer (Fig. 5j).
After etching, positive photoresist remains in the wells and nega-
tive resist elsewhere. These layers were kept in place to prevent
contamination during dicing of the wafer into individual chips. A
typical chip size was 10 mm � 10 mm with a 2 mm � 2 mm sam-
ple well in the center of the chip. Finally, the remaining photoresist
and aluminum were removed (Fig. 5k) using alkaline photoresist
remover (ma-R 404, Micro resist technology GmbH), resulting in
sensor chips with a clean exposed area of PMMA in the sample
wells, ready for applying a sample in aqueous solution (Fig. 5l).

4. Symmetric-waveguide-excitation fluorescence imaging

As an example of how the Cytop-clad waveguide can be used for
refractive-index matching to biological samples, we used wave-
guide chips fabricated according to the above procedure for
evanescent-wave fluorescence imaging. The experimental configu-
ration is shown schematically in Fig. 6. Using the evanescent tail of
light propagating in the waveguide layer for fluorescence excita-
tion, we imaged clusters of cells from a standard breast cancer cell
line (MCF-7 [21]), labeled with an antibody against the trans-mem-
brane adhesion protein E-cadherin and a fluorescent secondary
antibody. The sensor chips were placed directly into the culture
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Fig. 5. Schematic illustration of the main steps in the chip fabrication process.
Details are given in the text.

B. Agnarsson et al. / Microelectronic Engineering 87 (2010) 56–61 59

144



medium and normal cell growth was observed on the exposed
PMMA surface in the sample well as well as on the Cytop surface.
The main purpose of the sample well is to separate the incoupling
region from the sample solution in order to minimize stray light in
the liquid. Also, the upper cladding layer protects the parts of the
waveguide not used for excitation from contamination which
otherwise could result in uneven light distribution within the
waveguide core. The cells were allowed to multiply to form clus-
ters of 5–10 cells for observation. After fixing and staining the cells,
a drop of water was placed in the sample well, which was subse-
quently sealed with a coverslip. Further details of the cell prepara-
tion and fluorescence imaging setup are given in Ref. [9].

Waveguide-excitation fluorescence imaging was performed by
coupling excitation light from a supercontinuum source equipped
with a tunable acousto-optic bandpass filter (Koheras SuperK Ver-
sa), through a single-mode optical fiber, into the waveguide layer.
The symmetric waveguide configuration, resulting from the refrac-
tive index matching of the sample and the substrate, makes end-
fire coupling reasonably efficient, eliminating the need for prism
or grating-based resonant-angle excitation. Waveguide-excitation
fluorescence imaging using asymmetric waveguides requires more
a complicated, wavelength-dependent incoupling geometry and
suffers from uneven illumination related to grating imperfections
[22] and surface contamination. The fluorescence signal was col-
lected using a water-immersion objective (63� 1.2NA) and imaged
using a standard upright microscope (Zeiss Axiotech Vario 100)
equipped with an electron-multiplying CCD camera (Photometrics
QuantEM:512SC). Scattered excitation light in the detection path
was blocked using a single edge-pass filter. For comparison, epi-
fluorescence imaging was carried out on a standard fluorescence
microscope (Nikon Eclipse E800), using a high-magnification oil-
immersion objective (63� 1.3NA).

Fig. 7a and b show the results of fluorescence imaging of the
same cell cluster using symmetric waveguide-excitation and con-
ventional epi-fluorescence, respectively. The waveguide chip has
a PMMA core thickness of around 450 nm which is close to the
maximum thickness for single-mode operation at the excitation
wavelength used here (k = 551 nm, 3-nm FWHM bandwidth). Cal-
culations indicate that excitation light of wavelength 550 nm,
propagating in the waveguide core, has an evanescent tail extend-
ing approximately 185 nm into the cytoplasm of a cell, assuming a
refractive index distribution within the cell similar to that reported
in Ref. [23]. Fig. 7a shows that the waveguide-excitation generates
a clear image with obvious cell outlines and cell–cell contact re-
gions. The excitation wavelength and emission filter in our setup
were individually selected to maximize the excitation and collec-

tion efficiency and no visible bleaching of the fluorescence signal
was observed even during extended observation times. Fig. 7b
shows that the image obtained with a standard epi-fluorescence
microscope is dominated by signals from the bulk of the cell clus-
ter, making detection of weaker signals from the near-surface re-
gion difficult. In general, the waveguide-excitation method gives
clear images with negligible background (out-of-focus) fluores-
cence, similar to images obtained with total internal reflection
fluorescence microscopy (TIR-FM) [1,24]. However, the symmetric
waveguide-excitation method differs from conventional TIR-FM
systems in several important respects. It provides a large range
of possible penetration depths, it can be used with conventional
microscopes, upright as well as inverted, it does not place restric-
tions on the imaging optics or substrate types and it provides the
possibility of on-chip control of the excitation light.

In addition to being well suited for waveguide-excitation imag-
ing of fixed or live cells, a number of other applications for the
symmetric waveguide chip can be envisioned. The chip layout is
well suited for studies of surface binding or other events where
excitation within a small volume close to a surface is required, pos-
sibly coupled with multiple sample wells, on-chip switching of
excitation light, etc. As an example, DNA probes have been shown
to attach efficiently to PMMA by plasma activation and use of car-
bodi-imide coupling chemistry [25]. The described sensor chip
may be ideal for reading such microarrays where the DNA probes
could be covalently attached directly to the surface of the PMMA
waveguide. The confinement of the excitation volume and the high

Fig. 6. Schematic illustration of a typical experimental configuration. Excitation
light is coupled from a single-mode optical fiber into the planar waveguide. A
sample in aqueous solution is excited by the evanescent tail of the bound mode,
emitting a fluorescence signal, which is imaged by the microscope objective,
typically through a cover glass (not shown).

Fig. 7. (a) Fluorescence image of a cluster of MFC7 breast cancer cells labeled with
an antibody against the transmembrane protein E-cadherin, obtained using
symmetric-waveguide excitation. The penetration depth of the evanescent field is
estimated to be around 185 nm into the cells. The image is obtained using a 63�
1.2NA water-immersion objective. (b) Same cluster imaged using a standard epi-
fluorescence microscope. The image is obtained using a 63� 1.2NA oil immersion
objective.
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signal-to-noise ratio is also helpful when using fluorescence corre-
lation techniques [26] such as fluorescence correlation spectros-
copy or image correlation spectroscopy. Here, the symmetric
waveguide chip can provide an extension of current TIR-FM based
surface-bound correlation studies with the possibility of increased
penetration depth into the sample under investigation and the pos-
sibility of in-plane confinement using sub-micron channel wave-
guide modes.

5. Conclusions

We have described the fabrication process for polymer/fluoro-
polymer (PMMA/Cytop) waveguide chips intended for evanes-
cent-wave excitation and/or sensing in aqueous environments. In
particular, we have focused on issues related to wettability and
adhesion between polymer layers, fluoropolymer surface quality,
chip facet quality, substrate reflections and patterning of single-
mode channel waveguides. We demonstrated the applicability of
our chip design for evanescent-wave fluorescence imaging of
biological samples, but the process information is also of impor-
tance for a number of other applications utilizing the special prop-
erties of Cytop fluoropolymers.
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Abstract: We present detailed characterization of a unique high-index-
contrast integrated optical polymer waveguide platform where the index of 
the cladding material is closely matched to that of water. Single-mode 
waveguides designed to operate across a large part of the visible spectrum 
have been fabricated and waveguide properties, including mode size, bend 
loss and evanescent coupling have been modeled using effective-index 
approximation, finite-element and finite-difference time domain methods. 
Integrated components such as directional couplers for wavelength splitting 
and ring resonators for refractive-index or temperature sensing have been 
modeled, fabricated and characterized. The waveguide platform described 
here is applicable to a wide range of biophotonic applications relying on 
evanescent-wave sensing or excitation, offering a high level of integration 
and functionality. The technology is biocompatible and suitable for wafer-
level mass production. 

©2010 Optical Society of America 

OCIS codes: (130.0130) Integrated optics; (230.7390) Waveguides, planar; (250.5460) Polymer 
waveguides; (180.2520) Fluorescence microscopy; (280.1415) Biological sensing and sensors. 
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1. Introduction 

Integrated optical components are of particular interest for biophotonic applications due to the 
possibility of integrating multiple functions on a single chip [1]. They are readily compatible 
with evanescent-wave sensing principles that have been employed in planar waveguides as 
well as stripped optical fibers and photonic crystal fibers [2–7]. Polymers are attractive for 
fabricating planar integrated optical circuits as they offer lower costs than devices based on 
inorganic materials or semiconductors while maintaining the possibility of large scale 
integration [8]. Using standard microfabrication techniques, polymer optical components can 
be patterned and directly integrated with electrical controls. In optical waveguides, a large 
refractive index contrast between the waveguide core material and the cladding material is 
crucial for enabling strong confinement and large-scale integration of optical components. For 
sensing purposes, a high index contrast in single-mode waveguides also means that a higher 
sensing field intensity can be obtained for a given excitation power [2]. 
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In the present work, we have studied a polymer optical waveguide platform with a large 
index contrast (as compared to most polymer waveguide systems) suitable for operation in the 
visible wavelength range. This platform has the additional advantage that the refractive index 
of the cladding material closely matches that of water, making it particularly suitable for 
biophotonic applications. The ability to tune the properties of polymers through surface 
modification or the addition of functional groups to the polymer backbone makes them 
appealing as waveguiding materials for biophotonics. We have selected 
polymethylmethacrylate (PMMA) as a waveguide core material, although a wide range of 
other optical polymer materials are also suitable for this purpose. PMMA is a well-studied 
high-resolution electron beam lithography resist [9] and a highly transparent optical polymer, 
making it ideal as a core layer material for fabricating optical components based on single-
mode waveguides. Since electron-beam lithography is well suited for research and 
prototyping but not for mass-production of devices, we note that PMMA can also be patterned 
using nanoimprint lithography [10], which has proven useful for fabricating components at 
high throughput with high resolution [11]. The low autofluorescence of PMMA [12] makes it 
well-suited for applications involving fluorescence excitation and detection. UV/ozone 
treatment can be used to increase the surface energy of PMMA and hence its bonding to other 
polymeric materials, making it particularly suitable for microfluidic applications [13,14]. 

The low refractive index (n ~1.34) of the fluorinated optical polymer Cytop renders it 
especially useful as a cladding material for evanescent-wave sensing of biological samples 
(typically n ~1.33 – 1.35). When used in conjunction with PMMA (n ~1.49) an index contrast 
of approximately 0.15 (10%) is obtained. This contrast is substantially higher than in 
conventional glass or polymer-based dielectric waveguides platforms used for integrated 
optical components [8]. Although substantially higher index contrast can be obtained in 
commonly used inorganic waveguide materials like silicon-on-insulator (SOI), Si3N4, or TiO2, 
such materials are only compatible with hard patterning techniques (and in the case of SOI 
only infrared wavelengths). 

Air-clad PMMA ridges on a Cytop-coated substrate have been used by Poon et al. for the 
fabrication of coupled resonator optical waveguides operating at telecom wavelengths around 
1550 nm [15,16]. Although the present paper focuses on visible-light applications, the 
waveguide geometry is easily scalable to infrared wavelengths commonly used in biosensing 
(e.g. 785 nm or 850 nm). The symmetric Cytop/PMMA/biological sample configuration has 
previously been used by our group for waveguide-excitation fluorescence microscopy [17] 
and in the current paper we demonstrate how this platform can be extended to obtain full on-
chip control over the excitation light – simultaneously introducing new possibilities for other 
evanescent-wave sensing schemes in biophotonics. 

2. Fabrication and experimental methods 

Cleanroom fabrication of single-mode waveguides was carried out in the following fashion. A 

4″ silicon wafer was initially primed with adhesion promoter (AP3000, DOW Chemical Co.) 
and then spin-coated with a 4-µm layer of Cytop (CTX-809AP2, Asahi Glass Co.) to form the 
lower cladding layer. The Cytop surface was treated using Al deposition and removal, as 
described in Ref [18], and PMMA was subsequently spin-coated onto the Cytop to form a 
waveguiding layer with a typical thickness of 450-500 nm. A 50-nm layer of aluminum was 
deposited on the surface for charge dissipation during subsequent electron-beam writing. 
Single-mode waveguides were formed in the PMMA layer by exposing two 1.8-µm wide 
strips on each side of the 500-600 nm wide waveguide channels. All structures were written 
within a single writefield of 1 mm × 1 mm with a raster grid of 31 nm. 
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Fig. 1. Experimental setup for waveguide and device characterization. Light from a 
supercontinuum source (SuperK) is passed through an endlessly single-mode photonic crystal 
fiber to an acousto-optic tunable filter (AOTF) with up to 8 individually adjustable output 
channels. The AOTF output polarization was adjusted using retardation plates (PC) before the 
fiber coupler (FC) in order to obtain the desired linear polarization state at the output of the 
lensed tapered fiber (LTF) which was mounted on an xyz translation stage. Waveguide output 
was collected with a single mode fiber (SMF) and passed to a grating spectrometer (SPM) or 
imaged using a microscope objective, polarization analyzer (PA) and CCD camera. Scattered 
light from the waveguides was simultaneously imaged from the top using a second objective 
and CCD camera. 

Following e-beam lithography, the charge dissipation layer was removed by wet etching 
and the exposed PMMA was developed in a methylisobutylketone/isopropyl alcohol (IPA) 
mixture (1:3 ratio) for 30 seconds and then rinsed in pure IPA for 30 seconds. Finally, the top 
Cytop cladding layer was spin-coated onto the wafer and baked in a cleanroom oven, 
producing a top cladding layer with a thickness of approximately 4 µm (see Ref [18]. for a 
more detailed process description). A layer of UV photoresist was added to protect the surface 
of the sample during dicing. Samples were diced at the edge of the waveguide structures to 
enable end-fire coupling through the end facets. 

Unless otherwise noted, waveguide characterization was carried out by direct end-fire 
excitation using light from a supercontinuum source (SuperK Versa, NKT Photonics) 
equipped with an acousto-optic tunable filter, as shown in Fig. 1. A tapered lensed optical 
fiber (SM488nm, Nanonics Imaging) with a minimum spot size specified as 0.7 ± 0.2 µm (at 
532 nm wavelength) was used for in-coupling. The fiber was taped to the optical setup to 
prevent movement and the polarization at the output of the fiber was adjusted using free-space 
polarization control of the SuperK beam. The output of the PMMA waveguides was analyzed 
either by coupling to a second single-mode fiber (not tapered) connected to a spectrometer (PI 
Acton SpectraPro SP-2356) equipped with a cooled CCD camera (PIXIS:100F, Princeton 
Instruments) or by imaging the output facet onto a CCD chip (Thorlabs) with a 100 × 0.9NA 
objective lens. Scattered light from the waveguides was also monitored from above using a 
microscope and recorded with a low-light level EM-CCD camera (QuantEM512C, 
Photometrics) or a color camera (Nikon DS-2Mv). 

Numerical simulations were carried out using a mode solver based on the effective index 
approximation [19], as well as commercial finite-element (COMSOL, RF-module) and finite 
difference-time domain (FDTD solutions, Lumerical) software packages. Calculations were 
generally carried out for three wavelengths approximately equally spaced in frequency and 
commonly used in fluorescence applications (488 nm, 546 nm and 633 nm). The material 
dispersion of PMMA and Cytop was taken into account in all cases, using refractive index 
data provided by the respective manufacturers. 
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Fig. 2. Calculated parameters for waveguides at common fluorophore excitation wavelengths 
(blue 488 nm, green 546 nm and red 633 nm). a) Effective refractive index of waveguide 
modes calculated using the effective index (lines) or finite-element (crosses) methods. The 
point of minimum mode-field diameter is shown with filled circles) b) mode field diameter and 
penetration depth with varying core sizes. 

3. Basic waveguide properties 

Cytop/PMMA waveguides with square cross-sectional profiles were modeled in order to 
determine the optimum core size with respect to range of operating wavelengths, mode 
confinement, evanescent field strength and bend loss. 

3.1 Mode structure 

Figure 2a shows the mode index (effective refractive index) of TM modes in the 
PMMA/Cytop waveguides, as determined by the effective index approximation (EIA). 
Although this method is not expected to yield highly accurate results for high index contrast 
waveguides [20] it can still provide a reasonable estimate of the range of single-mode 
operation (for the fundamental mode, more accurate values of neff determined by finite-
element calculations using a finite cladding thickness are also shown). Similar results are 
obtained for TE modes (not shown). 

From Fig. 2a it can be seen that single-mode operation with suitable mode confinement 
across the investigated wavelength range is possible (for a given polarization) for core sizes in 
the range 300 nm to 500 nm. Figure 2b shows how the mode field diameter (MFD, full width 
at 1/e

2
 intensity) varies with the core size, indicating a maximum confinement (minimum 

MFD) for core sizes of 350 nm (blue) to 450 nm (red). A waveguide core size of 450 nm to 
550 nm provides a good mode match to the focused spot of the tapered input fiber. Evanescent 
field penetration depths (distance of 1/e

2
 intensity decay from the waveguide surface) are also 

plotted in Fig. 2b, where a uniform cladding index of 1.34 has been assumed, giving a 
penetration depth of about half a wavelength into the cladding material. A typical biological 
sample may have a different (and spatially varying) refractive index, correspondingly 
affecting the actual penetration depth, e.g., decreasing by 5% in pure water at n = 1.333 but 
increasing up to 20% for cytoplasm at n = 1.36 [21]. A change in temperature will also affect 
the refractive index of the polymer and the sample solution. Within a typical operating range 
of a biophotonic chip (20-40°C), the refractive index change is small (0.1-0.2%) and the effect 
on the index contrast is negligible. A temperature change can, however, be monitored using 
resonant wavelength detection, as noted below, or used for thermo-optic switching or 
modulation of the guided signal. 

Figure 3a shows the waveguide output measured at a wavelength of 570 nm. After 
correcting for the resolution of the imaging optics, the experimentally determined mode width 
is in excellent agreement with finite-element calculations. The waveguide mode is highly 
confined compared to, e.g., a conventional single-mode optical fiber, as shown in the figure. 
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Fig. 3. (a) Highly confined waveguide mode output measured experimentally at 570 nm (filled 
circles), showing close agreement to mode width determined by finite-element calculations 
(dotted line) after the finite resolution of the imaging optics has been taken into account (solid 
line). For comparison, the measured mode profile of a single mode fiber is also shown (open 
circles). (b) Scanning electron microscope image of PMMA waveguides on Cytop prepared 
with varying dosages prior to application of the top cladding layer (tilted). Decreasing exposure 
dose by 8% from the optimum value results in underexposure and increased roughness (top 
waveguide) while increasing the exposure dose by 8% results in overexposure and narrowing 
of the waveguide channel (bottom waveguide). The nominal waveguide width in this case was 
600 nm. 

The electron beam dosage used during lithography was optimized so that waveguides with 
smooth sidewalls were obtained (Fig. 3b). The structural quality of the waveguides ensures 
low scattering loss; we measured propagation losses down to approximately 0.3 dB/mm for 
straight waveguides at a wavelength of 550 nm. 

3.2 Bend loss 

A critical issue for enabling a high level of optical component integration is the reduction of 
bend loss. Fundamental considerations reveal that waveguide bend loss is associated with the 
extent of the evanescent tail of the mode in the waveguide plane [20] and, as demonstrated 
below, minimum bend loss does not necessarily coincide with maximum field confinement (as 
measured in terms of MFD). In order to estimate expected bend loss in single-mode 
Cytop/PMMA waveguides, we carried out 2D FDTD simulations of transmission through 90° 
circular waveguide bends of varying radii for blue, green and red wavelengths. The 
calculations include the loss introduced by coupling between straight and bent sections and 
the ends of the curved waveguide. As shown in Fig. 4a, bend loss increases rapidly for bend 
radii below 20 µm (for 500 nm core size). As expected, the bend loss is larger for longer 
wavelengths 
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Fig. 4. Circular 90-degree bend loss in Cytop-PMMA waveguides at three different 
wavelengths determined by FDTD calculations for (a) fixed core size of 500 nm × 500 nm and 
(b) fixed bend radius of 20 µm. For a 500 nm × 500 nm core size and bend radius of 30 µm, the 
90° bend loss is 0.5-1.5% for the calculated wavelengths. 
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Fig. 5. (a) Scanning electron microscope image of a directional coupler with an interaction 
length of 40 µm and a nominal waveguide separation of 200 nm in the coupling region. The 
scale bar is 20 µm. (b) Corresponding microscope image (color) showing how light of 
wavelengths 505 and 590 nm input from the left hand side of the image is spectrally separated 
in the output arms. (c) Experimentally determined wavelength dependence of the power 
transfer between the direct and coupled arms of the device (open and closed squares, 
respectively) and a comparison with FDTD calculations (crosses). The solid lines are guides to 
the eye but follow approximately a cos2 dependence with an increasing period towards longer 
wavelengths due to material dispersion. 

Calculations for different core sizes (Fig. 4b) indicate that minimum bend loss occurs at 
core sizes of 500-600 nm, which is significantly larger than the core size corresponding to a 
maximum field confinement. Above 500-nm core size, however, sharp bends will cause 
excitation of higher order modes (cf. Figure 2a), particularly for shorter wavelengths, posing a 
limit to the achievable bend loss over a wide wavelength range. 

The above simulations suggest that a PMMA square core size of 450-500 nm provides a 
good tradeoff, ensuring efficient end-fire excitation with a tapered fiber, single-mode 
operation for the investigated wavelength range, reasonable extent of the evanescent field, 
lowest possible bend loss and good structural quality ensuring low scattering loss. The 
experimentally fabricated waveguides were slightly asymmetric with waveguide widths 
ranging from 500 to 600 nm. Fabricated devices with sharp bends were, however, studied 

mainly at wavelengths ≥ 546 nm, where higher order modes do not play a significant role. 

4. Integrated optical components 

Different types of optical components were fabricated using Cytop/PMMA waveguides, 
ranging from basic y-junctions and s-bends to Mach-Zehnder interferometers, directional 
couplers (DCs) and ring resonators (RRs). Properties of fabricated DCs and RRs, as well as 
corresponding numerical simulations, are discussed below. 

4.1 Directional couplers 

Simple parallel-waveguide directional couplers can be used as precise power splitters, but 
only in a narrow range of wavelengths [22,23]. Conversely, the fact that the DC coupling 
length Lc (corresponding to full power transfer from one waveguide to another) is, in general, 
strongly wavelength dependent, can be used to realize compact and efficient wavelength 
splitters for two or more suitably spaced wavelengths. 

For a Cytop/PMMA directional coupler with a 200-nm coupling gap, finite-element 
simulations indicate that the coupling length changes substantially (by a factor of about 7) 
across the visible range (400 nm to 700 nm). The coupling gap and the coupler length can be 
modified to realize separation of specific wavelengths λ1 and λ2 with the shortest possible DC 
fulfilling the condition for the interaction length L = Lc(λ1) = 2 Lc(λ2), with Lc(λ) = λ/(2∆nDC), 
where ∆nDC(λ) is the difference between the effective refractive indices of the symmetric and 
antisymmetric modes of the coupled waveguides. A three-wavelength splitter can similarly be  
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Fig. 6. (a) SEM image of ring resonators. Light is coupled into the waveguide from the input 
port (at the right-hand side of the image) which is displaced from the through waveguide by 
180 µm to minimize stray light. (b) SEM image showing a close-up of the coupling region 
between the 40-µm diameter ring and the straight waveguide. The nominal coupling gap is 200 
nm. Scale bar is 2 µm. 

realized using a pair of DCs in sequence, fulfilling the conditions L1 = Lc1(λ1) = 2 Lc1(λ2) = 3 
Lc1(λ3) and L2 = Lc2(λ1) = 2 Lc2(λ3), respectively. 

As an example, Fig. 5a shows an SEM image of a fabricated DC with a nominal gap width 
of 200 nm and a parallel interaction length of 40 µm, with cosine bends on both ends (100 µm 
length, 30 µm offset). The output in the direct and coupled arms of the DC was measured at 
the sample facet for the wavelength range 450-700 nm and the sum of the outputs was 
normalized to 100% (Fig. 5c). A comparison of the measured data and the simulated values of 
∆nDC for parallel waveguides indicated an effective coupling length of 54 µm for this 
particular device, suggesting that significant coupling also takes place in the initial part of the 
bend regions. The measured results are in good agreement with FDTD calculations which also 
confirm a significant deterioration of waveguide performance past 650 nm. The color image 
in Fig. 5b shows how the DC efficiently splits a two-color input into separate arms. The cross-

talk measured for this particular device was approximately −17 dB for the shorter wavelength 

and −13 dB for the longer wavelength. 
The possibility of simultaneously transmitting multiple wavelengths onto the chip through 

a single optical path, combined with on-chip filtering and signal modulation of the individual 
waveguide channels is ideal for, e.g., multi-wavelength time-lapse imaging of live cells or on-
chip integrated waveguide excitation and multi-wavelength fluorescence monitoring as 
demonstrated by Dongre et al. for fluorescently labeled DNA molecules separated by 
capillary electrophoresis [24]. 

4.2 Ring resonators 

Simple ring resonator structures are composed of one or more straight waveguides 
evanescently-coupled to a circular waveguide [25]. RRs have been used in many photonic 
applications due to their versatility and compactness, e.g., as filters [26,27], optical switches 
[25,28] and laser resonators [29–31]. Light travelling in the ring experiences constructive 
interference when the resonance condition 2πR neff(R) = λm is met, where m is an integer, R is 
the ring radius and neff(R) is the mode index of the curved waveguide [32]. 

The device geometry used for RR characterization is shown in Fig. 6a, with a close-up of 
the coupling region of a fabricated structure shown in Fig. 6b. Different ring diameters were 
studied, ranging from 20 µm to 60 µm, and the separation gap between the straight 
waveguides and the ring was varied in order to tune the evanescent coupling. The structure 
shown in Fig. 6b was fabricated with a nominal coupling gap of 200 nm and a ring diameter 
of 40 µm. As shown in the figure, the ring and the straight waveguide are distinctly separated 
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Fig. 7. (a) Output spectra at the through port (upper spectrum) and drop port (lower spectrum) 
of a 40-µm diameter ring resonator with a nominal 200 nm gap between the straight waveguide 
and the ring. The through spectrum shows rapid Fabry-Perot oscillations and slow intensity 
variations which can be traced to the AOTF output. (b) Measured free spectral range or 
resonance peak/dip separation of Cytop/PMMA ring resonators. The solid line is given by 
c/(2πRneff). 

in the coupling region although minor proximity exposure effects associated with electron 
beam scattering can be observed, resulting in a slight broadening of the waveguides in this 
region. 

The spectral characteristics of the RR were measured at both the through port and the drop 
port, with the in-coupling region being laterally displaced from the through port output by 180 
µm to prevent residual stray light from the incoupling region from affecting the measured 
output (the pickup fiber has a mode field diameter much larger than the waveguide and is 
therefore prone to picking up scattered light propagating in the cladding). The radius of all 
bends in the input and output waveguides was 30 µm. 

Ring resonators were characterized by combining several closely spaced AOTF channels 
to create a continuous input spectrum with a spectral width of about 10 nm. Typical output 
spectra observed in the drop and through channels of a 40-µm diameter ring are shown in Fig. 
7a. The distance between the resonance peaks, corresponding to the free spectral range (FSR) 
in frequency units, was measured for different ring diameters, as plotted in Fig. 7b. The 
measured FSR accurately follows the expected 1/R dependence, assuming a constant mode 
index of 1.535 for the range of ring diameters investigated here. 2D FDTD calculations with 
no free fitting parameters reproduced the experimentally determined value of the FSR to 
within the experimental uncertainty. 

The finesse of the measured RRs was in the range 3-4. In order to understand the origin of 
these values, it is instructive to consider the equation for the power transmission for the 
through port of a RR coupled to two waveguides, given by [25] 

 
2 2 2

2 1 2 1

2 2 2

2 1 2 1

| | | | 2 | || | cos

1 | | | | 2 | || | cos
through

t t t t
T

t t t t

α α θ

α α θ

+ −
=

+ −
  (1) 

where θ = 4π
2
neffR/λ + φt1 + φt2 is the round-trip phase change, with neff being the effective 

index of the curved waveguide mode which, in general, is a function of λ and R, and φtj being 
phase factors associated with each of the coupling regions. The field transmission coefficients 
for the two coupling regions are thus given by tj = |tj| exp(iφtj), with j = 1,2 for the through 
port and the drop port, respectively, while α represents the field transmission coefficient per 
round trip in the ring. The 90° bend loss calculations in Fig. 4 can be used to provide a 
maximum theoretical value of the round-trip loss (since the straight-to-bent waveguide 
coupling loss included in Fig. 4 does not apply here), yielding a minimum field transmission 

coefficient of α ≈0.95 for a 40-µm diameter ring. The measured finesse in the resonators 
studied here of typically 3-4 corresponds to a Q factor of about 10

3
. Assuming the above value 

for α, this requires |tj| ≈0.7 in Eq. (1) for the transmission coefficients in the coupling regions, 
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assuming that the coefficients are similar for both regions. Increasing the coupling gap from 
200 nm to 300 nm, however, did not significantly increase the measured finesse, suggesting 
that extra scattering loss is taking place in the ring or in the coupling regions. In order to 
realize high-finesse RRs, the extraneous round trip loss must be reduced and a 

correspondingly weak coupling realized, with |t| ≈α. In this case, it should be possible to 
realize Q factors in excess of 10

4
 for RRs with 30 µm radius. For sensing purposes, however, 

it is also important to adjust the RR extinction ratio to the optimum value, given a certain Q-
factor, as explained in detail in Ref [33]. 

A small change in the refractive index of the waveguide cladding results in a change of the 
effective refractive index of the circular waveguide, which may be detected as a shift in the 
resonance wavelength at the waveguide output. This property of ring resonators has been 
exploited to provide label-free detection in biosensing applications [34,35]. Similarly, 
embedded ring resonators may be used for on-chip temperature monitoring due to the thermo-
optic effect. In the former case, cascaded or coupled non-resonant embedded RRs may be 
used to obtain an optical readout (on/off or position-dependent) directly on the chip, 
eliminating the need for off-chip spectral analysis. 

5. Conclusion 

We have described an integrated high-index contrast polymer waveguide platform, suitable 
for applications in biophotonics. The high core/cladding index contrast and small core size 
ensures that the guided mode is strongly confined, making light manipulation at a small scale 
possible. Optimization based on numerical simulations has been used to ensure single mode 
operation across most of the visible range and determine the core size required for optimum 
confinement and minimum bend loss. Electron beam lithography was used to fabricate optical 
waveguides with smooth sidewalls and low scattering loss. Directional couplers for 
wavelength separation were found to operate in good agreement with numerical modeling and 
ring resonators with a finesse of 3-4 and Q-factor of 10

3
 were demonstrated. The waveguide 

platform can be envisioned as a particularly interesting candidate for evanescent-wave multi-
wavelength live-cell time-lapse imaging with integrated temperature control and monitoring, 
or other applications involving spatial, spectral and temporal control of evanescent-wave 
excitation. 
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