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PREFACE
The work reported in this thesis was performed within the framework of the Dutch
Innovative Research Program Electro-Optics (IOP-EO) Cluster III project entitled “Hybrid
technology for measurement and sensing applications”. The work in this project was
performed in a collaboration between two institutions, the Physics and Electronics
Laboratory (FEL) of TNO and the MESA Research Institute of the University of Twente.
The aim of the project was “To show the feasibility of integrated optics based microsystems
for sensing and to stimulate and to assist Dutch Industry with respect to the development of
innovative optical microsystems.” Within the project several work packages were defined.
For example the development of a Mach-Zehnder based humidity sensor [1] and the
development of a hybrid laser-chip coupling [2]. The work package entitled “Novel sensor
concepts” became my responsibility.
Novel sensor concepts is a very broad title and therefore the range of investigation was
narrowed down somewhat by defining the goal of the project as: To investigate the
theoretical and technological feasibility of new integrated optical device concepts that can
be applied for evanescent-field refractometric chemical sensing. This goal still bore the risk
that no new concept would be conceived and therefore, as a starting point for my work, the
investigation of the potential of a Bragg-reflector based refractometer was proposed. This
was a good suggestion because very promising results on grating based IO-refractometers
had been reported in literature [3,4,5] at that time. These devices all required input and/or
output coupling out of the waveguide plane, which requires bulky set-ups and can invoke
alignment problems. The nice thing about the use of a Bragg-reflector is that the reflected
light is still within the waveguide, which allows for some further on-chip processing of the
light. Also the complete device could be more rugged and smaller than the coupler based
devices.
The work was divided into two phases. First the elementary Bragg-reflector refractometer
had to be developed, which would then be followed by the incorporation of this reflector in
an on-chip read-out scheme. For obtaining the required grating periods of 200 nm, the
existing (400 nm) technology of interference lithography, as developed by Bert-Jan Offrein
[6] and Han Berends, had to be considerably improved. This work was conducted together
with Folkert Horst and the results are (partly) reflected in the thesis’s of the last two [7,8].
The resulting technology has been transferred to other groups within MESA and resulted in
the fabrication of micro-sieves with sub-micron pore sizes [9] and into the fabrication of
arrays of sub-micron magnetic dots for magnetic storage purposes [10].
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Eventually a Bragg-reflector based refractometer had been obtained that worked very
well [11]. At that point the device had to be included in the on-chip read-out circuitry we
had in mind. Unfortunately this circuitry had simultaneously been invented by a Portuguese
group, which published the scheme about that time [12]. This strongly decreased our
scientific interest to start the work on this scheme, especially since at that time a novel
sensor concept, based on bent waveguides, had been conceived that seemed to be very
promising. Therefore the decision was made to end the Bragg-reflector project.
The work on the use of bend waveguides as active devices was successful. First, the
spiral refractometer was designed, which elegantly translated refractive index change
induced bend losses into a spatial coordinate [13] that could be read out with a CCDcamera. For this sensor a new type of channel waveguide cross-section was designed that
allowed for an efficient conversion of a change in a measurand index to a change in the
lateral refractive index contrast, the losses of a bent waveguide being highly sensitive to the
latter. The spiral sensor proved the feasibility of the bend-loss based device concept, and
was followed by the ‘next generation’ bend-sensor [14], which only uses one detector and,
due to an improved waveguide cross-section, also allowed for a much larger application
range (in terms of refractive index). Also a waveguide geometry has been proposed that
makes the bend-loss sensor applicable in wavelength sensing [15].
Since most sensing mechanisms can also be applied as an actuation mechanism, the
feasibility of the application of the bend-loss mechanism in an actuator has been
demonstrated in the form of a thermo-optical intensity modulator [16], which was patented
by AKZO-Nobel [17].
A nice opportunity appeared when the CMP technology [18] became available for
applications in integrated optical devices. In a fruitful collaboration with the micromechanics group and with the help of this technique, electro-statically driven mechanooptical intensity modulators were developed [19]. These devices show extremely high
extinction ratios and are based on high contrast waveguides, just as most evanescent-wave
sensors. This makes them particularly suitable for application in channel selection and
referencing of these sensors.
The last main topic of investigation was the optimization in normalized terms of threelayer slab waveguides for several applications. This work was mostly conducted together
with Olivier Parriaux who had already worked on this topic before [20]. The first result was
a general normalized analysis of evanescent-wave based refractometric homogeneous and
surface sensors [21]. The results of this work can be applied in the design of practically all
evanescent-wave sensors. A closer look to evanescent-wave homogeneous refractometry
with TM polarization even resulted in a surprising discovery; guided waves can show a
higher sensitivity than a free-space beam [22]. Devices based on this discovery have been
patented [23]. Furthermore the normalization technique was applied in the optimization of
second harmonic generation in slab waveguides [24] and to the optimization of geometric
wavelength dispersion of slab waveguides for wavelength sensing purposes [15].
All together the previously described work resulted in (or contributed to) more than 25
2
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papers in refereed journals and conference proceedings and 3 patents. The main body of the
thesis is formed by six papers/chapters which form a sort of ‘The best of…’ collection.
Several selected other papers are represented in abstract form in the Appendix. For
efficiency reasons no attempt has been made to rewrite the original papers into a chapter
format. Although every chapter is self-consistent, an attempt has been made to relate several
of them and place them in a somewhat larger context by means of the first chapter.
Enjoy!
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1
INTRODUCTION
This chapter is intended to place the work presented in this thesis in
a somewhat larger context. First, the main motivations for integrated
chemo-optical sensing will be given. Next, it will be argued that
intensity-modulated sensors are worthwhile to investigate. Also it
will be discussed that these type of sensors can be improved by
appropriate referencing and a novel integrated optics enabled
referencing scheme will be proposed. Finally the scope and outline
of this thesis will be given.

1.1 Integrated refractometric chemo-optical sensing
Sensors that can translate the concentration of various chemical compounds to the electrical
domain are in great demand by industry. These sensors are for example required in process
control, environmental monitoring, health care, biotechnology and the automotive industry.
In some cases it is advantageous to use the optical domain as an intermediate between the
chemical and electrical. This can be for several reasons, amongst them are
• the absence of electromagnetic interference
•

no danger for explosions due to electrical passivity

•

high sensitivity to many measurands

•

specific optical sensing mechanisms, such as chemical analysis by means of material
specific absorption wavelengths

Many characteristics of light are available to carry the sensor information. For example the
phase, the intensity (distribution), the direction of propagation, the polarization or the
wavelength can be used.
In many situations it is preferred to incorporate optical sensors in a waveguide system,
either fiber or integrated optics based. Compared to the use of free space beams this guided
wave approach offers the potential advantages of
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•

a better control of the light path, no alignment of the experimental setup required

•

evanescent field sensing, enabling the use of thin chemo-optical interfaces since large
interaction lengths can be used

•

the possibility of remote sensing by the use of a fiber network

•

a higher mechanical stability

•

a reduced size, weight and price

Fiber based sensors compared to integrated optics are very cheap and have the strong
advantage that they can be easily applied for distributed sensing. The sensor can be
incorporated in the fiber that transports the light from the source to the detector and the
different sensors can be read out in, for example, the time domain (OTDR) or wavelength
domain (in case Bragg-reflectors are used). Nevertheless, fiber sensors cannot compete with
integrated optics with respect to
•

robustness

•

compact optical circuitry, enabling a higher complexity (e.g. multiple sensors on one
chip)

•

design flexibility with respect to the geometry as well as the choice and combination of
materials (for example active and passive materials)

•

ease of access to the optical path in evanescent-field sensing

•

potential of integration with micro-electronics, micro-mechanics and micro total analysis
systems

•

potential of ‘cheap’ batch-wise mass production

•

benefits from the developments in guided wave devices and microsystems in optical
telecommunication

The degree of integration of a sensing scheme depends entirely on the intended
application. Selection criteria will for example arise from the required sensitivity,
selectivity, sensing environment, size or cost prize. From literature, on one hand very
sensitive sensing systems are known where only the sensing element is a planar waveguide
and where the light from a bulk laser is coupled into and out off the waveguide by means of
prism-, grating- or end-fire coupling [1-6]. This type of devices will be very suitable for
applications in e.g. medical laboratories. On the other hand, channel waveguide based
sensors where the source, a phase modulator and a detector are monolithically integrated on
the chip have been reported [7,8]. Due to their small size and weight these sensors might be
especially suitable for applications in e.g. space or micro total analysis systems. These two
examples illustrate that there is no ultimate choice for using end-fire, butt-end, grating-,
prism-, hybrid- or monolithically-coupled light sources or detectors, for the use of channel
6
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or slab waveguides, or for on- or off-chip modulation, referencing and signal processing.
Every sensing problem asks for a different solution.
This thesis focuses on evanescent-field type refractometric integrated chemo-optical
sensors. Evanescent-field sensing allows for large interaction lengths between the light and
the chemo-optical interface with a very well controlled field distribution of the guide light
compared to extrinsic mechanisms where the light is coupled out of the waveguide for the
measurement. Refractometric sensing implies that measurand concentrations will be
determined from refractive index changes of a measurand or a suitable chemo-optical
transduction layer. Luminescence based transduction schemes, for instance, will therefore
not be considered. Also we will limit ourselves to sensing devices where the optical path
from source to detector can be fully guided, i.e. by means of a fiber or IO waveguide. This
has the advantage, compared to for example the well-known grating output coupler that
some (smart) on-chip optical signal-processing is still possible. Finally the monolithically or
hybrid integration of source and/or detector on the chip, which leads to devices that are
sensitive to EM-interference, will not be considered. In the next section we will narrow
down our field of interest somewhat more.

1.2 Evanescent-wave based intensity-modulated
chemical-sensing
In refractometric evanescent-wave integrated chemo-optical sensing the attention has up till
now mainly been focused on maximizing the sensitivity over large measurement ranges.
This desire automatically led to the investigation of interference based sensor devices.
Typical examples of the first are devices based on the Mach-Zehnder interferometer [7-10],
the ring resonator [11], the Fabry-Perot resonator [12] or the difference interferometer
[13,14]. Also devices based on phase-matching such as the Surface Plasmon Rensonator
[15-17] or the Bragg-reflector [18] as well as devices based on mode-matching [19] have
been investigated. Although these sensors have proven to be very successful they suffer
from a few drawbacks. For the interference-based devices, these will be illustrated for the
typical case of a Mach-Zehnder interferometer. Figure 1a shows the typical sine-shaped
response of a Mach-Zehnder interferometer versus a refractive index change, ∆n, that
induces a change in the optical path length difference between both arms of the
interferometer. From the picture it is clear that, originating from the periodic nature of the
response curve, the following three intrinsic problems in interpreting the output signal of the
device might occur.
•

Fringe-order ambiguity; since the output power changes periodically with the refractive
index change, it is not possible to retrieve the exact value of ∆N from a single power
measurement.

•

Directional ambiguity; even within one fringe a certain output power corresponds to two
values of ∆n.

7
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•

Sensitivity fading. the sensitivity, i.e. the slope of the curve, becomes zero at the extrema
of the curve.

The IO sensors based on phase- or mode-matching typically show a peaked shaped response
curve around a working point, n0. This is illustrated in figure 1b for the case of the reflected
power of a Bragg-reflector. Although this type of sensors do not show fringe-order
ambiguity, directional ambiguity and signal fading still complicate the signal interpretation
here.
These problems, together with a series of possible solutions for the case of a MachZehnder interferometer, are described in detail in the thesis of Ton Ikkink [20]. Typical
solutions imply the use of read-out circuitry that requires on-chip phase modulation, a
tunable wavelength or multiple wavelengths, where retrieving the phase information with
the help of this additional hardware requires rather complicated signal processing
electronics. In addition the required extremely high sensitivity over a large measurand range,
requires highly coherent (single-line) laser sources. All together this makes these sensors
quite expensive. Although these severe performance specifications might be required in
applications where very small concentrations have to be detected, e.g. in bio-sensing or
environmental monitoring, in other applications such as, e.g. process control, the
requirements on range and sensitivity might be more relaxed. In those cases much simpler
and cheaper sensors are preferred.
Now let us consider sensors intended for process monitoring. The most simple
measurement scheme here is the end-point detection. A practical example of this might be
the wort fermentation process in making whisky. Here the point where a given alcohol
content has been reached must be detected. In this case the preferred response curve of the
used sensor is a simple step-function, i.e. a digital response. In other applications it might be
required that the measurand concentration can be monitored within a small range. In this
application it is preferred that the response curve directly reflects the value of the
measurand, i.e. the sensor should show an analogue response. The most elementary response
curve required for both applications is illustrated in figure 1c. The difference between the
digital and analogue application is the steepness of the curve. This curve shape would avoid
the complicated schemes for interpreting the detected output power as required in the
interference, phase-matching or mode-matching based schemes and thus strongly reduce the
costs. Therefore, it would be worthwhile to develop a sensor principle that shows this
response curve and allows for tailoring of the steepness of the curve, as well as of the
working point, n0, of the curve. This desire strongly points to a sensor where the sensing
mechanism directly induces a measurand dependent intensity loss of the guided light. A
simple example of such an intensity-modulated sensor shows a measurand induced
absorption change of the chemo-optical interface. Since no conservation of phase
information is required in these type of sensing mechanisms these sensors have the attractive
prospect of possible implementation with cheap low coherence sources and with multimode
waveguides, the latter strongly relaxing the alignment tolerances that are normally required
for coupling light into the waveguide. An integrated optic ammonia sensor of this type has
8
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Figure 1. Typical response curve (a) for a Mach-Zehnder interferometer,
(b) for a Bragg-reflector and (c) preferred for digital or analogue
sensing in process control.
already been reported [21]. Unfortunately, multimode waveguides suffer from the
uncertainty in the mode distribution. This directly translates into inaccuracies in the sensor
response and also makes the use of accurate integrated-optical conditioning devices very
difficult. Other problems that might occur in multimode sensors are the strong sensitivity
reduction in case evanescent-field (cladding) sensing is applied or alternatively the increase
of the chemical response times if waveguide (core) sensing is used instead.
The above consideration led us to believe that mono-mode intensity-modulated integrated
chemo-optical sensors form a very interesting and relevant field of research. In literature,
monomode waveguide based evanescent-wave type absorption sensors have already been
reported [22,23]. However, in many cases it might be required to have an intensitymodulated sensor that responds to changes in the real part of the refractive index. To our
knowledge no demonstration of this type of sensor has been reported yet, although the
9
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Figure 2. Schematic representation of a fiber-connected intensitymodulated IO sensing scheme.
approach of a slab waveguide leakage based sensor was suggested in [24]. In chapter 5 of
this thesis, a new bent-waveguide based sensor concept that shows the required behaviour is
presented. This sensor translates changes of the refractive index of a cladding material (i.e.
the measurand itself or a chemo-optical transduction layer) into changes of the bend-loss of
a channel waveguide. The response curve is similar to that represented in figure 1c and its
working point and steepness can in principle be tailored. Also, the sensor can be designed to
be insensitive to the used wavelength and therefore offers the possibility of using a cheap
low-coherent source.
The digital application of the discussed sensor needs no referencing for intensity
fluctuations that do not originate from the sensing mechanism itself. It suffices to choose an
appropriate threshold intensity. However, sensor schemes for analogue applications require
referencing. An attractive integrated optics enabled method to do so will be presented in the
next section.

1.3 Referencing of intensity-modulated optical
sensors
Figure 2 shows the basic layout of a fiber-connected intensity-modulated waveguide sensor.
The light of source L is coupled via an input fiber into the waveguide. After passing through
the sensor, S, the output light is coupled into the output fiber that eventually ends in a
detector, D. In the analogue application of intensity-modulated waveguide sensors, there is
the requirement that the output from the sensing system should be truly related to the
measurand alone. It is clear from fig. 2 that this is not that simple since other (variable)
losses can occur in the optical components, e.g. in the fiber transmission, the fiber
connectors (f-f) or the fiber-chip coupling (f-c). Furthermore the intensity of the source
might vary, as well as the sensitivity of the detector. These variations cannot be eliminated
in the design but by monitoring them with a reference signal they can be compensated for.
From the two resulting signals (sensor and reference) the common-mode variations can then
be removed. A very comprehensive overview of referencing schemes for fiber-based
intensity-modulated sensors is given in [25]. Although most of these schemes can be
10
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Figure 3. Schematic representation of the proposed referenced fiberconnected intensity-modulated IO sensing scheme.
adapted for IO-sensing, the use of integrated optics gives us some extra possibilities for
sensor referencing.
Some general guidelines [25] can be formulated for the design of a reliable and accurate
referencing scheme. Preferably the reference as well as the sensor signal should be subject to
the same common mode variations. In practice this implies
•

a single-source based configuration

•

both signals should travel the same optical path at every point in the system except at the
point of sensing

•

a single-detector based configuration

In addition, some technique is required to identify the sensing and the referencing signal.
Commonly used separation techniques are
•

wavelength domain multiplexing (WDM)

•

spatial separation

•

mode multiplexing

•

polarization multiplexing

•

time domain multiplexing (TDM)

•

frequency domain multiplexing (FDM)

For all individual separation techniques the three design guidelines cannot be fulfilled
simultaneously. Nevertheless, the use of integrated optics allows for a very attractive
referencing scheme by a combination of spatial separation and TDM. The basic layout of the
proposed scheme is given in figure 3. The scheme consists of a source that is butt-end
connected to the IO-chip through a monomode optical input fiber from which part of the
light is coupled into the monomode IO waveguide channel. A power splitter defines a
referencing and a sensing waveguide (both signals are spatially separated at the
11
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measurement point). The sensor is incorporated in the sensing waveguide and before the
light leaves the chip a monomodal power combiner recombines both waveguides. The light
from the output waveguide is then coupled into the output fiber, which may be multimode,
and then collected by the detector. Both waveguides contain an on/off intensity modulator,
M, which alternately forbid optical transmission in the sensing and in the referencing
waveguide (TDM). In this way two signals are obtained, the sensor signal, Ps, which
incorporates the sensor response as well as the common-mode variations and the reference
signal, Pr, that only contains the common-mode variations. In formula form this gives
(compare with figure 3)
Ps=L⋅C1⋅T1⋅S⋅αs⋅T3⋅C2⋅D⋅Pin
and
Pr= L⋅C1⋅T2⋅⋅αr⋅T4⋅C2⋅D⋅Pin
From these signals, a common-mode free sensor output, P, can be obtained by division.
P=

Ps L ⋅ C1 ⋅ T1 ⋅ S ⋅ α s ⋅ T3 ⋅ C2 ⋅ D T1 ⋅ α s ⋅ T3
=
=
⋅S = T ⋅S
Pr
L ⋅ C1 ⋅ T2 ⋅ α r ⋅ T4 ⋅ C2 ⋅ D
T2 ⋅ α r ⋅ T4

Due to the high stability of integrated optical circuitry the term T, that comprises the
splitting/combining terms, Ti, and the waveguide losses, αi, can be regarded as constant in
time. Nevertheless, T has to be calibrated to compensate for deviations from the designed
specifications caused by an imperfect technology. This type of referenced sensor head has
the advantage that only the IO-chip itself, i.e. T, has to be calibrated, which can be done
right after the fabrication.
The crucial component of this promising sensing scheme, next to the sensor, is the on/off
intensity modulator. It should be wavelength independent, show a very high extinction ratio
and have a digital response. The mechano-optical waveguide modulator as described in
chapter 6 not only fulfils these requirements but is also based on the same high index
waveguide as most IO-sensors. This makes this device especially suitable for application in
the proposed sensing scheme. Note that although the use of 1x2 Y-junction switches instead
of power splitters and intensity modulators, would improve the efficient use of the available
optical power budget, the cross-talk values of 20 dB that are typically obtained for these
devices are generally too high for application in referencing. Cascading of these devices will
decrease the cross-talk but will also significantly increase the device size as well as the
required actuation power.
It is important to notice that by introduction an electronically actuated intensity
modulator on the chip the “no explosion danger” advantage of optical sensing will be lost.
Nevertheless, the device will still be insensitive to EM-interference since the light is
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generated and detected off-chip, while the modulators show a digital response and are
therefore insensitive to small changes in the actuation voltage.
Although in the referencing scheme the influence of the fiber-chip coupling is eliminated,
an efficient coupling is preferred from the point of view of the available power-budget.
Fiber-chip couplers are under investigation within our group [26,27] and will not be
considered in this work.
We do not claim that the proposed approach to optical sensing is the only road that leads
to Rome but we do believe that it is a very promising one.

1.4 Outline and scope of the thesis
The main body of this thesis consists of six selected papers. Five of them are of direct
relevance to the sensing scheme as proposed in this chapter. Nevertheless, it is important to
emphasize that the vision presented in this chapter has been conceived during the past four
years and therefore not necessarily been fully reflected in these papers. The sixth paper is a
spin-off product from the development of the bend-loss sensor and concerns an intensity
modulator for telecom applications.
Two of the papers are theoretical studies concerning the sensitivity optimization of
evanescent-field refractometric waveguide sensors. The other four present feasibility studies
into new types of devices, i.e. two new sensors, an intensity modulator for sensing
applications and an intensity modulator for telecom applications. These papers contain the
development of proto-type devices that prove the feasibility of the new device concepts.
This is reflected in the used theoretical modelling, which is kept as simple as possible and
preferably performed analytically. New technology required to produce the proof of
principle type devices has been developed, but no effort has been made to push the device
performance to its ultimate technological limits. Also the technological limitations on the
performance of the presented devices have not been analyzed in full detail yet. However, the
chapters propose and demonstrate the feasibility of four very promising novel integrated
optic device concepts, as was the goal of the project.
The thesis is organized as follows:
Chapter 1 serves as an introduction to integrated optical sensing, arguments that evanescentfield based refractometric intensity-modulated sensors are of significant interest and
proposes a brand new sensing scheme for integrated intensity-modulated chemo-optic
sensors.
Chapter 2 presents a normalized analysis for optimizing the sensitivity of evanescent-wave
waveguide sensors for the cases of both homogeneous and surface sensing.
Chapter 3 presents the amazing discovery that the refractometric sensitivity in the case of
homogeneous sensing using TM polarized modes and a high contrast waveguide can exceed
that of a free-space beam.
Chapter 4 presents a new type of bend-loss based refractometric sensor, based on a spiral
shaped waveguide.
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Chapter 5 presents the successor of the spiral sensor, the bend-sensor. This sensor shows the
desired response characteristics as defined in this chapter.
Chapter 6 presents a new type of mechano-optical intensity modulator that is especially
suited for signal conditioning in IO-sensing schemes.
Chapter 7 presents a new type of polymer based thermo-optic intensity modulator for
telecom applications, which is based on bend-loss modulation.
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2
SENSITIVITY OPTIMIZATION FOR
EVANESCENT-WAVE SENSORS

Closed-form analytical expressions and normalized charts provide
the conditions for the maximum sensitivity of TE and TM
evanescent-wave step-index waveguide sensors. The analysis covers
both cases where the measurand is homogeneously distributed in the
semi-infinite waveguide cover, and where it is an ultrathin film at
the waveguide-cover interface.

2.1 Introduction
Biochemical sensors is the non-communication application field where integrated optic
technology is expected to play an increasing role and where it is already successful
commercially [1,2]. The type of waveguide which is most currently used is a slab structure
with a step-index profile. The sensing is performed by the evanescent tail of the modal field
in the cover medium. This sensing operation consists of measuring the change of the
effective index of a propagating mode when a change of refractive index takes place in the
waveguide cover. The waveguide characteristic equation or/and a calibration allows the
retrieval of the index change from the measured change of the effective index. The
sensitivity of the measurement of the physical or chemical quantity present in the cover
depends on the strength and the distribution of the evanescent field in the cover. The main
design task is therefore to find the waveguide structure which maximizes the sensitivity on
the quantity to be measured [3]. So far, this has been made in a case-by-case fashion, with
each new set of optogeometrical parameters requiring for a remake of the structure
modelling. This paper presents a normalized algebraic formalism, allowing for all possible
practical cases to be condensed by means of two reduced optogeometrical parameters, as and
Published as: O. Parriaux and G.J. Veldhuis, “Normalized analysis for the sensitivity optimization of
integrated optical evanescent-wave sensors”, Journal of Lightwave Technology, vol. 16, pp. 573-582, 1998.
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Figure 1. Schematic representation of a slab waveguide refractometric
sensor (a) and surface sensor (b).
ac, only. The conditions for maximum sensing sensitivity are shown to be contained in a
single universal chart, where they are represented by a surface Xs(as, ac) from which all
parameters of the optimized structure can be derived. This is the most condensed
formalization which the simple electromagnetism of the slab waveguide encompasses.
The normalized analysis differs somewhat if the measurand is homogeneously distributed
in the cover (afterwards referred to as homogeneous sensing) or it is an ultrathin film at the
waveguide-cover interface (surface sensing). Both cases are shown here to be governed by a
normalized solution expressed by means of common normalized variables and reduced
parameters. They are illustrated schematically in Figure 1. It is assumed hereafter that the
cover medium is a liquid or a gas, which implies that the contact zone between the cover
and the waveguide surface is of zero thickness and does not exhibit an air film or bubbles.
So far, planar evanescent guided wave sensors have mostly been used for the detection of
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ultrathin biological molecular layers of thickness t (t << λ where λ is the wavelength in
vacuum) immobilized on the surface of a waveguide (surface sensing). Such a sensing
scheme is currently the subject of keen interest in pharmaceutical applications such as
imunoassays [3]. It is also of interest in chemical sensing schemes where the opto-chemical
transducing mechanism involves an ultrathin surface layer [4]. The sensitivity in such a
configuration, illustrated in figure 1b, is related to the squared field magnitude at the
waveguide-cover interface [5]. Optimizing the sensor sensitivity requires a suitable choice
of the waveguide and substrate index, ng and ns respectively, as well as the waveguide
thickness w relative to the wavelength λ, which maximize the squared modal field at the
surface. Evanescent wave sensing of a chemical or physical quantity which is
homogeneously distributed in the semi-infinite waveguide cover (homogeneous sensing)
refers to a different electromagnetic condition. The sensitivity is now related to the integral
of the squared evanescent field in the cover material [5]. A waveguide refractometric sensor,
as sketched in figure 1a, can be used in liquid concentration monitoring, for measuring
traces of chemicals by means of a thick selective membrane [6] and, more generally, for
measuring all physical/chemical quantities whose variation corresponds to a change of
index. It can also be used for the detection of affinity reactions and immunoassays in cases
where the molecules are not immobilized at the very surface of the waveguide, but are
homogeneously distributed throughout an organic film whose thickness t is large relative to
the penetration depth of the evanescent field.
A normalized expression, giving the condition for maximum TE sensitivity in the case of
both homogeneous and surface sensing, was given in a previous paper [7]. The sensitivity
was defined as the rate of change of the modal effective permittivity εe = ne2 relative to the
cover permittivity εc = nc2. This led to a very simple and homogeneous condition given by a
single variable transcendental analytical expression with a single parameter. This parameter
was the asymmetry parameter a = (εg -εc)/(εg-εs) where εs = ns2 and εg = ng2 are the square of
the substrate and waveguide indices ns and ng respectively. What really matters in optical
detection, such as in an interference [8] or mode synchronism [9] scheme, is the mode
effective index ne rather than the effective permittivity εe because it is the phase of a light
wave that is measured, not the dielectric constant. Defining the sensor sensitivity as the rate
of change of ne relative to nc (homogeneous sensing) and to the normalized thin-film
thickness (surface sensing) leads to a less normalizable expression. The main aim of the
present paper, is to give exact maximum sensitivity expressions for both TE and TM modes
in both sensing schemes and to provide a set of universal charts allowing the designer to
find the working point of maximum sensitivity and to create the dimensioning of his/her
sensor structure.
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2.2 Structure analysis
The most condensed normalization is made possible by resorting to the normalized effective
index Xs given by:

Xs =

εe − εs
and X c =
εg − εe

εe − εc
εg − εe

(1)

which is the associated dependent variable through
X2c = a(1 + Xs2 ) − 1
1 − ac
1 − as
ε
ε
as = s , a c = c
εg
εg

(2)

where a =
and

(3)

are the two asymmetry parameters. Small values of as and ac correspond to large guidance
structures as in the case of high-index oxide on silica with water cover, and large values of
as and ac correspond to weak guidance structures as in the case of phosphosilicate glass on
silica. Having found the Xs value achieving the maximum sensitivity in a given sensing
scheme (homogeneous or surface sensing) and for a given polarization, one can retrieve the
effective index from (1), and all other optogeometrical quantities of interest by using:

ne = ng

as + X s2
1 + Xs2

(4)

The condition of maximum sensitivity will be simply derived from the waveguide
characteristic equation written in terms of the normalized, mutually dependent variables Xs
and Xc:
In the homogeneous sensing case, represented in figure 1a:

k 0 wn g

1 − as
− arctan ξ s Xs − arctan ξ c X c − mπ = 0
1 + Xs2

(5)

with ξs = ξc = 1 for TE and ξs = as-1, ξc = ac-1 for TM modes. m is the mode order, ko = 2π/λ
is the free space wave number and w is the slab waveguide thickness.
In the surface sensing case, represented in figure 1b, the writing of a condensed
characteristic equation requires some preparation. The structure consists of four
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homogeneous media in which the Ex field for TE modes, and the Hx for TM modes, are
expressed by a superposition of two exponential functions. In the waveguiding layer, the
argument of the exponentials is imaginary. In the substrate and in the cover it is real and the
function is selected which corresponds to a confined waveguide field. In the ultrathin film of
thickness t, the field is, in turn, represented as a superposition of two exponential functions
of coordinate y. These have an imaginary or real argument depending on whether the mode
effective index ne is smaller or larger than the film index nf. In most cases of current interest,
the ultrathin film consists of biological molecules having an index of around 1.4 on top of a
waveguide of much larger refractive index. In the algebraic derivations which follow, we
shall limit ourselves to an optical thickness of the film, k0t(εe-εf)0.5, much smaller than 1.
Consequently:

(

)

exp ± k 0 t ε e − ε f ≅ 1 ± k 0 t ε e − ε f

(6)

The matching of the 4 tangential field components at all three interfaces yields, for the
TE and TM polarizations, 6 linear equations involving the 6 unknown integration constants.
The condition for a non-degenerate solution leads to a characteristic equation which, using
(6), takes the familiar form of the 3-layer equation with, however, a perturbation term δ
accounting for the presence of the ultrathin film:
k o wn g

1 − as
− arctan ξ s Xs − arctan ξ c (1 − δ )X c − mπ = 0
1 + Xs2

where for TE modes δ = k 0 t(ε f − ε c )

and for TM modes

ε e  1 ε + 1 ε  − 1
c
f
δ = k 0 t(ε f − ε c )
εe − εc

(7)

(8)

The derivation shows that (7) and (8) hold in both cases for εf < εe and εf > εe.

2.3 Sensitivity evaluation
In the case of homogeneous sensing, the sensitivity Sh is defined as the rate of change of the
modal effective index ne under an index change of the cover. The sensitivity S = δne/δnc of a
structure of constant wko, ng, nc and ns is first calculated explicitly as (δnc/δne)-1 for both TE
and TM modes:
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 1

1
Sh,TE = a c X c 1 + X c2 a c + X c2 
+
+ arctan Xs + arctan X c + mπ  
 X c Xs



2
S h , TM =

q =

and

−

where

1 + X 2c + r ⋅ F

2
as + Xs

,

F = arctan

(9)

a cq

a cq

2
1 + Xs

−1

r=

Xc
ac

Xs

(

2
2
ac + Xc

+ arctan

as

Xc

)
( )
( )

(10)

2
as 1 + Xs
+ mπ +

ac

2
2
Xs as + Xs

Expressions (9) and (10) give the analytical form of the sensitivity of a mode of order m
versus the parameters ne, ng, ns and nc. The parameter wk0 does not appear explicitly,
because the characteristic equations (5) were used to express wk0ng as satisfying the
electromagnetic boundary conditions.
The sensitivity Ss of a surface sensing structure is defined as the rate of change of the
modal effective index ne versus the dielectric load term that is defined as:

η = k 0 t( ε f − ε c )

(11)

No explicit direct relationship Ss = δne/δη can be obtained. Therefore, Ss = (δη/δne)-1 was
calculated from (7) analytically. This results in:
Ss,TE =

and
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1 − as


1
1 
as + Xs2 1 + Xc2 arctan Xs + arctan Xc + mπ +
+
Xc Xs 


(12)
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 X c2 + a c
p
 1 + X c2

S s , TM =

where

 ac
 a c2 + X c2

− 1

a c + X c2

F

F = arctan

Xs

+ arctan

1

+

af

1
ac

,

Xc

+ mπ +

ac

as

p=

1 − ac

af =

εf
εg

(13)

( ) ( )
( ) ( )

2
as 1 + Xs

+

2
2
Xs as + Xs

2
ac 1 + Xc

2
2
Xc ac + Xc

⋅

An important distinction must be made between TE and TM modes. The normalized
sensitivity of TE modes on the dielectric load η is independent of εf. This means that the
expressions (12) of Ss,TE is generally valid regardless of the type and weight of dielectric
load as long and η << 1. This is not exactly true for the TM modes since Ss,TM (expression
(13)) contains the thin film permittivity εf in p. This infers that a normalization of the TM
problem by means of two parameters only is not completely possible. Nevertheless it will be
shown later that the condition for maximum sensitivity can be given with a satisfactory
accuracy by a general two-parameter solution.

2.4 The condition for maximum sensitivity
Searching for the condition of maximum sensitivity in a structure of constant ng, ns and nc
amounts to canceling the derivative of STE and STM with respect to k0w. After some
algebraic manipulations (using δS/δ(k0w) = δS/δXs ⋅ δXs/δk0w and δXs/δ(k0w) ≠ 0) one gets
the exact maximum condition can be obtained:
In the homogeneous sensing case:
1
 1
(1 − as )  − 1 − 1 = 0
1

 X + X + arctan Xc + arctan Xs + mπ ⋅  X2 + 3 +
(as + Xs2 )  X3c X3s
s
 c
  c

(14)

for TE modes, while for TM modes we find:


1 − as

2
1 + X c + r ⋅ F  2X s
2



 a s + X s2 




(

)



 1 ac 
 +
 −
2
a cq  q



(15)

1

(

) (
(

)(




 a
 2X s2 a s2 + X s2 − 1 + X s2 a s2 + 3X s2

 2
ac
1 2
s
2




+
⋅ t + as 
 a q − a c q   2 X c ⋅ t + F ⋅ a ( a c + 3X c ) ⋅ t + r ⋅  2
2
2
2
2


 c
c
 as + Xs a c + X c
X s2 a 2s + X 2s





)

)   = 0
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where
t=

1 − a c Xs
1 − as X c

Since Xc = Xc(Xs,ac,as), expressions (14) and (15) are single variable (Xs), transcendental
equations with two parameters, as and ac, which can be solved numerically once and for all.
In the case of surface sensing:
For TE modes:


1
1 
1 − as  1
1
arctan X c + arctan X s + mπ + X + X  3 + a + X 2  − X 3 − X3 = 0
c
s 
s
s 
c
s


(16)

As expected, expression (16) is very close to the expression given in [7] where the present
term:


1 − as 
3 +

a s + X s2 

was simply given by a factor 3 which is sufficiently accurate for structures having as close to
1, i.e. in weakly guiding waveguides.
Searching for the condition of maximum sensitivity for TM modes is more cumbersome.
Nevertheless a normalized expression can be given:

 as + Xs2
p
 1 + Xs2

2
2

 1 − ac  1 
1  2G 
as ( a c + Xc )
2 2
2
2 
2
3
Xs 
a
X
−
X
−
a
− 1 
2 − 2  +  +
(
)
s s
s
s 
 1 − as  Xc  Xc  ac  ac Xs2 ( as2 + Xs2 )2


 1
− Xs 
 as + Xs2


 2 2
2  a c + Xc
+
(1 − 2as − Xs ) a F = 0
2 2
1
+
X
( s)
 c

(17)

p

where
2
ac 1 + Xc
G = F−
2
2
Xc ac + Xc

Again, as in the TM sensitivity expression, the film-dependent term nf is present in
expression (17) as contained in the p term. At this stage a remark on symmetry should be
made which extends the scope of the above expressions. If the ultra-thin film is placed at the
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guide-substrate interface, the sensitivity expressions (12,13) as well as (16) and (17) have
the same structure where as, ac, Xs, Xc are substituted by ac, as, Xc, Xs respectively. In the
expressions for η (11), p and G, εc is replaced by εs.
In both homogeneous and surface sensing cases the normalized waveguide thickness
achieving maximum sensitivity can be obtained by substituting the Xs solutions of (14,15,16
and 17) into the characteristic equation of the three-layer structure for TE0 and TM0 modes:
n gw
λ

=

1 1 + Xs2
[arctan ξsXs + arctan ξcXc ]
2π 1 − as

(18)

2.5 Representation of the conditions for maximum
sensitivity
Equations (14, 15, 16 and 17) alone contain the condition for maximum sensitivity of every
possible step index evanescent wave sensor of the homogeneous and surface sensing type
using TE and TM modes. The procedure to retrieve the waveguide parameters ensuring
maximum sensitivity, and to find the maximum that can be achieved, is as follows.
The solution to each of the transcedental equations (14-17) is one value of the normalised
refractive index Xs for each pair of asymmetry parameters (as, ac). The effective index ne to
which an Xs solution corresponds, is given by expression (4). The normalized thickness
ngw/λ of the waveguide ensuring maximum sensitivity is found by substituting the Xs
solution into expression (18). It is interesting at that stage to locate the optimum value of
ngw/λ with respect to the cut-off of the sensing mode (usually the fundamental mode) and to
the cut-off of the higher-order modes. These cut-off values can also be expressed in terms of
the normalized parameters from expression (5) with Xs = 0:

 n gw 


 λ 

=
cut − off

1
a −a
arctan ξ c s c
1 − as
2π 1 − a s

(19)

The maximum achievable sensitivity is obtained by substituting the Xs solution into the
sensitivity expressions (9,10) in the homogeneous sensing case and (12,13) in the surface
sensing case. The general solution obtained here can be easily and advantageously
represented graphically in 3-D charts where the optimized quantities of interest Xs, ngw/λ
and S define a surface, all three being functions of two variables only, namely as and ac. This
vivid graphical representation is also a complete one since it contains all information on the
optimized structures whatever the set of refractive indices, the wavelength or the waveguide
width may be. The discussion which follows will be based on the features revealed by the
charts.
All together there are two sensing schemes (homogeneous and surface sensing) and two
polarizations (TE and TM modes). This is assuming that the sensing is performed by the
fundamental mode, which is most often the case because it has the highest sensitivity.
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However our analytical expressions are valid for any mode order m. Each of the four cases
is fully described by a set of three charts: Xs(as,ac), ngw/λ(as,ac) and S(as,ac). From now on,
the discussion of the sensing features will be made on a case-by-case basis.
The reader who wishes to use the normalized results obtained above can either plot the
Xs(as,ac)-, ngw/λ(as,ac)- and S(as,ac)-charts from the previous equations, or just look at the
plots of figure 2 to 14 which contain all the necessary information on his/her optimized
sensor structure. A typical way of proceeding is as follows.
Usually the sensor usage imposes the cover material, thus its nominal index nc. The
substrate material results from a choice involving temperature and mechanical stability, and
also cost criteria, which imposes ns. There is usually a relative freedom in the choice of the
waveguide material, the main demands on it being the optical and chemical stability. Thus
ng remains a free parameter, as well as the ratio w/λ, whereas ns and nc are fixed. The
designer will first look at the maximum sensitivity chart corresponding to his/her type of
sensor (homogeneous or surface sensing) and to the possibly preferred polarization. In this
S-chart, the designer will search for the (as, ac) coordinates (remember as = ns2/ng2, ac =
nc2/ng2) which provides the highest sensitivity among the various waveguide refractive
indices that are available. Having determined the optimum (as, ac) coordinate, he/she will go
to the corresponding ngw/λ-chart where the just found (as,ac) coordinate will determine the
ngw/λ-value ensuring maximum sensitivity. Having already determined ng, he/she can now
retrieve the relative waveguide thickness w/λ which the waveguide must have to set the
sensor at its best working point.

2.6 Discussion on the maximum sensing conditions
2.6.1 Homogeneous sensing
The sensing configuration is represented in figure 1a. The TE and TM modes will be
discussed separately.
TE-polarization
Figure 2 is the chart of the condition on Xs for maximum sensitivity of the TE0 mode
(expression (14)). Introducing the solution found for Xs into expression (9) gives the
maximum sensitivity, STE, achievable in a waveguide structure characterized by the
asymmetry parameters, as and ac. STE is similarly represented as a surface in the STE( as, ac)
chart of figure 3. Whereas figure 2 shows the condition for maximum sensitivity and figure
3 illustrates the maximum achievable sensitivity, the last chart (figure 4) tells the designer
the corresponding normalized optical thickness ngw/λ. (expression (18) with ξs = ξc = 1).
The designer is interested in evaluating how far his/her optimum sensitivity configuration is
from the cut off condition of the 0th and 1st order modes given by m=0 and 1 in the cut-off
expression (19) with ξc = 1. These two cut-off surfaces are also shown on the chart in the
form of a light mesh.
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Figure 2. Normalized effective refractive index solution Xs versus as and ac
ensuring maximum sensitivity for refractometric sensing using the TE0 mode.
Xc = 0 is represented in the plane sector ac > as.
The surface of figure 2 comprises two sections. The section where as > ac corresponds to
the case most often met in practice of a substrate index larger than the analyte index, often a
water based solution or a polymeric material. Xs(as, ac) is only slightly dependent on ac for
large as values. In all cases Xs tends to zero as as tends to ac. The limit is the cut-off situation
in a symmetrical waveguide, which corresponds to ngw/λ = 0 in figure 4. In this case, the
modal field extends symmetrically into the substrate and the cover, which implies that the
maximum sensitivity is 0.5 as clearly indicated in the sensitivity chart of figure 3. The
section of all three charts of figures 2, 3, and 4 where as < ac, corresponds to the case of a
cover index larger than that of the substrate. Here, the condition of maximum sensitivity on
the cover’s index is the cut-off condition, where Xc = 0 (Xc is represented in figure 2 instead
of Xs when as < ac, which takes values that are too large to be properly presented), STE = 1 in
figure 3, and ngw/λ = ngw/λcut-off in figure 4.
As mentioned earlier, the index configuration most often met in practice is that of as > ac,
in which case a definite maximum sensitivity exists. An interesting feature of the sensitivity
chart is that, contrary to what is often believed as a false analogy with surface sensing,
achieving maximum sensitivity does not require the use of a large guidance waveguide
technology. A comparable sensitivity can be obtained by weak guidance waveguides which
generally present lower scattering losses and better chemical stability.
The chart in figure 4 shows that the condition of maximum sensitivity for ngw/λ is quite
close to the fundamental mode cut-off. This can be estimated by comparing the surface of
the section where as > ac with the cut-off surface of the other section (as < ac). The
configuration for maximum sensitivity tends continuously to the cut-off condition identity
when as/ac approaches 1; this is also the region of the highest achievable sensitivity.
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Figure 3. Maximum achievable sensitivity for TE0 refractometric sensing
versus as and ac. S = 1 for ac > as.
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Figure 4. Optical thickness ngw/λ ensuring the maximum sensitivity for
TE0 refractometric sensing versus as and ac. The cut-off condition for the
TE0 and the TE1 modes are indicated by the mesh. The surface for ac > as
is the TE0 cut-off surface.
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Figure 5. Maximum achievable sensitivity for TM0 refractometric
sensing versus as and ac. S = 1 for ac > as.
TM polarization
Figures 5 and 6 convey the same information on the TM0 mode as figures 3 and 4 on the
TE0 mode. For the sake of conciseness we will skip the Xs(as, ac) charts giving the
normalized effective index ensuring maximum sensitivity, i.e. the solutions of equations
(15) and (17). The maximum sensitivity also occurs in a symmetrical configuration (as = ac).
As can be seen by comparing the sections where as > ac of figure 5 (STM(as, ac) maximum
achievable sensitivity) with figure 6 (ngw/λ(as, ac) ensuring maximum sensitivity), the (as,
ac) region of high maximum sensitivity in the TM case corresponds to a waveguide
configuration far from cut-off. This is the reverse of what takes place in the case of the TE0
mode. This is particularly interesting when considering waveguide excitation by means of a
grating at the cover side, as well as regarding losses due to substrate waviness.
There is another interesting feature in the relative behaviour of the TE0 and TM0 modes.
By comparing the values for S found for both polarizations it can be concluded that in the
area which is the most interesting in practice, e.g. where ac < as, the TM0 mode is always
more sensitive than the TE0 mode. Considering that the TM0 mode’s maximum sensitivity
occurs for a larger waveguide thickness, away from cut-off, leads us to the conclusion that
for most practical sensing cases it is advantageous to use the TM0 mode.
Generalization
The formalism and expressions derived here in the homogeneous sensing scheme are more
general and are not limited to lossless structures. No restrictive hypothesis was made on the
permittivity of the different layers, which may be complex. This in particular concerns the
absorptive variant of the evanescent wave sensor considered above. If a variation of the
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Figure 6. Optical thickness ngw/λ ensuring the maximum sensitivity for
TM0 refractometric sensing versus as and ac. The cut-off condition for the
TM0 and the TM1 modes are indicated by the mesh. The surface for ac >
as is the TM0 cut-off surface.
measurand translates into an imaginary part of the cover’s index change ∆nc, the resulting
effective index change ∆ne generally remains given by the relationship:
∆n e = S ⋅ ∆n c .

(20)

Under the hypothesis that the nominal losses of an absorptive sensor are small (i.e. the
imaginary part of the cover’s index is much smaller than the real part, which is true in most
cases of interest) the condition for maximum sensitivity for both polarizations is still given
by the solutions to equations (14) and (15) with the real part of the cover’s permittivity.
Another generalization of the results obtained in the homogeneous sensing case can be
made by considering that the substrate can be a metal. This will simply translate in as being
a complex parameter with a large negative real part. This case is not included in the charts
but can be obtained similarly by searching for the zeros of expressions (14) and (15) with
zero imaginary part, which will suffice as long as not too lossy metals are used. Such a
structure presents a practical interest in sensors where both plasmon and dielectric
waveguide modes are used.
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Figure 7. Normalized effective index solution versus as and ac ensuring
maximum sensitivity for surface sensing using the TE0 mode. For ordinate
scale reason, Xs is represented in the area as > ac while Xc is represented in
the area ac > as.

2.6.2 Surface sensing
This case refers to figure 1b.
TE polarization
Figure 7 is the chart of the Xs solutions of expression (16) ensuring maximum sensitivity of
the effective index on the dielectric load η for the TE0 mode. The corresponding surface
comprises two sections. The first section represents Xs in all cases where as > ac. A typical
case belonging to this section is that of a silica-based waveguide with a water cover, the thin
film being at the guide-cover interface. The second section corresponds to examples where
ac > as, the film being still at the cover’s interface. In order to make the chart clearer in this
section, Xc is represented instead of Xs (see eq. (2)). The values for Xs corresponding to this
case would be too large to be illustrated graphically. It is worth pointing out that a definite
maximum sensitivity exists whatever the combination of ac and as unlike in the
homogeneous sensing structure (figure 2). It can be seen that the larger the guidance and the
closer ac to as, the larger the Xs value is, i.e. the ne value ensuring sensitivity maximum. The
Xs values for the TM0 mode are generally larger than that of the TE0 mode. Introducing the
Xs solutions of equation (16) into the sensitivity expression STE (12) leads to the maximum
sensitivity chart of figure 8, which shows that the maximum sensitivity increases
monotonically with the strength of the guidance at both waveguide sides and that the
maximum is obtained for nc = ns (symmetrical waveguide) as in the case of homogeneous
sensing. The surface is not symmetrical, showing that the maximum sensitivity is slightly
larger when the thin film is at the side of the larger cladding index, obeying
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Figure 8. Maximum achievable sensitivity for TE0 surface sensing versus
as and ac.
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Figure 9. Optical thickness ngw/λ ensuring the maximum sensitivity for
TE0 surface sensing versus as and ac. The cut-off condition for the TE0
and the TE1 modes are indicated by the mesh.
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Figure 10. Maximum achievable sensitivity for TM0 surface sensing
versus as and ac, corresponding to p = 2/ac.

STE ( a c , a s ) =

1 − ac
⋅ S (a , a ) .
1 − a s TE s c

Figure 9 is the chart showing the normalized optical thickness ngw/λ of the waveguide
for maximum TE0 sensitivity versus as and ac. It is obtained by substituting the Xs solutions
of (16) into (18). In contrast with the homogeneous sensing case (figure 4), maximum
sensitivity is reached at a definite distance from the cut-off thickness.
TM polarization
As pointed out above, the TM polarization analysis is not as straightforward as that of the
TE polarization because the sensitivity expression (13) and the condition for maximum
sensitivity (17) depend on the dielectric constant εf of the measurand. We will nevertheless
try to obtain conclusions which are as general as possible. To start with, consider the simple
electromagnetic case where the index of the film is equal to that of the cover, which case
corresponds to p = 2/ac. It is not too far from the reality of biosensing since, the index of
biospecies, nf, is often taken as 1.40-1.45 which is close to the solvent index, nc = 1.33.
Figures 10 and 11, which correspond to figures 8 and 9 for TE0 sensing, show that the TM0
results are qualitatively very similar. The maximum sensitivity values with p = 2/ac are
represented in figure 10. As compared with figure 8, the maximum sensitivity is also
attained at ac = as but it peaks sharper as the guidance increases. Figure 11 shows that the
TM0 maximum sensitivity condition takes place further away from the cutoff than for the
TE0 case.
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Figure 11. Optical thickness ngw/λ ensuring the maximum sensitivity for
TM0 surface sensing versus as and ac, corresponding to p = 2/ac. The
cut-off condition for the TM0 and the TM1 modes are indicated by the
mesh.
In order to evaluate the effect of the measurand index on the maximum sensitivity
conditions for the TM0 mode, we have calculated expressions (13, 17 and (18) for a number
of different εf and εc values contained in a domain limited by 1.3 < nc < 1.7 and 1.3 < nf <
1.7. This domain of variation is wide enough to correspond to most possible cases in sensing
involving a biological layer and a liquid cover. The two most extreme cases are reported
here. The first corresponds to nc = 1.7 and nf = 1.3, thus to p = 2.71/ac. The second case
corresponds to nc = 1.3 and nf=1.7, thus p = 1.585/ac. The results show that the Xs and the
ngw/λ charts are very much the same as those of figure 11. The general shape of the
maximum sensitivity surface reflects the same tendencies as those of figure 10 with p = 2/ac.
However, the value of the sensitivity changes significantly; figure 12 shows the maximum
sensitivity surface with p = 2.71/ac corresponding to εf < εc. Although the maximum
sensitivity takes place for neighbouring values of Xs and ngw/λ, the sensitivity is roughly
50% higher than in the p = 2/ac case. Figure 13 shows Smax for p = 1.585/ac corresponding to
εf > εc; where the maximum sensitivity is roughly 80% of that for p = 2/ac although the
optogeometrical conditions for it are very close.
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Figure 12. Maximum achievable sensitivity for TM0 surface sensing
versus as and ac, corresponding to p = 2.71/ac, i.e., εf < εc.
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Figure 13. Maximum achievable sensitivity for TM0 surface sensing versus as
and ac, corresponding to p = 1.585/ac, i.e., εf > εc.
Because of the non-negligible dependence of the maximum achievable TM-sensitivity on
the thin-film index it is interesting to make a parametrized comparison between TE0 and
TM0 mode sensitivities in order to make the right polarization choice in every sensing
configuration. The results of the comparison are reported in the chart of figure 14. The
abscissa and ordinate of the chart represent ac and as respectively. Every basic sensor
structure with its defined substrate, guide and cover index represents a point in the chart.
The (as, ac) plane is divided into two zones by a solid line for each value of the parameter
εc/εf. The zone at the left of the line corresponds to the sensing structures where the optimal
STM is larger than the optimal STE; the zone at the right of the line is for structures where STE
> STM. It is interesting to note that STM is always larger than STE if εc/εf ≥ 1, i.e., in case the
measurand film index is lower than that of the solvent.
35

Chapter 2

STM>STE

STE>STM

1.0

0.8
X
0.9

as

0.6

0.8
0.7

0.4
εc/εf=0.6
0.2

0.0
0.0

0.2

0.4

0.6

0.8

1.0

ac

Figure 14. (ac, as) plane with parametric lines εc/εf dividing the plane in
a left zone where STM>STE and a right zone where STE>STM in the surface
sensing scheme.
The use of the chart of figure 14 is illustrated by the concrete example of a silica
substrate (ns = 1.45), a SiON or SiO2-TiO2 sol-gel guide (ng = 1.7), an ultrathin film of index
nf = 1.6, and a water cover, nc = 1.33. This structure is located by a cross in the (as, ac)
plane: as = 0.73, ac = 0.61. For this structure the parametric line corresponding to εc/εf = 0.69
is located between the two lines for εc/εf = 0.6 and εc/εf = 0.7, which are indicated in the
figure. The cross is clearly at the right side of this line, which means that the maximum
sensitivity of the TE0 mode is larger than the maximum sensitivity of the TM0 mode.
As a conclusion, if the designer is free to use any sensing polarization, the structure
should first be located in the (ac, as) plane of figure 14, and with respect to the parametric
line εc/εf corresponding to situation being considered. Then, if the TE polarization is the
more sensitive one, the charts of figures 7, 8 and 9 can be straightforwardly used. Should the
TM polarization be the more sensitive one, then expressions (12, 17 and 18) must be
calculated exactly and the charts drawn corresponding to figures 10 and 11.
Towards the grating-coupled sensor
The results obtained here in the surface sensing case could have also been obtained by
requiring the square of the electric field amplitude at the guide-cover interface to be
maximum [7]. This condition is also a condition for the maximum of the efficiency of a
waveguide coupling grating at the same interface. Does this mean that the present results
provide the optimum design condition for a complete grating coupled surface sensor? The
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answer is ‘no’. The radiation efficiency of a waveguide grating coupler is not only
determined by the electric field strength at the interface where the grating is located, but also
depends on the self-interference of a radiated order upon its successive partial reflections at
the waveguide walls. This effect can be very pronounced in the case of high guidance
waveguides [10], which is precisely where the sensing sensitivity is the largest. This subject
will be treated in another paper.

2.7 Conclusion
The presented normalized analysis of a slab waveguide evanescent-wave sensor gives
analytical results which solve explicitly the problem of the optimization of all possible slabwaveguide sensors once and for all. The general results are represented in the form of a
single universal chart for the TE and TM modes in both sensing schemes of homogeneous
and surface sensing. This analysis has also revealed features of which the generality does
have practical implications.
Concerning homogeneous sensing:
•

The achievement of large maximum sensitivity does not require large-guidance
integrated optic technology.

•

For TE modes the configurations exhibiting large maximum sensitivity correspond to the
proximity of the cut-off.

•

For TM modes the configuration of large sensitivity corresponds to a larger distance
from the cut-off.

•

In most practical cases, e.g. where ac<as, it is advantageous to use the TM0 mode.

We have also pointed out that the same generalized formalism and results are valid in the
more typical case of lossy structures and of absorptive sensors.
Concerning surface sensing:
•

The maximum sensitivity on the dielectric load of an ultra-thin film for both
polarizations increases with a decrease of the asymmetry parameters ac and as (i.e. ng >>
nc, ns), and is always maximum in a symmetric waveguide (i.e. nc = ns). This is a
noticeable feature as compared with homogeneous sensing where a high maximum
sensitivity can be obtained regardless of the strength of the guidance.

•

A definite maximum sensitivity exists, whatever the relationship between the cover
index and the substrate index. This is again in contrast with the homogeneous sensing
case where a definite maximum only exists when index sensing is performed in the
cladding medium of the lower index.

•

The TM mode sensing sensitivity maximum is always larger than that of the TE when εf
< εc. In cases where the film index is larger than the cover index, the TE mode
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sensitivity can be larger than that of the TM, particularly in low guidance waveguides
and when nf and nc differ substantially.
•

Contrary to the case of homogeneous evanescent wave sensing, the optimum sensing
case corresponds to a well-confined mode with high field strength at the guide-cover
interface. This ensures good guidance conditions and allows for a high coupling
efficiency of a waveguide grating placed at the guide-cover interface.

The normalized analytical solutions obtained in the surface sensing case can be applied to all
slab-waveguide sensors where the measurand variation translates into a change of thickness
or refractive index of an ultrathin layer at the waveguide surface. Similarly, the present
results can readily be extended to the case of an absorbtive ultrathin transduction layer.
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3
SENSITIVITY ENHANCEMENT IN
EVANESCENT-WAVE SENSORS
It is shown that the sensitivity of the effective refractive index on the
cladding index in evanescent optical waveguide sensors can be
larger than unity. This implies that the attenuation of a guided wave
propagating in a waveguide immersed in an absorptive medium can
be made larger than that of a free-space wave propagating through
the same medium. The conditions for this puzzling behaviour are
identified and as a practical application, an absorption sensor, based
on a suspended silicon slab waveguide, is proposed where the
sensitivity is enhanced by a factor 1.35.

Chemical sensing is one of the non-communication application fields where integrated
optics can play an important role. In general, measurand-induced changes of refractive,
absorptive or luminescent properties of a medium or of a layer located in the evanescent
wave region of the propagating mode are measured. In this paper we will focus on refractive
and absorptive sensors where the sensing operation consists of the measurement of changes
of the real or imaginary part of the effective refractive index caused by measurand-induced
changes of the refractive index of the cladding. This has so far been made by using schemes
such as Mach-Zehnder interferometers [1,2], grating couplers [3-5], bent waveguides [6] or
absorbing waveguides [7]. All these devices are essentially based on a three-layer slab
waveguide configuration.
In a free space beam sensing scheme, discrete optical components such as mirrors, lenses
and spatial filters are used to define the wave front and the trajectory of the beam. The
integrated optic approach allows for a significant simplification of the optical system, since
the light routing and processing can be accomplished by a waveguide circuit. Nevertheless
this approach appears to have a drawback. It is generally assumed that the sensitivity of a
guided wave to changes of the cladding index is smaller or much smaller than that of a freespace beam. This assumption rests on the intuitive representation that only part of the optical
To be published as: G.J. Veldhuis, O. Parriaux, H.J.W.M. Hoekstra and P.V. Lambeck, “Sensitivity
enhancement in evanescent optical waveguide sensors”, Phys. Rev. Lett., submitted.
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field guided in the waveguide “sees” the analyzed medium. Here the sensitivity is defined as
the ratio of the effective index change of the guided mode to the refractive index change of
the cladding. This ratio is 1 for a free-space beam.
Nevertheless, for practical application the sensitivity should be as high as possible and
therefore the waveguide parameters should be chosen with care. In [4], analytical
expressions for the sensitivity of a given slab waveguide for both homogeneous and surface
sensing were derived from the characteristic equation for a three-layer slab waveguide. This
allows a case-by-case optimization of the waveguide parameters. We showed [8] that the
maximum obtainable sensitivity for a a three-layer slab waveguide is only dependent on two
normalized opto-geometric parameters which enabled us to give the optimization conditions
once for all cases and to present universal graphs of the maximum obtainable sensitivity.
In this paper a peculiar effect is reported, which occurs when using a symmetrical
waveguide for homogeneous sensing, i.e. where the measurand is homogeneously
distributed in the cladding medium. The measurand can be the real or imaginary part of the
cladding or any physical or chemical quantity causing a change of the latter. It was found
that for TM polarization and strong guidance conditions the sensitivity, δN/δncladding, can
indeed be larger than unity. This means that an integrated optical read-out and sensing
circuit can be made with an even higher sensitivity than in a free-space configuration. This
also implies that the attenuation of a guided wave propagating in a symmetrical waveguide
embedded in an absorptive medium can be larger than that of a free space beam propagating
in the said medium. To the knowledge of the authors, this phenomenon was not previously
reported.
In the following, the conditions for the sensitivity enhancement are identified by means
of an analysis in terms of normalized parameters similar to the treatment of [8]. It will be
shown that the effect only occurs for TM polarization. Universal graphs will be presented
which show the dependence of the effect on the waveguide contrast. Finally, a realistic
absorption sensor based on a suspended silicon waveguide technology will be proposed with
a sensitivity of 1.35, i.e. exhibiting absorption enhancement. This sensor can, for example,
be applied for selectively measuring a gas concentration by using its specific absorption
wavelength [9].
First, normalized expressions for the sensitivity will be derived which will be used to
investigate the occurrence and magnitude of the sensitivity enhancement. The starting point
for the analysis is the well-known characteristic equation for a three-layer slab waveguide as
illustrated in Fig. 1 [10]:
2π t 2
n f − N 2 − arctan
λ


!

  "# − arctan
  #$
!

N 2 − ns2 n f
n2f − N 2 ns

2p

  "# − mπ = 0
  #$

N 2 − nc2 n f
n2f − N 2 nc

2p

(1)

where t is the thickness of the waveguide core layer, ns, nf and nc are the refractive indices of
the substrate, core and cover layer respectively, N is the effective refractive index, m is an
integer defining the mode order, p = 0 for TE- and p = 1 for TM-polarization while λ is the
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Figure 1. Schematic representation of the slab waveguide under study.
The grey area indicates the normal electric field component of the TM0
mode in a large-guidance waveguide.
free-space wavelength. Equation (1) can be rewritten in a more compact normalized form as:
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where αs, αc, X and T are normalized dimensionless parameters, defined as:
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Here αs, and αc represent the normalized refractive index contrasts at the substrate and
cover side respectively, X is the normalized effective refractive index and T is the
normalized waveguide thickness. Note (from equation (2)), that for fixed polarization and
mode-order, T = T(X, αs, αc).
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The sensitivity to changes in the cover can be found by differentiating equation (1):
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here Pc/Ptot is the fraction of modal power located in the cover layer [4]:
Pc
Qc
X
=
Ptot T + Qs + Qc α c

(8)

with the normalized penetration depths [10]:
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Note (from equation (7)), that for fixed polarization and mode-order, also S = S( X, αs, αc).
For both polarizations, the sensitivity at the limits of the variation domain of X shows a
similar behavior. For a very thick waveguide (X → 0) it is clear that Pc/Ptot → 0 and
therefore S → 0. At cut-off, three different cases can be distinguished. If the waveguide is
symmetric (α ≡ αs = αc and X → α), then S → Pc/Ptot → 0.5. If nc > ns (X → αc) then S →
Pc/Ptot → 1. And finally, for nc < ns ( X → αs ) it turns out that S → 0 since in that case
Pc/Ptot → 0.
Since by definition αc > X, it can immediately be seen from (7) that for TE polarization,
where p = 0, STE < Pc/Ptot < 1 in all cases. However, for TM polarization, where p = 1, a
second term is present in the sensitivity expression (eq. 7) and it cannot be excluded a priori
that the term between brackets will be larger than 1 and that this also can lead to STM >
Pc/Ptot. In the following it will be investigated whether conditions exist for this to occur.
For given refractive indices of the layers and a given wavelength, we can find the
condition (i.e. thickness) for maximum sensitivity to changes in the cover by solving:
∂ ∂N
=0
∂t ∂nc

(10)

The mathematics for solving this equation can be simplified by considering:
∂ ∂N ∂S ∂S ∂X
=
=
∂t ∂nc ∂t ∂X ∂t
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Since δX/δt ≠ 0, the condition for maximum sensitivity is found by solving δS/δX = 0. After
some algebraic calculations, the exact condition for maximum sensitivity can be found as:
1+ 3

1− X
4(1 − X )
YQ +YQ
+ Qc − p
− s s c c =0
X
1 + α c − 2 X T + Qs + Qc

(12)

with:
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$

p

i = s, c

(13)

For a given mode-order and polarization, T and S depend only on X, αs and αc. Therefore
the optimum normalized effective refractive index, Xopt, which ensures the optimum
waveguide thickness for maximum sensitivity to changes in the cover for an otherwise fixed
set of waveguide parameters, is a function of αs and αc only, and can be found by solving
(12). Then, by substituting Xopt in (7) and (2), the maximum sensitivity to changes in the
cover, and the corresponding waveguide thickness can now be calculated for every possible
combination of ns, nf, nc and λ. The results obtained above can be used for both asymmetric
and symmetric waveguides, and it can be shown that the effect, S > Pc/Ptot, can occur in both
cases. Nevertheless, we will limit ourselves to the latter, i.e. α = αs = αc, with α being the
symmetrical waveguide contrast. In that case the waveguide can be cladded on both sides
with the medium to be analyzed, thus improving the sensitivity by a factor of 2, now
δN/δncladding = δN/δnc + δN/δns = 2δN/δnc. For reasons of practical interest, only the results
for the TM0 mode will be graphically represented here, although higher-order modes show
similar behaviour. Figure 2 shows the maximum achievable sensitivity, Smax = 2⋅S(Xopt), and
the corresponding power propagating in the cladding, 2Pc(Xopt)/Ptot, as a function of the
contrast ≡ α for the TM0-mode. Figure 3 shows the corresponding normalized waveguide
thickness, Topt = T(Xopt). The cut-off condition for the 0th (i.e. t = 0) and the first-order mode
are indicated by the dotted line and can be found, using N = nc = ns, from (2) as:
Tcutoff =

mπ
α

(14)

As shown in figure 2, a region exists where Smax is larger than 1, which corresponds to
the contrast being larger than 0.57. In this case the waveguide is strictly mono-modal and
well away from cut-off (see fig. 3), while the relative power propagating in the cladding is
smaller than 1. Because Smax > 1 does not take place of TE-modes, this peculiar behaviour
clearly originates from the additional (nf/ni)2 factors in the TM-characteristic equation (1). In
contrast with TE-modes, a variation of the ncladding in TM-modes also influences the E-field
discontinuity at the material boundaries. In large guidance structures this larger field-profile
change lets Smax exceed unity. The Smax-region where the contrast is smaller than 0.57
corresponds to a maximum sensitivity occurring at the cut-off thickness (t = 0) in fig. 3.
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Figure 2. Maximum achievable sensitivity, Smax, (solid line) and the
corresponding relative power propagating in the cladding, 2Pc/Ptot
(dashed line) for the TM0 mode versus the contrast.
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Figure 3. Normalized waveguide thickness, Topt, ensuring the maximum
sensitivity for the TM0 mode versus the contrast. The cut-off condition for
the TM0 and the TM1 mode are indicated by dashed lines.
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This means that symmetric weak guidance waveguides always exhibit a sensitivity smaller
than unity, S = 1 being reached at the cut-off of the TM0 mode, as for the TE0 mode.
It is of major interest to check whether a contrast value larger than 0.57 corresponds to a
combination of existing materials. It does indeed since α > 0.57 corresponds to nf > 1.5⋅nc.
This condition can easily be satisfied in the most relevant sensing applications, i.e. where
the measurand is a gas, a liquid or an organic film. In the case of a gas, nf must be larger
than 1.5 which authorizes the use of practically all slab step-index technologies. In the case
of a water cladding, nf must be larger than 2 which is provided by many dielectric films like
Si3N4, ZrO2, HfO2, Ta2O5 and TiO2. If the cladding material is a high index polymer like
polycarbonate (nc ≈ 1.6) TiO2 does fulfil the S > 1 condition. However, the highest
sensitivity will generally be provided by semiconductor films such as Si or GaAs, as shown
in the example hereafter.
The formalism and expressions derived here contribute no restriction to the permittivity
of the different layers, which may be complex. This means that if the nominal losses of an
absorptive sensor are small, which is true in most practical cases, the obtained maximum
sensitivities for a lossless structure also hold for a change in the imaginary part of the
refractive index. This implies that absorption enhancement can be obtained. As an example
of this, an absorption sensor for detecting gas concentrations at a specific absorption line
will be proposed.
A freely suspended silicon waveguide (nf = 3.45) in a gas atmosphere (ncladding = 1) has a
contrast, α = 0.916. A wavelength of λ = 1550 nm is assumed. Then, from figures 2 and 3,
and using (6), a sensitivity Smax = 1.35 can be obtained for a waveguide thickness of t = 192
nm. This means that although only 76% of the guided power is located in the cladding (see
fig. 2), the absorption of the light by the gas is enhanced by a factor 1.35 compared to that of
a free-space beam propagating in the same gas. This implies that an integrated optical readout and sensing circuit can be used with an even higher sensitivity than in the free-space
configuration. This result was checked by calculating the mode attenuation with a
commercially available mode solver [11] and with the expressions for the sensitivity given
in [4]. In addition it was independently confirmed by calculating the propagation of a
Gaussian light distribution into the discussed structure using a commercially available BPMalgorithm; in that way avoiding the use of modal expansions [11]. Note that absorption
changes in an aqueous cladding (nc ≈ 1.33) combined with a silicon waveguide will also lead
to absorption enhancement (S = 1.2).
Since gain in a medium can simply be seen as negative absorption, the obtained results
might also be relevant for obtaining larger optical amplification. For example the gain in an
erbium-doped silica waveguide (n ≈ 1.45, λ = 1550 nm) can be enhanced by a factor of 1.16,
by using a silicon waveguide cladded with erbium-doped silica instead (t = 162 nm). In the
case of amplification it would be even more interesting if δN/δnf were larger than unity.
Preliminary investigations show that this is the case. This topic will be dealt with elsewhere.
In conclusion, we have shown that in the case of homogeneous sensing with a three-layer
slab waveguide the sensitivity of the effective refractive index to variations of the cladding
index can be larger than unity for TM polarization and strong guidance. The observation is
against first physical expectations and, although the enhancement might be too small to
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compensate for the difficulty of injecting light into a waveguide, it opens up new
development perspectives for chemical sensors within the emerging field of silicon based
microsystems as well as for integrated optical amplifiers.

Acknowledgements
This research was financially supported by the Dutch Innovative Research Program Electrooptics.

References
[1]
[2]
[3]
[4]
[5]

R.G. Heideman, G.J. Veldhuis, E.W.H. Jager and P.V. Lambeck, S & A B35-36, 234, (1996).
B.J. Luff et al., JLT 16, 583, (1998).
A. Bernard and H.R. Bosshard, Eur. J. Biochem. 230, 416, (1995).
K. Tiefenthaler and W. Lukosz, J. Opt. Soc. Am. B. 6, 1989, 209, (1989).
G.J. Veldhuis, J.H. Berends, R.G. Heideman and P.V. Lambeck, Pure & Appl. Opt. 7, L23,
(1998).
[6] G.J. Veldhuis and P.V. Lambeck, Appl. Phys. Lett. 71, 2895, (1997).
[7] A. Brandenburg and R. Edelhäuser, S & A B 11, 361, (1993).
[8] O. Parriaux and G. J. Veldhuis, JLT 16, 573, (1998).
[9] K. Chan, H. Ito and H. Inaba, JLT LT-2, 234, (1984).
[10] H. Kogelnik in T. Tamir, Topics in applied physics, vol. 7, New York: Springer-Verlag, 1975,
chap. 2.
[11] BBV Software B.V., Enschede, The Netherlands.

46

4
SPIRAL REFRACTOMETER
A passive integrated optical waveguide refractometer based on
bendloss changes in a spiral-shaped channel waveguide is proposed
and fabricated in Si3N4/SiO2-technology. The experimentally
determined performance and the theoretical predictions, based on a
simple model for so called Whispering Gallery Modes, agree very
well. The minimum detectable refractive index change was
measured to be ∆n = 1.3⋅10-5.

Integrated optical sensors for measuring chemical or physical quantities show interesting
prospects because of their high sensitivity, small size, low price and the absence of electromagnetic interference. In the last decade many types of integrated optical sensors have been
proposed and fabricated, where devices based on a Mach-Zehnder interferometer are
generally considered as the most promising, due to their high sensitivity and intrinsic
balancing [1,2]. Unfortunately, these devices often require on-chip modulation to tackle the
phase ambiguity in the interference signal [3]. In this paper we propose a novel passive
waveguide refractometer, where refractive index changes induce a change in the bendloss of
a spiral-shaped channel waveguide. Here no on-chip modulation is required. Measurements
on a device fabricated in Si3N4/SiO2-technology are presented and its performance is
compared with theory.
The losses of a bent optical waveguide increase strongly with a decrease of either the
bending radius or the effective refractive index contrast defining the waveguide [4], a
dependency which has been used before in multi-mode glass fiber sensors [5]. Although
these fiber sensors are very cheap and reasonably sensitive, they can not compete with
integrated optics with respect to size, rigidity and design flexibility. In the sensor we
propose a single mode channel waveguide has been used which has a spiral shape as
illustrated in figure 1a. The radius of curvature R of the waveguide decreases in the
propagation direction so for a given effective refractive index contrast ∆N = (Ng-Nb), where
Ng and Nb are the refractive indices of the waveguide and the background respectively, the
Published as: G.J. Veldhuis and P.V. Lambeck, “Highly-sensitive passive integrated optical spiral-shaped waveguide
refractometer”,Applied Physics Letters, vol. 71, pp. 2895-2897, 1997.
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Figure 1. Schematic representation of the refractometer, with a top-view
of the spiral-shaped channel waveguide (a), a side-view of the sensor
waveguide (b) and a side-view of the input waveguide (c).
losses will gradually increase in the propagation direction and at a certain point in the spiral
all the light will be lost by the waveguide. The sensor principle is based on the shift of this
point in the propagation direction caused by an increasing refractive index contrast. In this
way the depth of propagation of the light into the spiral is a direct measure for the refractive
index contrast.
In literature simple expressions can be found for the attenuation in bent waveguides
which are in the so-called Whispering Gallery Mode (WGM) regime [4]. WGM means
basically that the waveguide is sufficiently wide for the modes to be guided by the outer
boundary of the bend only. These single boundary bends allow for a smaller radius for given
∆N and loss α in comparison with ordinary (two boundary) bends. The attenuation of such a
whispering gallery mode, A, is, within some boundary conditions, given by [4]
2
2
1
⋅ 10 2.29− 2.17 R n − 0.58 R n ( dB / rad )
π 100∆
∆N
N R 3
∆≡
with
. ∆ −0.01
and R n ≡ b ⋅ ∆2 ⋅ 1137
λ
Nb

A=

(1)

If we make the assumptions, as will later prove reasonable, that higher order modes play no
role in the sensor and that upon changing the radius of the bend the fundamental mode
evolves adiabatic, then for a given effective refractive index contrast, the total power loss in
the spiral as a function of the propagated angle, α(Φ), can be calculated by integrating (1)
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Φ

2
2
1
⋅ 10 2.29−2.17 Rn ( Φ )−0.58 Rn ( Φ ) ⋅ dΦ
π 100∆
0

α (Φ ) = ∫

(dB)

(2)

Using this expression the point were the light is lost by the waveguide, defined as Φα=20dB,
can be calculated.
The performance of the device will be determined by the choice made for the initial
radius, R0, and the angular dependency of the radius, δR/δΦ, together with the waveguide
cross section. From (1) it can be deduced that the sensitivity becomes higher with a larger
bend radius since the relative change in the effective refractive index contrast, ∆(∆N)/∆N,
will then be higher. Nevertheless the bending radius will be limited by the device size we
allow; in our case 1 cm2. From this we choose a initial radius R = 4 mm. The optimisation of
δR/δΦ was done by evaluating a number of different spiral shapes and an attractive, but not
necessarily optimum, spiral shape was found to be
R (Φ ) =

4
Φ
1+
25

(mm)

(3)

For obtaining a sensitive refractometer it is essential to find a waveguide geometry which
converts a refractive index change in the cladding layer, ∆nm, efficiently into a change in the
effective refractive index contrast, ∆N, i.e. we need a large value for δ∆N/δnm. This can be
obtained by the waveguide (cross section) illustrated in fig. 1b, which was used to show the
feasibility of the sensing principle. The effective index method [6] was used to reduce the
3D structure to 2 dimensions. If the refractive index of the index oil (in general the cladding
layer showing the ∆nm) changes, only the effective refractive index of the waveguide, Ng,
will change, whereas the refractive index of the background, Nb, will remain unchanged
because here the optical field does not penetrate the oil. This means that for this type of
waveguide optimizing δ∆N/δnm is the same as optimizing δNg/δnm, which has been studied
extensively earlier [7]. For our sensing device we chose to use a He-Ne laser with a
wavelength λ = 632.8 nm and quasi-TE polarization. For the structure with the parameters
as shown in figure 1b, optimized for the in our laboratory available Si3N4/SiO2-technology
[8], we then find δ∆N/δnm = 0.19.
Using (2) and (3) together with the waveguide geometry (fig. 1b), we can calculate
Φα=20dB, i.e. how far the light propagates into the spiral before the light is lost, as a function
of the applied refractive index difference between the SiO2-cladding and the index oil, nmnc. This is the dotted curve in fig. 2. A straight-waveguide attenuation of 0.5 dB/cm was
incorporated in this analysis. It can be seen that δΦ/δnm ≈ 400⋅2π rad.
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Figure 2. Penetration angle of the light into the spiral (Φα=20dB) versus
nm-nc. The dotted line is the theoretical curve, the solid line the
theoretical curve for a residual SiO2 layer of 40nm thickness; the dots
are the experimental values.
The structure of fig. 1, was realized by growing a 120nm thick Si3N4-layer (n = 2.010) on
a thermally oxidized (n = 1.457) silicon wafer using Low Pressure Chemical Vapor
Deposition [8]. After photolithography a ridge with a height of 1 nm and a width of 5 µm
was etched for the input channel using a Buffered HF etchant (fig. 1c). The dimensions of
this input channel as well as its offset to the outer boundary of the bent sensing waveguide
were not optimized. After this a 2 µm thick SiO2 layer (n = 1.470) was grown using Plasma
Enhanced Chemical Vapour Deposition. For defining the sensing waveguide this layer was
partially removed, also using BHF (fig. 1b). The thickness of the cladding is sufficient to
prevent the modal field from penetrating the measurand and the width of this waveguide
was chosen to be 20 µm to assure that the modes are in the WGM regime [4].
For demonstrating the feasibility of the sensing principle, measurements on the device
were performed with a ccd-camera, allowing a simple determination of the point where the
intensity of the light scattered by the waveguide, i.e. the light inside the waveguide, is
reduced 20 dB with respect to the intensity at the beginning of the spiral. The refractive
index nm was varied using several refractive index oils. Fig. 3 shows the penetration of the
light into the spiral for four different values of nm; 1.4990, 1.5047, 1.5059 and 1.5109
respectively. The refractive indices of the liquids were measure with an Abbe-refractometer.
The sensing capability of this device is clearly illustrated; the higher the refractive index of
the oil the further the light penetrates the spiral (fig. 3a-d).
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Figure 3. Scattered light in the spiral for different values of nm; nm=1.4990
(a), 1.5047 (b), 1.5059 (c) and 1.5109 (d). Note that the pictures have an
initial rotation of π/12 rad.
In fig. 2 the dots indicate how far the light penetrates the spiral (Φα=20dB) as a function of
nm-nc. It is clear that the theoretical curve does not coincide with the experimentally found
points. The reason for this was found by Scanning Electron Microscopy to be a 40 nm thick
residual layer of SiO2 in the sensing waveguide area, apparently due to a too short etching
time in the sensing waveguide defining etch step. The solid line in fig. 2 is the theoretical
curve calculated for the real structure and it clearly agrees with the experimental points very
well. This residual layer however results in a reduction of the slab sensitivity to δ∆N/δnm =
0.10, resulting in δΦ/δnm ≈ 210⋅2π rad.
Although this work was performed as a feasibility study rather than an attempt to find the
perfect design, we already achieved a very high sensitivity. If we assume that one rotation in
the spiral can be measured with a resolution of 1/360, with a detector array or ccd-camera, a
sensing resolution of ∆n = 1.3⋅10-5 can be achieved, while for the originally designed
structure a resolution of ∆n = 7⋅10-6 can be calculated. Also facilities for compensation of
temperature effects can be incorporated. Furthermore the working point, i.e. the sensitivity
region, can be adjusted to the specific application. Note here that SiOxNy layers can be made
with a refractive index in the range 1.45 < n < 2.00. Device to device reproducibility
depends on technological limitations, which should be determined carefully.
In conclusion a novel highly sensitive passive integrated optical spiral-shaped waveguide
refractometer was proposed and fabricated in Si3N4/SiO2 technology. A resolution in the
refractive index of ∼ 1.3⋅10-5 is shown, and a value of 7⋅10-6 is calculated for an even not
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optimized structure. The experimental performance of the device agrees very well with the
simple model derived for WGM waveguide bends. The sensor concept is shown to be
flexible (the range can be adjusted to practical specifications) and is expected to be well
applicable in making useful integrated optical sensing systems.
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5
REFRACTOMETER WITH A FIXED
BENDING RADIUS
This paper reports on a refractometer that is based on measuring the
throughput of a bent channel waveguide. A new type of channel
waveguide, designed in SiON technology makes the throughput
strongly dependent on the refractive index of a measurand fluid.
This new waveguide can be designed for any measurand refractive
index range between 1.00 < n < 2.00. In addition, monomode input
and multimode output waveguides matching the sensor waveguide
were designed which significantly simplify the fabrication process
by eliminating the occurrence of critical alignment steps during the
processing. Preliminary measurements on the device show a high
sensing resolution of ∆n = 1x10-5 in an aqueous solution with a
refractive index of n = 1.37. The sensor characteristics, make this
simple sensor very interesting for controlling a chemical
concentration during chemical processes, e.g. in the food and
beverages industry.

5.1 Introduction
In recent literature, integrated optical sensors for measuring (bio-) chemical quantities
receive a lot of attention [1]. In general, optical sensors are attractive because they show a
high sensitivity, no electro-magnetic interference and offer the possibility to identify
materials by their spectral “finger print”. Implementing them as integrated optical systems
brings additional advantages. In the most common type, the evanescent field sensors, the
refractive index changes in a thin region above the waveguide surface have to be probed
only, allowing for a small sample volume and the use of thin chemo-optical transduction
layers (~1µm). Due to the latter, low response times can generally be obtained because the
measurand has to diffuse into the material over small distances only. Secondly, sensor IOTo be published as: G.J. Veldhuis, L.E.W. van der Veen and P.V. Lambeck, “Integrated optical refractometer
based on waveguide bend loss”, Journal of Lightwave Technology, submitted.
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chip of the same design can be used for several different applications, by applying different
tranduction layers. The sensors can have a small size, low cost prize and be very robust.
Furthermore, the development of the required technologies is boosted by the rapid
developments in the fields of IC-technology and optical telecommunications. Finally,
integrated optics can be easily integrated with microelectronics for signal processing and IOsensors can be well incorporated into Micro Total Analysis Systems (µTAS) [2].
Recently we proposed and demonstrated the spiral sensor, a new type of refractometer
[3], based on the measurement of changes in the waveguide bend-loss. The main element of
this sensor was a bent channel waveguide, designed for efficiently converting a change in
the refractive index of a cladding material into a change of the lateral refractive index
contrast defining the waveguide. The losses of such a bent waveguide are strongly
dependent on this contrast as well as on the bend radius and in the spiral sensor the exact
contrast has been read out by continuously decreasing the bend-radius of the waveguide in
the propagation direction. At a certain point (or bend radius) in this spiral, all the light will
have been radiated out of the waveguide. This point on the spiral is detected with a CCDcamera and is a direct measure for the lateral contrast and therefore the refractive index of
the cladding. The obtained resolution in sensing refractive index changes is ∆n = 1.3x10-5.
Although this sensor concept is very promising, the reported spiral sensor showed some
drawbacks. The first is related to the spiral shape of the waveguide. To detect the position of
the exact point where all the light is lost from the waveguide, i.e. where the intensity of the
scattered light has decreased to a value below the detection limit, the image of a CCDcamera has to be interpreted. This involves an expensive camera and complex data
processing. The second drawback is related to the used waveguide geometry. It only allows
measurement of refractive indices in the range above 1.46, which leaves the interesting
index range between 1.00 and 1.46 uncovered.
In this paper we will address both problems. The sensor readout is simplified by choosing
a device layout where the throughput of a waveguide with a constant bend radius is
measured with one detector only (or two if a power reference is required). Furthermore, a
new type of waveguide is introduced which allows for adjusting the center value of the
measurement range, i.e. the working point, to the desired value within the range 1.00-1.46.
In this way refractive indices changes in aqueous solutions can be measured, which has
interesting applications in, e.g., the monitoring of production processes in the food and
beverages industry [4]. We have designed and realized a sensor of that type, showing a
resolution of ∆n = 1x10-5 at a working point of n = 1.37.
This paper will mainly concern the design and fabrication of the device. First a general
analysis of the sensitivity of the waveguide bend-losses to changes in the index contrast will
be given. Then, a new type of waveguide cross-section will be introduced, followed by the
design of the complete device. Next, the fabrication procedure will be described and finally
some experimental results on the device will be presented and discussed.
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Figure 1. Schematic representation of the considered curved waveguide
segment, including the used parameters.

5.2 Bend sensitivity
First the sensitivity of the bend-loss of a bend waveguide to a change in the lateral refractive
index contrast that defines the waveguide will be considered. Figure 1 shows the waveguide
segment under consideration. It consists of a slab waveguide core with refractive index, Ng,
surrounded by a slab background with refractive index, Nb. The configuration also
represents channel waveguides where generally the optical performance can be well
converted into that of a slab waveguide by means of the Effective Index Method [5]. The
waveguide core width is wb and the bend radius is, R, over a bend angle, φ. The refractive
index contrast is defined as ∆N = Ng-Nb. We will focus on bends in the so-called
Whispering Gallery Mode regime. WGM basically means that wb is large enough for the
modes to be guided by the outer boundary of the bend only. For given ∆N and bend-loss αb,
the use of such a “single boundary” bend allows for a smaller bend radius in comparison
with ordinary (two boundary) bends. In literature simple expressions can be found for the
attenuation in bent waveguides in the WGM regime [6]. The loss of the fundamental WGM
in a bend segment is, within some boundary conditions, given by

1

6

α b ∆ , Rn , φ =

π φ
101.29 − 2.17ξR − 0.58ξ
2 ∆
n

2

Rn2

(dB )

(1)

with

ξ = ∆3/21137
. ∆−0.01

(2)
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where
∆ = ∆N / N b

(3)

is the normalized refractive index contrast and
Rn =

Nb R
λ

(4)

the normalized bend radius with λ the vacuum wavelength of the used light. Note that by
using these normalized parameters, αb depends on ∆, Rn and φ only. The relative power
throughput, PT, of a bend section is now given by
α 1 ∆ , Rn ,φ 6
− b
Pout ,0
10
PT ∆ , Rn , φ =
= 10
Pin ,0

1

6

(5)

where Pin,0 and Pout,0 are the input and output power of the fundamental WGM respectively.
Figure 2 shows the throughput versus the normalized contrast for different values of the
normalized radius and for a bend angle of φ = π/2 rad. It is clear that a higher contrast is
required to guide the light through a segment with a smaller bend radius. Furthermore, it can
be seen that the throughput strongly depends on the contrast and that this dependency gets
stronger (i.e. the curve gets steeper) for a larger normalized radius, Rn. This can easily be
understood since a given change of the normalized contrast will be more effective, the lower
the value of ∆. This dependency will be referred to as the bend sensitivity, S, and is defined
as

1

6

S ∆ , Rn , φ ≡

1

∂PT ∆ , Rn , φ
∂∆

6

(6)

It is clear from the curves that S will have an optimum (i.e. maximum value) at PT ≈ 0.5.
The figure also shows that the measurement range gets smaller for increasing sensitivity, as
could be expected. The sensor design can therefore be optimized towards maximum
sensitivity or towards an optimal range depending on the intended application. The shape of
the response curve makes the sensor especially suitable for critical value detection or for
accurate proportional control of a chemical concentration. Below a given refractive index
there will be no throughput while above the critical value the device will show an
appreciable and constant throughput. In order to evaluate equation (6), figure 3 shows the
bend sensitivity versus the normalized radius and the normalized contrast for a bend angle
of φ = π/2 rad. For every value of the normalized contrast, the sensitivity shows to have a
clear optimum, where the corresponding Rn value depends on the specific value of the
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Figure 2. Relative throughput, PT, versus the normalized contrast, ∆, for
different values of the normalized radius, Rn, and for a bend angle of φ =
π/2 rad.
normalized contrast. The maximum obtainable sensitivity, Smax, increases with decreasing ∆
or alternatively with increasing Rn. In the common case, the main objectives in designing the
sensor are the maximization of the sensitivity and the minimization the device size; this
implies that a compromise between these two demands has to be found. From the definition
of Rn it follows that for a given sensitivity, the use of a small wavelength or a high
background index can reduce the device size.
For every value of Rn and φ, the value of the normalized contrast, ∆opt, that corresponds
to maximum sensitivity can be calculated by solving

1

6

∂ ∂PT ∆, Rn , φ
=0
∂∆
∂∆

(7)

The results of this calculation are, for different values of the bend angle, shown in figure 4.
For a given value of Rn, ∆opt decreases when the bend angle decreases. Figure 5 shows the
values of the maximum obtainable sensitivity, corresponding to figure 4. From the figures
we see that reducing the bend angle can also reduce the device size without considerable
sensitivity loss. For later use note that, from a least square fit to figure 5, the maximum
obtainable sensitivity for a given value of the normalized radius can be expressed as

S = Cφ ⋅ Rn0.7

(8)

where Cφ is a constant depending on the bend angle used.
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Figure 3. Bend sensitivity, S, versus the normalized radius Rn and the
contrast ∆ for a bend angle of φ=π/2 rad.
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Figure 4. Normalized refractive index contrast ∆opt versus the normalized
bend radius Rn corresponding to maximum bend sensitivity for the given Rn
value for different values of φ.

58

Refractometer with a fixed bending radius

4

(δPT/δ∆)opt (x103)

φ=π

3

φ=π/2
φ=π/4

2

(δPT/δ∆)π = 2.960(NbR/λ)0.70

1

0
0

5

10

(δPT/δ∆)π/2 = 2.776(NbR/λ)

0.70

(δPT/δ∆)π/4 = 2.585(NbR/λ)

0.70

15

20

25

30

3

NbR/λ (x10 )
Figure 5. Maximum obtainable bend sensitivity, Smax, versus the normalized
bend radius, Rn, for different values of the bend angle, φ.
It is interesting to see what sensitivity can be obtained in a practical situation. When we
use, as a set of typical parameters, a large bend radius of R = 1cm, a small wavelength of λ =
632.8 nm, a relatively small angle φ = π/2 rad and a small value of the background index Nb
= 1.541 (Rn = 2.44x10-4), we find a value for the sensitivity of S = 3265. If a change in the
power throughput of 0.005 (i.e. a 1% change of the throughput at the maximum sensitivity
point) can be detected, this implies that a change in the effective refractive index contrast of
∆Nmin = 2.4x10-6 can be measured. In that case the measurement range, defined as 10%-90%
Pin, will be between N10% = 1.54245 and N90% = 1.54295.

5.3 Waveguide cross-section
The next step in obtaining a real sensor is the choice of a suitable waveguide cross-section.
As mentioned earlier, the 2D bend structure can be related to the real 3D waveguide through
the use of the effective index method [5]. The waveguide should efficiently translate a
change in a measurand refractive index, nm, into a change of the effective refractive index
contrast. Figure 6a schematically shows a ridge waveguide, which is commonly used in
sensing applications. Here, nf, ns and nm are the refractive indices of the guiding layer,
substrate layer and measurand respectively, while nf > ns,m to assure waveguiding. For this
type of waveguide, both Nb and Ng, i.e. the effective indices of the corresponding slab
guides, will change with nearly the same amount, upon a change in nm. Therefore, ∆N stays
nearly constant, which makes this waveguide unsuitable for the bend-sensor. Figure 6b
shows a waveguide, which solves this problem [3]. An additional cladding layer with index
nc assures that Nb is independent of the measurand index. In that case δ∆N/δnm = δNg/δnm.
The waveguide is guiding if the conditions ng > ns,m,c and nm > nc both hold. This last
condition implies a serious drawback of this waveguide. Since it is required that nm > nc and
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Figure 6. Channel waveguide cross-sections of (a) a standard ridge
waveguide, (b) the previously reported sensor waveguide, (c) the new
sensing waveguide.
since nc > 1.46 for most optical materials commonly used, only measurand indices higher
than 1.46 can be used. However, one of the most interesting measurement ranges is that of
concentration changes in an aqueous solution, i.e. nm ≈ 1.33-1.38. Figure 6c shows a
modification of the previous waveguide, which enables nm to be smaller than nc while the
waveguide remains guiding. For a given value of Ng, the measurand index can be reduced to
values well below nc, provided that the thickness of the guiding layer in the center region is
increased sufficiently.
Now that the basic geometry is known, the waveguide will be designed in SiON on Si
technology. SiON allows for the refractive index to be tuned between 1.46 and 2.01 by
adjusting the O/N ratio during deposition. In addition, it has excellent properties such as a
very uniform layer thickness, large index homogeneity, a low attenuation and a good
reproducibility [7, 8]. The wavelength that will be used is λ = 632.8 nm (He-Ne). The
waveguide will be designed for maximum sensitivity at a measurand index of nm ≈ 1.35. Of
course it will be assumed that the measurand is transparent for the wavelength used. The
waveguide width depends on the eventual choice for R and this will be discussed in the
following section.
The final aim of the optimization procedure is to find the highest possible device
sensitivity, δPT/δnm, for given device dimensions (R/λ). The device sensitivity can be
written as
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Figure 7. Optimized sensing waveguide cross-section.

 
 

∂PT ∂PT ∂∆ ∂∆N
1 ∂N g
R
=
≈ Cφ Rn0.7
= Cφ
∂nm ∂∆ ∂∆N ∂nm
λ
N b ∂nm

0 .7

1 ∂N g
N b0.3 ∂nm

(9)

where the approximate relation (8) has been substituted in expression (9). Although this
means that (δNg/δnm)⋅Nb-0.3 has to be optimized, the optimum waveguide will be close to the
one where δ∆N/δnm = δNg/δnm is as large as possible. The optimization of δNg/δnm has been
dealt with elsewhere [9]. The analysis given there, showed that the waveguide index should
be as large as possible and the substrate index as small as possible, i.e. nf = 2.01 and ns =
1.46. Also TM-polarization should be used for obtaining maximum sensitivity. In that case a
value δNg/δnm = 0.28 follows for a waveguide thickness of 120 nm. The cladding material
has a refractive index nc = 1.47. By considering that ∆N << 1 (see fig. 2), a good
approximation of the required thickness of the background waveguide layer can be found by
solving ∆N = 0, which yields a thickness of 95 nm. Note that due to this approximation the
actual working point will be shifted slightly above 1.35. Calculations [10] show that a
thickness of the substrate layer of 1.7 µm is sufficient to prevent the absorption (< 0.01
dB/cm) of the guided light by the silicon wafer (n = 3.85-0.019i @ 632.8 nm). The thickness
of the cladding layer should be sufficient to prevent the light from “feeling” the measurand.
For a thickness of 1.0µm we find δNb/δnm < 2 x 10-5, i.e. 4 orders of magnitude smaller than
δNg/δnm, which will do. Figure 7 shows the designed waveguide with its parameters. The
minimum refractive index change that can be detected was calculated for the set of typical
parameters R = 1 cm, λ = 632.8 nm, φ = π/2 rad and Nb = 1.541, yielding ∆nmmin =
∆Nmin/(δNg/δnm) = 2.4x10-6/0.28 = 8.6x10-6. The measurement range as defined before,
approximately extends between 1.353 < nm < 1.355.
Calculation shows that the total sensitivity loss resulting from just optimizing δNg/δnm
instead of (δNg/δnm)⋅Nb-0.3 is only 0.01%. This is mainly caused by the fact that optimization
of δNg/δnm yields a waveguide near cut-off, i.e. with a small value of Ng ≈ Nb as required by
equation (9). Therefore, the simpler optimization of δNg/δnm only, is justified.
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Figure 8. Schematic top view of the complete sensor layout. The device is
approximately 20 mm long and 6 mm wide.

5.4 Device design
Now the sensor waveguide geometry is known, the layout of the complete sensor can be
designed. Figure 8 shows a schematic top-view of the complete sensor. The sensor can be
divided in three different parts. First the light is brought to the sensor waveguide by means
of a passive monomode input waveguide (white region). This allows for a good control of
the light profile and, in future designs, for implementation of additional (monomode
waveguide based) components such as Y-branch splitters for signal processing and
referencing purposes. The modal field of the input waveguide is laterally matched to that of
the sensing waveguide by a tapered section. The sensor waveguide (dark grey) consists of an
S-bend to save some lateral space. Finally the light is collected by a passive multimode
output waveguide. The high contrast of the multimode waveguide (light grey) allows for a
small bend radius and by bending the output towards the input waveguide, it is prevented
that the light that is radiated out of the bend, will be collected by the detector.
The cross-section of the input and output waveguides is strongly determined by the desire
to have an accurate and simple fabrication procedure. The most straightforward method to
fabricate the waveguide of figure 7, is the deposition of a 120 nm thick guiding layer on the
substrate layer, followed by an etch step to define the ridge. Deposition of the cladding and
the etching of the trench complete the waveguide. Unfortunately, this procedure will imply
the application of a critical alignment step during the masking. The mask for definition of
the trench has to be aligned to the ridge that already has been etched. In order to avoid this
step, a new procedure for the waveguide definition was introduced. Here a 95 nm thick
waveguide layer is deposited on the substrate layer first, followed by the deposition of the
cladding. Then the trench is etched, followed by deposition of a 25 nm thick waveguide
layer. The resulting structure is schematically represented in figure 9a. The light does not
“see” the 25 nm thick layer in the background area and therefore the waveguide is
functionally equal to that of figure 7.
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Figure 9. Channel waveguide cross-sections of (a) sensor waveguide, (b)
input waveguide and (c) output waveguide.
The passive monomodal input and multimodal output waveguide both require a
waveguide cross-section that is different from that of the sensor waveguide. Mask alignment
is necessary when two different transversal waveguide geometries have to be interconnected.
The alignment errors in the direction normal to the propagation direction are much more
critical than those parallel to the propagation direction. In the first case, the error causes an
undesired lateral shift of one waveguide with respect to the other, resulting in severe modal
field mismatch and therefore in large transition losses. In the later case there will be a small
distance between both waveguide segments in the direction where the light is already going
and the modal field shape will not change significantly in a few micron propagation length.
With this in mind the input and output waveguide have to be fabricated in such away that a
lateral mismatch is avoided. This requires a special design of these waveguides, that on one
hand removes the need for alignment and on the other hand can be realized by the already
given fabrication technology.
A cross-section of the multimode output waveguide is given in figure 9c. It is basically
the same as that of the sensing waveguide but now the waveguide is covered with SiO2. In
this way the guided light is protected from the environment and the contrast is increased
significantly to ∆Nout = 0.042, allowing for loss-less bends with a small radius. The input
waveguide has much in common with the output waveguide and is shown in figure 9b. Here
however, the trench is not etched completely down to the guiding layer. To obtain a
monomodal waveguide for an acceptable waveguide width, a separation thickness, tsep = 400
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nm is left. This will lead to a contrast of ∆Nin = 0.0011 which gives a monomode cut-off
width of 5.2 µm.
In the used technology, the transitions between the three waveguides are implemented
abruptly in the vertical direction. This leads to some losses, that can be calculated from the
modal field overlap, yielding 0.4 dB for the input to sensor coupling and 0.2 dB for the
sensor to output coupling. This is an acceptable small loss penalty. The lateral dimensions of
the different waveguides are optimized to assure maximum throughput at the working point,
i.e. the nm value at the maximum sensitivity. The starting point is the sensor waveguide.
Next to analytical expressions for calculating the WGM bend-loss, Smit et al. [6] give
expressions to minimize the losses caused by the discontinuities at the straight to bend
waveguide transition. First of all, in the bend the distance of the mode-maximum to the
outer waveguide boundary, ∆r, can be calculated from
∆r =

2

7

λ
(100∆ ) −1/ 2 −0.9 + 4.7 Rnξ − 2.0 Rn2ξ 2 + 0.35Rn3ξ 3 2 0.01− ∆
Nb

(10)

For obtaining minimal transition losses (i.e. maximum modal field matching), the straight
waveguide has to be centred to the maximum of the bend mode and the optimum width, ws,
of this straight waveguide can be calculated from
ws =

2

7

λ
(100∆ ) −1/ 2 4.56 + 2.45Rnξ − 0.18 Rn2ξ 2 175
. 0.01− ∆
Nb

(11)

The resulting transition loss then follows from

η = 101.63−5.97 R ξ + 3.92 R ξ
n

2 2
− 0.82 Rn3ξ 3
n

(dB)

(12)

Finally the condition for the bend waveguide width, wb, required to assure being in the
WGM regime is
wb > 15
. ws

(13)

which defines the last free design parameter of the waveguide cross-section.
With the above expressions, the lateral layout of the waveguide in the sensing part can be
designed. First the bend radius and the total bend angle were chosen as R = 1 cm and φ =
π/2 (two times a π/4 bend). For this bend radius it follows from (10) that the mode
maximum is located ∆r = 2.3 µm from the outer bend boundary. From (11) it follows that
the optimum straight waveguide width in that case is ws = 8.3 µm which using (12) yields a
loss of 0.35 dB per transition. At the transition between the two curved sections the mode
maxima are aligned and an upper limit for the transition loss of 0.7 dB can be estimated (i.e.
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Figure 10. Relative throughput of the complete device versus the
waveguide index, Ng, calculated with 2D-FD-BPM.
twice the straight to bend loss). Finally with (13) the minimum WGM bend width can be
calculated, which yields wb > 12.45 µm. In the design wb = 13 µm was used. The width of
the mono-mode input channel was chosen as 4 µm (being well under the mono modal limit,
< 5.2 µm). To match the lateral mode width to that of the sensor section, the waveguide
width was tapered to 7 µm. 2D-FD-BPM calculations [10] showed that a taper length of
1mm assured negligible losses. The width of the output waveguide was chosen, rather
arbitrary, the same as that of the sensor bend, we = 13µm. The used bend radius was Re =
3.07 mm, which leads to a separation of 250 µm between the input and output waveguide.
As a final check of the design, the throughput of the complete device (conformally
mapped to a straight waveguide) was calculated by means of 2D-FD-BPM [10] for a large
range of Ng. This allows the determination of the influence of the transition losses that are
dependent on ∆N. Figure 10 shows the simulation results. The curve agrees very well with
the maximum sensitivity and measurement range calculated with the simple model. After
reaching the maximum throughput the signal fluctuates somewhat but clearly stays above
75%.

5.5 Device fabrication
The first step in the fabrication process of the device is the growth of a 1.7 µm thick SiO2
substrate layer on a 3’’ <100> silicon wafer by thermal oxidation. Then a 95 nm thick Si3N4
waveguide layer is grown by low pressure chemical vapour deposition (LPCVD) [7],
followed by 1.4 µm thick SiO2 cladding layer, grown by plasma enhanced chemical vapour
deposition (PECVD) [8]. After photolithography, the cladding was etched down to a
thickness of 1 µm in the sensor and output area by means of BHF etching. Then all
waveguide trenches were applied by means of photolithography, followed by a 1µm etch
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Figure 11. SEM picture of a cross-section of the fabricated sensing
waveguide.

Figure 12. Detail of figure 11.
with BHF. The waveguide layer was used as the etch-stop since the difference in etch-rate
between SiO2 and Si3N4 is a factor 200. At this point in the realization process the trenches
of all waveguides are etched and also the 400 nm thick spacer layer in the input channel is
left. The next step is the growth of the 25 nm thick LPCVD Si3N4 layer that defines the
waveguides. This is followed by the growth of the 2 µm thick PECVD SiO2 top cladding.
Then, after photolithography, the sensor region is etched free with BHF, which completes
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the device. Finally, the wafer is cleaved in order to create an end-face for coupling the light
into the waveguide.
Figure 11 shows a SEM picture of the cross-section of the completed sensor waveguide.
The tuning layer is not abruptly separated from the waveguide layer in the background
region, since the side walls of the waveguides are not straight but are slightly curved due to
the isotropic nature of the used etching process. Figure 12 shows a detail of figure 11 and
the two Si3N4 layers that form the waveguide can be clearly distinguished. The upper Si3N4
layer extends to the sidewalls. In spite this difference between the intended and realized
side-wall shape, the behavior of these waveguides will, in good approximation, be the same
as these with straight walls as intended by the design, since the optical field decays very fast
(exponentially) in the cladding layer.
Its important to note that the position of the working point is very sensitive to the
thickness of the 25 nm layer, δN/δt = -0.007 nm-1. This means that the exact working point
can easily be set by making the thickness of the top Si3N4 layer deliberately somewhat larger
than intended, followed by a tuning etch step. This can easily be done with a BHF etchant
which has an etch rate of 0.6 nm/min.

5.6 Experimental results
First measurements on the device show promising results. The device was characterized
by measuring the throughput of the device when applying different concentrations of cane
sugar in water as the measurand. In this way the refractive index of the solution can be tuned
between 1.33 and 1.38 [11]. The results of the measurements are shown in fig. 13. The
refractive indices of the solutions were measured with an Abbe-refractometer, which has an
accuracy of ∆n = ±5x10-4. It is clear that the sensor works and that the working point is well
below the value of 1.46 as were the main goals of this work. The sensitivity agrees well with
the calculated value of ∆nmmin = 1x10-5. The working point however, is shifted to a value of
n = 1.37. Although this is a large shift compared to the designed working point of 1.35, it
can be explained by a deviation from the designed value of the Si3N4 layer thickness in the
center layer stack, the actual value being only 3 nm smaller. As mentioned before,
incorporating a tuning step in the fabrication process can compensate for these technological
deviations.
The solid line in figure 13 shows the calculated sensor response for a working point of nm
= 1.37. The measured throughput is scaled to fit this curve. Although the measured points
correspond very well with the calculated curve, the experimental results show an unexpected
decrease when the measurand index is increased far beyond the working point. The origin of
this decrease is not clear at this point. Additional experiments will be done in the future to
clarify this problem.
The several transitions between different types of waveguides were visually evaluated by
microscope. No significant decrease of intensity of the guided light across a transition was
observed. Also the attenuation of the input and output channel was estimated to be well
below 2dB/cm.
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Figure 13. Measured (dots) and calculated (line) relative throughput of
the device versus the measurand refractive index, nm.

5.7 Conclusions
In conclusion, a normalized analysis of the bend sensitivity was presented which clearly
shows the potential of the bend-loss mechanism for refractometic sensing with IO-devices.
A device based on this mechanism was designed. The device incorporates three different
waveguide geometries. The sensing waveguide was designed in such a way that the
sensitivity of the lateral contrast to the measurand index is maximized. The specific design
also allows for a definition of the working point in the range 1.00 < n < 1.46. The input and
output waveguides were designed to avoid critical alignment steps in fabrication. All three
waveguides functioned well. Preliminary measurements on the complete device showed a
maximum sensing resolution of ∆nm = 1x10-5, obtained at a working point of nm = 1.37
while the measurement range extends between 1.369 < nm < 1.371. This clearly shows the
potential of this device for applications in process control, e.g. in the food and beverages
industry, where obtaining a critical value or (proportional) control of the refractive index,
representing a given chemical constitution, is required.
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6
MECHANO-OPTICAL ON/OFF SWITCH
This chapter presents an integrated mechano-optical waveguide
on/off switch, where an absorbing element is moved into and out of
the evanescent field of the guided mode in order to achieve
switching. For the electrostatically driven devices an extinction ratio
of 65 dB at an actuation voltage of 2.5 V has been achieved in a 9.5
mm long device for a wavelength of 632.8 nm. The calculated
mechanical fundamental resonance frequency is 1.95 kHz. The
device design enables future vacuum sealing that will annihilate the
squeeze damping, which in the present device reduces the response
time to 10 s. Full wafer scale fabrication is enabled by using
standard silicon technology, chemical mechanical polishing and
aligned wafer bonding. The devices can be used for channel
selection purposes in integrated optical sensor arrays.

6.1 Introduction
Most active integrated optical devices require the use of electro-optic or thermo-optic
materials, the first showing small effects and the latter requiring relatively high switching
powers. Devices based on the integrated optic nanomechanical (IONM) effect do not show
these drawbacks. In these devices, the mechano-optical interaction is achieved by moving an
element into the evanescent field of a waveguide mode [1,2]. Figure 1 gives a schematic
representation of this mechanism. The element can either change the real or the imaginary
part of the effective refractive index of the guided mode. The effect was named after the
nanometer scale movement of the element in the evanescent field. Several devices based on
the IONM effect have been reported so far. Devices based on phase modulation, such as a
Mach-Zehnder based 1x2 switch [3], a Bragg-reflector based wavelength-filter [4,5] and an
acousto-optical sensor [6]. Also electrostatically driven intensity on/off switches using an

To be published as: G.J. Veldhuis, T. Nauta, C. Gui, J.W. Berenschot and P.V. Lambeck, “Electrostatically-actuated
mechano-optical waveguide on/off switch showing high extinction at a low actuation voltage”, Journal of Selected Topics
in Quantum Electronics- issue on MOEMS, accepted for publication.
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Figure 1. Schematic representation of the integrated optical nanomechanical effect.
absorbing element have been reported [5,7,8]. These devices perform an elementary optical
function and are expected to be of use in various applications. They can be used for the
channel selection in intensity based integrated optical sensor arrays [9] or as a shutter to
lower the cross-talk in more sophisticated 1xN switches. Elementary advantages of the
electrostatic actuation are that no actuation is required in the “on” state, while actuation
requires a low power consumption.
The performance of these devices is improving continuously. Magel [5] reports on
electrostatically driven devices fabricated with sacrificial etching techniques that show an
extinction ratio of 17 dB at a voltage of 50 V and a response time of 0.5s. Recently we
proposed, and demonstrated the feasibility of an electrostatically driven on/off intensity
switch, which is fabricated using a two-wafer technique [7]. Due to the good control of the
fabrication process, a device was obtained, showing a 37 dB extinction ratio at a 25 V
driving voltage [8].
This paper will report on a completely new design of the on/off switch. By using a
double side clamped membrane instead of a four side clamped one and by a careful
optimization of the device parameters, the relevant device characteristics have been
improved considerably. The actuation voltage has been reduced to 2.5 V, while the
extinction has been enlarged to 65 dB. The improved fabrication process allows for a better
control of the membrane thickness and the resulting switch can be easily enclosed in a
sealed cavity. The latter not only prevents pollution of the device, thus increasing the
lifetime, but is also facilitating future vacuum sealing.
The following will start with the device design, followed by a description of the
fabrication process. Finally, measurements on the static as well as on the dynamic behaviour
of the device will be presented and discussed.
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Figure 2. Artist impression of the reported bridge type device.

6.2 Device design
Figure 2 shows an exposed view of the device. The devices are fabricated in standard silicon
technology and consist of a wafer with the optical waveguide structures (optical wafer), a
wafer with movable elements (mechanical wafer) and a glass plate for sealing the cavity.
These three parts are fabricated separately and the complete device is then assembled by
bonding them together. The devices will be actuated electrostatically. The mutually
electrically isolated mechanical and optical wafers serve as the electrodes. The electrostatic
force drives the movable element towards the waveguide upon application of an actuation
voltage.

6.2.1 Optical design
The waveguide is designed in SiON-technology for the He-Ne wavelength, λ = 632.8 nm
and TE-polarization of the propagating mode. The used ridge type channel waveguide is
schematically shown in figure 3. The waveguide consists of a Si3N4 core layer (ng = 2.01) on
top of a SiO2 buffer layer (ns = 1.46). Such channel waveguides have often been applied in
integrated optical sensing [10,11] and show excellent characteristics, such as good thickness
uniformity, high refractive index homogeneity as well as a low attenuation of typically 1
dB/cm [12]. The use of a mono-mode high guidance waveguide makes it possible to obtain
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Figure 3. Schematic representation of the cross-section and parameter
definition of the used ridge type channel waveguide.
a high power fraction of the guided mode in the air, while the penetration depth is small
[13]. In this way, only a small movement of the element is required for obtaining significant
effects. The movable element is made of Si (ne = 3.85 - 0.019i), which is not transparent for
the used wavelength and also shows a much higher value of the real part of the refractive
index than the waveguide core. Moving the element closer to the core layer will result in
leakage of light from the waveguide to the element which will then immediately be absorbed
(the bulk attenuation of Si at λ = 632.8 nm is 1.7x104 dB/cm).
As will be discussed later on, the lateral confinement of the light will be achieved by
etching a ridge with a height of only 1 nm into the waveguide layer. Therefore, the
attenuation of the channel waveguide, as induced by the movable element, will
approximately (i.e. within 1%) be equal to that of the slab waveguide. Figure 4 shows the
losses of the guided slab mode after decreasing the gap width from infinity (no attenuation)
to 100 nm, versus the thickness of the core layer, d, as calculated with a commercially
available 2D mode-solver [14]. The smallest gap width being 100 nm, results from the
incorporation of bumps into the design as discussed later on. From the figure it is clear that
for all values of d the effects are extremely large. Nevertheless, a clear maximum loss of
12000 dB/cm is theoretically reached for a core thickness d = 83 nm, which therefore is used
for the device. In this case an interaction length of 50 µm is sufficient to obtain an extinction
ratio > 60 dB. Note that loss values of >> 60 dB are very difficult to measure
experimentally, because of the inevitable occurrence of stray light that propagates as slab
modes through the IO-chip and is in part collected by the detector. The stray light originates
from the non-perfect performance of functional elements like fiber-chip couplers, where
mode-mismatch cannot be ruled out completely.
The initial gap width should be as small as possible, so minimal movement is required
for obtaining a high attenuation. On the other hand it should be large enough to assure that
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Figure 4. Calculated maximum obtainable attenuation of the guided
mode versus the waveguide thickness.
in the “on” state no significant attenuation (i.e. < 0.01 dB/cm) occurs in the switch. The
choice of the gap width is however dictated by another consideration. The input and output
waveguide are covered by a SiO2 cladding layer (n = 1.47), which will also serve as a spacer
layer in the assembled system. In this region the evanescent field has a larger penetration
depth than in the air gap and a cladding thickness (= initial gap width), dgap = 1.4 µm has to
be chosen to assure that the attenuation by the silicon is less than 0.01 dB/cm in this region
[14]. For the choice of the thickness of the buffer layer the same type of consideration holds
as for the initial gap width. Now the penetration depth of the field into the buffer is largest in
the air gap region and a thickness dbuffer = 2 µm is used to assure that the attenuation due to
the silicon substrate < 0.01 dB/cm in this region [14]. The light is confined laterally by a w
= 2.5 µm wide ridge, which is the minimum width that can be defined with the available
pattern generator, of e = 1nm height in the Si3N4 layer. The ridge height was chosen to
guarantee monomodal behaviour of the waveguide, the cut-off of the first order lateral mode
corresponding with a ridge height of 2 nm. The lateral modal width is ≈ 5µm [14] and the
element should be much wider to assure that all of the guided mode is attenuated.

6.2.2 Mechanical design
The element can be suspended above the waveguide in the form of a membrane, bridge or
cantilever structure. Although for a given device length, the required actuation voltage is
lowest for the cantilever, here the emphasis is laid on the design of bridge structures.
However, also some experimental results on cantilevers will be presented.
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Figure 5. Pull-in voltage, Vpull-in, versus the bridge length, L, with the
bridge thickness, h, as a parameter.
The device is actuated electrostatically by applying a voltage between the mechanical and
the optical silicon-wafer. By increasing the voltage the gap width gets smaller. However, at
a certain gap width, pull-in will occur [15]. This means that beyond this point no stable
equilibrium for the element position exists. If the applied voltage is larger than the pull-in
voltage, Vpull-in, the bridge will immediately fall down to the smallest possible gap width
(due to the bumps) of 100 nm, i.e. the “off” state.
For the current device, the pull-in voltage can be calculated from [15]

V pull −in =

3 3
. π2
122
E h deff
L2
1 − ν 2 12ε 0

(1)

where ε0 is the dielectric constant in vacuum, E = 160 GPa is the Young’s modulus of single
crystalline silicon and ν = 0.271 is Poisson’s ratio. The effective distance between the two
capacitor plates (i.e. the silicon wafers), deff, can be calculated as deff = dgap/εr,air +
dSi3N4,core/εr,Si3N4 + dSiO2,buffer/εr,SiO2 (see fig. 3), where εr,air = 1, εr,Si3N4 = 4.2 and εr,SiO2 = 4.4
are the relative dielectric constants of the used materials [16]. L is the bridge length and h
represents its thickness. The width of the bridge does not play any role here. Figure 5 shows
the pull-in voltage versus the bridge length, L, with the bridge thickness, h, as a parameter.
For obtaining a low actuation voltage the bridge thickness should be made as small as
possible. Taking into account technological considerations h = 20 µm is chosen. At a given
bridge thickness, the pull-in voltage gets lower as the bridge gets longer. For the reported
device an actuation voltage of 1.25 V was chosen which fixes the bridge length at L = 9.5
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mm. For the bridge width, b, two values are chosen to investigate the influence of this
parameter on the attenuation as well as the dynamic behaviour. The values are b = 120 µm
and b = 3000 µm. The width of the air gap next to the bridge is 1mm. The device sizes are
3.2x9.5 mm2 and 5x9.5 mm2 for the narrow and the wide bridge device respectively. After
pull-in, the shape of the beam is difficult to model. However, according to figure 4, the
attenuation per µm will be so high that once pull-in has occurred, the mode will be
sufficiently attenuated.
The use of the pull-in mechanism will result in the smallest possible actuation voltages,
note however that the device can also be designed in such a way that no pull-in occurs.
Although in this case the actuation voltage will be much larger, this configuration has the
advantage that the attenuation can be controlled continuously and that any contact between
the waveguide and the bridge can be avoided, thus ruling out the occurrence of stiction
during actuation.
An important parameter in the dynamic behaviour of the device is the fundamental
resonance frequency of a bridge. It can be calculated from [17]

f1 =

1
ω 1 α 12 h
E
=
2
2
2π 2π L 1 − ν 12 ρ

(2)

where α1 = 4.730 is a constant which depends on the resonant mode order and ρ = 2330
kg/m3 is the density of silicon [16]. From equation (2) it is clear that the longer the bridge,
the lower the resonance frequency. Thus there is a clear trade off between a low actuation
voltage (eq. 1) and a high resonance frequency (eq. 2). The same holds for the bridge
thickness. By substituting the parameters of the designed device into (2), the resonance
frequency can be calculated to be f1 = 1.95 kHz. This means that actuation frequencies up to
1 kHz should be possible. Unfortunately in the device the dynamic behaviour is deteriorated
by air damping so the real modulation frequency is expected to be much lower.
To estimate the effect of the air damping on the dynamic behaviour, the response time of
the bridge is calculated for small deflections. In that case, the two most important damping
mechanisms involved are free space airflow damping and squeeze damping in the narrow
gap. Hosaka et al. [18] provide methods to calculate both damping coefficients for a slender
beam. Because in the reported devices the air gap is very narrow (at least 100 times as small
as the beam width), the squeeze effect dominates the damping (about 3 orders of magnitude
higher than free space airflow damping).
For every eigenmode n of the beam, the system can be modelled as a damper-spring
system, for which a standard second order transfer function applies. If the system is highly
damped, as is the case here, this transfer function can be written as a cascade of two first
order systems:
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1 + sτ n ,1 1 + sτ n ,2
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(3)

in which the time constants can be expressed as

4

9

(4)

4

9

(5)

τ n ,1 =

1
2ζ
ζ n + ζ 2n − 1 ≈ n
ωn
ωn

τ n ,2 =

1
ζ n − ζ 2n − 1 ≈ 0
ωn

where ω n is the eigenfrequency and ζ n is the damping ratio of mode n. The approximation,
τn,2 = 0 is allowed if the damping ratio is very large ,i.e. ζ n >> 1 . In that case, τ n,1 is dictating
the time response of the system and will from now on be written as τ n . Substitution of the
eigenfrequency (eq. 2) into the expression for the damping ratio given in [18] results in
ζn =

µb 2
µ
= 2
3
2ρd gap hω n α n

3(1 − ν2 ) b 2 L2
ρE
d 3gap h 2

(6)

where µ = 179
. ⋅ 10−5 N ⋅ s ⋅ m−2 [16] is the air viscosity in ambient atmosphere. If the
fundamental mode is considered only ( α 1 = 4.730 ), the damping ratios yield ζ1 = 8.21⋅ 10
and ζ1 = 513
. ⋅ 104 for the narrow and the wide beam respectively. Because both devices are
highly damped, indeed the approximations introduced in equation (4) and (5) are valid. By
substituting the obtained values in (4) the time constants can be calculated, resulting in
τ1 = 13ms for the narrow and τ 1 = 8.4s for the wide. Especially the wide beam will be very
slow.
In order to prevent stiction [19] of the element to the waveguide during fabrication or
after actuation of the device, bumps have been introduced in the design [7] that will reduce
the contact surface. The bumps are 10x10 µm2 wide, 100 nm high and symmetrically
distributed underneath the bridge. Starting 35 µm from the waveguide centre, they are
repeated every 500 µm in the lateral direction and every 200 µm in the propagation
direction. To investigate the necessity of the bumps also a device without bumps was
included in the design.
The cavity is sealed by bonding a glass plate on top of the mechanical wafer. This
prevents pollution of the cavity and protects the bridge. It also enables the control of the
modulator environment (i.e. the pressure and the gas composition in the cavity). In the
current design the device was bonded under atmospheric conditions. However, in the future
vacuum bonding can be applied which should remove the squeeze-film damping and will
prevent the humidity related loading effects that are sometimes observed in these type of
devices [4].
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a

b

c
Figure 6. Fabrication sequence for the mechanical wafer. (a) Definition
of the bridge size and thickness, (b) free etching of the bridge and (c)
removal of the mask.

6.3 Device fabrication
6.3.1 Optical wafer
The fabrication process for the optical wafer [12] starts with the thermal growth of a 2 µm
thick SiO2 layer on top of a 3-inch silicon substrate. In this layer bumps were fabricated by
means of photolithography and BHF etching. Next a low-pressure chemical vapour
deposition (LPCVD) Si3N4 layer was deposited on the oxidised wafer, followed by the
definition of channel waveguides by means of photolithography and BHF etching. After
that, a plasma enhanced chemical vapour deposited (PECVD) SiO2 cladding/spacer layer of
1.6 µm thickness was deposited. After smoothening the PECVD SiO2 layer using CMP,
cavities were patterned and etched with a BHF solution.

6.3.2 Mechanical wafer
Figure 6 schematically shows the fabrication sequence of the mechanical wafer. The
fabrication of the mechanical wafer starts with a 3-inch, double side polished, <100>
oriented silicon wafer. After growing a low stress LPCVD silicon nitride masking layer, the
bridge pattern is applied in the mask layer on one side of the wafer, followed by etching 20
µm deep holes with a 25 % KOH solution at 75 °C (this etch depth will define the bridge
thickness, see fig. 6a). After this the mask layer was removed using an HF etchant and a new
silicon nitride masking layer was deposited. This time the other side of the wafer is
patterned and by applying a visual stop technique (silicon is not transparent for visible light,
silicon nitride is), the bridges are etched free with the previously mentioned KOH etchant
(see fig. 6b). This visual stop procedure allows for a more accurate bridge thickness
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Figure 7. AFM picture of the surface of PECVD SiO2 as fabricated (a)
and after CMP (b). The RMS-roughness is reduced from 2.2 nm to 0.2
nm.
definition than the previously reported time stop procedure [7]. To complete the mechanical
wafer, the masking layer is removed (fig. 6c).

6.3.3 Chemical mechanical polishing
To enable direct bonding between PECVD SiO2 and Si, a CMP process on the PECVD SiO2
layer surface is necessary [20]. Fig. 7 shows the surface roughness of PECVD SiO2 before
and after CMP as measured with an atomic force microscope (AFM). The root mean square
(RMS) roughness of PECVD SiO2 was reduced with a factor of 10 after polishing.

6.3.4 Aligned wafer bonding of mechanical and optical wafers
After fabricating the optical wafer and the mechanical wafer, aligned wafer bonding was
used to assemble them together [7]. Prior to bonding, the optical and membrane wafers were
thoroughly cleaned. The bonding of both wafers was carried out with a double-sided mask
aligner. This mask aligner allows an alignment accuracy of about 1 µm. Special attention
should be paid to prevent contamination of the wafers during loading.
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Figure 8. SEM picture of the device after bonding the mechanical and
the optical wafer together.

After bonding, the wafer pair was annealed at an elevated temperature of 800 °C for 4
hours. The resulting bonding strength is around 2 J/m2. Figure 8 shows a SEM picture of the
topside of the narrow bridge device at this stage of the fabrication process. The suspended
bridge is clearly visible.

6.3.5 Sealing the cavity
The cavities are sealed by anodic bonding of a piece of pyrex onto the mechanical wafer.
From a 500 µm pyrex wafer a strip is diced which is sufficiently large to cover all cavities.
After cleaning the pyrex strip with HNO3, both the fusion bonded wafer pair and the pyrex
strip are cleaned by O2 plasma ashing. After aligning the strip on top of the mechanical
wafer by hand, anodic bonding is conducted at 450 °C, 500 V for about 20 min.

6.3.6 Dicing
Special care has been taken in dicing the devices. The normal dicing procedure, i.e. just
sawing the wafer in pieces, brings the risk that particles are short circuiting the optical and
mechanical wafer, which makes the electrostatic actuation impossible. Also laser cutting
cannot be applied, because of the risk of melting both wafers together, again creating a short
circuit. Cleaving the device over one of the crystal axis of silicon is also not possible due to
the slight misorientation of the crystal axes of the two bonded silicon wafers. The solution to
this problem, illustrated in figure 9, was found in stopping the sawing of the wafer stack just
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Figure 9. Illustration of the applied dicing procedure. Sawing is stopped
before the bond interface is reached and the device is then cleaved along
the saw cut.
before the interface between the optical and mechanical wafer is reached and then use this
line to cleave the devices.

6.4 Experimental results and discussion
Five different devices have been fabricated. Two with the bridges as described before, two
cantilever structures with the same widths as the bridges, and a narrow bridge device
without bumps. It was found that immediately after fabrication, in the device without
bumps, the bridge was stuck to the optical wafer. This was not observed in the devices with
bumps. This clearly proves the necessity of introducing bumps into the design. The other
four devices showed attenuation of the optical power upon actuation. Unfortunately, after
applying actuation voltages higher than 20 V, the cantilevers got stuck to the optical wafer.
This is attributed to the flexibility of the cantilevers, being clamped at one side only, which
enables an additional deformation in between two neighbouring bumps, the down side
finally reaching the optical wafer. This made further characterisation of these devices
impossible. Nevertheless it is believed that cantilevers can be used well for these type of
device provided that the maximum actuation voltage is limited to below the critical value for
stiction.
Figure 10 shows the static throughput versus actuation voltage curve of the 3 mm wide
bridge structure. Pull-in is clearly observed at a voltage of approximately Vpull-in = 1.75 V.
The shift of the pull-in voltage compared to the designed value of 1.25 V is attributed to
differences between the actual thickness of the different layers and the intended values. For
voltages above 1.75 V the device will switch to the “off” state, which shows the very high
extinction ratio of 59 dB. This value does not represent the ultimate limit of the attenuation
mechanism. It is believed that the resulting detected intensity is stray-light, arising from
imperfect end-fire coupling of the laser light into the waveguide channel. The laser beam is
focussed down to a circular spot of 2 µm diameter, while the channel-mode shape is
elliptical with dimensions of 0.5 µm x 5 µm. Therefore a large fraction of the light will be
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Figure 10. Throughput versus the applied voltage, V, for the 3 mm wide
bridge.
coupled to radiation modes propagating within the multi-layer structure. For voltages above
2.5 V an even higher extinction ratio of 65 dB can be obtained. This last increase cannot be
explained by additional bending of the bridge in-between the bumps. Calculations showed
that a 200 µm wide bridge at 100nm above the waveguide will only deflect 0.05 nm [15],
i.e. will only increase the optical losses (in dB) by 1 ‰ [14]. It is believed that the extra loss
results from the attenuation of radiation modes by the increased contact area (in the
propagation direction) that occurs when the bridge rolls-off due to a voltage increase after
pull-in. The modelling of the bridge shape after pull-in is very difficult and has not been
performed yet.
For the narrow bridge the maximum extinction obtained was only 43 dB when an
actuation voltage above V = 1.5 is applied. This lower extinction is attributed to a stronger
contribution of the radiation modes; the 3 mm wide beam is capable of attenuating more of
these radiation modes, which leads to the higher extinction.
The experimentally observed response time of the devices upon actuation is clearly
different for the two devices. Both response times were limited by the elastic recovery of the
beam from full deflection back to its original position. That of the narrow bridge was
approximately 10 ms where as the response time of the wide bridge was approximately 10 s.
This agrees very well with the values of 13 ms and 8.4 s calculated for the squeeze-film
damping induced time-constants. Therefore it can be concluded that, as expected, squeezefilm damping is the major damping mechanism in ambient atmosphere. A significant
improvement of the modulation speed might therefore be expected if the squeeze damping is
taken away by vacuum sealing the device. In that case it is expected that the modulation
frequency will be limited by the mechanical fundamental resonant frequency of 1.95 kHz.
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6.5 Conclusion
In conclusion, a, standard Si/Si3N4/SiO2-technology based, electrostatically driven integrated
mechano-optical waveguide on/off switch is reported which has an extinction ratio of 65 dB
at an actuation voltage of 2.5 V. The frequency response is shown to be limited by squeezefilm damping. However, the device design enables future vacuum sealing, which will
annihilate this damping and will reduce the response time response time remarkably. The
device performs an elementary optical function and can be used for the channel selection in
intensity based integrated optical sensor arrays or as a shutter to decrease the cross-talk in
1xN switches.
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7
THERMO-OPTICAL INTENSITY MODULATOR
This paper proposes and evaluates a new type of integrated optic
intensity modulator. The device principle is based on influencing the
bend-loss in a waveguide by changing the lateral refractive index
contrast defining the guide. The device is expected to be applicable
as a shutter in NxM switching arrays for decreasing the cross-talk.
As a proof of principle, a thermo-optically actuated device,
fabricated in a combined polymer/siliconoxynitride technology, is
presented. It shows an extinction ratio of 23 dB for an actuation
energy of 1.5 W at a wavelength of 1.55 µm.

7.1 Introduction
Intensity modulation of the guided light is one of the most elementary operations in
integrated optics. Intensity modulators can be subdivided in two distinct classes, modulators
based on interference and devices where the absorption or radiation losses of the waveguide
are changed. Examples of interference based modulators are the Mach-Zehnder
interferometer [1,2] and the directional coupler [3]. These devices have the advantage that
the optical power is not lost during modulation, but can be transferred to another waveguide.
Unfortunately they have the large drawbacks that the device operation with respect to on/off
switching is usually polarization sensitive as a consequence of the phase periodicity
combined with imperfect technology, The latter also impeding high extinction ratio’s (in
general not exceeding 25 dB). Examples of the second class of devices are intensity
modulators based on moving an absorbing element into the evanescent field [4] or devices
where the absorption of the waveguide is changed by carrier injection [5]. These devices are
polarization insensitive and although they also can be used as an analogue modulator, their
relevance arises from their on/off switching performance. The devices can be switched from
a broad range of states, all obeying the “on” specification, to another range of states all

To be published as: G.J. Veldhuis, F.N. Krommendijk and P.V. Lambeck, “Thermo-optical intensity modulator based on
a bent channel waveguide”, Journal of Lightwave Technology, submitted.
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matching the “off” state, i.e. it has a digital response to actuation. This leads to fairly relaxed
technological tolerances compared to the interference based on/off modulators.
In this paper we propose a new type of intensity modulator based on bend loss
modulation, i.e. a modulator of the second class. The losses of a bent optical channel
waveguide increase strongly with a decrease in either the bend radius or the refractive index
contrast defining the waveguide, a dependency that we have used before in evanescent-wave
sensing [6]. For a fixed bend radius, and an appropriate (high enough) lateral refractive
index contrast between the core and the cladding material, all the light will be guided by the
bend. If the lateral refractive index contrast is now lowered sufficiently, part of the light will
be radiated out of the waveguide, the exact fraction depending on the value of the contrast.
By adjusting the contrast value, the precise transmitted power can be controlled. The device
operation is in principle polarization independent and it shows a digital response.
An additional advantage of the proposed active bend shows when it is applied as a shutter
to reduce the cross-talk in NxM switches used for signal routing in telecom applications
[7,8,9,10]. Here, the cross-talk specifications of one switching unit are usually obtained by
cascading two 1x2 switches [7,10]. This approach has the large drawback that it
significantly increases the device size and reduces the number of devices per wafer. The
proposed modulators however, can be introduced as a shutter without the loss of wafer space
since they can simply replace the passive bends that are already incorporated in the designs
for interconnecting the basic (1x2) switching blocks. In case the switching operation an the
on/off modulation rely on the same physical principle (e.g. electro-optic or thermo-optic),
introduction of active bends does not require a more complicated switch control system.
The scope of this paper is the investigation of the potential of the proposed device both
theoretically as well as practically. In the first section of the following, a very basic
theoretical evaluation of the device concept with respect to its most important characteristics
is presented. The next section reports on a proof of principle type device that has been
designed and fabricated in a hybrid SiON / polymer based technology. Experimental results
on the device show an extinction ratio of 23 dB for an actuation energy of 1.5 W at a
wavelength of 1.55 µm.

7.2 Theoretical evaluation of the device concept
In this section the device concept will be evaluated. After introduction of the analytical
model used to describe the device losses, attention will be paid to the most important
aspects of the device such as the required refractive index change for on/off switching, the
corresponding actuation power, the device dimensions and the fiber-to-chip coupling loss.
The phase-modulation characteristics of the waveguide will also be considered in case it will
also be used for the switches. Finally, the polarization sensitivity and the expected switching
times will be discussed. The analysis is elementary and universal in the sense that it does not
depend on the specific actuation mechanism.
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Figure 1. Schematic representation of the proposed device, with (a) a
top-view of the device and (b) a cross section of the waveguide.

7.2.1 Modelling of the device loss
A schematic top view of the proposed S-bend shaped device is shown in fig. 1a. The offsets,
d0 and 2d0, between the parts of different curvature are introduced to compensate the wellknown shift of the modal profile to the outer boundary of curved waveguides. The
waveguide cross-section that will be considered is shown in Fig. 1b. It consists of a square
core with width, 2ρ, and a refractive index, nc, surrounded by a lower index cladding
material with index, nb. A square core waveguide in principle has the advantage that both
the modal propagation and the fiber-chip coupling are polarization independent. In addition
it can facilitate efficient fiber-chip coupling. For the time of being we will just assume that
we can somehow change (decrease) the refractive index of the core compared to that of the
cladding. It will later be shown how this can be done. This decrease will lead to an increase
of the bend-loss.
In literature analytical expressions can be found which, in good approximation, describe
the losses of buried square core (BSC) waveguides [11]. The expressions are valid for both
polarizations, since only weakly guiding waveguides will be considered (i.e. (nc-nb)/nb <<
1). The theory is limited to the propagation of the fundamental mode. The modal field,
Ψ(x,y), is approximated by the Gaussian function




Ψ( X , Y ) = exp −

1 X 2 + Y2
2 S2




(1)

where, S ≡ s/ρ, is the normalized modal spotsize and X ≡ x/ρ and Y ≡ y/ρ are normalized
coordinates. The losses in a bent channel waveguide can be split into two components, pure
bend loss and transition losses. The pure bend loss, α, is caused by the inherent lossy nature
of a bent-waveguide mode, while the transition loss, γT, is caused by the mode mismatch
between waveguides of different curvature. The complete loss of the device, Atot, is given by
Atot = αLwav + 2γ TSB + γ TBB

(2)
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where Lwav is the waveguide length, γTSB the straight to bend transition loss which occurs
twice in the device and γTBB is the bend to bend transition loss halfway the device. The pure
bend loss can, for BSC waveguides, be calculated from
α = 10 ⋅ log(e)

π V 4S 2
erf 4
1.5
2 W




1
2S







1
4 R W3
exp −
∆
Rρ
3 ρ V2




dB / m

(3)

where ∆ is the normalized refractive index contrast defined as
∆=

nc2 − nb2
2nc2

(4)

while the degree of guidance, V, is given by
V=

2πρ 2
nc − nb2
λ

(5)

The normalized eigenvalue of the dispersion relation, W, is defined as
W=

2πρ
N 2 − nb2
λ

(6)

with N the effective refractive index of the fundamental mode. The eigenvalue, W, and the
spotsize, S, and can be obtained by solving the equations
W 2 = V 2erf 2

and

 1  − 1
 S S

(7)

2

   
   

2V 2
1
1
1
exp − 2 erf
=
S
S
S
π

(8)

The waveguide length, Lwav, can be calculated from the bend radius, R, and the S-bend
offset, O, as




Lwav = 2 R ⋅ arccos 1 −

O
2R




The device length, L, is related to the radius and offset through
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Figure 2. Bend radius, R, versus device length, L, for an Offset, O = 100
µm.
L = 4 R ⋅ O − O2

(10)

Again for BSC waveguides, the transition loss can be calculated from [11]

 
! 

γ T = −10 ⋅ log exp −

1 D2
2 S2

 "#
$

dB

(11)

where D is the relative shift, D = d/ρ, between the maxima of the modal fields of the two
(center aligned) waveguides of different curvature. For a straight to bend transition, this
shift, D, can be expressed in terms of S as
D=

V2 ρ 4
S
∆ R

(12)

The shift of the bend to bend transition is just twice that of the straight to bend transition.
With the expressions above the behaviour of the proposed modulator can now completely
be described. Since the parameter of most interest, namely the contrast ∆n, is present in Atot
in a very complex way, the device behaviour will be evaluated graphically in the next
paragraphs. First the number of free parameters will be limited by setting the wavelength to
λ = 1.55 µm (i.e. the third telecom window), the S-bend offset arbitrary to O = 100 µm and
the refractive index of the background to nb = 1.51. This refractive index is in the range of
both SiON [12] and polymer [13] waveguide technology. At this point the only free
parameters of the device are L, ρ, the refractive index contrast, ∆n, and the shift, d0. All
other parameters can be calculated from them. For referencing purposes figure 2 shows the
bend radius versus the device length of the S-bend for the given offset.
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Figure 3. Refractive index contrast, ∆n, versus the device length, L, for
different values of the guidance, V, in case Atot = 0.1dB.

7.2.2 Device dimensions
Before actuation, the device should be virtually without losses. It will be required that Atot =
0.1 dB in that case. In addition we will require that without any actuation, the shift, d0, is
matched to the modeshift in the bend such that no transition losses contribute to Atot. In that
case, for a given value of the device length, L, and the degree of guidance, V0, the
corresponding values of ρ and ∆n can be calculated from the expressions given above.
Figures 3 and 4 show ∆n and ρ versus L with V0, where all points correspond to systems
that obey Atot = 0.1 dB. Only mono-modal waveguides have been considered, i.e. V0 < 2.13.
As expected, for al values of V0, the required index contrast, ∆n0, is lower for larger device
lengths (i.e. larger bend radius) while the corresponding ρ increases with L. For decreasing
V0, ∆n0 increases while ρ decreases. The corresponding values of the shift, d0, (assuring no
transition losses before actuation) were calculated from equation (12) and are given in figure
5. The shift increases with both L and V0 but is always much smaller than ρ. An idea of the
L-dependence of the required thickness of the waveguide can be obtained by considering
that it should be proportional to (and much larger than) the mode width, 2ρS. Figure 6
shows the mode width versus the device length.

92

Thermo-optical intensity modulator

12
V0=2.0

10

V0=1.8
V0=1.6

ρ (µm)

8

V0=1.4

6

V0=1.2

4
2
0
0

1

2

3

4

5

6

7

8

9

10

L (mm)
Figure 4. Waveguide half-width, ρ, versus the device length, L, for different
values of the guidance, V, in case Atot = 0.1 dB.
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Figure 5. Mode shift versus the device length, L, for different values of the
guidance, V0, in case Atot = 0.1 dB.
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Figure 6. Mode width, 2ρS, versus the device length, L, for different values of
the guidance, V0, in case Atot = 0.1 dB.

7.2.3 Required index change
Now that the device dimensions for given L and V0 are known, it is interesting to see what
refractive index change, ∆nact, is required to change the Atot from 0.1 dB to 30 dB. This can
be calculated from equation 2 and the result is shown in figure 7. Note that now the
transition loss will play a role in Atot. It is clear that for larger device lengths, i.e. for larger
bend radius and lower ∆n0, ∆nact is also smaller. The value ranges between ∆nact = 0.5x10-3
(L ≈ 10 mm) and ∆nact = 5x10-3 (L ≈ 2 mm).

7.2.4 Actuation power
One of the most important device parameters is the actuation power, P, required to obtain an
extinction of 30 dB. This is hard to quantify without knowing the exact actuation method.
Nevertheless it is reasonable to assume that P is proportional to the device volume that has
to be actuated times the required refractive index change. The device volume is proportional
to the modal field area times the waveguide length and therefore

1 6

P ∝ ∆nact ⋅ ρS ⋅ Lwav
2

(13)

This gives a method to compare the required actuation powers for the different devices.
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Figure 7. Required refractive index change, ∆nact, for the devices as
designed in figures 2 and 3, versus the device length, L, for different
values of the guidance, V0 in case upon actuation Atot = 30 dB.
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Figure 9. Fiber-to-chip coupling loss versus the device length, L, for
different values of the guidance, V0, in case Atot = 0.1 dB.
Figure 8 shows the required actuation power versus the L for the devices as defined in the
section “device dimensions”. From the figure it can be seen that for obtaining a low
actuation power, it is advantageous to use a low guidance waveguide and a short device
length. A decrease in device length clearly has a larger impact on the actuation power than
the corresponding increase in ∆nact.

7.2.5 Fiber-chip coupling
Another important parameter is the fiber to chip coupling efficiency. If the normalized spot
size of the fiber mode profile, W = w/ρ, is known, the coupling loss can be calculated from
[11]

 41W ⋅ S 6 
= −10 log
 2W + S 7 
2

FCloss

2

2 2

(14)

For a standard single-mode step-index fiber at λ = 1.55 µm, the spotsize equals w = 3.71
µm. Figure 9 shows how the coupling loss depends on the device length and the guidance of
the waveguide for the device as defined in the section “device dimensions”. From the figure
it is clear that for large device lengths it is advantageous to use a low guidance waveguide
while for decreasing device length the guidance should be higher to assure low coupling
losses.
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Figure 10. Sensitivity of the effective refractive index of the guided mode
to changes in the core index, δN/δnc, versus the device length, L, for
different values of the guidance, V0, in case Atot = 0.1 dB.

7.2.6 Phase modulation
When the device is not used as a single intensity modulator but as a shutter in a switching
array, the basic switching elements of that array will usually be based on phase-modulation,
i.e. a Mach Zehnder interferometer [7] a directional coupler [8] or a Y-branch switch [9,10].
For these applications it is interesting to calculate the sensitivity of the effective refractive
index to a change in the core index. Using eq. 5 and 6, the sensitivity can be expressed in
terms of V as
∂N nc W ∂W W ∂W
=
≈
∂nc N V ∂V V ∂V

(15)

where the approximation is valid since only low index contrasts are considered, i.e. nc/N ≈
1. Figure 10 shows the relation between δN/δnc and V0. The sensitivity approximately
equals 0.45 for V0 = 1.2 and increases to 0.8 when V0 = 2.0. Note that these values are a
little bit lower than in structure where the waveguide geometry completely consists of active
material.
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7.2.7 General considerations
The choice of the optimum device design has to be considered from three different point of
views:
• The cost-prize, which is mainly related to the number of devices per wafer and therefore
to the device length (the offset, O, determines the device width).
• The device performance, i.e., the actuation power, the response time, the polarization
independence, the waveguide phase-modulation sensitivity and the fiber-chip loss.
• The technological considerations, i.e. the maximum value of ∆nact, fabrication tolerances
and technological limitations.
In this paragraph it will be discussed how these considerations relate to the previously
obtained results. The latter are summarized in Table 1, which can be used for referencing.

L
V

R
>
O

∆n0
<
<

ρ
>
>

2ρS
>
>

∆nact
<
<

P
>
>

FCloss
X
X

δN/δnc
O
>

Table 1. Dependency of the device characteristics (A) on L and V0 (B).
The used symbols indicate; >: δA/δB > 0, <: δA/δB < 0, X: δA/δB
depends on exact value of B, O: not relevant.
In most cases it is advantageous to chose a small device length, L, as well as a small
value of V0. This will minimize the device size as well as the required actuation power.
Furthermore, this will maximize ∆n0 which makes the fabrication more tolerant (contrasts of
the order of magnitude of 0.001 are very difficult to fabricate reproducibly), whereas the
corresponding lower value of 2ρS implies a thinner layer stack which will in general lead to
less thermal stress related problems in the fabrication technology.
The main limiting factor in choosing L and V0 as small as possible, is the applied
actuation mechanism. Here, only the use of thermo-optic and electro-optic polymers as the
active material will be considered. Typical response times for thermo-optic actuation (t ∼ 1
ms) are much slower than those for electro-optic actuation (t < 1 µs), where the choice for
either one will depend on the required response time of the device. However, using electrooptic actuation will limit ∆nact to about 0.001 before break-through will occur, whereas the
maximum obtainable value of ∆nact for thermo-optic materials is about 0.01 before the
materials will melt. These values will eventually limit the minimum obtainable device
length, where thermo-optic actuation allows for shorter devices than electro-optic actuation.
The device sensitivity will play a role in the choice of V0 in case the modulator is used in
combination with devices that rely on effective refractive index changes for their
functioning. For this it is advantageous to have a large value of V0 and a compromise with
the other requirements has to be found.
Although a low guidance, V0, in combination with a short device length will lead to high
fiber-chip coupling losses, this problem can be decoupled from the device design by
incorporating tapered waveguides which adapt the fiber profile to the waveguide profile in
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Figure 11. Schematic representation of the, hybrid SiON/polymer based,
waveguide cross-sections proposed for the modulator. a) heating
decreases the contrast, b) heating increases the contrast.
the ultimate design.
The polarization independence is in principle guarantied by using a square waveguide
core, since only weakly guiding waveguides are considered (∆n/nb << 1). Nevertheless,
even if some polarization dependence is present, for example due to stress related
birefringence, the device will, due to its digital nature, still “switch off” for both
polarizations above some threshold actuation.

7.3 Proof of principle
In this section the technological feasibility of the proposed device is investigated. The
fabrication process and experimental results of a proof of principle type of device are
reported. It is to be understood that the presented design does not necessarily represent the
ultimate optimal device design but merely serves as a vehicle to show that the bend-based
modulator is not just a theoretical exercise but is also practically feasible.

7.3.1 Device design
For the proof of principle device, photonic polymers will be used for the actuation. These
polymers, as made by AKZO-Nobel, are available with a refractive index which can be
chosen between 1.45 and 1.55 and have, like most polymers, a thermo-optic coefficient ≈ 10-4 /°C [13]. For our application a differential thermo-optic sensitivity between the core
and the background material is required. This can be obtained by combining the polymer
technology with SiON technology. In SiON the refractive index can also be tuned in the
1.45-1.55 region and beyond by using the appropriate O/N ratio during deposition. The
thermo-optical coefficient of SiON in the relevant index range is ≈ 10-5 /°C [13]. Not only is
the size of the effect smaller with an order of magnitude compared to thermo-optic
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Figure 12. Parameter definition of the designed waveguide crosssection.
polymers, it also has the opposite sign. Changes of the refractive index contrast between the
two materials of the order of 10-3 can easily be obtained with relatively modest temperature
changes of the order of 10°C.
Figure 11 shows two cross-sections of waveguides, both in a combined polymer and
SiON technology. The cross-section of fig. 11a will be used for the proof of principle
device. It has a polymer core, which is enclosed by SiON on three sides only, since the
thermo-optic effect in these polymers is mainly due to the thermal expansion. As the top
layer a background polymer is used with the same refractive index as the SiON. The
thickness of the SiON and the background polymer has to be chosen in such a way that the
complete optical field is enclosed. Without actuation, the waveguide is guiding and applying
a current to the metal heater on top of the structure will reduce the contrast. The alternative
structure of fig. 11b is more or less the inverse of fig. 11a and can be switched on by means
of the heater. It might, from a power consumption point of view, be advantageous in
applications where the modulator is mainly used in the “off” state.
Some critical notes have to be placed concerning these waveguide cross-sections. First,
the temperature of the complete device will always have to be controlled due to the thermal
sensitivity of the waveguides. Next, in the geometry of fig. 11a, the polymer core is enclosed
by the SiON, which has a much lower thermal expansion coefficient. Therefore it is
expected that, in spite of the relatively high Poisson ratio of glassy polymers [13], the
differential thermal sensitivity will be somewhat lower than the value of 1.1x10-4 /°C. In the
geometry of fig. 11b this will be less of a problem, but in this case a wider electrode and
therefore more power might be necessary to actuate the complete structure. This might be
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compensated by the decrease in power consumption resulting from the low thermal
conductivity of the polymers, being 7 times lower than that of SiON [13]. Furthermore, for
both geometries the four-fold symmetry of the waveguide is disturbed in the “off” state,
meaning that the waveguide can, strictly spoken, not be modeled by the presented
formalism. Nevertheless, because the bend modulation effect is mainly dominated by the
lateral refractive index contrast, it is reasonable to assume that the used model gives a good
approximation of the behaviour of the proposed waveguide. Also some polarization
dependent behaviour is expected due to the loss of symmetry and to some thermal stress
induced material birefringence. For this reason only TE polarization will be considered in
what follows.
For a proof of principle of the proposed intensity modulator, a rather arbitrary choice was
made for the waveguide cross-section, the exact parameters are given in figure 12. In the
design two additional low index layers were introduced to limit the total thickness of the
layer stack. These are not expected to influence the device behaviour significantly since the
bend loss is dominated by the lateral contrast. The width of the electrode was chosen
arbitrary as 7 µm. No straight to curved waveguide shift was introduced in the design, i.e. d0
= 0 µm. When Atot = 0.1 dB is required for the device without actuation, the device length
can be calculated to be L = 3.4 mm for an offset of O = 100 µm. Devices with lengths
varying between 1 and 10 mm and offsets of 100 as well as 200 µm were included in the
design.

7.3.2 Device fabrication
The first step in the fabrication process is the thermal oxidation of the {100} silicon wafer,
which yields a 3 µm thick SiO2 layer. Next the SiON layer of 7 µm thickness was grown by
plasma enhanced chemical vapor deposition. After sputtering a chromium masking layer,
the waveguide was patterned by ordinary photolithography. The trenches for the waveguide
channels were etched into the SiON layer by means of CHF3 reactive ion etching (RIE). It
was found to be essential that the photoresist layer used for the patterning of the chromium
masking layer is left on it during the etching, in order to prevent redeposition of the
chromium in the waveguide channels. In case no chromium was applied, etching resulted in
very rough waveguide edges. Figure 13 shows a SEM picture of the etched waveguide
channels. It is clear form the picture that the waveguides are square and that the sidewalls
are straight, i.e. the etch process is anisotropic.
A difficult step in the fabrication process is the deposition of the core-polymer in the
waveguide channel. After applying an adhesion promoter, the core polymer is spin casted on
the wafer (figure 14a). After curing this layer, a polymer with good planarization
characteristics and RIE characteristics nearly equal to that of the core-polymer, was spun on
top of the core layer to obtain a flat layer surface (figure 14b). After another curing step, the
complete stack was etched down to the SiON by RIE with an O2-plasma. Since the etching
characteristics of the two layers are the same, the core polymer will finally only be present in
the channel (figure 14c). Next, the background polymer was spin casted and cured followed
by application of the low index polymer layer. A SEM picture of a cross-section of the
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Figure 13. SEM picture during the fabrication process, after CHF3 RIE
of the waveguide channel.
resulting waveguide is shown in figure 15. The polymer detached from the SiON due to the
crystal cleaving of the sample but it is clear that the described fabrication procedure works
very well.
The next step is the fabrication of the heater electrodes. For that a 20 nm thick titanium
layer followed by a 350 nm thick gold layer were sputtered on the sample. The titanium
serves as an adhesion layer between the gold and the polymer. The electrode structure is
then defined by photolithography. Finally the wafer is diced to obtain the optical end faces.
During the sawing the polymer is protected from damaging by a glass plate glued on top of
the layer stack.

7.3.3 Experimental results
Figure 16 shows the experimentally obtained dependency of the extinction of a modulator
versus the applied power for a device of 9 mm length and an Offset = 200 µm. It is clear that
the device qualitatively behaves as expected. When the applied power is increased to 1.5 W
(at 20 V), the extinction ratio increases to 23 dB. Upon applying higher actuation powers,
extinction ratios above 30 dB were even observed. The shorter devices that were fabricated
showed no throughput. This leads to the conclusion that the index contrast between the
SiON and the polymer without actuation is somewhat lower than designed.
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Figure 14. Fabrication sequence for the deposition of the core polymer
in the waveguide channel. (a) after spin casting of the core polymer, (b)
after application of a planarization polymer and (c) after etching back
the stack to the SiON surface with O2 RIE.

Figure 15. SEM picture of the waveguide cross-section after deposition
of all the polymer layers.
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Figure 16. Measured throughput versus actuation power for a device
with L = 9 mm and Offset = 200 µm.
The straight waveguide attenuation at λ = 1.55 µm was measured to be 1 dB/cm, a
reasonably low value which is very promising. The attenuation is mainly attributed to the NH absorption peak, which is observed in SiON and to the roughness of the etched waveguide
sidewalls. The first problem can be reduced by annealing the SiON [12], while it is expected
that careful optimization of the CHF3 RIE process will lead to smoother walls. Before
actuation the device showed an excess loss of 3.4 dB compared to that of a straight
waveguide with the same length. From this value the refractive index contrast before
actuation can be calculated to be ∆n = 0.004. The required refractive index change to obtain
an extinction of 23dB is ∆nact = 0.0005. No time resolved measurements were performed but
from literature it is known that response times of thermally actuated polymer based devices
[9] as well as SiON based devices are of the order of 1 ms [7].

7.4 Conclusions
In conclusion, a new type of integrated optic intensity modulator, based on contrast
variations in waveguide bends, was proposed and a first theoretic evaluation of the most
important device characteristics was reported. As a proof of principle, an non-optimized
thermo-optically-actuated device was demonstrated. It was fabricated in a combined
polymer/siliconoxynitride technology, and showed an extinction of 23 dB for an actuation
energy of 1.5 W at a wavelength of 1.55 µm. The obtain results strongly indicate the
applicability of these devices as a shutter in NxM matrix-switches by introducing the
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advantages of decreasing cross-talk and increasing compactness. Our future work will
concentrate on proper design of the waveguide structure with respect to thermal actuation
and also on the reduction of the stress induced birefringence.
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An integrated optical Bragg-reflector used as chemo-optical sensor
G.J. Veldhuis, J.H. Berends, R.G. Heideman and P.V. Lambeck
Pure and Applied Optics, vol. 7, pp. L23-L26, 1998.
This paper describes the use of an integrated optical Bragg-reflector as a chemo-optical
sensor. It is shown that this type of Bragg-reflectors for a wavelength of 630 nm can be
realised with a bandwidth smaller than 0.2nm in a Si3N4/SiO2 optical channel waveguide.
Measurements show that a refractive index change of the waveguide cladding of
dnc,min<2x10-5 can be detected.
Normalized optimization of second harmonic effects in slab waveguides
O. Parriaux, G.J. Veldhuis, H.J.W.M. Hoekstra, D. Blanc
Optics Communications, vol. 152, pp. 161-167, 1998.
A method for the optimization of χ(2) coupling phenomena in slab waveguides on the basis
of reduced parameters is presented. It is shown that the configuration for maximum Second
Harmonic Generation (SHG) efficiency is given by a single chart with two normalized
parameters only. This optimization procedure is illustrated for the case of SHG in the
nonlinear cladding of a linear step index waveguide.
Mechano-optical waveguide on/off intensity modulator
G.J. Veldhuis, C. Gui, T. Nauta, T.M. Koster, J.W. Berenschot, P.V. Lambeck, J.G.E.
Gardeniers and M. Elwenspoek
Optics Letters, vol. 23, pp. 1532-1534, 1998.
High extinction on/off modulators are essential for channel selection purposes in integrated
optical sensor arrays. This paper reports on a, standard Si/Si3N4/SiO2-technology based,
electro-statically driven integrated mechano-optical waveguide on/off intensity modulator.
On/off modulation is achieved by moving an absorbing element into and out of the
evanescent field of the guided mode. An extinction ratio > 37 dB at an actuation voltage <
30 V has been achieved in a 6x4 mm2 large device for a wavelength of 632.8 nm. Full wafer
scale fabrication is enabled by the use of chemical mechanical polishing and aligned wafer
bonding.
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Fabrication of nanomechanical optical devices with aligned wafer bonding
C. Gui, G.J. Veldhuis, T.M. Koster, P.V. Lambeck, J.W. Berenschot,
J.G.E. Gardeniers, and M. Elwenspoek
Microsystem Technologies, accepted for publication.
This paper reports on a new method for making some types of integrated optical
nanomechanical devices. Intensity modulators as well as phase modulators were fabricated
using several silicon micromachining techniques, including chemical mechanical polishing
and aligned wafer bonding. This new method enables batch fabrication of the
nanomechanical optical devices, and enhances their performance.
Normalized analysis for the optimization of geometric wavelength dispersion in threelayer slab waveguides
G.J. Veldhuis, O. Parriaux, P.V. Lambeck
Optics Communications, submitted.
Closed form analytical expressions and normalized charts rigorously provide the
conditions for maximum geometric wavelength dispersion in three-layer slab
waveguides. The resulting optimization procedure is illustrated by the design of a
dispersive channel waveguide for use in a novel SiON-technology based
integrated optical wavelength sensor.

Fabrication and packaging of integrated chemo-optical sensors
R.G. Heideman, G.J. Veldhuis, E.W.H. Jager and P.V. Lambeck
Sensors & Actuators B, vol. 35-36, pp. 234-240, 1996.
This paper describes the design and fabrication of a sensitive integrated chemo-optical
sensor supplied with on-chip fiber-to-waveguide connectors. The sensor is designed for TEpolarized light with wavelength of 633 nm. The fiber-to-chip connectors are based on easily
fabricated silicon V-grooves combined with a smooth sawcut. The sawcut is defining the
channel waveguide endface. The sensor is based on a phase modulated Mach-Zehnder
interferometer, using the electro-optic effect of the waveguiding material zincoxide (ZnO).
The fiber-to-chip connector units have a typical coupling efficiency of 0.1-1%. The electrooptical voltage x length product Vπ is 15±4 Vcm at frequencies above 100 Hz. Preliminary
experiments on the general (passive) sensor response showing its expected high sensitivity
are discussed.
Submicron patterned CoNi/Pt multilayers
M.A.M. Haast, J.R. Schuurhuis, L. Abelman, G.J. Veldhuis and J.C. Lodder
Oral presentation and Proceedings of the 17th European Conference On Surface Science
(ECOSS 17), Enschede, The Netherlands, 1997.
Magnetic layers patterned into a regular matrix of single domain dots are interesting for
application as next generation information storage medium. Besides, such a matrix provides
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an unique opportunity to study fundamental topics like the reversal and time-dependant
behavior. We have used laser interference lithography to pattern CoNi/Pt multilayers into 60
nm diameter dots with 200 nm period. These layers have a magnetization of M = 500 kA/m
and a relatively large perpendicular magnetic anisotropy (Keff = 160 kJ/m3). Therefore we
expect that the dots are in the single domain state. Macroscopic VSM measurement on
1x1cm2 samples have been used to study the reversal behaviour. While for the continuous
multilayer the hystereses curve indicates a reversal type of nucleation followed by domain
wall movement, the patterned multilayer shows a rectangular hystereses curve and a large
increase in coercivity. This might be an indication that the dots are indeed in the single
domain state and consequently have a reversal by rotation.
Nanosieves with micro system technology for micro filtration applications
C.J.M. van Rijn, G.J. Veldhuis and S. Kuiper
Nanotechnology, vol. 9, pp. 343-345, 1998.
A nanosieve with a very uniform pore size of 260nm and a pore to pore spacing of 510nm
has been fabricated using multiple exposure interference lithography and (silicon) micro
machining technology. The nanosieve filter consists of a 0.1µm thick siliconnitride
membrane perforated with sub micron diameter pores and a macro perforated inorganic
silicon support. The calculated clean water flux is at least one to two orders higher than that
of conventional inorganic membranes.
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SUMMARY
This chapter summarises the results and general conclusions of the
previous chapters.

Preface
The goal of the work described in this thesis was: To investigate the theoretical and
technological feasibility of new integrated optic device concepts that can be applied for
evanescent-field refractometric chemical sensing.

Chapter 1: Introduction
Integrated evanescent-field based refractometric chemo-optical sensing forms an interesting
and promising field of research. Especially intensity-modulated sensors that show a high- or
low-pass type of response to a change in the real part of the refractive index of a measurand
or chemo-optical transduction layer are of considerable interest. The inherent simplicity of
the required hardware and signal processing makes these sensors attractive for applications
in e.g. process control. Analogue applications of this type of sensors require referencing.
This can conveniently be done using a new integrated optics enabled referencing scheme
based on a combination of time domain multiplexing with spatial separation. The
referencing scheme requires integrated optical on/off intensity modulators that show a high
extinction ratio and technological compatibility with the sensor itself.

Chapter 2: Sensitivity optimization for evanescent-wave sensors
The optimization of the sensitivity of all possible three-layer slab waveguide based
evanescent-field refractometric sensors has been done once and for all by means of a
normalized analysis. For both polarizations, the resulting closed-form analytical expressions

and universal charts provide the conditions to obtain maximum sensitivity for both
homogeneous sensing, where the measurand is homogeneously distributed in the semiinfinite waveguide cover, and surface sensing, where it is an ultra-thin film at the
waveguide-cover interface.

Chapter 3: Sensitivity enhancement in evanescent-wave sensors
Sensitivity calculations in the case of homogeneous sensing with a three-layer slab
waveguide show a very surprising result: the sensitivity of the effective refractive index to
variations of the cladding index can exceed that of a free-space beam for TM polarization
and strong guidance. This implies that the attenuation of a guided wave propagating in a
waveguide immersed in an absorptive medium can be made larger than that of a free-space
beam propagating through the same medium. As a practical application of this unexpected
phenomenon, an absorption sensor based on a suspended silicon slab waveguide was
proposed where the sensitivity is enhanced by a factor 1.35.

Chapter 4: Spiral refractometer
A novel integrated-optical refractometer based on bend-loss changes in a channel waveguide
has been proposed and demonstrated. The device, which is fabricated in Si3N4/SiO2technology, consists of a spiral-shaped waveguide that translates the bend-loss change to a
space coordinate that can be read-out by means of a CCD-array. The experimentally
determined performance and the theoretical predictions, based on a simple model for so
called Whispering Gallery Modes agree very well and the minimum detectable refractive
index change was measured to be ∆n = 1.3x10-5. These results demonstrate the feasibility
and relevance of bend-loss based sensors.

Chapter 5: Refractometer with a fixed bending radius
A refractometer, based on measuring the throughput of a bent channel waveguide, is
reported. The device shows a high-pass response characteristic, which makes it very
interesting for digital or analogue applications in e.g. process control. A normalized analysis
of the bend sensitivity was presented and a device based on this mechanism, incorporating
three new channel waveguide geometries was designed in SiON technology. The sensing
waveguide makes the throughput strongly dependent on the refractive index of a measurand
fluid and can be designed for any index range between 1.00 < n < 2.00. In addition, the
monomodal input and multimodal output waveguides that match the sensor waveguide,
significantly simplify the fabrication process by eliminating the occurrence of critical
alignment steps during the processing. Preliminary measurements on the complete device
showed a maximum sensing resolution of ∆nm = 1x10-5, obtained at a working point of nm =
1.37 while the measurement range extends between 1.369 < nm < 1.371.
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Chapter 6: Mechano-optical on/off switch
An integrated mechano-optical waveguide on/off switch is reported, where an high-index
absorbing element is moved into and out of the evanescent field of the guided mode in order
to achieve switching. For the electrostatically driven device an extinction ratio of 65 dB at
an actuation voltage of 2.5 V has been achieved in a 9.5 mm long device for a wavelength of
632.8 nm. The calculated mechanical fundamental resonance frequency is 1.95 kHz. The
device design enables future vacuum sealing that will annihilate the squeeze damping
which, in the present device, reduces the response time to 10 s. Full wafer scale fabrication
is enabled by using standard silicon technology, chemical mechanical polishing and aligned
wafer bonding. Since the devices are, like most evanescent sensors, based on strong
guidance waveguides, they are especially suited for channel selection purposes in integrated
optical sensor arrays.

Chapter 7: Thermo-optical intensity modulator
A new type of integrated optic intensity modulator was proposed together with a first
theoretical evaluation of the most important device characteristics. The device principle is
based on influencing the bend-loss in a waveguide by changing the lateral refractive index
contrast defining the guide. As a proof of principle, an non-optimized thermo-opticallyactuated device was demonstrated. It was fabricated in a combined polymer/SiON
technology, and showed an extinction of 23 dB for an actuation energy of 1.5 W at a
wavelength of 1.55 µm. The obtain results strongly indicate the applicability of these
devices as a shutter in NxM matrix-switches by introducing the advantages of decreasing
cross-talk and increasing compactness.
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SAMENVATTING (DUTCH)

Dit hoofdstuk geeft een samenvatting van de resultaten en algemene
conclusies van de voorgaande hoofdstukken.

Voorwoord
Het werk dat in dit proefschrift wordt beschreven, had het volgende doel: het onderzoeken
van de theoretische en technologische haalbaarheid van nieuwe geïntegreerd optische
device-concepten, die kunnen worden toegepast in evanescente-veld refractieve chemische
sensoren.

Hoofdstuk 1: Introductie
Geïntegreerde refractieve chemo-optische evanescente-veld sensoren vormen een interessant
en veelbelovende onderzoeksgebied. Met name intensiteitgemoduleerde sensoren die een
hoog- of laagdoorlaatrespons vertonen ten gevolge van een verandering in het reële deel van
de brekingsindex van een te bemeten materiaal of een chemo-optische transductielaag, zijn
bijzonder interessant. De inherente eenvoud van de benodigde hardware en
signaalbewerking maken deze sensoren bijvoorbeeld aantrekkelijk voor toepassing in
procescontrole. Analoge toepassingen van deze sensoren vereisen vermogensreferentie. Met
behulp van een nieuw, op geïntegreerde optica gebaseerd, referentieschema, kan dit op een
handige manier worden uitgevoerd. Het referentieschema combineert tijddomeinmultiplexen
met ruimtelijke scheiding en vereist geïntegreerd optische aan/uit intensiteitmodulatoren die
een hoge uitdoving vertonen en technologisch compatibel zijn met de sensor zelf.

Hoofdstuk 2: Gevoeligheidsoptimalisatie voor evanescente-veld
sensoren
De optimalisatie van de gevoeligheid van alle mogelijke refractieve evanescenteveldsensoren die gebaseerd zijn op een drielaags slabgolfgeleider, is eens en voor altijd
uitgevoerd door middel van een genormaliseerde analyse. De resulterende analytische
uitdrukkingen en universele grafieken geven voor beide polarisaties de voorwaarden voor
het verkrijgen van de maximale gevoeligheid voor hetzij een sensor waar de te meten
grootheid homogeen is verdeeld over de halfoneindige golfgeleidercladding, hetzij een
sensor waar dit een ultradunne film aan de golfgeleider-cladding overgang is.

Hoofdstuk 3: Gevoeligheidsvergroting in evanescente-veld
sensoren
Gevoeligheidsberekeningen aan een drielaags slabgolfgeleider laten een verrassend resultaat
zien: de gevoeligheid van de effectieve brekingsindex voor een verandering van de
claddingindex kan, voor TM-polarisatie en sterke geleiding, groter zijn dan die van een vrij
bundel. Dit betekent dat de demping van een geleide golf, die zich voortplant in een
golfgeleider omsloten door een absorberend medium, groter kan worden gemaakt dan die
van een vrije bundel die zich in dat zelfde medium voortplant. Als een praktische toepassing
van dit onverwachte fenomeen, wordt een, op een vrij hangende siliciumslabgolfgeleider
gebaseerde, absorptiesensor voorgesteld, waarvan de gevoeligheid is vergroot met een factor
1.35.

Hoofdstuk 4: Spiraalrefractometer
Een nieuwe geïntegreerd-optische refractometer waarvan de werking is gebaseerd op
verandering in de bochtverliezen van een kanaalgolfgeleider, wordt voorgesteld en
gedemonstreerd. De sensor is gefabriceerd in Si3N4/SiO2-technologie en bestaat uit een
spiraalvormige golfgeleider. Door deze vorm worden de verandering in de bochtverliezen
vertaald naar een ruimtelijke coördinaat die kan worden uitgelezen door middel van een
CCD-array. De experimenteel bepaalde prestaties en Het experimenteel bepaalde gedrag van
de sensor komt goed overeen met theoretische voorspellingen op basis van een simpel
model voor Whispering Gallery Modes. De minimaal detecteerbare brekingsindex
verandering is experimenteel bepaald op ∆n = 1.3x10-5. Dit resultaat illustreert op
overtuigende wijze de haalbaarheid en relevantie van dit nieuwe sensorprincipe.

Hoofdstuk 5: Refractometer met vaste bochtstraal
Een refractometer gebaseerd op het meten van de transmissie van een gebogen
kanaalgolfgeleider wordt gerapporteerd. De sensor laat een hoogdoorlaat
responskarakteristiek zien, hetgeen zeer interessant is voor digitale of analoge toepassingen
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in bijvoorbeeld procescontrole. Een genormaliseerde analyse van de bochtgevoeligheid
wordt beschreven en een op dit mechanisme gebaseerde sensor is ontworpen in SiONtechnologie. De sensor bevat drie nieuwe kanaalgolfgeleidergeometrieën. De
sensorgolfgeleider zorgt ervoor dat de transmissie sterk afhangt van de brekingsindex van
het cladding materiaal en kan worden ontworpen voor elk brekingsindexbereik tussen 1.00 <
n < 2.00. Daarnaast wordt het fabricageproces sterk vereenvoudigd door het toepassen van
input en outputgolfgeleiders die technologisch gematched zijn aan de sensorgolfgeleider.
Hierdoor worden kritische uitrichtstappen tijdens de fabricage voorkomen. Voorlopige
metingen aan de sensor laten een maximale detectieresolutie van ∆n = 1x10-5 rond een
werkpunt van n = 1.37 zien, terwijl het meetbereik zich uitstrekt tussen 1.369 < n < 1.371.

Hoofdstuk 6: Mechano-optische aan/uit schakelaar
Een geïntegreerde mechano-optische golfgeleider wordt beschreven, waarbij een
absorberend element met een hoge brekingsindex in en uit het evanescente veld van de
geleide mode wordt bewogen teneinde een schakelwerking te bereiken. Voor de
elektrostatisch aangedreven schakelaar is een uitdoving van 65 dB bij een actuatievoltage
van 2.5 V bereikt. De schakelaar is 9.5 mm lang en de gebruikte golflengte is 632.8 nm. De
voor de schakelaar berekende fundamentele resonantiefrequentie is 1.95 kHz. Het ontwerp
maakt het mogelijk om in de toekomst de schakelaar luchtdicht te verzegelen, waardoor de
squeeze-demping kan worden voorkomen die in de huidige schakelaar de responstijd tot 10
s beperkt. Fabricage op waferschaal wordt mogelijk gemaakt door het gebruik van standaard
siliciumtechnologie, chemisch-mechanisch polijsten en aligned-waferbonding. Omdat de
schakelaars net als de meeste evanescente-veld sensoren zijn gebaseerd op hoogcontrast
golfgeleiders, zijn ze bij uitstek geschikt om te worden toegepast als kanaalselector in
geïntegreerd-optische sensorarrays.

Hoofdstuk 7: Thermo-optische intensiteitmodulator
Een nieuwe geïntegreerd-optische intensiteitmodulator wordt voorgesteld en een eerste
theoretische evaluatie van de belangrijkste device-eigenschappen wordt gepresenteerd. Het
device-principe is gebaseerd op het beïnvloeden van de bochtverliezen in een golfgeleider
door het zijdelingse brekingsindexcontrast dat de golfgeleider definieert te beïnvloeden. Als
een proof-of-principle wordt een thermo-optisch geactueerde modulator gedemonstreerd. De
modulator is gefabriceerd in een gecombineerde polymeer/SiON-technologie en vertoont
een uitdoving van 23 dB voor een acuatie-energie van 1.5 W bij een golflengte van 1.55 µm.
De verkregen resultaten suggereren dat deze modulatoren toepasbaar zijn als compacte
shutters in NxM matrixschakelaars.
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