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Abstract

This thesis treats the development of an integrated optical sensor array.
The sensors are slot-waveguide ring resonators, integrated with on-chip sur-
face grating couplers and light splitters, for alignment tolerant, real-time,
refractive index sensing, and label-free biosensing. The work includes: the
design of components and system layouts, the development of fabrication
methods, the fabrication of sensor chips, the characterization of the chips,
and the development of physical system models for accurate extraction of
resonance wavelengths in measured spectra.

The main scientific achievements include: The evaluation of a novel type
of nano-structured optical waveguide for biochemical sensing. The realiza-
tion of an array of such slot-waveguide sensors, integrated with microfluidic
sample handling, for multiplex assays. The first study of the thermal be-
havior of slot-waveguide sensors and the discovery of unique temperature
compensation capabilities.

From an application perspective, the use of alignment tolerant surface
gratings to couple light into the optical chip enables quick replacement
of cartridges in the read-out instrument. Furthermore, the fabrication se-
quence avoids polishing of individual chips, and thus ensures that the cost
benefits of silicon batch micro-fabrication can be leveraged in mass produc-
tion.

The high sensitivity of the slot waveguide resonators, combined with on-
chip referencing and physical modeling, yields low limits of detection. The
obtained volume refractive index detection limit of 5 × 10−6 refractive index
units (RIU), and the surface mass density detection limit of 0.9 pg/mm2,
shows that performance comparable to that of commercial non-integrated
surface plasmon resonance sensors, made from bulk optical components, can
be achieved in a compact cartridge.

Kristinn B. Gylfason, kristinn.gylfason@ee.kth.se
Microsystem Technology Laboratory, School of Electrical Engineering
KTH - Royal Institute of Technology, SE-100 44 Stockholm, Sweden
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1. Introduction

1.1 Motivation

Take a sharp pin and ram it into your fingertip. If you rammed it in with
sufficient vigor, a dark red droplet of blood is now emerging from the wound.
The droplet might have a diameter of 2 mm, that is to say a volume of 4
microliters. This volume contains 20 million cells, 20 thousand of which
contain the genetic code for the creation of the 30 thousand proteins of the
human genome [1]. Many of these proteins are present in the drop of blood,
inside the blood cells and on their surface, but also floating around in the
fluid. The concentration of certain of these proteins, known as biomarkers,
is related to disease. If we could decode all this information available in
the droop of blood at your fingertip, the payoff would be more effective
treatment for the sick and prolonged health for the healthy. This thesis
covers methods to advance this goal.

How does one address such a complex problem? It turns out that part
of it is already solved. Modern DNA microarrays contain hundreds of thou-
sands of DNA probes [2] and permit quantification of the expression level
of all the genes of the human genome. Figure 1.1 (a) shows two examples
of commercially available DNA microarrays.

These new powerful array tools for DNA analysis have revolutionized
research in biology, by enabling scientists to study protein expression on
the whole genome level instead of focusing on individual genes. From an
engineering perspective, the obvious next step is to apply the magic of
parallelization to the interactions of the proteins encoded in the genes. This
extension, however, turns out to be a difficult one.

Part of the difficulty stems from the fragility and diversity of proteins,
compared to DNA. DNA is a simple, one-dimensional, and robust molecule
that can be split, spliced, coiled, uncoiled, copied, and dried, while still
preserving its function. Proteins, on the other hand, are a diverse class
of complex three dimensional molecules whose function and preservation is

1
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(a) (b)

Figure 1.1 (a) Two examples of DNA microarrays produced by Affymetrix Inc.,
(Santa Clara, California, United States). Photograph from [3]. (b) The pack-
aged ring resonator sensor array developed in this work. Photograph by Hans
Sohlström.

intricately dependent on diverse environmental conditions.
Another fundamental difference is that while the kinetics of DNA-DNA

binding are mostly uninteresting for the study of expression levels, the kinet-
ics of protein-protein binding, and protein conformation change in response
to stimuli, are the focus of protein interaction studies. Hence, while DNA
microarrays can make use of fluorescent labels for read-out after binding is
complete, study of protein interactions requires real-time methods that can
monitor reactions as they develop.

Even though the main motivation for this work has been the clinical
application of biosensing in a point-of-care setting, that is out in the field or
at a general medical practitioners office, the technology has many different
uses. Such diverse fields as basic research in biology, veterinary medicine,
food safety, environmental monitoring, and process control of biological pro-
duction, can all benefit from advances in assay parallelization, especially if
the read-out instrument is mobile and field-applicable.

In this thesis, a multi-channel optical biosensor chip with a single optical
input and light splitting on-chip to 8 channels, is presented. The title of this
thesis: “Integrated Optical Slot-Waveguide Ring Resonator Sensor Arrays
for Lab-on-Chip Applications” can be broken down and briefly explained as
follows:

Integrated Optical: All the optical devices developed in this thesis are
created on a single substrate by lithography, in contrast to discrete
optical components fabricated in separate pieces of glass. The name
draws a parallel to integrated electronic circuits.

Slot-Waveguide: We explore the use of this novel type of optical wave-
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guide for sensing.

Ring Resonator: Our sensors are optical devices that trap light in a cir-
cular waveguide, thereby enabling its wavelength to be read out from
the emerging self-interference spectrum.

Sensor Array: Integrated optical fabrication techniques allow us to repli-
cate the sensors over a chip surface to create sensor arrays.

Lab-on-Chip: Our sensor array is integrated with microfluidic sample han-
dling to provide the capability of an analytical laboratory in a compact
cartridge.

The remainder of this chapter will introduce some of these concepts in more
detail.

1.2 Label-free biosensing

In the most general terms, a biosensor is a device that combines a biological
recognition component with a physical detector component, the transducer,
in order to measure a physical property [4]. The recognition component may,
for example, be composed of nucleic acids [5], enzymes [6], or antibodies [7].
The transducer could be optical [4, 8, 9, 10], electromechanical [11], elec-
trochemical [12], magnetic, or calorimetric.

The main advantage of biosensing is that the sensor benefits from the
natural selectivity of the biological recognition component. In a sense, it
takes advantage of the trial and error process already done by evolution.
When a selective recognition element is combined with a sensitive trans-
ducer, a powerful analytical tool emerges.

The most established biosensors make use of special reporter molecules
or particles, known as labels, to read out the measured quantity. Most
often these labels are fluorescent or radioactive, but plasmonic or magnetic
nanoparticles are also commonly used. Label-based sensors can measure
down to the single molecule level, but they have a number of significant
drawbacks that make it worth while to explore alternative methods.

One limitation of label-based methods is the time, and thus cost, of the
labeling step [19]. For each new class of experiments, a labeling protocol
must be developed. Another is the complexity that the labels add to the
reaction under study, and thus an increased risk of interference and misin-
terpretation [20]. Finally, since labels are typically added in a secondary
step, most label-based methods can report only on the end point of a re-
action and do not provide real-time kinetic information. This information
can, however, easily be gained by label-free methods.
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Transduction

Propagation

Planarity

Waveguide type

Read out

Label-free biosensing [13]

Electromech. [11] Electrochem. [12] [. . . ] Optical [14]

Free space Guided wave [9]

Planar [8] Non-planar [15]

Strip Plasmonic [16] Slot [17]

Mach-Zehnder Young Fabry-Perot Ring [18]

Figure 1.2 A taxonomy of label-free biosensing. The branch under study here
is indicated with boldface labels. The cited references point to recent reviews of
respective the topics.

Label-free biosensors have the unique advantage of supplying real-time
quantitative information in physical units on the progress of (bio)chemical
reactions, without the risk of interference from labels. From this informa-
tion, reaction rates, binding affinities, and even layer densities [21] can be
calculated. For other uses, such as simple positive/negative assays where
real-time physical information is not needed, well established label-based
methods are usually a better choice.

Figure 1.2 shows one way of classifying label-free biosensing methods.
The branch under study here is indicated by bold face labels. The cited
references point to recent reviews of the respective topics.

1.3 Biosensing with planar optical waveguides

Optical biosensors based on planar waveguides have a number of important
advantages: Since they are optical, they are immune to electromagnetic
interference, and the use of optical fibers allows for simple guidance of light
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to and from the optical chip. Since they are guided wave systems, the
optical path is well defined by etching into the core layer, and thus the
adjustment of bulky components, for which free space optics are notorious,
is avoided [8].

Figure 1.3 shows a schematic illustration of three waveguide types used
for biosensing. In the strip waveguide in (a), light is confined in the high
index core (nc > nb > ns) by total internal reflection. In the plasmonic
waveguide in (b), the refractive index of the metallic core is complex (nc =
n′c + in′′c ) and light is coupled into surface plasmons propagating at the
interfaces of the metal (n′c < 0) and the dielectrics (nb > ns > 0). The
slot-waveguide in (c) is basically a strip waveguide, modified by cutting out
a narrow slot along the central axis of the core. If the slot is narrow enough
(in relation to the wavelength), the propagating light does not resolve it, and
this dual core structure operates as a single waveguide, with a significant
fraction of the propagating light in the slot. Slot-waveguide sensors are the
main focus of this work.

Label-free biosensors based on surface plasmon resonance (SPR) [22] and
interferometric waveguide configurations [21] are already well established in
the analytical laboratory. In both these sensor types, light is confined at a
refractive index step. The confinement is by coupling to a surface plasmon,
in SPR sensors, and by total internal reflection, in waveguide sensors. A
fraction of the optical field at the step, known as the evanescent wave,
extends a few hundred nanometers1 into the liquid sample, and thus the
sample refractive index close to the surface influences the propagation of
light at the interface.

Planar waveguide sensors have two modes of operation: volume sensing
and surface sensing. In volume sensing, the refractive index of the bulk
sample ns is of interest, for example in refractometry of liquids and gases.
In surface sensing, however, the interface is covered with a recognition com-
ponent that binds selectively to the target of interest, and thus only the
refractive index of this thin surface layer is of interest. Since the refractive
index of aqueous protein solutions is linear with density [23], the density of
protein binding on the surface σp can be quantitatively determined. This
mode is the most relevant for real-time molecular interaction studies. Fig-
ure 1.4 shows how the evanescent wave extends into the liquid sample at
the surface of waveguides and illustrates the difference between: (a) volume
sensing and (b) surface sensing.

The transduction principle of label-free SPR and planar waveguide bio-
sensors is thus basically the same: a mass accumulation on a surface changes

1The exact penetration depth depends on the wavelength and the refractive index
step.
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Figure 1.3 A schematic of the three types of planar waveguides mentioned in
Figure 1.2: (a) A strip waveguide, (b) a plasmonic waveguide, and (c) a slot-
waveguide. In all cases, light propagates along the z-direction. In (a) and (c)
nc > nb, ns, while in (b) nc is complex with a real part n′

c < 0.
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Figure 1.4 The field of the evanescent wave decays exponentially with distance
from the refractive index step. (a) In volume sensing, the bulk refractive index
ns of the whole liquid top cladding if of interest. (b) In surface sensing, only the
density of a thin surface layer σp is of interest. Within this layer, the surface
binding reactions under study take place.

the refractive index of the surface layer, and thus the effective refractive in-
dex of an electro-magnetic wave propagating at the surface.

State of the art evanescent wave based laboratory equipment achieves
a volume refractive index limit of detection of the order of 10−8 [14] re-
fractive index units (RIU) and a surface mass density detection limit of
0.1 pg/mm2 [24].

1.4 Limitations of current label-free planar
waveguide biosensors

1.4.1 Limited parallelization

The complexity of biological systems and the inherent variability of liv-
ing things dictate careful use of statistics and control experiments to yield
confidence in biosensing results. The more repeat experiments, the more
confidence. Furthermore, the large number of possible interaction pathways
in biological systems calls for many different experiments, in order to map
the interaction space. Thus, there is an obvious need to parallelize real-
time label-free binding experiments, in the same way as label-based genetic
assays have been parallelized by the current DNA microarray technology.

Current parallelization approaches, based on SPR, either reach only a
limited level of parallelization, or do so at the cost of measurement quan-
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titation. The first approach is used in the Biacore A100 system (Biacore
Life Sciences, GE Healthcare, Uppsala, Sweden), with 20 sensing spots in
four separate flow cells. The system delivers the quantitative accuracy of
standard Biacore SPR systems, but with a limited number of parallel chan-
nels. An example of the latter is the SPRimager II (GWC Technologies,
Madison, Wisconsin, United States), in which a fixed angle reflection mea-
surement can be done on multiple SPR spots, for example a 5 × 5 array,
simultaneously. However, in a fixed angle measurement, the angle needs
to be set at the inflection point of the SPR dip, to yield a linear response.
Since the same angle applies to all the spots in the array, their responses
will not all be in the linear region. This means that only qualitative data
can be acquired [25].

Additionally, current commercial SPR sensors are built from bulky dis-
crete components, require specialist operators, and are thus only placed in
centralized laboratories. The development of a low cost mobile sensor array
would broaden widely the application area of these powerful tools.

1.4.2 Large sensing areas and flow cells mask fast ki-
netics

A sensor can not resolve reaction kinetics faster than the time it takes to
refresh the sample covering its active sensing area. The active sensing area
of many waveguide interferometers is in the mm2 range [26, 27, 28], and thus
a high sample flow speed is required in order to resolve fast kinetics [29].
High flow speed, in turn, demands robust fluidics to handle high liquid
pressure, and can result in a large shear stress at the sensing surface.

1.4.3 Temperature sensitivity

The inherent temperature sensitivity of all refractive index sensors oper-
ating in water, stemming from the thermo-optic coefficient of water of
−10−4 K−1 [30], is a severe limitation to widespread adaption. For mea-
surement at the state of the art SPR detection limit, this translates to a
required temperature stability of 10−4 K, an impossible feat in a mobile
device. Obviously, there is a need for suitable references on-chip, to allow
compensation of thermal drift instead of relying on stability alone in mobile
instruments.

1.4.4 Stringent alignment tolerances

For high accuracy SPR measurements, the bulk optical components of the
SPR systems need to be aligned with great mechanical precision, since the
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Figure 1.5 (a) Since the mode diameter of a single mode optical fiber is much
larger than of an on-chip waveguide, the mode overlap is small, resulting in a
low coupling efficiency. Furthermore, the small cross-section of the waveguide end
face sets tight alignment tolerances. (a) By expanding the waveguide mode with
a taper, and utilizing diffraction in a surface grating to permit a placement of
the fiber perpendicular to the surface, mode overlap is improved and alignment
tolerances relaxed.

accuracy of the measurement depends on the alignment.
In integrated sensors, where the performance limiting optical elements

are fabricated on-chip by high resolution lithography, the requirements of
the optics in the read-out system are much relaxed. However, the draw-back
of the integrated approach is that coupling light into single mode waveguides
on-chip is challenging. Current methods involve focusing the output of a
single mode optical fiber on a cleaved and polished waveguide end-face, as
demonstrated in Figure 1.5 (a). To deliver sufficient light to the chip, this
alignment requires sub-micrometer accuracy.

1.5 Proposed solutions to current limitations

The above considerations make clear the need for a new approach, if one
is to succeed in integrating multiple sensors in a practical mobile sensing
system — that is, to create a lab-on-a-chip.

1.5.1 Planar waveguide ring resonator sensor arrays for
parallel measurements

Planar waveguide ring resonators provide a compact circular sensing ele-
ment, that can easily be integrated with other integrated optical and fluidic
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support functions in a 2D array, to address the parallelization limitation of
current systems.

From an optical measurement point of view, scaling down the sensor has
an important disadvantage: decreased interaction length. The detection
limit of optical methods is usually linearly dependent on the length of the
optical cell employed. Consequentially, a downscaling of two to three orders
of magnitude spells trouble for the detection limit. Resonators provide
a way to effectively extend the interaction length of optical measurements.
However, traditional mirror based resonant cavities are not easily fabricated
on-chip, while planar waveguide ring resonators are easily fabricated by
standard integrated optical techniques. The small footprint and fabrication
by standard techniques enable mass production at low cost [15].

In ring resonators, light propagates in the form of circulating waveguide
modes. As shown in Figure 1.6 (a), the circulating waves add construc-
tively at those wavelengths that are divisors of the ring circumference, that
is at the resonance wavelengths. When biological material accumulates on
the waveguide surface, the wavelength of light in the ring waveguide short-
ens, and the resonance condition moves to a longer free space wavelength,
as shown in Figure 1.6 (b). This wavelength shift is the signal used for
biosensing.

In contrast to, for example, Mach-Zehnder waveguide interferometers,
the degree of interaction of light and sample in ring resonators is not limited
by the physical length of the sensing waveguide, but rather by the number
of oscillations the circulating light can complete before decay, characterized
by the resonator quality factor Q.

Planar ring resonators made in GeSbS glass have demonstrated a detec-
tion limit of 8× 10−7 RIU [31]. Since the performance limiting components
of planar ring resonators are fabricated by high precision lithography, repli-
cating such sensors on a chip does not reduce the sensing performance.
This clearly differentiates ring resonator sensor arrays from most attempts
at creating arrays of SPR sensors. Furthermore, the silicon microfabrication
methods employed excel at replicating identical devices over large surfaces,
as can clearly be seen in the fabrication of modern central processing units
(CPUs) and computer memory. For practical miniaturized analysis sys-
tems, however, one also needs to handle liquid samples on the microscale,
and such techniques have only recently reached maturity, with the rapid
development of the field of microfluidics [32].
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Figure 1.6 (a) Light in ring resonators propagates in the form of circulating
waveguide modes. The circulating waves add constructively at those wavelengths
that are divisors of the ring circumference. (b) When biological material accu-
mulates on the waveguide surface, the wavelength of light in the ring waveguide
shortens, and the resonance condition moves to a longer free space wavelength.
This wavelength shift is the signal used for biosensing.

1.5.2 Small active sensing areas and microfluidic flow
cells to resolve fast kinetics

The small footprint of ring resonators not only permits the creation of com-
pact sensor arrays, but also enables the resolution of fast kinetics. Single
mode ring resonators can have active areas in the 10 µm2 range [33] and by
metering samples with on-chip microfluidic circuits, and separating them
with air pockets to avoid diffusion during transport, a ring resonator based
sensor should greatly reduce the time response of long waveguide interfer-
ometers.

1.5.3 Slot-waveguides for increased refractive index
sensitivity and reduced temperature dependence

Slot-waveguides are a recent development in the field of integrated optics.
They consist of two rails of a high refractive index material separated by a
narrow low index slot region, as shown in Figure 1.3 (c). In 2004, Almeida et
al. at Cornell University, (Ithaca, New York, United States), showed that by
taking advantage of the electric field discontinuity at the interface between
dielectrics with very different refractive indexes, high optical intensity can be
obtained in the low index slot region [34]. With proper design, this double
core structure acts as one waveguide and supports only the lowest order
quasi transverse electric (TE) and quasi transverse magnetic (TM) modes,
with a considerable fraction of the power of the TE mode propagating in
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the low index slot.
The sensitivity of waveguide sensors, depends on the extent of overlap

of the waveguide evanescent field with the sample [35, 33]. As illustrated by
the waveguide cross-section in Figure 1.7 (a), most of the optical power in
conventional strip waveguides propagates in the solid waveguide core, while
only a small fraction propagates in the liquid sample. The overlap can be
increased, by using optical slot waveguides. As illustrated in Figure 1.7 (b),
a considerable fraction of the power of the TE mode propagates in the low
index slot

One way to reduce the temperature sensitivity of planar waveguide sen-
sor is to take advantage of the different polarity of the thermo-optic co-
efficients of liquid samples and solid waveguide materials. For example,
water has a negative thermo-optic coefficient of κH2O = −10−4 RIU/K [30],
while silicon nitride and oxide have a positive value of κSi3N4 = κSiO2 =
10−5 RIU/K [36, 37]. By balancing the fraction of light propagating in
each material, the temperature dependence of the sensor can be eliminated.
Slot-waveguides add the slot width as a new parameter in the design of such
athermal waveguides, and, as discussed in section 4.1.2 and Papers 1 and 8
of this thesis, this extends the possibilities for temperature compensation.

1.5.4 Surface grating couplers for relaxed alignment
tolerances

One practical limit to the level of parallelization achievable in a ring reson-
ator sensor array is set by the amount of light that can be coupled in and
out of the array.

Optical fibers are well suited to transport light from an off-chip source
to the packaged chip, and light can be coupled into a planar waveguide
by aligning a cut single mode fiber to it at the chip edge, as illustrated
in Figure 1.5 (a). However, since the 7 µm mode diameter of a standard
single-mode fiber is much larger than the sub-micrometer mode diameter of
the on-chip waveguide, only a small fraction of the fiber mode will couple
into the waveguide. Improving the coupling efficiency can be done in two
ways: (a) by reducing the mode diameter of the incoming beam at the edge
to match that of the waveguide on-chip, or (b) by expanding the mode
diameter of the waveguide at the edge to match that of the fiber.

The first option has been implemented with lensed fibers, that focus
the transmitted beam onto the waveguide end face [38]. This solution was
used in the experiments reported in Papers 3 and 4 of this thesis. This,
however, is not practical for user replaceable cartridges, since the required
sub-micrometer alignment tolerances can not be kept between cartridge re-



1.5. PROPOSED SOLUTIONS TO CURRENT LIMITATIONS 13

-500 0 500
x [nm]

-300

-200

-100

0

100

200

300

400

500
y 

[n
m

]
A

B

-300

-200

-100

0

100

200

300

400

500

y 
[n

m
]

SiO2 substrate

SiO2 substrate

Si3N4 core 

liquid sample

liquid sample

Si3N4 core Si3N4 core 
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in the liquid sample, yielding a high refractive index sensitivity. The gray scales
of the two images have the same normalization.
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placements. Furthermore, labor intensive polishing of the input waveguide
end face is required for efficient coupling, thus effectively negating any po-
tential cost benefits of mass production with silicon micro-fabrication tech-
nology.

Surface grating couplers [39] can be used to exploit the second option.
The mode is expanded in the plane of the chip surface by a waveguide
taper, as shown in Figure 1.5 (b). A suitably designed grating, etched
into the expanded waveguide section alters the propagation direction of the
light, allowing the input fiber, or free space optics, to be positioned almost
perpendicular to the surface. With the effective coupling length of the
grating adjusted to the size of the mode field from the fiber, the fiber mode
also matches the out-of-plane grating mode sizes. In this arrangement, the
overlap of the waveguide mode and the fiber mode is much larger, providing
an improved coupling efficiency. More importantly, since the area of overlap
has been scaled up quadratically, the alignment tolerances have been greatly
relaxed.

1.6 Outline of this thesis

The remainder of this thesis is organized as follows:

• Chapter 2 sets the context for the present work by summarizing pre-
vious and concurrent related work by others.

• Chapter 3 reviews the theory of waveguide ring resonator sensors,
and their main performance metrics. Appendix A covers some basic
concepts for understanding Chapter 3.

• In Chapters 4–6, the three main topics of this thesis are developed:

1. The use of slot-waveguides for sensing,

2. the application of surface grating couplers to provide light to
on-chip sensor arrays, and

3. the implementation and evaluation of a slot-waveguide ring reson-
ator sensor array, fully packaged in a compact cartridge.

• The fabrication of integrated optical devices is covered in Chapter 7.

• Finally, Chapter 8 gathers the main conclusions of the thesis and
Chapter 9 provides an outlook for future work.



2. Background: Previous
and concurrent work by
others

Providing an overview of previous work, in a field as cross-disciplinary as
biosensing, is no small task. The present work is directly derived, and has
indirectly benefited, from developments in such diverse fields as photonics,
biochemistry, and microfluidics. However, optical sensor arrays are the focus
of this thesis, and, accordingly, this review is limited to work on planar
waveguide sensors, especially ring resonators and slot-waveguides.

2.1 Planar waveguide evanescent wave sensors

A great deal of pioneering work on employing the evanescent field of pla-
nar optical waveguides for label-free sensing was performed at ETH (Zürich,
Switzerland), by Lukosz and Tiefenthaler in the 1980s and the early 1990s [40,
41]. Most of the work was done on sol-gel formed slab waveguides, with op-
tical confinement only in the out of plane dimension. Surface gratings,
embossed into the waveguiding layers [42], were used to read out changes in
the effective index of the waveguides. Much of the early theoretical analysis
of such one-dimensional waveguide sensors [43, 44] remains a useful guide-
line for the design of lithographically patterned waveguides with optical
confinement in two dimensions.

During the 1990s, more groups entered the field. Of particular notice is
the work at the MESA Research Institute, (University of Twente, Enschede,
the Netherlands). Utilizing the microfabrication tools of the semiconduc-
tor industry to pattern single mode waveguides, the group created more
complex devices, such as integrated Mach-Zehnder [45, 28] and TE-TM dif-
ference interferometers with integrated photodetectors [46].

15
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By the late 1990s, planar waveguide interferometric sensors had shown
sufficient performance, in terms of refractive index detection limit, to be
useful for biosensing. However, to achieve a low detection limit, interfer-
ometers need a long sensing arm (usually a few mm). This has several
consequences: First, changing the sample in a long flow cell takes time.
This is a severe limitation for real-time experiments, where the dynamics
of the initial response are of particular interest. Second, such a long device
can not be densely integrated in 2D arrays, which are highly desirable both
from a cost and application perspective. Third, conventional laboratory
automation systems, such as robotic microarray spotters, deliver circular
spots of diameters down to 60 µm, and are thus poorly suited for selectively
coating long narrow optical waveguides.

2.2 Planar ring resonator sensors

In 1997, Sohlström and Öberg at IMC AB (currently Acreo AB, Kista, Swe-
den) reported the use of planar ring resonators for measuring the refractive
index of liquids [47]. Their device operated at a wavelength of 1550 nm
and used Si3N4 strip waveguides on a silicon oxide bottom cladding. It
included an integrated splitter, for splitting light into a sensing arm and a
reference arm, each of which was coupled to ring resonators of 1 mm radii.
The waveguide cores were only 140 nm thick, to achieve a high refractive
index sensitivity by pushing optical energy out into the sample region. Re-
peated injections of 1% sucrose solutions indicated a volume refractive index
detection limit of 5× 10−6 RIU.

In 2002, Krikouv et al. at Twente University demonstrated a similar
sensor based on a Si3N4 disk resonator with only a 15 µm radius [48]. Since
the device used a vertical coupling scheme for better control of the critical
coupling distance between the disk and the bus waveguide, it could be fab-
ricated by standard UV lithography. The small disk displayed three radial
whispering gallery (WG) modes, and thus sensing required proper inter-
pretation of the multi-mode transmission spectrum. The devices showed a
volume refractive index sensitivity of 23 nm/RIU and a detection limit of
10−4 RIU.

In 2003, Chao and Guo at the University of Michigan, (Ann Arbor,
United States), showed volume refractive index sensing with an imprinted
polystyrene (PS) ring sensor on a silicon dioxide cladding [49]. In a follow
up paper in 2006 [50], these devices were shown to have a detection limit of
5× 10−5 RIU.

In early 2006, two papers were published on biomolecule surface sens-
ing with ring resonators. Chao and Guo showed binding of streptavidin
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to a biotin coated surface of a PS ring resonator [50]. Based on very lim-
ited data, the authors estimated a surface mass density detection limit of
250 pg/mm2. Yalcin et al. at Boston University and Nomadics Inc., (Mas-
sachusetts, United States), also worked with avidin-biotin binding, but on
a Hydex glass ring [51]. The authors did not estimate the surface mass
detection limit, but the rings showed a volume refractive index detection
limit of 1.8× 10−5 RIU.

At about the same time, Ksendzov and Lin at the California Institute of
Technology, (Pasadena, California, United States), also published on surface
sensing of biomolecules [52]. They used an SixNy ring of 2 mm radius on
an SiO2 cladding excited with a He/Ne laser at a 633 nm wavelength. The
authors provided rather limited performance data, and used a temperature
ramping method to read out the resonance shift, so comparison with the
other published results shown in Table 2.1 is difficult. However, the authors
estimated an avidin volume mass density detection limit of 6.8 ng/ml for
their setup, but since the mass transport properties of the flow system
have a large influence on this figure, comparison with other devices remains
difficult.

Because of the high refractive index of silicon, silicon waveguides provide
two benefits for sensing: Rings can be made very small without reducing
Q by bending loss, and the evanescent electric field at the silicon surface is
very high, yielding high sensitivity for surface sensing. In 2007, De Vos et
al. at Ghent University, (Ghent, Belgium), presented biosensing with silicon
rings of only 5 µm radius [33] and showed a detection limit of 17 pg/mm2

in a follow up paper in 2009 [53].
The first steps towards ring resonator sensor arrays were taken by Ra-

machandran et al. at Nomadics Inc. in 2007 [54]. The group integrated 5
rings of the type used by Yalcin et al., mentioned above, on a single chip.
However, instead of an integrated optical approach, individual input and
output fibers were coupled to each ring and light splitting was handled
off-chip.

In 2008, Hu et al. at the Massachusetts Institute of Technology, (Cam-
bridge, Massachusetts, United States), presented a number of important
advances [31]. They showed single mode disk resonators of only 20 µm ra-
dius in chalcogenide glass (Ge17Sb12S71). The resonators showed a Q of
2× 105 with a polymer cladding and 2× 104 in water. The high Q in com-
bination with a high refractive index sensitivity of 182 nm/RIU, yields a
refractive index limit of detection of only 8×10−7 RIU. A novel pulley type
coupler relaxes the tolerance on the coupling gap, and hence the horizon-
tally coupled disks can be fabricated by normal UV lithography in a single
lithography step.
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Claes et al. at Ghent University showed sensing with silicon slot-waveguide
rings in 2009 [55]. The rings have a radius of only 5 µm, a slot width of
104 nm, and are fabricated by Deep-UV (193 nm) lithography. As expected
for a silicon slot waveguide with such a narrow slot, the devices show a high
refractive index sensitivity of 298 nm/RIU, but excessive bending losses
limit the Q of the device to 330, thus yielding a rather large detection limit
of 4× 10−5 RIU. The authors also performed label-free biosensing, but did
not provide a surface mass density detection limit.

In late 2009 and early 2010, Washburn et al. at the University of Illinois
(Urbana-Champeign, Illinois, United States), moved closer to applications
by demonstrating biosensing measurements in bovine serum [19] and a mul-
tiplex assay of cancer biomarkers [56]. The sensors are typical SOI rings of
15 µm radius and light is coupled in and out of the chip with surface grating
couplers.

Recently, non-planar, spherical- and toroidal-resonators, fabricated by
surface reflow techniques, have been reported to detect single viruses [57]
and even single proteins [58]1. These reports show that the fundamental
detection limit of ring resonator sensors lies well below what is practically
needed. However, the special reflow or melting techniques applied to obtain
the high quality factors of these devices are not compatible with standard
wafer scale fabrication. Furthermore, coupling of light is done via fiber
tapers positioned by mechanical nano-manipulators not suited for end user
applications.

Table 2.1 summarizes the main performance metrics of some notable
reports of planar ring resonator sensors.

1The physical explanation given in [58] for the unexpected label-free observation of a
single protein has, however, recently been disputed in [59].
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2.3 Commercial ring resonator sensors

Ring resonator based sensors are not yet commercially available, but recent
indicators point towards commercialization. As mentioned in section 2.2,
Washburn et al. recently published two papers on label-free sensing of can-
cer biomarkers [19, 56]. The resonator arrays, and the instrumentation
for analyzing the ring resonance frequencies, were acquired from Genalyte,
Inc. (San Diego, California, United States) [63], but so far Genalyte does
not offer the system for sale.

2.4 Slot-waveguide work

Since their first theoretical description [34] and experimental verification [64],
slot-waveguides have attracted considerable attention. An indicator of the
interest is that in the five years past, these two publications have been cited
over 200 and 140 times, respectively. Table 2.2 list some notable reports of
optical devices utilizing slot-waveguides.

The main interest is in the ability of slot-waveguides to guide and tightly
confine light in a material of a low refractive index. In contrast to resonant
confinement schemes, such as photonic crystal cavities, cutting a slot in a
high refractive index waveguide enables confinement over a wide wavelength
range [71].

This capability of guiding and confining light in a low index material
has shown to be useful for light modulation and detection [65], optical trap-
ping [72], light emission [66, 67], gas detection [73] and low loss guiding
of terahertz waves [68]. Furthermore, the introduction of the slot provides
increased control of the mode profile and form birefringence. Use of this
property in optical logic [69] and second harmonic generation [70] has al-
ready been suggested. Paper 8 of this thesis shows how form birefringence
design can be used to reduce temperature sensitivity.

With respect to biosensing, the high optical power in the low index slot
makes slot-waveguides particularly interesting, since fluids, in general, have
a lower index than solid waveguide materials. The use of slot-waveguides
for sensing was already hinted at in [34] and [64], and Dell’Olio and Passaro
presented a detailed design study of silicon slot waveguide biosensors in [74].
Experimental realization of a slot-waveguide sensor was presented in Paper 4
of this thesis. Barrios has recently reviewed the use of slot-waveguides for
biosensing [17].
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Table 2.2 Some notable reports of optical devices based on slot-waveguides.

Year Main novelty Slot-waveguide feature employed Ref.

2004 First theoretical
description.

[34]

2004 First experi-
mental report.

[64]

2005 Low power
electro-optic
modulation and
detection.

High optical field strength in a slot
filled with a non-linear polymer.

[65]

2005 Light emission
on silicon.

Large mode overlap with active er-
bium doped SiO2 in slot.

[66, 67]

2006 Low loss guid-
ing of THz
waves.

Large mode fraction in non-
absorbing air slot.

[68]

2006 All optical logic
gates.

Control of form birefringence. [69]

2006 Efficient second
harmonic gener-
ation in a pla-
nar waveguide.

Control of higher order mode dis-
persion.

[70]

2007 High sensitivity
planar wave-
guide refractive
index sensor.

Large mode fraction in the low in-
dex sample.

[38]
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3. Theory of waveguide
ring resonators

We now review the theory necessary for interpreting the experimental results
obtained in this work. First we derive an expression for the transmission
spectrum of a ring resonator and discuss the main performance metrics rel-
evant to sensing. Then, we consider Fabry-Perot resonant cavities, which
often arise in high index contrast optical circuits, due to unwanted reflec-
tions from waveguide discontinuities. The reader is referred to Appendix A
for summary of the fundamental concepts of electromagnetic waves in high
index contrast waveguides.

3.1 Scattering matrix for a side coupled wave-
guide ring resonator

To construct a frequency domain model of a ring resonator, side coupled to
a single bus waveguide, we follow the treatment of [75] and [76] and consider
the abstraction of Figure 3.1.

The complex mode amplitudes B, b, D, and d are normalized such that
their squared magnitude corresponds to the modal power. The symbol
case distinguishes between bus modes (upper case) and cavity modes (lower
case). A subscript of plus (+) or minus (−) denotes a mode propagating
towards the positive or negative z-axis, respectively.

The following assumptions are made:

• All waveguides are unimodal per polarization orientation and do not
couple between polarizations.

• The various kinds of losses are incorporated in the attenuation con-
stant α of the individual modes.

23
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z

κξ

0

b

B

d

D

b+ = ei(β+iα)2πrd+ = aeiθd+

τ

ζ

Figure 3.1 An abstraction of a waveguide ring resonator side coupled to a bus
waveguide. B, b, D, and d are the complex mode amplitudes. Ring modes are
lower case and bus modes uppers case. A subscript of + or − denotes a mode
propagating towards the positive or negative z-axis, respectively. The complex
coupling coefficients ξ and κ, and transmission coefficients ζ and τ , describe the
coupling.

• Back reflections are negligible.

• Transitions between modes are adiabatic.

• Interaction between modes is negligible outside the coupling region.

The operation of the coupler can now be described in terms of a scattering
matrix that establishes a linear relation between the amplitudes B−, b−,
D+, and d+ of the outgoing waves and the amplitudes B+, b+, D−, and
d− of the incoming waves. The value of the complex coupling coefficients ξ
and κ, and transmission coefficients ζ and τ , depends on the nature of the
coupling. 

B−
b−
D+

d+

 =


0 0 ζ κ
0 0 ξ τ
ζ ξ 0 0
κ τ 0 0



B+

b+
D−
d−

 (3.1)
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The zeros in the matrix implement the assumption of negligible back reflec-
tions.

Here, we will only consider devices symmetric with regard to the plane
z = 0. Hence, the coupling coefficients κ and ξ must coincide. Furthermore,
we assume lossless coupling, that is |ζ|2 + |κ|2 = 1 and |κ|2 + |τ |2 = 1, and
thus |ζ|2 = |τ |2. By proper placement of the coupler input and output
planes, one can even restrict ζ = τ∗ [76]. Taking this additional symmetry
into account, the scattering matrix (3.1) reduces to[

B−
b−

]
=

[
τ κ
−κ∗ τ∗

] [
D−
d−

]
(3.2)

and [
D+

d+

]
=

[
τ κ
−κ∗ τ∗

] [
B+

b+

]
(3.3)

The single mode ring waveguide of length L = 2πr supports a cavity
mode with a complex propagation constant γ = β+ iα, that is with a phase
propagation constant β (real) and attenuation constant α (real, positive).
For propagation along the cavity loop, with s measuring the propagation
distance, the fields evolve proportionally to eiγs, leading to the relations

b+ = ei(β+iα)2πrd+ = e−αLeiβLd+ = aeiθd+, (3.4)

where a and θ are the real mode amplification factor and the phase shift,
respectively, for one round trip. For zero loss a = 1. The round trip phase
shift θ is sometimes referred to as detuning [77].

3.1.1 Power transfer

Due to the symmetry and linearity of the device, it is sufficient to consider an
excitation of one of the ports. We assume B+ =

√
Pin = 1 and D− = 0, and

solve (3.3) and (3.4) for the transmitted power PT = |D+|2. Our neglection
of reflections implies that there is no back reflected power B− = 0.

Solving (3.3) for the transmitted mode gives

D+ =
−a+ τe−iθ

−aτ∗ + e−iθ
, (3.5)

and for the circulating mode

b+ =
−aκ∗

−aτ∗ + e−iθ
. (3.6)
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Setting τ = |τ |eiψ, yields the transmitted power

PT = |D+|2 =
a2 + |τ |2 − 2a|τ | cos(θ + ψ)
1 + a2|τ |2 − 2a|τ | cos(θ + ψ)

, (3.7)

and the power circulating in the ring cavity

PC = |b+|2 =
a2(1− |τ |2)

1 + a2|τ |2 − 2a|τ | cos(θ + ψ)
. (3.8)

3.1.2 Resonances

On resonance, when cos(θ + ψ) = 1 or, equivalently, when

β =
2πm− ψ

L
=: βm, (3.9)

where m is the integer longitudinal mode number, we obtain

PT =
(a− |τ |)2

(1− a|τ |)2
, (3.10)

and

PC =
a2(1− |τ |)2

(1− a|τ |)2
. (3.11)

Critical coupling, PT = 0, is achieved when a = |τ |, that is when internal
cavity field losses equal the non-coupled field fraction [78].

3.1.3 Free spectral range

The distance in free space wavelength between resonances, or free spectral
range (FSR), is of interest for most practical applications. The resonant
configuration next to βm is

βm−1 =
2(m− 1)π − ψ

L
= βm −

2π
L
≈ βm +

∂β

∂λ
∆λ, (3.12)

where ∆λ is the difference between the vacuum wavelengths corresponding
to the two resonant configurations. By expressing the first order dispersion
approximation on the right hand side in terms of the group index ng, as in
(A.14), we find

∆λ ≈ −2π
L

(
∂β

∂λ

)−1

=
λ2

ngL
(3.13)

In Figure 3.2, we plot (3.7) and (3.8) as functions of free space wave-
length. When drawing the graph, we account only for first order dispersion



3.1. SCATTERING MATRIX FOR A RING RESONATOR 27

0

0.5

1

P
T
,P

C
/1

0

1308.75 1310 1311.25
λ [nm]

∆λ

δλ

m = 598 m = 597

Figure 3.2 The transmitted power PT (black line) and circulating power PC (gray
line) of a side coupled ring resonator as functions of the free space wavelength λ,
for a = 0.87, τ = 0.85, L = 2π × 70 µm, and ng = 1.78.

of the phase propagation constant β, by setting θ = 2πLng/λ and ignore
dispersion of the coupling coefficients. Furthermore, we assume ψ = 0. In
the most general case, however, all the parameters in (3.7) and (3.8) can
depend on wavelength.

3.1.4 Resonator finesse and quality factor

By employing the approximation of (A.14) and expanding the cosine term
of (3.8) one can find the full spectral width at half maximum [75, 79, 80]

δλ =
λ2

πngL

1− |τ |e−αL

|τ | 12 e−αL
2

(3.14)

The finesse F of a resonator is defined as the ratio of the free spectral
range and the full width at half maximum. The resonator finesse determines
how many channels fit in a wavelength division multiplexing scheme. From
(3.13) and (3.14) we find

F =
∆λ
δλ

= π
|τ | 12 e−αL

2

1− |τ |e−αL
(3.15)

The quality factor of the resonator is the ratio of the wavelength and the
resonance width

Q =
λ

δλ
=
ngL

λ
F =

ng2πr
λ

F = ngkrF (3.16)
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3.1.5 Sensing

When employed as sensors, a perturbation p, to be measured, changes the
phase propagation constant β of the ring waveguides. Thus the resonance
at λm shifts to a new wavelength λ̃m. A linear approximation in p and the
wavelength shift ∆pλm = λ̃m − λm yields [75]

β(p, λ̃m) ≈ β(0, λm) +
∂β

∂p
p+

∂β

∂λ
(λ̃m − λm) = βm (3.17)

and thus

∆pλm = −p∂β
∂p

(
∂β

∂λ

)−1

= p
∂β

∂p

λ2
m

2πng
= p

∂ne

∂p

λm
ng

≈ ∆ne

ng
λm. (3.18)

The form
∆pλm
λm

≈ ∆ne

ng
. (3.19)

is convenient for comparing experimental results of ∆λm/λm to predictions
of ∆ne/ng obtained by numerical eigenmode solvers.

Volume sensing

For volume sensing p = ∆ns, and we obtain

∆λm
λm

= ∆ns
∂ne

∂ns

1
ng
, (3.20)

and the volume sensitivity can thus be expressed as

Sn =
∂ne

∂ns

λm
ng

[nm/RIU]. (3.21)

Surface sensing

For surface sensing p = ∆σp, where σp is the surface density of the sensor
surface, and we obtain

∆λm
λm

= ∆σp
∂ne

∂σp

1
ng
, (3.22)

and a surface sensitivity

Sσ =
∂ne

∂σp

λm
ng

[nm/(pg/mm2)]. (3.23)
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3.2 Sensor figure of merit and detection limit

The performance of a resonant sensor is determined by two properties: its
sensitivity, that is how far the resonant condition moves for a certain change
in the sensed parameter, and the sharpness of its resonance, that is how ac-
curately one is able to determine the resonant condition. These two proper-
ties are equally important, and thus a suitable sensor figure of merit gives
them equal weight. A commonly used figure of merit is the ratio of the sen-
sitivity (bigger is better) and the resonance width (smaller is better) [81]

FOM =
∂λm
∂p

1
δλ

=
S

δλ
. (3.24)

This figure of merit is quite abstract and general and permits quantitative
comparison of very different resonant sensor realizations. It is, however,
also a somewhat naive, since it doesn’t take into account many practical
limitations that arise when complete sensor systems are assembled. For
example, interrogating a sensor with an extremely high Q requires a laser
with a very narrow line width and fine wavelength stepping.

The sensor detection limit is a closely related concept [35], although
more practically inspired. It compares the sensitivity and the noise level
of an actual sensor system implementation. Thus it includes noise sources
such as light source variation, detector noise, thermal noise, etc., and gives
a practical estimate of the smallest change that can be measured. The
detection limit is

DL =
3σ
S
, (3.25)

where 3σ is three standard deviations of the observed total system noise.
Although the detection limit is more useful than the sensor figure of

merit for practical comparisons of label-free sensing system implementa-
tions, it still excludes such important factors as the ability to resolve fast
reaction kinetics. Recently, Hu et al. [82] proposed a figure of merit that
includes the response time of the optical system, but the influence of analyte
mass transport also needs consideration [83].

3.3 Fabry-Perot resonators

Although ring-resonators are the focus of this work, we will come across
other kinds of resonators. In particular, when implementing high index
contrast waveguide systems, it is hard to avoid creating standing wave cav-
ities. These parasitic resonators appear between any two reflecting points
along the waveguide and complicate the measured device spectra. The end
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face reflections, apparent in almost all published device spectra, are a par-
ticularly familiar example.

The basic theory of standing wave cavities in waveguides is the same
as for the free-space parallel plate Fabry-Perot resonator. Indeed, such
standing wave resonators in optical waveguides are commonly referred to as
Fabry-Perot resonators.

The transmitted power of a Fabry-Perot resonator, can be derived in a
manner similar to that leading to (3.7)

PT =
(1−R1)(1−R2)

(1−
√
R1R2)2 + 4

√
R1R2 sin2(θ + ψR)

(3.26)

where R1 and R2 are the real power reflection coefficients of the mirrors, θ
is the phase shift for one pass of the cavity (detuning), and ψR is a fixed
phase shift accounting for the shift on reflection off the mirrors [84].



4. A slot-waveguide
refractive index sensor

Based on the figures of merit introduced in section 3.2, we can compare the
strengths and weaknesses of different resonant sensor implementations, and
try to identify ways of improving the performance of planar ring resonator
sensors. Following such a comparison, we discuss how to increase sensor sen-
sitivity by the use of slot-waveguides, and how to reduce noise by analytical
modeling and thermal compensation techniques.

4.1 Reducing the detection limit of planar ring
resonator sensors

Figure 4.1 is a contour plot of equation (3.25), and shows the dependence
of the detection limit DL on the sensitivity Sn and the noise level 3σ, with
some reported experimental volume sensing values superimposed on the
plot. As mentioned in section 3.2, and discussed in detail in [35], the noise
level of a sensor system is strongly dependent on the quality factor Q of the
sensing resonator. We focus on volume sensing, since surface sensing results
are more difficult to compare, as they can depend on the specific molecule
studied.

We can distinguish three classes of devices in Figure 4.1. In the top right
corner we find the high S low Q devices. Surface plasmon resonance sensors
are generally of this class. Since they have a very large index contrast at
the metal/dielectric interface, high electric field strengths are obtainable at
the surface. However, since the plasmons dissipate energy through electron
scattering in the metal, the Q is low and thus the determination of the
resonance wavelength is sensitive to noise.

At the opposite end of the spectrum, in the bottom left corner, we
find non-planar toroidal and spherical resonators, made by reflowing glass.

31
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Figure 4.1 A contour plot of the logarithm of the volume sensing detection limit
DL as a function of the logarithms of sensors sensitivity S, and total system noise
3σ, as defined by (3.24). The reported experimental volume sensing values of
Kabashin [81], Pfeifer [85], Claes [55], Yalcin [51], De Vos [33], Hu [31], Hanu-
megowda [86], and Fan [87] are superimposed on the plot.
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These devices have a low index contrast, most of the electric field in the
core, and thus in general a low sensitivity. However, losses in the bulk of
the dielectric resonators are extremely small, and due to the reflow, surface
roughness is small and scattering losses low. This yields a high Q and thus
low noise operation [35].

In the center of the plot, we find a cluster of planar waveguide ring
resonators. These devices have lower sensitivities than the plasmon based
devices, because of the lower index contrast, but, since they are made only
of dielectrics, they do not suffer the electron scattering losses. Actually,
apart from radiation losses due to bending of the waveguides, these de-
vices are theoretically lossless1. In reality, however, photon scattering from
the roughness of the lithographically defined sidewalls limits the obtainable
quality factors. Still, the main benefit of the planar rings is the robust
on-chip coupling, suitable for high-volume production and field use — an
important advantage over their non-planar counterparts [82].

The work of Hu et al. [31], already mentioned in section 2.2, is of partic-
ular notice. The good result is due to a Q of 2×104 in water, in combination
with a high refractive index sensitivity of 182 nm/RIU. The high Q stems
partly from the lower sidewall roughness obtainable in chalcogenide glass
by thermal treatment, and partly from the absence of an inner sidewall (the
device being a disk). Single mode operation is achieved by a long coupler
that couples preferentially to one radial cavity mode.

The stability of chalcogenide glass resonators in biological samples has
not been studied, but the idea of a long coupling to a small disk is easily
transferable to more standard materials. Incidentally, Ge17Sb12S71 has the
same refractive index as Si3N4, so even the device geometry can be reused.
The fabrication by normal UV lithography in a single lithography step, is
another added benefit of this arrangement.

4.1.1 Increasing sensitivity

To lower the detection limit of planar devices, one needs to increase either
S or Q. As discussed in Chapter 2, Almeida et al. introduced the concept
of the slot-waveguide in 2004 [34]. This type of waveguide is very interest-
ing from a sensing perspective, since it, in essence, recycles the evanescent
field of one rail by placing another high index contrast interface in close
proximity. This way, the strength of the evanescent field in the sample can
be increased, and thus S increases. The concept can easily be extended to
multi-slot structures, and one such implementation was reported in Paper 5
of this thesis.

1The sensing modes are discrete eigenmodes of the vector Helmholtz equations (A.7)
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(a) (b)

1 μm

Figure 4.2 (a) An SEM image of a silicon nitride slot-waveguide ring resonator.
The rectangle in the coupling region marks the area enlarged in (b). (b) A close
up view of the coupling region of the bus slot-waveguide (left), and the bent ring
slot-waveguide (right). The sidewall roughness of the waveguide comes from the
lithography process and limits the Q achievable.

Theoretically, the slot-waveguide has no drawback. The guide is single-
mode (per polarization direction) and the modes in theory lossless. The
sensitivity is increased, since the electric field strength in the sample is
increased by the additional high contrast interfaces. Sensors based on slot-
waveguides thus land higher in Figure 4.1. There is, however, a catch. If
the extra surfaces are created by lithography, the number of rough surfaces
has also increased. The penalty is more losses, a lower Q, and in turn more
noise — that is a shift to the right in Figure 4.1.

Figure 4.2 (b) shows an example close-up view of the surface roughness of
the lithographically defined sidewalls of a slot-waveguide etched into silicon
nitride. Since the sidewall roughness depends on the details of the fabrica-
tion scheme employed, it is difficult to tell in advance if the increased surface
scattering losses in slot-waveguides will cancel out the benefits gained by
the increased sensitivity.

4.1.2 Reducing noise

White and Fan recently analyzed the noise factors influencing the detection
limit of optical resonant refractive index sensors [35]. Their analysis shows
that low Q sensors are typically limited by amplitude noise and spectral
resolution, while high Q sensors are limited in performance by tempera-
ture sensitivity. An increase in sensor sensitivity S will thus not yield an
improvement in detection limit, if it simultaneously incurs a noise penalty.

Here we present two methods for addressing these issues. We use analyt-
ical modeling to take advantage of the information contained in the whole
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measured spectrum, to reduce the error in determination of the resonance
wavelength. We then reduce temperature sensitivity by athermal waveguide
design and by using on-chip temperature references to compensate for tem-
perature drift.

Analytical modeling for whole spectrum fitting

In much previous work, authors discussing the relative merits of different
resonant refractive index sensors assume the application of a naive minimum
seeking algorithm for extraction of the resonant wavelength. White and
Fan recently analyzed the dependence of this minimum seeking approach
on the wavelength sampling step in the presence of noise, by Monte-Carlo
simulations [35].

However, the simple mode structure of single mode ring resonators makes
it possible to construct an analytical model accounting for all features of
the spectrum. Consequently, by using modern nonlinear optimization tech-
niques, the model can be fit, in real-time, to the whole measured spectrum.
Since the model uses the information of the full spectrum, and especially
the steep sides of the resonant dip, the error in the resonant wavelength
determination can be reduced to well below the wavelength sampling step.
This approach has been used in Papers 1 and 2 of this thesis.

The model needs to account for all optical elements influencing the mea-
sured spectrum. In tightly confined, high index contrast systems, reflections
from end facets and any other material discontinuities can create parasitic
resonant cavities that complicate the simple ring resonator spectrum de-
scribed by (3.7). The presence of such parasitic reflections is well docu-
mented in previous experimental work, and particularly visible in the spec-
tra published in [73], where end-fire light coupling at the chip edge is em-
ployed. The problem is less apparent in [55], where surface grating couplers
are employed at both input and output.

The transmission spectrum of a Fabry-Perot cavity was given by (3.26)
and can be rewritten in terms of free space wavelength λ as

PFP(λ) =
(1−R1)(1−R2)

(1−
√
R1R2)2 + 4

√
R1R2 sin2

(
2πLng
λ + ψR

) , (4.1)

where R1 and R2 are the real power reflection coefficients, L is the cavity
length, ng is the group index of the cavity mode, and ψR is a fixed phase
shift accounting for the phase shift on reflection off the mirrors.

The transmitted power of a planar waveguide ring resonator (3.7), rewrit-
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ten in terms of free space wavelength is

PRR = |D+|2 =
a2 + |τ |2 − 2a|τ | cos

(
2πLng
λ + ψ

)
1 + a2|τ |2 − 2a|τ | cos

(
2πLng
λ + ψ

) , (4.2)

but close to a resonance a Lorentzian approximation is sufficient

PL(λ) = 1− A

2
δλ

(λ− λ0)2 +
(
δλ
2

)2 , (4.3)

where A is the oscillator strength, λ0 is the resonance wavelength, and δλ
is the full width at half minimum.

When employing the model in practice, it is convenient to first collect
transmission spectra of dry ring resonators, to isolate the contribution of the
parasitic reflections, since no light is coupled to the rings when operating in
air. In clean chips of the kind discussed in Chapter 6, the spectra indicated
that two parasitic Fabry-Perot cavities contributed. The dry spectra allowed
us to manually determine R1, R2, Lng, and ψR for both the cavities. The
full model can then be written as

P = PFP1PFP2PL. (4.4)

The extracted model parameters for the shorter cavity fit well to the
length of the output waveguide from the edge of the opening in the top
cladding, at the sensing ring, to the output edge of the chip (refer to Fig-
ure 6.3). We suspect that the longer cavity corresponds to the section from
the input grating coupler to the edge of the sensor opening, however, due to
the complicated lightwave circuit in this section this hypothesis is difficult
to confirm.

In chips that were spotted with a biological receptor, as shown in Fig-
ure 6.8, the reflections were much reduced. This again indicates that the
mirrors of the parasitic cavities are formed by the refractive index step at
the opening in the top cladding at the sensor, shown in Figure 7.3, since
the spotted bio-material covers the whole window and thus reduces the
refractive index step.

The application of the model can be summarized as follows:

1. The parameters extracted from the dry spectra, are used as initial
values for PFP1 and PFP2, except ψR which is kept fixed.

2. Initial values for A and δλ are manually estimated from a steady state
spectrum of the wet rings.
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Figure 4.3 Example transmission spectra of a ring sensor operating in DI water at
two different temperatures. The wavelength step in this particular measurement
was 20 pm. The solid line is a combined Lorentzian and double cavity Fabry-
Perot model. The obtained quality factor of this device was 3000 and the arrows
indicate the extracted resonance wavelengths. The inset shows an enlargement of
the region around resonance at 33◦C.

3. The minimum of the spectrum is used as an initial value for λ0.

By then using the minimum of the spectra at each time step, combined with
the values of the other free parameters from the last time step, as an initial
guess, we are able to automatically fit the free parameters of the combined
model in real-time using the Levenberg-Marquardt algorithm2.

Fig. 4.3 shows example spectra, the fitted combined models, and the
extracted ring resonance wavelengths of a sensor operating in DI water at
two different chip temperatures.

Athermal slot-waveguides and on-chip temperature referencing

To be of analytical relevance [88] and present a viable alternative to current
technology [14], novel sensors need to achieve a detection limit of the order

2As implemented by the MATLAB R© nlinfit function.
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of 10−6 refractive index units (RIU) or less. When considering that com-
monly used waveguide materials, and the liquid samples of interest, have
thermo-optic coefficients of magnitudes 10−5–10−4 RIU/K, it is clear that
minimizing temperature interference is a fundamental aspect of refractive
index sensor design. Any uncompensated sensor would require external
temperature stabilization to the order of 10 – 100 mK to reach the required
detection limit.

Three approaches have been used for thermal noise reduction, in the lit-
erature: active temperature control, athermal waveguide design, and tem-
perature drift compensation by on chip referencing [14].

The first approach, active control of the system temperature, is com-
monly implemented with external Peltier heat pumps. Given a suitable
thermal and electronic design, temperature stability in the 10 mK range
is feasible. However, the required components add to the cost, size, and
complexity of the the sensor system, and limit the cost benefits gained by
employing silicon micro-fabrication. We note, however, that for measuring
chemical reaction rates, absolute temperature control is required, since rate
constants are temperature dependent.

In the second approach, athermal waveguide sensors are designed by
taking advantage of the different polarity of the thermo-optic coefficients
of liquid samples and solid waveguide materials. For example, water has a
negative thermo-optic coefficient of κH2O = −10−4 RIU/K [30], while silicon
nitride and oxide have a positive value of κSi3N4 = κSiO2 = 10−5 RIU/K [36,
37]. By balancing the fraction of light propagating in each material, the
temperature dependence of the waveguide effective index can be eliminated.
Since athermal waveguides are intrinsically temperature compensated, the
compensation is not limited in response time by the thermal time constants
of the sensor chip. The main drawbacks are that the design is often very
sensitive to chip-to-chip fabrication variation and is solvent dependent, since
thermo-optic coefficients of liquid solvents vary significantly.

An adjustable fraction of the optical mode of slot-waveguides can be
confined in the liquid top cladding by adjusting the slot width. This new
design parameter enables the design of athermal single mode waveguides
without thinning the core and has already been applied to wavelength filter
design in [89]. Figure 4.4 shows a schematic cross section of the coupling
region of a slot-waveguide ring resonator refractive index sensor. To the
left is the straight bus waveguide and to the right the bent ring sensor
waveguide.

In the third approach, temperature drift compensation by on-chip refer-
ences, multiple identical sensors, in good thermal contact with each other,
are integrated on the same substrate. If the fluidic system allows injecting
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Figure 4.4 A schematic cross section of the coupling region of a slot-waveguide
ring resonator refractive index sensor. To the left is the straight bus waveguide
and to the right the bent ring waveguide. The opposite polarity of the thermo-
optic coefficients κ of the solid waveguide materials and the liquid sample, used
in athermal sensor design, is indicated on the ring waveguide end face.

the sample of interest to one sensor, and a reference sample to another,
differential measurements can be made. Such designs are solvent indepen-
dent and tolerant to chip-to-chip fabrication variation. However, for highly
parallel operation, the fabrication method must yield repeatable sensor-to-
sensor thermal sensitivity within each chip, so that time consuming thermal
calibration of each sensor can be avoided. Furthermore, the temperature
compensation is limited in response time by the thermal time constants of
the sensor chip.

A sensor system might employ all or any mix of the three temperature
interference reduction methods discussed. For example, active temperature
control can compensate for a residual temperature sensitivity of an athermal
waveguide design. However, to deliver on the promise of compact, low cost,
integrated optics for refractive index sensing, active temperature control is
best avoided, and on-chip temperature compensation techniques pursued
instead.

In Paper 1 of this thesis [90], an integrated slot-waveguide refractive
index sensor array, designed for high refractive index sensitivity and tem-
perature compensation by on-chip referencing, is presented. As shown in
Figure 4.5, the thermal sensitivity of the slot-waveguide refractive index
sensors is studied, and the ability of the sensor system to operate during
temperature drift demonstrated. Finally, the possibility of trading refrac-
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Figure 4.5 The left panels show the resonance wavelengths of (a) channel M1,
and (b) channel M2, as functions of time during temperature stepping from 23.0◦C
to 33.0◦C and a jump back to 23.0◦C. The right panels show the corresponding
resonance wavelengths of (c) channel M1, and (d) channel M2, as functions of
temperature. The slopes of the fitted lines yield the temperature sensitivities of
the sensors.

tive index sensitivity in exchange for fully athermal slot-waveguide sensors
is discussed. These ideas are developed further in Paper 8 of this thesis,
by the optimized form birefringence design of slot-waveguides for athermal
polarimetric biosensing.



5. A surface grating for
coupling light to a sensor
array

To limit chip cost and complexity, optical sensors in labs-on-chip usually
rely on off-chip light sources and detectors. Thus, a complete measurement
system must include some means of coupling light in and out of the chip.
Because of the sub-micrometer cross-sectional dimensions of the single-mode
waveguides used in ring resonators, coupling light into the chip is more
challenging than coupling it out, and providing enough light to each of the
integrated resonators becomes ever more challenging as their numbers grow.

Here, we discuss the design and characterization of a fully etched input
grating designed for high coupling efficiency, large coupling angle tolerance,
and simple fabrication [91].

5.1 Design of the grating coupler

The intended application of the grating coupler in a lab-on-a-chip sets a
number of design criteria:

1. The alignment tolerance of the sensor cartridges should be large enough
to allow replacement by the user followed by automatic 2D in-plane
optimization of the coupling.

2. The coupling angle tolerance should be large enough for a fixed angle
setup.

3. The inclusion of the grating should preferably not add complexity to
the sensor chip fabrication sequence.

4. The grating must deliver enough light for 8 sensors on the same chip.
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Figure 5.1 A schematic cross-sectional view of the grating coupler. The substrate
is a silicon wafer, the core is silicon nitride (Si3N4), and the cladding is silicon
oxide (SiO2).

These requirements translate into a number of design decisions:

1. To permit passive alignment of the chip during user replacement, the
width of the input beam spot should not be too small, and the grating
width and coupling length should be chosen to fit this beam spot size.
A beam spot of 30 µm and a grating width of 40 µm were chosen.

2. A relaxed angle tolerance can be achieved in a grating with a short
coupling length. This, in turn, suggests that the grating should have
deep etching groves.

3. The slot-waveguides of the sensor chip need to be etched fully through
the core layer to obtain maximum refractive index sensitivity. Thus,
using a through etched grating coupler provides both a short cou-
pling length and permits the formation of the gratings in the same
lithography step as the sensing waveguides.

4. Simulations of the initial grating design indicate 60% coupling effi-
ciency. Considering other loss factors in the chip, a 15 dBm light
source would suffice for simultaneous operation of 8 sensors.

The grating period Λ, duty ratio η, and top (tt) and bottom (tb) cladding
thicknesses were optimized based on a differential analysis allowing the de-
termination of the optical field under the grating for plane wave input [92].
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Then, the beam propagation method was used to calculate the diffracted
field propagating in the corrugated waveguide for a 3-D Gaussian incident
beam illuminating the grating [93]. The grating optimization was performed
by Laurent Vivien and his co-workers at the Université Paris-Sud 11, (Orsay,
France) and reported in Paper 6 of this thesis [91].

Figure 5.1 shows a schematic cross-sectional view of the optimized grat-
ing design and Figure 5.2 (a) is a top view optical micrograph of the fab-
ricated structure. The right side is the through etched grating and the left
side is the widest part of the 1.1 mm long taper that gradually tapers down
from 40 µm at the grating to 900 nm for single mode distribution on the
chip.

Figure 5.2 (b) shows an electric field plot for a TE mode launched from
a 300 nm thick slab waveguide on the left into the optimized grating. The
plot was created by eigenmode expansion using the CAMFR software pack-
age [94] in a manner similar to that described in [39].

5.2 Characterization of the grating coupler

Figure 5.3 shows three SEM micrographs looking down at the side of the
grating. Part (a) shows the device after the core layer etch and before
top cladding deposition, (b) after top cladding deposition, and (c) shows
a cleaved cross section. From (b) we notice that the 530 nm thick top
cladding does not fully planarize the grating surface, possibly modifying
the performance slightly. Part (c), however, shows that the through etched
grating groves are filled without void formation.

The performance of the fabricated grating was evaluated by Laurent
Vivien and his co-workers, and reported in [91] and [95]. Figure 5.4 shows
the coupling efficiency of the optimized silicon nitride surface grating cou-
pler, defined as the fraction of the input power not reflected back off the top
surface or transmitted straight through the chip [91]. Part (a) of the figure
shows the dependence of the coupling efficiency on the input angle. The
maximum efficiency is obtained at an angle of 10.5◦ and the −3 dB angle
tolerance is 4◦. Part (b) of the figure shows the wavelength dependence.
The maximum efficiency is obtained at the design wavelength of 1310 nm
and the −3 dB bandwidth is 50 nm.

The−3 dB alignment tolerances in the chip plane were determined 50 µm
along the propagation direction and 30 µm perpendicular to the propagation
direction [95].
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40 μm(a)

(b)

Figure 5.2 (a) A top view of the surface grating coupler. The right side is the
through etched grating and left side is the broadest part of the 1.1 mm long taper
that gradually tapers the waveguide width from 40 µm, at the grating, down
to 900 nm, for single mode distribution on the chip. (b) An electric field plot
of a simulated electro-magnetic wave output from the optimized surface grating
excited by the single mode waveguide on the left.
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Figure 5.3 SEM micrographs looking down at an angle at the side of the grating.
(a) After device layer etching and before top cladding deposition. (b) After top
cladding deposition. The surface is not fully planarized by a 530 nm cladding
thickness. (c) A cleaved grating. The TEOS upper cladding fills the through
etched grating groves without voids.
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Figure 5.4 (a) The coupling efficiency of the optimized silicon nitride surface
grating coupler as a function of input angle. The maximum efficiency is obtained
at an angle of 10.5◦ and the −3 dB angle tolerance is 4◦. From [91]. (b) The
coupling efficiency as a function of wavelength. The maximum efficiency is ob-
tained at the design wavelength of 1310 nm and the −3 dB bandwidth is 50 nm.
From [95].



6. A planar waveguide ring
resonator sensor array

To leverage the full potential of optical analysis in labs-on-chip, the design
should permit parallel operation of multiple optical transducers. Parallel op-
eration not only yields higher throughput but, more importantly, it provides
reference channels for drift compensation and control experiments. Such ref-
erence measurements are particularly important for automated labs-on-chip
and chips without temperature stabilization.

Here, we discuss the design strategies employed in this work.

6.1 Challenges of parallel label-free optical
biosensing

A number of engineering challenges must be overcome to achieve real-time
parallel label-free biosensing in labs-on-chip:

• Light must be distributed to all of the sensors by means that fit in
a confined space and do not rely on a large or complicated external
light injection system.

• The optical read-out system must be able to track the response of all
the sensors fast enough to resolve the dynamics of the reactions under
study. The space and complexity requirements of the read-out system
are, of course, the same as on the light injection system.

• Handling and distribution of liquid samples to all the sensors must be
addressed.
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6.1.1 Distribution of light to multiple on-chip ring res-
onators

At least three different schemes have been reported in the literature for
real-time parallel operation of planar ring resonator sensors:

1. Coupling of multiple fibers to cleaved waveguide end faces, two for
each sensor (input and output) [54].

2. Free space illumination of multiple input gratings at the same time by
cylindrical free space optics or by a scanning beam [60].

3. On-chip integrated optical splitting [47].

The benefit of the first method is the use of the robust fiber optic techniques,
developed by the telecom industry, for splitting light and detecting signals.
The big drawback, however, is that assembly of the chip is very expensive,
with the small tolerances on the alignment of the fibers to the on-chip
waveguides. This method thus negates the cost benefits gained by mass
production of chips by silicon based microfabrication.

Free space illumination of multiple input gratings, in combination with
external cylindrical optics or beam scanning, addresses this problem. The
chips can be diced by standard silicon processing tools and require no pre-
cision assembly. However, illuminating all the gratings equally requires
sophisticated external optics, and beam scanning requires external mechan-
ical parts (for example a rotating prism). For a bench top tool in a central
laboratory, this is a good solution, but in a lab-on-a-chip for point of care
use, these external components are best avoided.

The obvious way to avoid advanced external free space optics, is to take
advantage of the many integrated optical splitters already developed, and
including one of them in the optical layout. In this way, light can be injected
at a single point, directly from a cleaved fiber or simple free space optics, and
then routed on-chip to the multiple sensors. Since the sensors and splitter
are fabricated in the same lithography step, this adds no complexity to the
fabrication.

In this work, we couple light in via a single through etched input grat-
ing. Light is then split on-chip by a 1-to-8 multimode interference (MMI)
splitter [96]. Figure 6.1 shows the electric field of a TE mode propagating
through the splitter, as calculated by the eigenmode expansion method with
the software package CAMFR [94].

At the output of the splitter, the channels are spaced only about 2 µm
apart. To avoid any cross-channel coupling in the long waveguides following
the splitter, a cubic spline increases the channel separation to 7 µm for
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64 μm

20 μm

Figure 6.1 A top view of the electric field of the TE polarized light propagating
in a 1-to-8 multimode interference splitter at a wavelength of 1310 nm. The core
material is Si3N4 and the cladding is SiO2. Illustration by Mikael Antelius.

distribution on the chip. Figure 6.2 (a) shows a top view of the fan-out
structure.

6.1.2 Read-out of light from multiple on-chip resonators

A few different approaches are also possible for detecting light after it passes
through the multiple sensing resonators:

1. Imaging of the light scattered from the resonators on-resonance [48].

2. Coupling the light out via grating couplers and focusing it on a de-
tector array [60].

3. Coupling the light out via a chip edge onto a detector array.

The main advantage of the first method is that a large array of sensors can
be imaged at once. The obvious drawback is that the signal may be very
weak and that one surface of the chip must be kept clear for imaging. Since,
in most cases, thermal control is done by placing the chip on a Peltier heat
pump, only the top side is left for imaging. This usually means that the
imaging is done through the sample and the flow cell, further degrading the
signal.

Coupling light out via grating couplers, one per sensor, is a way to
increase the signal to noise ratio, compared to relying on scattered light
from the resonators. By separating the sensor and the output grating by
some distance, this method can also avoid reading light through the flow
cell.
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20 μm

(a)

5 μm

(b)

Figure 6.2 (a) An optical top view of the fan-out structure following the multi-
mode interference splitter. To avoid cross-channel coupling after the splitter, a
cubic spline increases the channel separation from about 2 µm at the splitter
output to 7 µm for distribution on the chip. (b) The inverted taper at the output
edge deconfines the mode to reduce reflections and limit beam divergence. The
roughness of the edge is as cut by a standard dicing blade.

In this work, we use the last approach mentioned above. The bus wave-
guide of each sensing ring is extended to the edge of the chip, where it is
deconfined via an inverted waveguide taper [97] to reduce the reflection at
the edge and the divergence of the output beam. Figure 6.2 (b) show an
optical top view of one of the tapers the output edge. Each output beam
is then focused onto a single pixel of a photodiode array. If the pixels are
large, and the outputs well separated in space, the alignment tolerance of
such an arrangement can be quite large [98] and polishing of the output
edge is not required. The main drawback is the limited scaling of such a
one-dimensional read-out, but that can be mitigated by combining it with
a wavelength division multiplexing scheme. Another drawback is the poor
control of the roughness of the output edge, that can influence the light
intensity balance of the channels.

Figure 6.3 is a top view of the full layout of the optical circuit, occu-
pying a chip area of 3×7 mm2. Light enters from above via the surface
grating coupler (c). The propagating light is then split, by the multi-mode
interference splitter (b), into eight channels: channel REF1, which has no
sensor and is used for alignment and laser amplitude monitoring; channel
REF2, which is coupled to a reference slot-waveguide ring resonator covered
with silicon dioxide cladding; and channels M1 to M6, where openings have
been etched in the silicon dioxide top cladding to allow for liquid sample
access down to the slot-waveguide ring resonators (a). The orientation of
the input grating and splitter, perpendicular to the output edge, ensures
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Figure 6.3 A top view of the layout of the optical chip: Light is injected at
the surface grating coupler (c) and split, by the multi-mode interference splitter
(b), to the six sensing channels M1–M6 and the two reference channels REF1 and
REF2. Inset are an optical micro-graph of the splitter (b); and electron micro-
graphs of the grating coupler (c), and a slot-waveguide ring resonator (a), with
an enlargement of the coupling region.

that stray light is not directed to the detector array. The overall size of
the optical circuit, i.e. the pitch between the sensors and the distance of
the sensors from the output edge, is determined by the need for sufficient
spacing between fluid channels.

Figure 6.4 (a) shows the instrument built by Dr. Andrzej Kaźmierczak
and Dr. Fabian Dortu at Multitel, (Mons, Belgium) for optical interfacing
with the sensor cartridge. Light from a tunable laser (the white box on the
right of the setup) is guided via a fiber to the fiber mount in center of the
image. The light beaming out from the fiber is focused by the two lenses to
the left of the mount, and then reflected by a mirror down to the grating, at
the correct angle for coupling via the surface grating coupler. Figure 6.4 (b)
shows a close-up of the sensor cartridge in the setup, with tubing connected
to the steel pipe fluidic inlets. The mirror is clearly visible at the center,
and to the right of it is the second lens.

To track the resonance wavelength of all the rings at once, the laser
wavelength is continuously swept, the light split on-chip, and the transmis-
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(a) (b)

Figure 6.4 (a) The optical measurement setup used for characterization of the
slot-waveguide sensor array. (b) A closer view at the sensor cartridge resting on
the alignment platform. The temperature of the platform can be regulated by a
Peltier heat pump attached to its back side. Photographs by Hans Sohlström.

sion spectra of each ring collected with a dedicated pixel of a photodiode
array. Thus, the spectral resolution of the measurement can be adjusted
by changing the wavelength step of the laser (down to a minimum step of
1 pm for our laser). Since the ring transmission spectrum is periodic, it
suffices to scan a wavelength range of just above one free spectral range.
Figure 6.5 shows a superposition of the concurrently collected spectra of all
6 measurement channels operating in phosphate buffered saline (PBS).

6.2 Liquid sample handling

The microfluidic distribution layer, shown in Figure 6.6, was designed and
fabricated by Carl Fredrik Carlborg, at KTH. The layer was fabricated by
soft lithography methods in poly(dimethylsiloxane) (PDMS), a bio-compatible,
transparent, rubber-like polymer in which features can be replicated down
to nanometer dimensions [99]. After the molding process, the fluidic struc-
ture is was out, and through holes punched for liquid input and output
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Figure 6.5 A superposition of the concurrently collected transmission spectra
of resonators M1 to M6 operating in phosphate buffered saline (PBS) at a laser
input power of 9 mW. The ring resonators display a throughput attenuation of -7
to -15 dB, a Q of a few thousand, and a free spectral range of 2.2 nm

ports as well as for laser access. Each of the six sensors (M1–M6) is in-
dividually addressable by separate fluidic channels with cross sections of
200 × 20 µm2, at the widest section over the sensors. When brought in
contact with the clean silicon dioxide surface of the optical chip, the PDMS
layer bonds irreversibly.

Assuming a typical diffusion constant for proteins of D = 10−10 m2s−1,
a flow rate of 10 µl/min, and using a channel height of 20 µm, the Péclet
number is 8340, which indicates that convection dominates over diffusion.
This ensures that we can measure fast binding dynamics accurately [83].

Figure 6.7 shows four ring resonator sensors in their PDMS microchan-
nels. The total silicon chip area is 15 × 40 mm2, most of which is used as
support for the fluidic channels and connections in the PDMS layer. The
minimum distance between the fluidic channels is determined by the need
for sufficient spacing to avoid cross channel leakage, and the minimum chan-
nel width by the need for allowing manual alignment of the microfluidics to
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the optics under a microscope.
The sensors can be coated with biological receptors either by flushing the

receptors over the waveguides via the microfluidic channels, or by spotting
the receptors directly onto the sensors, by a robotic micro-array spotter,
before the assembly of the cartridge. The first approach is time consuming,
and thus not suited for industrial screening. On the other hand, it is very
flexible and each chip can be customized right before the experiment.

Figure 6.8 (a) shows a top view of two ring resonators, the ring on the
right has been spotted with a specific antigen in a salt containing buffer
mixed with BSA. Figure 6.8 (b) is an enlargement of the coupling region of
the spotted ring resonator. A coating of biomaterial fills the whole sensing
area, while the precipitated salt crystals lie on the surface. The spotting
was done by Dr. Gerhard Kresbach, and his coworkers, at Zeptosens — A
Division of Bayer (Schweiz) AG, (Witterswil, Switzerland).

6.3 Biosensing results

Figure 6.9 shows real-time biosensing results on spotted and unspotted
sensors. The sensor in Figure 6.9 (a) has been surface functionalized by the
molecular linker glutaraldehyde, that binds covalently and non-specifically
to most proteins. The surface chemistry was developed and applied by
Dr. Maŕıa José Bañuls Polo, and her collaborators, at the Department of
Chemistry, Universidad Politécnica de Valencia, (Valencia, Spain). It allows
selective functionalization of only the Si3N4 waveguides, while leaving the
SiO2 surface inactive [61].

The sensor in Figure 6.9 (b), however, has been spotted with BSA on top
of the glutaraldehyde surface functionalization. Anti-BSA, flushed through
the fluidic channels, then selectively binds to the spotted BSA. As expected,
the sensor with the glutaraldehyde surface shows a larger response, due to
the higher affinity of the covalent binding. Paper 2 of this thesis includes
more real-time biosensing results.
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Figure 6.6 The layout of the six sensing channels in the PDMS microfluidic
distribution layer. Each ring-resonator transducer is individually addressed by a
microchannel. The dashed rectangle shows the area in the microscope view in
Figure 6.7. Laser light has free access to the grating in the optical chip through
a hole in the fluidic layer, represented by the filled rectangle. The design and
fabrication of the microfluidics was done by Carl Fredrik Carlborg at KTH.

750 µm

Figure 6.7 Four sensing channels of six, with the slot-waveguide ring resonator
sensors in the PDMS microfluidic channels.



56 CHAPTER 6. A RING RESONATOR SENSOR ARRAY

(a) 280 µm (b)

Figure 6.8 (a) A top view of two ring resonators. The ring on the right has been
spotted with BSA in a salt containing buffer. The black rectangle indicates the
area enlarged in (b). (b) An enlargement of the coupling region of the spotted
ring resonator. A coating of biomaterial covers the whole sensing area, while the
precipitated salt crystals lie on the surface.
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Figure 6.9 A comparison of real-time sensing results on unspotted and spotted
sensors. (a) The resonant wavelength shift, during injection of a concentration
series of anti-BSA to a sensor surface functionalized by the molecular linker glu-
taraldehyde. (b) The resonant wavelength shift of a sensor spotted with BSA on
top of the glutaraldehyde surface functionalization. Illustrations by Carl Fredrik
Carlborg.



7. Fabrication of planar
waveguide sensors

The integrated optical components of the sensor chip were fabricated by
standard silicon micro-fabrication methods. Here we review the fabrication
sequence and some of the lessons learned during the process development.
Refer to Figure 4.4 for a schematic cross section of the devices.

7.1 Bottom cladding growth

First, a bottom cladding layer was grown by wet thermal oxidation of a sili-
con substrate at 1100◦C. For chips including grating couplers, an optimized
bottom cladding thickness of tb = 3.26 µm was used to ensure efficient
coupling [91]. For chips using end-fire coupling from a lensed fiber at a pol-
ished edge, a somewhat thicker cladding of up to tb = 5 µm was preferred,
to avoid any coupling to Si the substrate.

Due to its excellent planarity and high density, thermally grown silicon
dioxide is a popular choice for the bottom cladding of planar waveguides.
However, the long time it takes to grow the cladding thickness required,
for example 21 hours for 3.26 µm in our process, could be a concern for
mass-production. Depending on production volume, either high pressure
oxidation (HIPOX) [100] or plasma deposition (PECVD) [101] of oxide could
be alternatives.

Another issue to keep in mind for biosensors is that positively charged
alkali-metal ions (for example Na+ and K+) diffuse easily in silicon diox-
ide, even at low temperatures [100]. This property is used to advantage
in the fabrication of low index contrast waveguides by ion-exchange [102].
However, when working with typical biological liquids of high salt concen-
tration, this ion diffusion can result in refractive index drift of the oxide
bottom cladding. This kind of drift was observed in experiments, when
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changing the salt concentration of the running buffer.

7.2 Device layer deposition

In all the devices fabricated, we used a 300 nm thick silicon nitride device
layer, deposited by low pressure chemical vapor deposition (LPCVD) at
800◦C from NH3 and SiH2Cl2 precursors.

Since silicon nitride is nearly impervious to diffusion of moisture and
sodium ions [101], it maintains a stable refractive index when operating
in biological liquids, making it a suitable material for waveguide sensors.
Additionally, silicon oxide and nitride have a relatively high refractive in-
dex contrast (∆n = 0.5), thus permitting close spacing of integrated optical
components, by allowing small ring and bend radii without excessive bend-
ing losses.

Furthermore, since the silicon nitride of the device layer is a good dif-
fusion barrier, two ways of avoiding bottom cladding refractive index drift
could be investigated: Either a thin pedestal of silicon nitride could be left
in the device layer etch, or a thin diffusion barrier deposited in a second
step, to separate the bottom cladding completely from the liquid sample.

7.3 Electron beam lithography

The optical device layer was patterned by electron beam lithography and
dry etching. We employed a 300 nm thick negative electron beam resist
(ma-N 2403, Micro Resist Technology GmbH, Germany), exposed with a
Raith-150 electron beam writer (Raith GmbH, Dortmund, Germany) using
a 10 µm aperture at an acceleration voltage of 25 kV, as a mask for etching
in a CHF3/CF4/O2 plasma.

A negative electron beam resist is particularly well suited for electron
beam patterning of narrow optical waveguides, since only a small fraction of
the surface needs to be exposed. Previously, we employed a positive resist
(PMMA) and an additional lift-off step to the same effect [38], but we found
the simplified process more repeatable, even though the patterning resolu-
tion achievable with the negative resist is only just sufficient for our purpose.
Since the smallest feature of our design is the 200 nm wide waveguide slot,
standard deep-UV lithography could be used for mass-production [103].

When exposing the circular ring waveguides with the Raith 150 sys-
tem, a technical issue arises, due to the limitations of the standard GDS2
computer aided design (CAD) file format. CAD programs such as L-Edit
(Tanner EDA, Monrovia, California, United States) break circular elements
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(a) (b)

Figure 7.1 (a) A top view electron micrograph of a slot-waveguide exposed using
a polygon scanning mode in the Raith 150 electron beam lithography system. (b)
A slot-waveguide exposed by circular concentric sweeps. The sidewall roughness
is also clearly visible.

into polygons when exporting to the GDS2 format. When such designs are
exposed with the Raith 150 system, the pattern is further broken into sub-
polygons, which are then scanned sequentially with the electron beam. This
exposure mode can lead to a periodic stair stepping pattern in the ring wave-
guides, as displayed in Figure 7.1 (a). These issues have previously been
raised in [104]. The solution is extending the GDS2 format to include cir-
cular elements. These are then recognized by the Raith 150 and exposed
in concentric circular sweeps, as the example shown in Figure 7.1 (b). The
most recent versions of the Raith 150 CAD program implement this ex-
tension, but the problem persists when importing designs from other CAD
programs.

7.4 Thin TEOS based top cladding

A dense top cladding layer of a suitable refractive index is needed to pro-
tect the optical distribution network and cover the input grating coupler.
Our choice of LPCVD tetraethyl orthosilicate (TEOS) deposited at 720◦C
is dictated by the need for void free filling of the through etched input grat-
ing groves (with an aspect ratio of 3/5) (see Figure 5.3). A top cladding
thickness of 530 nm, in combination with the 3.26 µm bottom cladding, was
previously shown to give optimum input coupling efficiency [91].

We also investigated the possibility of filling the through etched slot-
waveguides (aspect ratio 3/2) with deposited silicon dioxide. Figure 7.2
shows cleaved cross-sections of slot-waveguides filled with three different
approaches. Part (a) shows a guide covered with PECVD SiO2 deposited
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(a) (b) (c)

Figure 7.2 SEM micrographs of the cleaved end face of a slot-waveguide coated
with different top cladding. The slot width is 200 nm and the device layer thickness
is 300 nm (aspect ratio 3/2). (a) PECVD deposited SiO2 from SiH4 and N2O
precursors at 300◦C. (b) SiO2 deposited from TEOS in an LPCVD process at
720◦C. (c) The TEOS deposited guide after a sputter etch-back step.

from SiH4 and N2O precursors at 300◦C. As expected, the conformality is
poor, resulting in a large void in the slot. Furthermore, the growing films do
not merge when they meet at the concave corners, leaving an added rough
interface. Part (b) shows a guide filled by the TEOS process mentioned
above. The conformality is much better than with the PECVD process,
and no interfaces are visible at concave corners, but still a 35 nm wide void
is left in the slot. Part (c) shows the result of employing a sputter etch back
step [105] to open up the void, for subsequent filling in a second deposition
step. This method did not prove viable, since a number of etch back cycles
would be needed for void free filling. Such processes are only practical in
purposely build tools that can alternate deposition and etch-back in the
same chamber.

Since void free filling of slot-waveguides was not needed for the sensing
rings, which were the main focus of this work, this issue was not investigated
further. However, similar issues arise in the fabrication of microelectronic
circuits and a number of solutions have been suggested in that context.
The sputter etch-back, mentioned above, is one alternative, but spin-on-
glasses [105] and polymer coatings can also be appropriate.

Openings in the top cladding, down to the sensors, were patterned by
optical lithography and wet etching in buffered hydrofluoric acid. The ther-
mally oxidized bottom cladding provides a suitable etch stop, since the etch
rate selectivity to non-densified TEOS is about 1:8. Figure 7.3 shows both
an optical and an SEM view of the bus waveguide at the edge of the sensor
window.
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(a)

5 μm

(b)

1 μm

Figure 7.3 (a) An optical image of the edge of the window opened through the
top cladding in the sensing areas. The bus waveguide has no cover inside the
sensing window. The black rectangle marks the area enlarged in (b). (b) A closer
SEM view of the bus waveguide emerging from the top cladding at the edge of
the window.

7.5 Alternative process for thicker top cladding

For the devices where light was coupled into a polished waveguide end-face,
a silicon dioxide top cladding thickness of 4 µm was used. With the thicker
top cladding, a critical fabrication issue is how to selectively remove the
silicon oxide top cladding above the nitride sensing waveguides. The 1:8
etch rate selectivity of thermal oxide to TEOS is not high enough for long
timed wet etches, and problems with resist peeling and undercut also limit
the depth achievable with wet etching. Since silicon nitride and silicon oxide
have very poor dry etch selectivity, an etch-stop layer is needed.

Chromium has good adhesion to oxides and nitrides and is resistant to
fluorine based dry etching. It can be removed selectively by wet chemical
etching [106], but we found that the common ammonium cerium(IV) nitrate
based wet etchant left the sensing elements covered by an optically trans-
parent residue that completely blocked the 200 nm wide sensing slot (Fig-
ure 7.4 (a) and (b)). Instead, we adapted a simple, recently proposed, dry
etch technique [107]. When subjected to oxygen radicals, at temperatures
above 200◦C, chromium forms volatile oxides. By exposing the chromium
etch-stop layer to a high power microwave oxygen plasma at a pressure of
80 Pa in a photoresist asher, isotropic residue free removal is accomplished.
This process was reported in [108] and used for the fabrication of devices in
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Figure 7.4 (a) An electron microscope (SEM) top view of a clean silicon nitride
optical slot-waveguide. (b) After removal of the sacrificial chromium etch-stop
layer by wet etching, the nanometric sensing slot is blocked by an optically trans-
parent residue. (c) An optical top view of the sensor. The square at the output
marks the area enlarged in (d). (d) An SEM top view of the edge of the sensing
area. The bus waveguide vanishes under the overhanging edge of the top cladding.

Paper 4 [38] and Paper 3 [61].

Figure 7.5 shows the Cr etch-stop based fabrication sequence: (a) First,
the silicon nitride waveguide layer is patterned on an oxidized silicon wafer,
as before. (b) Then, the chromium etch-stop layer is patterned by evapo-
ration and lift-off. (c) Next, the top cladding is deposited and the fluidic
access windows defined by a photoresist mask with slightly smaller openings
than the chromium lift-off mask. (d) Finally, the top cladding is dry etched
down to the etch-stop layer, which is then removed by isotropic oxygen
plasma etching.
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500 μmSilicon substrate

5 μmThermal oxide

300 nmSilicon nitride

(a)
500 μmSilicon substrate

5 μmThermal oxide
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5 μmThermal oxide
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(c) (d)
500 μmSilicon substrate

5 μmThermal oxide

3 μmDeposited oxide

Figure 7.5 Fabrication sequence for thick top cladding layers: (a) The silicon ni-
tride waveguide layer is patterned on an oxidized silicon wafer. (b) The chromium
etch-stop layer is patterned by evaporation and lift-off. (c) The fluidic access win-
dow is defined by a photoresist mask with slightly smaller openings than the lift-off
mask. (d) The top cladding is dry etched down to the etch-stop layer, which is
then removed by isotropic oxygen plasma etching.

7.6 Back-end process

The process is finalized by dicing the substrate. To avoid particle contami-
nation of the sensors, the chip surface was covered with a protective layer of
photoresist during dicing. From a mass production perspective, it is impor-
tant that no polishing of the output edge is needed after dicing the sensor
array chips. This is achieved by limiting the divergence of the output beams
by inverted waveguide tapers at the output edge [97] and by proper choice
of lens and detector array in the detector optics [98]. Since handling of
individual sensor chips is avoided, they can be mass produced at low cost
using standard silicon micro-fabrication.
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8. Conclusions

This thesis reports the development of a slot-waveguide ring resonator sensor
array for parallel label-free biosensing. The treatment covers the whole
process, from design and characterization of components to the assembly
and testing of a complete lab-on-a-chip.

Ease of fabrication has been a guiding star in the design of the compo-
nents of the sensor array, to ensure that our development efforts translate
readily into commercial products. This mindset has lead to the conception
of novel devices, such as the through etched input grating coupler that can
be fabricated in the same lithography step as the rest of the sensor array.

Both the volume and the surface sensing limits of detection of the sens-
ing system have been determined. The obtained values of 5 × 10−6 RIU
and 0.9 pg/mm2, respectively, are comparable to those of contemporary
commercial systems made of bulk optical components. This demonstrated
performance clearly shows the potential of our lab-on-chip technology for
real world applications.

The presented improvement in detection limit, over other silicon based
planar ring resonators sensors, stems only partly from the high sensitivity
of the novel slot-waveguides employed. The other significant contributor is
the reduction of noise obtained by whole spectrum fitting.

Furthermore, with an eye towards future mobile applications where tem-
perature stabilization is impractical, we have investigated the thermal sen-
sitivity of slot-waveguide refractive index sensors. The sensors show a tem-
perature dependence of only −16.6 pm/K and at the same time a high re-
fractive index sensitivity of 240 nm/RIU. By referencing the sensors to each
other, a differential temperature sensitivity of only 0.3 pm/K is obtained.

The ability of the sensor system to measure during temperature drift was
demonstrated. This shows that the fabrication process yields sufficiently re-
peatable sensor-to-sensor temperature sensitivity for on-chip compensation
without individual sensor calibration. Thus, time consuming calibration
can be avoided and use in highly parallel chemical assays becomes possible.
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Finally, the possibility of athermal slot-waveguide refractive index sensors
was suggested. By tuning the slot width to balance the fraction of light prop-
agating in the liquid sample, the temperature dependence of the waveguide
effective index can be eliminated. These ideas have been developed further
in a numerical design study of slot-waveguides for athermal polarimetric
biosensing.



9. Outlook

During the course of the present work, a number of questions have been left
unanswered and a number of ideas have arisen for future improvements.

In terms of parallelization, the results obtained so far are modest: six
sensors and two reference channels operating in parallel. However, the po-
tential for increasing the number of parallel sensors is clear. By introducing
multiple rings coupled to each bus waveguide, in a wavelength division mul-
tiplexing scheme, the number of sensors can be scaled up quadratically.
Based on a full width at half minimum of 200 pm and a free spectral range
of 2.2 nm, at least 8 wavelength division channels could be implemented
with the current design. This would raise the number of sensors to 64 on
the chip.

In such a scheme, the work done here on whole spectrum fitting will
prove useful to separate the spectra belonging to the different rings.

By exchanging the MMI splitter for one with 16 channels, reducing the
surface roughness of the rings somewhat by process optimization, and using
smaller rings with a larger free spectral range, the number of sensors can
reach into the hundreds, without much effort. Going further would require
work on the input grating coupler, to improve the coupling efficiency by op-
timizing the grating profile. Such work is already underway, in collaboration
with Hans Sohlström and Mikael Antelius at KTH.

The issue of parasitic reflections in the chip must be addressed before
a wavelength division multiplexing scheme can be employed. Changing
the output coupling to surface grating couplers, instead of inverted tapers,
should reduce the reflection at the output. It would also improve the signal
level balance between channels, since, in the current scheme, the randomness
of the roughness of the diced output edge causes signal level variation.

Working with light of a shorter wavelength would bring a number of
benefits. First, operating in the range of silicon based detectors would
lower the cost of the read-out instrument significantly. Second, all other
things being equal, working with shorter wavelengths yields higher surface
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sensitivity, since the ratio of molecule size to evanescent wave penetration
depth is increased. Third, absorption of light by water is considerably lower
in the visible range than in the near infrared, even though at present the
quality factors of the ring resonators are limited by surface roughness and
not by material absorption.

Considering the added requirements on lithography that slot-waveguides
bring with them, it remains questionable if employing them as biosensors
is worth the effort. A strip waveguide based ring sensor, fabricated with
low cost standard UV lithography, has a greater chance of commercial de-
ployment than a slot-waveguide sensor fabricated with high cost deep-UV
lithography. To reduce the detection limit, improvements in the quality
factors of planar ring resonators, for example by process optimization to
reduce sidewall roughness, seem like a more rewarding route.

Slot-waveguides still have many useful features that may justify the
added complexity in certain sensing applications. A prime example is the
athermal design introduced in this work. These ideas need further study,
and, in particular, experimental verification.

Although the vision of a low cost, mobile, analysis system for human
medical diagnostics still seems somewhat distant, the current work has ad-
vanced on a number of fronts. The core optical sensing technology is in
place, but combining it with microfluidics, biochemistry, electronics, and
packaging in an economical fashion still requires substantial work. Such
tasks are, perhaps, best left to industry, while academics seek out new in-
tellectual adventures.



10. Summary of the
appended papers

Quick summary

Paper 1 investigates the temperature sensitivity of slot-waveguides and
the use of on-chip references for temperature compensation.

Paper 2 reports on the implementation of a ring resonator sensor array
and its evaluation for label-free biosensing.

Paper 3 contains the first experimental study of biosensing with slot-waveguides.

Paper 4 contains the first experimental study of refractive index sensing
with slot-waveguides.

Paper 5 discusses the implementation and evaluation of multi-slot ring
resonators.

Paper 6 reports on the experimental characterization of a through etched
silicon nitride grating coupler.

Paper 7 documents the properties of slot-waveguides made in silicon ni-
tride on silica.

Paper 8 presents a numerical study of ways to eliminate the temperature
sensitivity of slot-waveguide sensors.
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Detailed summary

Paper 1: On-chip temperature compensation in an integrated slot-waveguide
ring resonator refractive index sensor array

We study the temperature dependence of an integrated slot-waveguide
refractive index sensor array fabricated in silicon nitride on silica.
The slot-waveguide ring resonator sensors show a low temperature
dependence of −16.6 pm/K, while at the same time a large refractive
index sensitivity of 240 nm per refractive index unit. Furthermore,
by using on-chip temperature referencing, a differential temperature
sensitivity of only 0.3 pm/K is obtained

We demonstrate refractive index measurements during temperature
drift and show a detection limit of 8.8× 10−6 refractive index units in
a 7 K temperature operating window, without external temperature
control. Finally, we suggest the possibility of athermal slot-waveguide
sensor design.

Keywords: thermo optic effects, athermal design, slot-waveguide,
ring resonator, sensor array, refractive index sensing.

Paper 2: A packaged optical slot-waveguide ring resonator sensor array for
multiplex label-free assays in labs-on-chips

We present the design, fabrication, and characterization of an array
of optical slot waveguide ring resonator sensors, integrated with mi-
crofluidic sample handling in a compact cartridge, for multiplexed real
time label-free biosensing.

We obtain a volume refractive index detection limit of 5 × 10−6 re-
fractive index units (RIU) and a surface mass density detection limit
of 0.9 pg/mm2.

Keywords: label-free biosensing, lab-on-a-chip, slot-waveguide, ring
resonator, sensor array.

Paper 3: Label-free optical biosensing with slot-waveguides

We demonstrate label-free molecule detection by using an integrated
biosensor based on a Si3N4/SiO2 slot-waveguide microring resonator.
Bovine serum albumin (BSA) and anti-BSA molecular binding events
on the sensor surface are monitored through the measurement of reso-
nant wavelength shifts with varying biomolecule concentrations. The
estimated detection limits are 28 and 16 pg/mm2 for anti-BSA and
BSA, respectively, limited by wavelength resolution of the scanning
laser source applied.
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Keywords: label-free biosensing, bovine serum albumin, slot-waveguide,
ring resonator.

Paper 4: Slot-waveguide biochemical sensor

We report the experimental demonstration of an integrated refrac-
tive index sensor based on a slot-waveguide microring resonator. The
resonator is fabricated in Si3N4 on SiO2 and operates at a wavelength
of 1310 nm. The transmission spectrum of the sensor is measured with
different ambient refractive indexes ranging from n=1.33 to 1.42. A
linear shift of the resonant wavelength with increasing ambient refrac-
tive index of 210 nm/RIU is observed. The sensor detects a minimal
refractive index variation of 2× 10−4 RIU.

Keywords: refractive index sensing, slot-waveguide, ring resonator.

Paper 5: Vertical multiple-slot waveguide ring resonators in silicon nitride

We demonstrate ring resonators based on vertical multiple-slot sili-
con nitride waveguides. The design, fabrication, and measurement
of multiple-slot waveguide ring resonators with several coupling dis-
tances and ring radii (70 µm, 90 µm and 110 µm) have been carried
out for TE and TM polarizations at the wavelength of 1.3 µm. Qual-
ity factors of 6,100 and 16,000 have been achieved for TE and TM
polarization, respectively.

Keywords: multiple-slot waveguide, ring resonator.

Paper 6: High efficiency silicon nitride surface grating couplers

High efficiency surface grating couplers for silicon nitride waveguides
have been designed, fabricated, and characterized. Coupling efficien-
cies exceeding 60 % are reported at a wavelength of 1310 nm, as well
as angular and wavelength -3 dB tolerances of 4◦ and 50 nm, respec-
tively. When the wavelength is increased from 1310 nm to 1450 nm
the coupling efficiency progressively decreases but remains above 20 %
at 1450 nm. The influence of the duty ratio of the grating has also
been investigated: maximum coupling efficiency was obtained at 50 %
duty ratio.

Keywords: grating coupler, through etched, silicon nitride.

Paper 7: Demonstration of slot-waveguide structures on silicon nitride /
silicon oxide platform

We demonstrate guiding of light in vertical slot-waveguides made in
silicon nitride on silica. Integrated ring resonators and Fabry-Perot
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cavities have been fabricated and characterized in order to determine
optical features of the slot-waveguides. Group index behavior evi-
dences guiding and confinement in the low-index slot region at O-band
(1260–1370 nm) telecommunication wavelengths. Propagation losses
of less than 20 dB/cm have been measured for the transverse electric
mode of the slot-waveguides.

Keywords: slot-waveguide, ring resonator, Fabry-Perot cavity, sili-
con nitride.

Paper 8: Optimized form birefringence design of slot-waveguides for ather-
mal polarimetric biosensing

By leveraging the flexibility in mode profile shaping of slot waveguides,
a fully temperature compensated surface sensitive polarimeter is con-
ceived. Using a finite element mode solver, the expected performance
of the new device is compared to that of a previously published ridge
device. The slot waveguide device shows six times as high tolerance
to fabrication errors, making the realization of such a device practical
for the first time.

Keywords: polarimetry, thermo optic effects, athermal design, slot-
waveguide, label-free biosensing.
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A. Electromagnetic waves
in high index contrast
waveguides

We are concerned with the propagation of light in waveguides of rectangular
cross sections with dimensions of the order of the wavelength. Accordingly,
we compare our experimental results with the theory of wave optics, which
describes the interaction of light and matter in terms of electric and mag-
netic fields obeying Maxwell’s equations. In this chapter, we briefly review
the part of wave optics relevant to our discussion and point out the sim-
plifying assumptions valid in our domain of study. Our review has been
guided by the treatment in [109] and [94].

A.1 The vector Helmholtz equations

We consider only harmonic solutions of Maxwell’s equations with time de-
pendence of the from eiωt, where ω is the angular frequency of oscillation
and t is time. Furthermore, we work with non-magnetic linear isotropic
materials and describe all currents and charges by the polarization of the
material. Based on these assumptions, we start off from the following time
harmonic form of Maxwell’s equations for the electric field E and magnetic
field H [109]:

∇×E = iωµ0H, (A.1)
∇×H = −iωεE, (A.2)
∇ · εE = 0, (A.3)
∇ ·H = 0, (A.4)
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where µ0 is the free space permeability and ε is the material permittivity,
which in our case is a function of position r and frequency (in the case of
material dispersion, see below). E, H, and ε are complex Fourier transforms
of their respective time time domain counterparts, encoding phase by their
argument.

In optics, one conventionally discusses material properties in terms of
the refractive index rather than permittivity

n(r, ω) = n′(r, ω) + in′′(r, ω) =

√
ε(r, ω)
ε0

, (A.5)

where ε0 is the permittivity of free space. The real part of the refractive
index n′ relates the phase velocity in the medium v = c/n′ to the vacuum
speed of light c, and thus the wavelength in the medium λ/n′ to the vacuum
wavelength λ. The imaginary part n′′ describes the material absorption of
the field.

By eliminating either the electric or magnetic field from equations (A.1)
and (A.2) we obtain the vector Helmholtz equations

∇× (∇×E) = ω2µ0εE, (A.6)

∇× 1
ε
(∇×H) = ω2µ0H. (A.7)

The zero-divergence equations (A.3) and (A.4) are not independent, but
obtained by taking divergences of (A.1) and (A.2).

A.2 Guided wave solutions

We are concerned with the solutions of the Helmholtz equations. Depend-
ing on the symmetry of the waveguide geometry, the three dimensional
Helmholtz vector equations can be simplified to a varying degree, in the
simplest cases allowing analytical solution.

The simplest waveguiding geometry is that of a layered dielectric stack
with refractive index variation only along a single dimension. Such slab
waveguides support waves of two orthogonal polarizations, propagating par-
allel to the dielectric interfaces: The transverse electric (TE) mode, with the
electric field parallel to the interfaces, and the transverse magnetic (TM)
mode, with the magnetic field parallel to the interfaces. This naming con-
vention is retained to describe TE and TM similar modes in less symmetric
geometries where all field components couple to each other.

For integrated optical systems with bends and rings, patterning of the
layered stack is necessary. By using the fabrication techniques of the micro-
electronics industry, waveguides of rectangular cross-sections can be etched
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into the layered stack. Usually, the dielectric properties along the direc-
tion of propagation (longitudinal) change very slowly compared to the vari-
ation in the waveguide cross-section (transverse). Thus, we can assume
waveguides invariant in the direction of propagation (z) and consider only
solutions of the form [94]

E(r) = E(rt)eiγz (A.8)

The wave has been separated into a longitudinal component, which is a func-
tion of z only, and a transverse component, which is a function of transverse
position rt only. γ is the complex wave propagation constant.

For the rectangular high index contrast waveguides of interest here, an-
alytical solutions of the z-invariant vector Helmholtz equations can not be
obtained and we approach the problem by numerical methods.

When γ = β+ iα is real, the only z-dependent variation is a phase factor
determined by the phase propagation constant β. When γ is complex, the
amplitude decreases or increases exponentially, as determined by the wave
attenuation constant α, but the mode shape is maintained.

A related quantity is the effective index of the mode, which relates the
free space propagation constant (or wave number) k to the guided wave
propagation constant

γ = nek = ne
ω

c
= ne

2π
λ
, (A.9)

The guided wave propagation constant, and thus the effective index, in
general depends on the frequency. This is the phenomenon of chromatic
dispersion.

A.3 Dispersion

The propagation characteristics of guided waves in general depend on a
number of factors, such as frequency, mode order, and polarization. The
general term dispersion is used to describe any such dependence. Since we
deal only with single mode waveguides and mostly with only one polariza-
tion, we are mainly interested in chromatic dispersion, that is frequency
dependence. There are two sources of chromatic dispersion in waveguides:

1. Material dispersion stems from a frequency dependence of the bulk
material permittivity ε. It can have its origin in atomic transitions or
molecular vibrational modes.

2. Waveguide dispersion is a purely geometrical effect, and is due to a
change in the relative size of waveguide and wavelength. It occurs
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even in guides formed in completely non-dispersive materials. In bent
waveguides, the change in relative size of the bending radius and wave-
length causes additional dispersion.

We are mostly interested in the dispersion of the phase term β. Mathemat-
ically, dispersion is usually dealt with by perturbation theory and thus a
Taylor expansion of the form

β(ω) = β0 +
∂β

∂ω
(ω− ω0) +

1
2
∂2β

∂ω2
(ω− ω0)2 +

1
6
∂3β

∂ω3
(ω− ω0)3 + . . . (A.10)

is made around the operating frequency ω0.
When working with light of a limited frequency range, that is close

to monochromatic pulse trains, in a waveguide of bounded dispersion, the
dispersion parameters βn = ∂nβ/∂ωn take on special meaning for the lowest
orders n [110]:

The zero-order term describes a common phase shift β0 per unit length.

The first-order term is the group delay per unit length of waveguide of
a propagating pulse. It is the inverse of the group velocity vg, that is
the propagation velocity of the pulse,

β1 =
∂β

∂ω
=

1
vg

(A.11)

The second-order term β2 is the group delay dispersion per unit length
(usually referred to as group velocity dispersion or GVD [111], to con-
fuse readers). It describes the spreading of a narrow band pulse upon
propagation.

In optics, one often considers dispersion in terms of a wavelength depen-
dence rather than a frequency dependence. A first order approximation is
usually sufficient when working with light in a narrow wavelength range in
waveguides with bounded dispersion [75]

β(λ) ' β0 +
∂β

∂λ
(λ− λ0). (A.12)

Conventionally, one then defines the effective group index ng by considering
that β = nek = ne2π/λ, and thus

∂β

∂λ
= −β

λ
+

2π
λ

∂ne

∂λ
= −k

λ

(
ne − λ

∂ne

∂λ

)
= −k

λ
ng. (A.13)
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The group index ng = ne − λ∂ne/∂λ can be considered a first order disper-
sion correction of ne. Thus

β(λ) ' β0 − ng
k

λ
(λ− λ0). (A.14)
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