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Abstract 
Sensors based on waveguide gratings have proved their suitability to high 
sensitivity bio-chemical sensing tasks. Application fields include medical 
diagnostics, pharmaceutical drug screening, environmental sensing and food 
quality control. Recent developments led to instruments, which excel in 
sensitivity and robustness. 
The present work introduces novel approaches for modeling such sensor 
devices. The methods are efficient, adapted to practical engineering tasks, and 
have short implementation and calculation times. The application of the 
different methods to the design and characterization of advanced waveguide 
grating sensors are presented. 
A first approach consists in enhancing a set of well-known methods to include 
the impact of birefringent materials and parasitic substrate reflections. The 
development of the methods is presented in detail, together with simulations 
showing parameter dependencies of practical relevance. As an example, a basic 
requirement in sensor design is maximum sensitivity to the measurand together 
with minimal sensitivity to parasitic effects, such as ambient temperature 
changes. 
The most important novelty described in the present work is the Local 
Interference Method (LIME). This method is a rapid approximate calculation 
scheme for modeling the resonance line shape of non-trivial waveguide grating 
configurations. Its development was motivated by the lack of practical modeling 
methods for such structures. The successful application of the algorithm to a 
difficult analysis task of a non-uniform waveguide grating is presented. 
The benefits of the work are illustrated by the results obtained with enhanced 
sensor designs. Furthermore, an instrument is presented that was developed in 
the framework of this thesis, implementing some of the above-mentioned 
methods for the analysis of waveguide gratings in the production process. 
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Chapter 1  
 
Introduction 
The highly sensitive detection of molecular binding events in liquid has become 
a major area of interest in the past years. It has been mainly driven by the 
demand of the pharmaceutical industry, as the detection of molecular 
interactions finds a wide range of applications throughout the process of drug 
development. Examples are the characterization of specific drug-target 
interactions and the screening of drug candidates [1], traditionally performed by 
systems using fluorescent, radioactive or light absorbing markers. These labels 
are bound to a suitable molecule with a high affinity to the target molecule. A 
binding event is displayed by the presence of the marker. Despite their high 
sensitivity - with a detection limit of a fraction of a part per billion (ppb) for 
advanced systems - methods requiring a labeling have inherent disadvantages, as 
is expressed in [1]: 

At present, most screens that are used in drug discovery require some type of 
fluorescent labelling or radiolabelling to report the binding of a ligand to its 
receptor. This labelling step imposes extra time and cost demands, and can in 
some cases interfere with the molecular interaction by occluding a binding site, 
which leads to false negatives. Fluorescent compounds are invariably 
hydrophobic, and in many screens, background binding is a significant 
problem, leading to false positives. Ideally, a biosensor-based screening 
platform should be label-free, sensitive and have sufficient throughput to be 
widely applicable in drug discovery. 

For this reason, the trend in systems for molecular interaction detection has 
turned towards label-free systems in recent years. Label-free sensors based on 
planar waveguides are amongst the most promising candidates for future 
detection systems. They provide not only yes-or-no answers, but detailed 
information about affinity, specificity and rate of binding through time-resolved 
monitoring of the binding processes. 
The most important application fields include the above-mentioned 
pharmaceutical industry, medical diagnostics, food quality control and 
environmental sensors. For the pharmaceutical industry, a high throughput, i.e. a 
high number of tests per day, is important, as well as the compatibility with 
existing equipment for fluid handling and sample preparation. Detection systems 
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should be compatible with the well-known microtiterplate format. In medical 
diagnostics, food quality control and environmental sensors, the emphasis is 
often on portable and easy-to-use instruments. The instrument is ideally carried 
to the sample. In all applications, the required cost and time per test are 
important issues. 
 
The most widespread label-free detection systems found on the market are based 
on surface-plasmon resonance (SPR) [2] [3]. Biochemical interactions at the 
sensor surface are monitored by observing the resonant behavior of guided 
waves at a thin metal film. Today, the market leader is the company BIACORE 
[4]. Other companies include Applied Biosystems [5] and Texas instruments [6]. 
SRU Biosystems [7] is a company selling instruments using waveguide gratings 
as discussed in this thesis. Other technologies found on the market include 
polarization interferometric sensors [8] quartz crystal microbalance [9] [10] and 
mass spectrometry [11]. 
 
Interesting approaches found in the scientific literature and making use of 
dielectric waveguides include Optical Waveguide Lightmode Spectroscopy 
(OWLS) [12] [13], Mach-Zehnder [14], and Young interferometers [15] [16]. 
Other methods are based on Resonant Mirrors [17], Reflectometric interference 
spectroscopy (RifS) [18], Scanning Angle Reflectometry (SAR) [19], Surface 
Acoustic Waves (SAW) [20], and of course fully electrical devices. 
 
The main advantage of planar dielectric waveguides over SPR devices for label-
free detection lies in the enhanced degrees of freedom for sensor design. In both 
technologies, the penetration depth of guided waves at the sensor interface is 
directly related to the geometrical extent of the measurement volume, where 
sensitivity is high. For SPR systems, this parameter is given by the material 
properties, with a typical penetration depth of around 200 nanometers [21]. In 
the case of planar dielectric waveguides, this property can be chosen by design, 
enhancing the application fields to the detection of relatively large objects in the 
micrometer range, such as cells [22]. This property is detailed in section 5.2 of 
this thesis. 
Furthermore, the absence of a metal film can be an advantage, for instance when 
combining label-free with luminescent detection. Energy transfers to the metal 
film (which is called quenching effect) make the combination of luminescence 
and SPR sensors impractical at least in the classic configuration, while dielectric 
waveguides are used successfully to enhance the sensitivity of fluorescent 
sensors [23]. 
An other advantage of biochemical sensors based on waveguide gratings is their 
suitability for building sensor arrays with a high number of different sensing 
regions present on the same chip. This facilitates the detection of several target 
molecule types simultaneously present in an analyte solution, which is a key 
requirement for biochemical sensors in all application fields. 
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The story of integrated optical sensors using waveguide gratings began in 1983, 
when Lukosz and Tiefentaler reported the application of such structures to 
humidity and gas sensing [24]. With the perspective of highly sensitive, fast 
response, small size and low cost devices, research on this topic has been started 
in 1988 in Zürich by Rino E. Kunz, first at the Paul Scherrer Institute (PSI) 
which was incorporated 1997 into the Centre Suisse d’Electronique et de 
microtechnique (CSEM) S.A.. Major developments that resulted from the early 
work were the “Light pointer” sensing scheme making use of chirped gratings, 
and the cost effective production of replicated polymer substrates [25] [26]. 
With the upcoming of wavelength-tunable Vertical Cavity Surface Emitting 
Lasers (VCSELs), a novel highly sensitive approach has been developed at 
CSEM, the “wavelength-interrogated optical sensor” (WIOS) [27] [28]. In 
addition, using sensor chips on glass instead of polymer substrates [29], the 
stability and reproducibility of the measurements increased markedly. 
 
The work on waveguide grating sensors at CSEM has now shifted from basic 
research on laboratory set-ups and demonstrators to the development and 
fabrication of robust instruments that meet the requirements for a commercial 
product. In collaboration with several industrial partners, the WIOS sensing 
scheme is implemented into instruments, and the sensor chips are produced in 
large quantities. In addition, the next generation of devices is prepared by 
exploring new sensing schemes, materials and fabrication methods. 
 
In this context, my work aimed primarily at the design and characterization of 
advanced sensor platforms, and the development of the corresponding tools. The 
present thesis covers this aspect. However, some of the content has been 
restricted in order to preserve the interests of both the industrial partners and 
CSEM. For the same reason, none of the work that has been done on advanced 
sensing schemes is mentioned in this document. Not mentioned either are many 
experimental aspects, which have been summarized by Cottier et al. in the 
publications [27] and [29], reprinted in appendix A and B of the present thesis, 
respectively. 
 
For the design and analysis of waveguide-grating devices, efficient modeling 
tools are required. Analytical approximations (see Chapter 3) are sufficient for 
many practical engineering questions, such as resonance peak position, 
sensitivity, or estimates of temperature drift. Other tasks such as the 
determination of fabrication tolerances require more detailed modeling 
techniques. As an example, it has been observed [29] that extremely small non-
uniformities due to fabrication errors can significantly distort the signal shapes, 
a phenomenon which can not be predicted with the above mentioned 
approximations. More sophisticated methods are required for explaining these 
phenomena and for adjusting fabrication tolerances in consequence. 
Commercially available software packages and conventional calculation 
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methods are not suited to the problem, and have in general long implementation 
or calculation times. The Local Interference Method (LIME) developed in the 
framework of this thesis and presented in section 4.3 is an efficient method to 
estimate the resonance line shape of non-uniform waveguide gratings and has 
been successfully applied to practical design and analysis tasks. 
 
In Chapter 2, the basic working principle of waveguide grating sensors is 
explained, and the different existing read out schemes are discussed. In Chapter 
3, the theoretical background is presented that is the basis for modeling the 
behavior of waveguide grating sensors. It includes the detailed description of 
multilayer waveguides having a certain anisotropy, and a qualitative description 
of waveguide grating output couplers using a scalar approach. The methods and 
tools developed in the framework of this thesis for the numerical modeling of 
waveguide grating sensors are presented in Chapter 4, and Chapter 5 contains a 
number of simulation results that have been obtained using these tools. Finally, 
the design and testing of optimized waveguide grating sensors is described in 
Chapter 6, followed by conclusions and a short outlook. 
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Chapter 2  
 
Sensing principle 
An optical transducer is the heart of the detection system. It relates optical 
changes at its interface with the analyte medium to a detectable measuring 
variable. The changes at the interface include for instance refractive index 
variations, or thickness changes of a molecule layer. A resonant structure allows 
the amplification of tiny variations into signals that can be readily detected. The 
measuring variable may be for instance the wavelength or incidence angle of the 
input light beam. 
The optical transducer is composed of two parts: a waveguide and a grating. A 
monomode waveguide is used as the primary resonant structure. It is composed 
of a very thin, high-refractive index layer on a transparent support. Light can be 
guided inside this layer through total internal reflection, as is done in optical 
fibers for telecommunication. The phase velocity of the guided light, 
characterized by the propagation constant, depends on the surrounding media. A 
change in optical properties of the latter therefore translates into a change of the 
propagation constant. 
The grating is used to probe the propagation constant. It consists of a periodic 
variation of waveguide thickness or refractive index. This periodic structure 
allows one to couple light waves into or out of the waveguide at the resonance 
condition. This condition relates the waveguide’s propagation constant and 
grating periodicity to the angle of the plane wave, for which coupling occurs at a 
certain wavelength. In a practical implementation, the coupling of an incident 
light beam into the waveguide is observed. In this case, the sensor is in the input 
configuration. Alternatively, light already present in the waveguide can be 
extracted through a grating, whose coupling condition is observed. In that case, 
the sensor is in the output configuration. 
The sensing principle applies to two main measurement configurations. The first 
is called bulk refractive index sensing (refractive index of the cover medium nc), 
and is illustrated in Figure 2.1(a). The second concerns measuring thickness hl 
and/or refractive index nl changes of a (bio-chemical) adlayer at the waveguide 
surface (Figure 2.1(b)). A sensor optimized for the second configuration allows 
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measuring tiny quantities of target molecules in solutions, being adsorbed to the 
transducer’s surface. The quantity to be measured is in this case the surface mass 
coverage Γ of the molecules, measured in pg/mm2 [30]. 
 
 cover (bulk) waveguide grating adlayer, hl, nl 
 
 

ns 

nf 

nc 

b) excited mode incident beam 

 
 
 
 
 
 
 
 

a) 

Figure 2.1: (a) Bulk refractive index sensing and (b) adlayer sensing, both in the 
input configuration. 

2.1 Sensing layer 

For the detection of small quantities of a given substance, the waveguide surface 
has to be functionalized in order to specifically bind the target molecules to it 
[31]. For each molecule to be analyzed, a specific counterpart is needed. Every 
molecule, for which a selective counterpart is found, may in principle be 
measured with the sensor system. 
An illustration of the recognition process on the chip surface is given in Figure 
2.2. Different sensing layers reacting to different target molecules are present on 
the same sensor surface. 
 

C B A 

molecule type II 
molecule type I 

 
 
 
 
 
 
 
 
 
 
 

Figure 2.2: Binding of target molecules to a functionalized sensor surface 
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In this example, sensing region (which is called pad) A attracts the type I, region 
B the type II molecules. Pad C is passivated, meaning that it should block 
adsorption of any molecule to the surface. Pad C is therefore the reference 
sensor. Having a reference signal is of utmost importance, as drift and noise 
effects acting on all channels simultaneously can be eliminated largely by 
subtracting the reference [32]. This includes for instance the impact of 
temperature changes, light source instabilities or changes of the refractive index 
of the cover medium. 
 
The sensing layer is the layer formed by the recognition and the analyte 
molecules on the surface. Given the small size of the molecules involved, the 
optical properties of this layer are well approximated by a dielectric adlayer to 
the waveguide, having an equivalent index of refraction and thickness. A target 
molecule binding to the adlayer is then modeled either as refractive index or as 
thickness change of this layer. The detailed optical model of the molecule 
deposition is given in section 4.1, where the relations between surface mass 
coverage and the optical properties of the equivalent layer are presented. 

2.2 Sensor arrays 

A key application of the waveguide-grating sensors is the detection of several 
target molecule types simultaneously present in an analyte solution [1], as 
illustrated in Figure 2.2 by the two molecule types I and II present in the liquid. 
This requires an array of differently functionalized sensing pads on the same 
sensor chip. 
An advantage of biochemical sensors based on waveguide gratings is their 
suitability for building such sensor arrays [33]. Figure 2.3 shows a photograph 
of a sensor platform with 3x8 sensing units. In this example, a sensing unit 
consists of an input and an output grating. The chip seen in the photograph is 
designed to be used in a wavelength interrogated optical sensor (WIOS) system. 
Provided a suitable means of applying the corresponding surface chemistry, 
each of the sensing units can be functionalized in a different way. With the 
corresponding readout instrument, the 24 channels can be monitored 
simultaneously. 
Several constraints have to be respected for the design of arrayed waveguide 
grating sensors. First, the crosstalk of the different sensing pads has to be 
minimized. For this reason, it is often preferred to introduce a second grating for 
light extraction (in the case of the input sensing scheme) and directing the light 
present in the waveguide onto a detector. In the output sensing scheme, the other 
grating is solely used to excite the waveguide mode. This is illustrated for 
instance in Figure 2.4 (a) and (b), respectively. A second consideration is the 
size of the sensing units. A smaller size results in closer packing. However, this 
is traded against increased crosstalk (or measures for avoiding it) and a larger 
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resonance peak. These considerations are discussed in the context of chip design 
in section 6.1. 
 

 
 

Figure 2.3: photograph of an example sensor array 
 

The number of measurement channels on the chip is determin
application. While point-of care diagnostic applications usually
moderate channel number of several dozen, high-throughput scre
require up to 1500 channels. 

2.3  Readout schemes 

A multitude of different configurations can be used for practical imp
of the basic sensing scheme, the latter consisting in probing the p
constant of a waveguide by means of a grating. The systems can be 
by their measuring variable. The available parameters are a priori tho
in the waveguide grating resonance condition: resonance angle, wav
grating period. 
Furthermore, the sensors can be in either the input or out
configuration. The input-sensing scheme requires in general a swee
parameter of interest, while the output scheme requires its measurem
be illustrated in the following sections. The examples show 
implementation of the readout schemes using two separate g
excitation and extraction of the guided mode. Sensing schemes usin
grating pad do also exist [34]. 
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2.3.1 Angular readout 

The angular readout is the most intuitive and simple implementation of a 
waveguide-grating sensor [13]. In its basic input configuration, the incidence 
angle θi of a source having a constant wavelength λ is scanned for determining 
the resonance condition. In the output configuration, a position-sensitive 
detector (e.g. a camera) is placed at the sensor grating in order to measure the 
resonance angle. In both cases, it is useful to have a second grating for 
extracting the light or exciting the waveguide mode, as is illustrated in Figure 
2.4 (a) and (b), respectively. 
The advantages of this type of sensor in the input configuration are the relatively 
simple implementation and the large measurement range. The measurement 
speed and resolution are limited by the mechanical movement. The output 
configuration on the other side can achieve fast readout without any moving 
parts, and is limited by the size or resolution of the detector surface, limiting the 
range or the sensitivity of the sensor, respectively. 
 
 sensor pad sensor pad 
 

θo 

λ λ 
θi 

 
 
 
 
 
 
 source detector source detector 
 
a) b)  

Figure 2.4: Waveguide grating sensor with angular readout in the (a) input and (b) 
output configuration 

2.3.2 Wavelength readout 

In the input configuration of the wavelength readout scheme, the wavelength 
λ(t) is continuously scanned in order to monitor the waveguide grating 
resonance [27]. The latter is visible in the time-dependent modulation of the 
light excited in the waveguide. Another possibility is to illuminate the grating 
with a certain spectral width of the incident light, and to analyze the wavelength 
of the excited mode [34]. 
In the output configuration, the wavelength of the light exiting the grating under 
a specific angle λ(θ) is determined by means of a spectrometer. For this 
configuration to work, the mode has to be excited with a certain spectral width 
∆λ. Figure 2.5 illustrates the two configurations. 
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sensor pad sensor pad  

λ(θ) ∆λ, ∆θ
I(t) λ(t) 

 
 
 
 
 
 
 
 source detector source detector  
a) b)  

 
Figure 2.5: Wavelength readout in the input (a) and output (b) configuration. 

 
Using a wavelength-tunable semiconductor laser diode, the input configuration 
has its advantages over angular schemes with respect to readout speed and 
resolution. The measurement range, however, is limited by the tuning range of 
the laser. 
The configurations using wavelength analyzers are limited by the properties of 
the latter. Very sensitive devices with a high range can be built, but they are in 
general costly and are in principle not suited for large arrays, because for each 
channel, a separate spectrometer is required. 

2.3.3 Variable grating period 

Slightly more exotic sensor systems are the configurations using a spatial 
variation of the waveguide-grating periodicity [25]. Figure 2.6 shows the chip 
layout of such a sensor, where both input and output gratings have the same 
variation of the period Λ=Λ(y). The waveguide-grating resonance takes place at 
a given location y of the sensor, which can be detected by a camera and image 
processing tools analyzing the intensity distribution I(y) of the excited mode. 
The performance of the system is mostly limited by fabrication tolerances and 
spatial variations of the biochemical processes that are observed. 
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Figure 2.6: Waveguide grating sensor having a spatial variation Λ=Λ(y) of the 
grating period resulting in a spatial variation I(y) of the mode intensity. 
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Chapter 3  
 
Theory 
In this section, an approximate analytic treatment of waveguide gratings is 
presented as a basis for analyzing their properties. Figure 3.1 summarizes the 
process to be described for the case of an input-sensing device. A 
monochromatic wave excites the waveguide mode through a grating at the 
resonance condition. This condition is modified by optical changes near the 
waveguide surface, such as adlayer growth or refractive index changes. The 
theoretical treatment shall be limited to the optical transducer, i.e. assuming 
ideal light sources and detectors, and simple optical models of the biochemical 
processes. 
The primary design questions to be addressed by the theory are parameter 
optimization for maximizing sensitivity and minimizing parasitic effects. Other 
tasks include the definition of fabrication tolerances, the analysis of 
measurement data, and performance estimation in general. 
 
 

nc 

ns 

nf 

Λ 

θ λ  
 
 
 
 

hf  
 
 hs  
 

Figure 3.1: Optical transducer. 
 
For many practical engineering tasks, approximate analytical solutions deliver 
sufficiently exact results. These tasks include for instance the evaluation of 
sensitivity or temperature drift. The approximate analytical solutions presented 
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in the next sections are obtained by separating the whole problem into the 
treatment of an ideal waveguide and the grating.  
 
For a more thorough simulation of the behavior of the system, numerical 
modeling is required. This is the case if for instance the impact of structural non-
uniformities is to be evaluated. Chapter 4 presents the corresponding 
approximate methods and simulation tools developed during this thesis. 
 
If the exact optical behavior of waveguide grating couplers is to be calculated, 
rigorous methods are required. A fair number of rigorous and exact methods 
exist, including rigorous coupled wave analysis (RCWA) also known as the 
Fourier modal method (FMM) [35] [36] [37], the S-and R-matrix methods [38], 
the C-Method [39] and the equivalent source method [40], and more exotic 
methods like the one suggested by Morf in [41]. 
The methods are in general time-consuming for both implementation and 
calculation. Furthermore, as the biochemical binding processes can only be 
modeled in an approximate way due to the complexity of the phenomena 
involved, the benefits from rigorous calculations do sometimes not justify the 
expenses for this particular task. For these reasons, these methods have not been 
applied in the framework of this thesis, and will not be presented. 
 
In section 3.1, a detailed description of multilayer waveguides presenting a 
certain anisotropy (birefringence oriented along the principle axes of the 
waveguide) is given, which has been applied in the waveguide grating analysis 
software presented in section 4.2. A qualitative description of waveguide grating 
output couplers using Fourier transform spectral analysis is given in section 3.2. 
The phenomenon of parasitic substrate reflections, which may significantly 
deteriorate the signal quality, is treated in section 3.3. 
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3.1 Waveguide modes 

The loss-less guiding of light inside a waveguide is made possible through the 
phenomenon of total internal reflection occurring at interfaces between high 
index to low index of refraction dielectric materials above a critical angle. 
Consider a layer of high refractive index, and with a thickness at the wavelength 
scale, surrounded by lower index media. The multiple internal reflections in this 
layer, called film, give rise to interference effects. Light can only exist in the 
confined space upon constructive interference. For this reason – unlike in free 
space, where light can propagate in every direction - optical waves in 
waveguides propagate only at a discrete set of states, which are called modes. 
The modes are characterized by their propagation constant, which is a measure 
for the speed at which the phase fronts propagate along the structure. 
The waveguide-grating structure can be approximated by an equivalent 
waveguide structure for determining the propagation constant. Using this 
approach, the presence of the grating regions in the structure can either be 
neglected (thin grating approximation) or modeled as equivalent layers [42]. 
These equivalent layers have a thickness corresponding to the thickness of the 
grating, which can be of surface relief or volume type, and an averaged index of 
refraction. The resulting waveguide structure consists of homogeneous layers 
separated by planar interfaces of infinite extent. An example of such a structure 
is shown in Fig. 3.2, where a grating present at the top and bottom boundary of 
the film is modeled as grating-equivalent intermediate layers. 
 
  

Cover  
 Intermediate layer  

Film  
 Intermediate layer  
 Substrate  
 
 

Figure 3.2: Equivalent waveguide structure 
 
The materials are assumed homogenous, without scattering, and uniaxially 
birefringent with the main axes of the refractive index ellipsoid oriented along 
the main axes of the waveguide. Figure 3.3 shows the possible configurations 
for each layer. Material absorption may be included by introducing a non-zero 
complex component of the refractive index [43]. 
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Figure 3.3 Possible orientations of the refractive index ellipsoid for each layer: (a) 

isotropic, (b) ne=nx, c) ne=nz, d) ne=ny 

a) b) c) d) 

 
In summary, each layer is characterized by its thickness and by its complex 
refractive indices nx, ny, nz. The birefringence is characterized by the ordinary 
and extraordinary refractive indices ne and no, respectively [43].  
In the following sections, the propagation constants of guided modes are 
determined by solving the electromagnetic boundary conditions for a suitable set 
of fields. The mode condition will be given in a simple and robust form, where 
the multilayer structure is reduced to two reflection coefficients. 

3.1.1 TE and TM Polarization 

The guided-wave phenomena show a polarization dependency, which can be 
reduced to an analysis of two orthogonal linear polarizations. They are treated 
separately for the case of an ideal waveguide. 
The orientation of the two polarizations is defined by the orientation of the 
electromagnetic fields of a plane wave with respect to a planar interface. For a 
TE wave, the electric field (E) oscillates in the plane of the interface. For the TM 
wave, the same is true for the magnetic field (H ). In both cases, the electric and 
magnetic fields oscillate in the plane perpendicular to the direction of 
propagation (k) of the plane wave. Figure 3.4 illustrates the definition. 
 
 
 
 
 
 
 
 
 
 

Figure 3.4: Definition of (a) TE and (b) TM waves  
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3.1.2 Birefringent multilayer slab waveguide 

The behavior of electromagnetic fields is described by Maxwell’s equations. For 
monochromatic electromagnetic waves in media that are homogeneous, 
stationary, non-magnetic, charge and current free and without scattering, the 
four equations take the forms 
 

H×∇  = 
t∂
D∂  (3.1.1) 

E×∇  =
t∂

∂B
−  (3.1.2) 

  D⋅∇  = 0 (3.1.3) 
   ∇  = 0 (3.1.4) B⋅

 
In above equations, the monochromatic waves are described in terms of their 
complex amplitudes 
 

E (r,t) = { }tier ω−)(Re E   (3.1.5a) 
H (r,t) = { }tier ω−)(Re H   (3.1.5b) 

 
Where i= 1− , E is the complex amplitude of the electric field, H is the 
complex amplitude of the magnetic field, D is the complex amplitude of the 
electric flux density (or electric displacement), and B is the complex amplitude 
of the magnetic flux density, the flux densities being defined in a similar way as 
the complex amplitudes of the electric and magnetic field, respectively. The 
time dependency of the wave is characterized by the angular frequency ω=2πν, 
where ν is the frequency of the oscillation. 
Given the planar geometry of the problem, we consider planar waves of the form 
 

u(r)= =  (3.1.6) rku ⋅ie0
( zkxki zxe +

0u
)

 
Where u stands for the complex amplitude of either the electric or the magnetic 
field, and k is the wavevector. With these assumptions on the position and time 
dependence of the fields, Maxwell’s equations (3.1.1) and (3.1.2) reduce to 
 

DHk ω−=×   (3.1.7a) 
BEk ω=×   (3.1.7b) 
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It can be seen from eqs (3.1.7a) and (3.1.7b), that the D is normal to k and H and 
that B is normal to k and E. However, D is not necessarily normal to E, and 
therefore, the Poynting vector 
 

*
2
1 HES ×=   (3.1.8) 

 
describing the amplitude and direction of the power flow, is not necessarily 
parallel to the direction of the wave vector k. This is the case for materials 
presenting an optical anisotropy as illustrated in Figure 3.3. The anisotropy is 
described by the relation between D and E 
 

EεED 00
2

2

2

00
00
00

εε =⋅
















=

z

y

x

n
n

n
  (3.1.9) 

 
For a non-magnetic material, the relation between H and B is given by 
 

H=µ0B (3.1.10) 
 
Inserting eqs (3.1.9) and (3.1.10) into eqs (3.1.7a) and (3.1.7b), and using 
k0=ω/c, where c=(µ0ε0)-½ is the speed of light, yields the wave equation 
 

( ) 0εEEkk =+×× 0k   (3.1.11) 
 
Furthermore, The definitions of TE and TM polarized waves in the chosen 
geometry require that 
 

TE:  Ex=0, Ez=0 ->  ky=0, Hy=0 (3.1.12a) 
TM:  Hx=0, Hz=0 -> ky=0, Ey=0 (3.1.12b) 

 
Inserting (3.1.12a) into (3.1.11) leads to 
 

kx
2 =ny

2k0
2-kz

2 (3.1.13a) 
 
for TE waves. With little more effort, inserting (3.1.12b) into (3.1.11) leads to 
 

kx
2 = ( 222

02

2

zx
x

z knk
n
n

− ) (3.1.13b) 

 
for TM waves. Since eqs (3.1.13a) and (3.1.13b) have two solutions for kx, the 
total field inside the waveguiding film is given by 
  18



 
u(,z,t)= u+(x,z,t) +u-(x,z,t) = ( ) ( )( ) zikxxikxxik zxx eeBeA 00 −−− +   (3.1.14) 

 
with A and B being the complex amplitude of the upwards (u+) and downwards 
(u-) traveling wave at x=x0, z=0, respectively. The field u(x,z) is defined as u=Ey 
for a TE, and u=Hy for a TM polarization. The upwards and downwards 
traveling components of the total field are illustrated in Figure 3.5(a). 
In order to find the condition for the existence of guided waves, the field is 
expressed at the top and bottom interface of the film. Without loss of generality, 
this is done for z=0. 
 
At x=x0 
 

u(x0)= A+ B  (3.1.15) 
 
At x=x0+hf 
 

u(hf)=  (3.1.16) fxfx hikhik eBeA −+
 

z 

u+
 u-

 

x0+hf 

x0 

x 
 

ra 

rb 

 
 
 
 
 
 
 
 
 b) a)  

Figure 3.5: (a) Waves inside the waveguiding film, (b) upper and lower reflection 
coefficients 

 
Regardless of what is behind an interface, the ratio between the upwards and 
downwards traveling waves at this interface corresponds to the reflection 
coefficient. Defining ra as the (complex) reflection coefficient at the lower film 
interface, and rb as the reflection coefficient at the upper interface as illustrated 
in Figure 3.5 (b). 
 

ra = A/B = ai
a er ϕ  (3.1.17) 
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rb = 
fx

fx

hik

hik

Ae
Be−

= bi
b er ϕ  (3.1.18) 

 
and inserting eqn (3.1.17) into eqn (3.1.18) 
 

rb = 
a

hik

hik
a

hik

r
e

Ber
Be fx

fx

fx 2−−

=  (3.1.19) 

 
results finally in 
 

12 =fx hik
ba err  (3.1.20) 

 
This is the condition for the existence of a waveguide mode. It says that the 
upper reflection coefficient multiplied by the lower reflection coefficient and 
multiplied by the roundtrip phase perpendicular to the waveguide interfaces 
must be equal to unity. Taking the imaginary part of eqn (3.1.20) 
 

Im{rarb}=|ra|·|rb|·sin(ϕa+ ϕb+2kxhf)=0 (3.1.21) 
 
Reveals the classic mode equation 
 

mkh baxf πϕϕ 22 =++   (3.1.22) 
 
The propagation constant β=kz and the effective refractive index N of a mode 
are related by 
 

N=β / k  (3.1.23) 
 
respectively. The propagation constant β=kz is calculated from kx using (3.1.13). 
 
Since the reflection coefficients do not show phase shifts greater or lower than 
±2π, the classic mode equation (3.1.22) may lead to problems with the 
numbering of modes for multilayer systems having thick layers. A second 
disadvantage of eqn (3.1.22) is its discontinuity. 
For these reasons, it was chosen to rather evaluate the imaginary and real parts 
of eqn (3.1.20) for the implementation of a robust mode search algorithm (see 
section 4.2). 
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3.1.3 Reflection coefficient at an interface 

The boundary conditions of the Maxwell equations require that at every interface: 
 

E||, H|| continuous, and 
D⊥, B⊥ continuous 

 
 
For TE modes, the boundary condition require therefore for the given geometry: 

Ey continuous and 
x

Ey

∂
∂

continuous 

since Hz continuous, ω µ0 constant and 
x

Ey

∂
∂

= ω µ0 Hz. 

 
For TM modes, 
 

Hy continuous and 
x

H y

z ∂

∂
⋅

ε
1  continuous, 

since Ez continuous, ω constant and 
x

H y

∂
∂

= -ω εz Ez 

 
The boundary value problem can now be solved by means of an Ansatz, which 
superposes an incident, a reflected, and a transmitted wave (ui ur ut, respectively) at 
the interface. the following results are obtained for TE and TM modes, respectively: 
 

kiz  =  krz  =  ktz  ≡  kz  ≡  β (3.1.24) 
 

rTE= 
2222

1

22
2

22
1

0 2 zzy

zyzy

txix

txix
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knkn

knkn
kk
kk

u
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y
−+−

−−−
=

+
−
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=

 (3.1.25) 

 

rTM= 
22

11
22

122

22
11

22
122

1
2

1
1

1
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1
1

0 2

2

zzxzxzx

zzxzxzx

txzixz
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=

⋅+⋅
⋅−⋅

= −−

−−

= εε
εε  

(3.1.26) 
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3.1.4 Reflection coefficient at multiple interfaces 

In the following, the calculation of the reflection coefficient of a multilyer structure 
composed of M+1 interfaces as seen in Fig. 3.6(a) is presented. The coefficient ρl 
describes the reflection from interface l to the end of the stack, while rl denotes the 
single-interface reflection coefficient from medium l to medium l +1. 
Given the above definitions, the overall reflection coefficient ρ1 is calculated [44] 
using the recursive formulation 
 

ll

ll

dkxi
ll

dkxi
ll

l er
er

2
1

2
1

1 +

+

+
+

=
ρ
ρρ  , l=M, M-1, ... ,1 (3.1.27) 

with an initial value of ρM+1 = rM+1 
 
 
 
 
 
 
 
 
 
 

a) b) 

M+1 

i 

1 
2 

ρ1 

nM+1, kxM+1 

nl-1, dl-1, kxl-1

rM+1

rl 

rl 
r2 n1, d1, kx1 

n0, kx0 

n2, d2, kx2 B’l A’l 
Al+1 Bl+1 

b)  
Figure 3.6 (a) Reflection coefficients and (b) wave transmission at multiple 

interfaces.  
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3.1.5 Mode intensity profiles and power flow 

For calculating the intensity profiles and the power flow, the total field has to be 
known at any position x inside the structure. In each layer, it is given by 
(3.1.14), where A and B are given by the boundary conditions. 
The procedure for calculating the fields in the whole waveguide is as follows. In 
the waveguiding film, either A and B are chosen arbitrarily, and the other 
component is calculated using (3.1.17). For the layers above the film, the two 
field components are calculated successively: 
Given Al and Bl defined as the complex field amplitude components at the lower 
interface of layer l, the field components at the upper interface Al’ and Bl’ are 
given by simple propagation of the waves through the layer: 
 

Al’= llhikx
leA  (3.1.28a) 

Bl’= llhikx
leB −  (3.1.28b) 

 
Using the boundary conditions on the field and its derivative, the components 
Al+1 and Bl+1 (see Fig. 3.6(b)) for the next layer l+1 are given by 
 

Al+1=




















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
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
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
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nxB
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nx
nxA  (3.1.29) 

Bl+1=Al’+Bl’-Al+1 (3.1.30) 
 
Where p=0 for TE and p=1 for TM polarized waves. 
For the layers below the film, the field components after the interface Al-1’ and 
B-1l’ are first calculated 
 

B’l-1=


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kx
nx

nxA
kx
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nx
nxB  (3.1.31a) 

 
Al-1’=Bl+Al- B’l-11 (3.1.31b) 

 
Finally, except for the substrate, the fields are defined at the lower layer 
interface and are calculated using 

(3.1.32a) 
Bl=  ll hikx

l eB −'

Al= ll hikx
l eA '  (3.1.32b) 
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In the case of non-absorptive media, in the substrate: Al=0 and in the cover: 
Bl=0. Note that even if the x-component of the wavevector is imaginary in an 
intermediate layer, the wave is not evanescent in the classical sense of a purely 
exponential decay due to the presence of the second field component. 
For comparing two structures, it is convenient to normalize the fields to unity 
power per unit width ∆y carried in the mode. It is obtained by integrating over 
the mode intensity Sz: 
 

∆Pm= =∫ ∫
∆

=

∞

−∞=

y

y x
z dydxS

0
∫
∞

−∞=

∆
x

z dxSy   (3.1.33) 

 
Using eqs (3.1.8) and (3.1.12a), one obtains for the TE polarization 

Sz= ( ){ }*Re
2
1

xy HE −⋅   (3.1.34) 

 
Using eqn (3.1.2) 

 

Hx= ωµ
β

ωµ 00

1 yy E
z

E
i

=
∂

∂
    

 

Sz =
2

00 2
Re

2
1

yyy EEE
ωµ

β
ωµ
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=


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


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





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


−⋅ ∗   

 
And using the relations 
 

β=N·k0,   
00

0

µε
ω k

=  (3.1.35) 

we obtain finally 
 

Sz =
2

0

0
2 yEN

µ
ε  (3.1.36a) 

 
Using a similar development, the intensity for the TM polarization is found 
 
 

Sz = 
2

2
0

0 1
2 y

x
H

n
N

ε
µ  (3.1.36b) 
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The total power carried in the waveguide per width element ∆y is therefore 
given by 
 

∆Pm=   (3.1.37) ∫
∞

−∞=

∆
x

z dxSy = 







++⋅∆⋅⋅ ∑

l
sclp PPPyNc

 
With Pl the power contribution inside the intermediate layer l, Ps the 
contribution of the substrate, Pc the contribution of the cover, and 
 

cp= 
0

0
2 µ

ε1 ,  TE  (3.1.38a) 

cp= 
0

0
2 ε

µ1 ,  TM  (3.1.38b) 

 
In each layer and for both polarizations, the square of the amplitude of the field as 
given by (3.1.16) is 
 

|u|2(x)= ( )BAx
xkxk xkBAeBeA xx ϕϕ −+++− '2cos2''22''22   (3.1.39) 

  
 
Where kx’ is the real and kx’’ the imaginary part of the x-component of the k-
vector inside layer l. Integration of (2.1.39) reveals for layers with real kx (nl>N, 
no absorption): 
 

p
xll nP 2⋅ = ( ) ( ) ( )( )

'
sin'2sin22

x

BABAxl
l k

khBA
hBA

ϕϕϕϕ −−−+
++   

(3.1.40a) 
For layers with purely imaginary kx (nl<N, no absorption): 
 

p
xll nP 2⋅ =

( ) ( )
''2

11 ''22''22

x

khkh

k
eBeA xlxl −+− −

+ ( )BAlhBA ϕϕ −sin2  (3.1.40b) 

 
And for layers with kx’≠0, kx’’≠ 0: 
 

p
xll nP 2⋅ = 

( ) ( )
''2

11 ''22''22

x

khkh

k
eBeA xlxl −+− −

 

( ) ( )( )
'

sin'2sin

x

BABAxl

k
khBA ϕϕϕϕ −−−+

+   (3.1.40c) 
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where   { }APhaseA =ϕ , { }BPhaseB =ϕ  
 
Assuming true evanescent waves in the cover and substrate (kx’=0), the power 
carried in the cover and substrate are given by 
 

Pc= p
xcxc

c

nk
A

2

2

2
  (3.1.41a) 

Ps= p
xsxs

s

nk
B

2

2

2
 (3.1.41b) 

 
 
With p=0 for TE, p=1 for TM. 
 
For the basic three layer system composed of substrate, film and cover, inserting 
the reflection coefficients into eqs (3.1.40a), (3.1.41a) and (3.1.41b) lead to a 
total power per unit width for the TE polarization 
 

∆Pm= ( )scfp PPPNyc ++⋅∆ = 







++⋅∆

xsxc
f
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p kk

h
AN

yc 11
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2

  (3.1.42a) 

 
and for the TM modes 
 

∆Pm= 







++⋅∆

xsxc
f

xf

f
p kk

h
n
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yc 11
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  (3.1.42b) 

 
 
The results obtained in this section are the basis for the waveguide part of the 
analysis software presented in section 4.2. 
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3.2 Grating coupling: Scalar diffraction approach 

The goal of this section is to give some insight into the coupling process of light 
in and out of a waveguide by means of a grating. For this purpose, the angular 
distribution of the light propagating away from an output coupler is analyzed. 
The results are both important for waveguide grating design and analysis of 
measurement results. 
The approach is based on the fact that any field at a given position can be 
considered to be formed by the superposition of a continuum of plane waves, 
where the local plane wave spectrum is obtained using the Fourier transform 
[45]. Supposed that a local field u(z) is independent of y and is known at a given 
position x0, its plane wave spectrum Û(kz) is given by 
 

∫ −= dzezukU zik
z

z)()(ˆ   (3.2.1) 
 
Where the kz correspond to the z-components of the wavevectors k of the plane 
waves composing the field. The angular distribution of the of the light extracted 
from the waveguide is obtained from Û(kz) using the relation 
 

a

z
n
k

π
λθ

2
sin =   (3.2.2) 

for the part of the spectrum representing propagating waves (kz real), where λ is 
the wavelength in air, and na is the refractive index of the isotropic medium, in 
which θ is measured. 
The difficulty in this approach lies in the fact that the exact field u(z) has to be 
known at a position x0 in order to calculate the plane wave spectrum. In our case, 
an estimation of the form of the field near a waveguide grating output coupler is 
sufficient for gaining some insight into the working principle of the latter. 
Consider a waveguide grating output coupler of finite length L, with a guided 
mode incident from the left. The field at the waveguide grating surface (x=x0) is 
estimated to have the following main components, illustrated in Figure 3.8: 
 

A) An amplitude and phase modulation due to the grating structure 
B) An exponential intensity decay due to the gradual loss of energy through 

diffraction inside a windowing function describing the finite width L of 
the grating 

C) A linear phase term due to the mode propagation 
 
The three components A, B and C can be associated with three contributions that 
are multiplied to form the total field, where fgrat stands for the modulation due to 
the grating as described in A, fwg stands for the waveguide and windowing 
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contribution described in B, and β is the propagation constant of the equivalent 
waveguide (see section 3.1): 
 

u(z)= fgrat(z)· fwg(z) · eiβz  (3.2.3) 
 
 
 

L 0 

βz

E0 e-αz

z 

E0 

θ 

z

z 

x 
 
 
 

x0  
 
 
 

Fi
el

d 
am

pl
itu

de
 

 
 
 
 
 
 
 
 
 

Fi
el

d 
ph

as
e 

 
 
 
 
 

Figure 3.8 Field components at the waveguide grating surface 
 
With the goal of obtaining the plane wave decomposition of this field, and with 
it the angular spectrum of the light extracted from the waveguide, the Fourier 
transforms of the three components are studied in the following. The periodic 
grating modulation can be expressed as a convolution between an infinite Dirac 
comb and a base function fb(z)  
 

fgrat(z)= * f(∑
∞

−∞=
Λ−

l
lzδ ) b(z)  (3.2.4) 

 
fb(z), 0≤ z <Λ ;  fb(z=0) = limz->Λ   fb(z)  
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The Fourier transform of the modulation fgrat(z) is therefore a Dirac comb of 
period 2π/Λ multiplied by the Fourier transform of the base function 

F (fgrat(z))= ∑
∞

−∞=








Λ
−

gm
gz mk πδ 2  F(fb)  (3.2.5) 

where mg is called the diffraction order. This corresponds to the result obtained 
for an infinitely long periodic transmission grating illuminated by a plane wave 
under 0° incidence. In Figure 3.9, the intensity modulation of the spectral Dirac 
peaks corresponding to different orders is given for the example of a rectangular 
base function fb=rect(z/Λ-½ ). The intensity distribution shown in Figure 3.9 
corresponds to the square of the spectrum. As can be seen from eqn (3.2.5) and 
Figure 3.9, the form of the base function determines the ratios of the amplitudes 
of the different orders. In the case of the rectangular modulation, the second 
order is cancelled out. The engineering of the base function by changing the 
grating profile in order to modify amplitude relations of the orders is called 
blazing. 
 

kz,3 kz,1 kz,0 

I3 

I1 

I0 

In
te

ns
ity

 (a
.u

.)  

kz 

mg=-3 

mg=-1 

mg=3 

mg=1 

mg=0  
 
 
 
 
 
 
 
 
 
Figure 3.9: Grating order intensities for a rectangular grating. The second order is 

suppressed. 
 
The waveguide and aperture function (component B) on the other hand 
determines the shape of the resonance of the individual orders, as will be shown 
in the following. Its contribution to the field is given by 
 

fwg(z)= u0 e-αz · rect(z/L - ½)  (3.2.6) 
 
where α is the leakage factor or parameter. Its amplitude is influenced by the 
grating geometry such as refractive index contrast and grating depth. 
The spectral intensity distribution corresponding to this field is given by a 
convolution between a Lorentz curve of width ∆kz=2α and a squared sinc of 
width ∆kz=2π/L. Depending on the product α·L, the exponential decay or the 
rectangular aperture becomes dominant, as is illustrated in Figure 3.10. 
With the goal of obtaining information about the wavelength-spectral peak of 
the light coupled out at a fixed angle at one grating order, a field fwg≠f(λ) that is 
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constant with respect to the wavelength can be assumed. The wavelength 
distribution of the light coupled out can then easily be determined using eqn 
(3.2.2). For the geometries used for biochemical sensing devices, the 
approximation is only valid for evaluating the resonance line shape of one order, 
as the fields can no longer be assumed constant over the larger spectral width 
that is needed for an evaluation of several orders. 
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Figure 3.10: Outcoupling line shapes in k-space for different values of the product 

α·L. 
 
The last contribution (C) is characterized by the waveguide mode propagation. 
Due to the translation theorem, this phase term results in a simple shift by the 
propagation constant β: 
 

F (u(z)·eiβz) = Û(kz-β)  (3.2.7) 
 
The complete response of the system is therefore given by: 
 

Û(kz-β)= F (fwg(z)) * F (fgrat (z))  (3.2.8) 
  
Under the condition of distinct frequency scales of the contributions 
(L>1/α >>Λ), the peaks are well separated. Their position is given by the 
periodicity and the propagation constant of the waveguide. Their shape is given 
by the decay and windowing functions. 
 
Given a feature base function fb having a Fourier transform which is maximum 
around a frequency of 0, the conditions for maximum coupling for a given 
grating order mg is given for eqn (3.2.8) by 
 

kz-β= mg 2π /Λ  (3.2.9) 
 
Expressing (3.2.9) in terms of effective refractive indices and angles using eqn 
(3.2.2) reveals the well-known waveguide grating resonance condition 
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na·sinθ  = N - mgλr /Λ  (3.2.10) 

 
In summary, the approximate angular (and some wavelength) dependency of the 
light intensity extracted from a waveguide grating output coupler has been 
derived by estimating the field at its surface and using a scalar diffraction 
appraoch. In the case of an input coupler, however, the same treatment is not 
possible for evaluating the dependence of the intensity of the excited mode on 
the spectrum of the light incident on the device. This is because the field near 
the waveguide grating is not known a priori, and even strongly dependent on the 
spectrum of the incident light. Nevertheless, by using reciprocity and overlap 
integrals, the results obtained for a waveguide grating in the output coupler 
configuration can be used to calculate the response of the same device in the 
input configuration [46]. For the waveguide gratings used in biochemical 
sensing, it can be stated that the behavior of the input coupling device is very 
similar to the case of the output coupler as treated above. Experimental evidence 
is given in section 5.4, where measurement data for two input coupling 
configurations of different leakage factor are compared to the Fourier transform 
method. In the geometries used here, the above approximate statements about 
resonance peak width, shape and position of an output coupler are also valid for 
input couplers. 
 
It can be concluded from the statements made in this section, that the available 
design parameters for a periodic grating coupler are quite limited. In practice, 
the grating length, periodicity and depth can be adapted to meet the design 
requirements. An approach using non-periodic grating couplers for overcoming 
these limitations was presented in [47]. 
 
Figure 3.10 is important for waveguide grating sensor applications, as it shows 
signal shapes that are actually observed when scanning the resonance of a given 
order. For achieving a high resolution and measurement range, it is 
advantageous to have narrow peak widths. This is the reason why in our case, 
gratings having a relatively low leakage parameter (α<1/L) and a length L in the 
order of 1mm have been chosen. It is important to note however, that the 
resolution of the waveguide grating sensor is not limited to the halfwidth of the 
peak. This would be the case if two different laser wavelengths had to be 
distinguished. In our case, the change of the waveguide’s effective refractive 
index N results in a shift of the resonance peak, which can be detected with 
much higher resolution. Again, the shift in resonance wavelength, as observed in 
the wavelength interrogated optical sensor (WIOS), is related to the change in 
effective refractive index by eqn (3.2.10). 
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3.3 Substrate reflections 

For accurate peak position detection, a resonance line shape that is constant over 
the measurement range is a prerequisite. It has been observed [27] that parasitic 
interference modulations, originating from reflections at the substrate interfaces, 
can significantly disturb the results. For estimating the possibilities for 
calibration and optimized chip designs, a suitable theoretical treatment has to be 
established. 
Figure 3.11 shows the situation at the input and output pads of a typical sensor 
chip. At the input coupler (sensing pad), one fraction of the incident laser beam 
is coupled into the waveguide with a phase ϕ1, another is reflected at the 
substrate-grating interface, and a third fraction (not illustrated) is transmitted. 
The reflected wave, upon arrival at the substrate-air interface, can either be 
transmitted (not illustrated), or be reflected. The part that is hereby twice 
reflected and then coupled into the waveguide with phase ϕ2 contributes to the 
modulation, as it picks up a phase shift ∆ϕ= ϕ2- ϕ1 when traveling through the 
substrate. A similar reasoning can be done for the output coupler. As the phase 
shifts ∆ϕ of both interference contributions are not constant for different 
wavelengths and angles, a clearly visible modulation is superposed to the 
resonance line signal in both angular and wavelength readout schemes.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

ns hs 

λ 

θs 

detector 
source 

reflections 

Figure 3.11: Origin of the parasitic interference modulation 
 
Let us take a look at the situation of the incoupler being illuminated by a plane 
wave of wavelength λ as illustrated in Fig. 3.11. The phase shift ∆ϕ= ϕ2- ϕ1 is 
calculated by comparing the doubly reflected wave with the one incident at the 
same spot, having traveled a longer distance in the air. 
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where ns is the index of refraction of the substrate, ϕsf is the Fresnel phase shift at 
the substrate film boundary, and ϕsa is the Fresnel phase shift at the substrate-air 
boundary. 
The amplitude a2 of the reflected wave is related to the amplitude a1 of the 
original wave as 
 

a2= a1 rsf rsa 
 
where rsf the amplitude of the reflection coefficient at the substrate-film 
boundary, rsa the amplitude of the reflection coefficient at the substrate-air 
boundary. The intensity modulation Imod of the signal corresponds to the 
interference term of the two waves. 
 
The impact on the signal peak shape is evaluated by expressing the modulation 
in terms of wavelength for a wavelength sensing scheme: 
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is the modulation frequency. A similar development leads to the same result for 
the output coupler grating pad, with different angles due to the different grating 
period. The total deformation of the coupling line shape due to the reflection 
modulation is given by the superposition of the two modulations: 
 

adist(λ)= [1+rs,in+2·rs,in·cos(∆φ)] · [1+rs,out+2·rs,out·cos(∆φ +φ0)] (3.3.4) 
 
Figure 3.12 compares the simulation of an undisturbed peak to the case of a 
peak that is modulated due to the parasitic reflections. The impact on the peak 
position detection is presented in section 5.6. 

  33



 

762 762.5 763 763.5 7640

0.5

1

 

In
te

ns
ity

 (n
or

m
.) 

 Wavelength (nm)
 
Figure 3.12: comparison of undisturbed peak (dashed) and peak that is modulated 

due to parasitic substrate reflections (solid) 
 
The calculated interference amplitude corresponds to the maximum value that 
can be obtained in an experiment. Effects such as reduced beam overlap due to 
the geometry, reduced planarity of the interfaces, an angular spread or reduced 
coherence of the beams all contribute to an attenuation of the modulation 
amplitude. The reduced beam overlap will be presented in section 6.1 for 
designing optimized chips. 
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Chapter 4  
 
Numerical modeling 
As mentioned in section 3.1, the analytical equations describing the waveguide 
mode structure (3.1.20) and the grating resonance condition (3.2.12) are 
sufficient approximations for a large number of practical engineering tasks. This 
is the case for design tasks such as optimization of sensor sensitivity, where the 
effects due to the peak shape can be neglected. The practical and robust 
implementation of a waveguide grating sensor model based on these equations 
was part of this thesis. Details about the modeling of biochemical adlayers are 
given in section 4.1, while the implementation of the model into a dedicated 
software tool is presented in section 4.1. 
For other tasks such as definition of tolerances and design of robust sensor 
platforms, the resonance line shapes of the structures have to be estimated. The 
typical structures used for biochemical sensors consist of monomode slab 
waveguides with surface relief gratings of small depth (10-20nm) but with large 
refractive index differences, grating periods in the order of the wavelength, and 
a grating length in the order of the millimeter. These characteristics make them 
difficult to model with many (approximate) methods used in integrated optics: 
The refractive index differences are too large for classical perturbation theory 
[48], and too many features are present for FDTD [49] or modal [50] 
approaches. 
The output coupler is well approximated by scalar diffraction theory as for 
instance the Fourier transform method (see section 3.2). By reciprocity of the 
coupling process, the input coupler configuration can be evaluated based on the 
results for the equivalent output coupler. This calculation is done by means of 
overlap integrals [46]. The method is best suited for configurations where the 
integration can be performed analytically, i.e. uniform waveguides, or 
waveguides presenting simple types of non-uniformities that vary slowly with 
respect to the grating period. Another method for evaluating waveguide grating 
inhomogeneities applied to biochemical sensors is presented in [12], where the 
authors treat the problem with a less elegant zigzag ray approach. 
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The effect of non-uniformities, as for instance non-periodic gratings, thickness 
or refractive index changes, or particle deposition, is an important aspect in 
sensor applications, where the high Q-factor of the resonant structure needed for 
a high resolution is easily disturbed. An example has been described in [29], 
where extremely small waveguide thickness variations significantly affected 
sensor performance. 
In order to have a simple and efficient tool for calculating these non-uniformity 
phenomena, the local interference method (LIME) has been developed in the 
framework of this thesis, and is described in section 4.3. It is a simple recursive 
algorithm, whose calculation complexity is comparable to the Fourier transform 
method. The LIME includes the treatment of the input or output coupler in one 
calculation step. A major advantage of the method lies in the fact that the 
essential parameters, which may vary along the structure -such as film thickness 
and grating periodicity - are explicitly appearing in the formulation. It provides a 
simple and versatile tool for rapidly evaluating non-trivial waveguide grating 
structures. 
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4.1 Adlayer growth 

An important question for the modeling of sensor performance is how the 
biochemical adlayer, composed of recognition and target molecules, is modeled. 
The biochemical binding processes to be detected are in general very complex, 
and a complete description of the optical changes occurring at the sensor 
interface cannot be given. The simple model that is generally adopted describes 
changes of an equivalent adlayer, which is called sensing layer, as illustrated in 
Figure 4.1. This layer is characterized by its thickness (hl, usually several 
nanometers) and its refractive index (nl, around 1.45 for the example of a protein 
layer). Molecular deposition is modeled as a change in thickness (“growth”) or 
refractive index (“density”) of this layer. 
 
 nc  

hl 

ns 

nf 

nl 
 
 
 
 
 
 
 
 
 
Figure 4.1: Biochemical layer modeling by an equivalent layer of thickness hl and 

refractive index nl. 
 
In a simple model, the molecular interactions correspond directly to changes in 
refractive index nl or thickness hl of the adlyer. The change in thickness is the 
most commonly used model and the result correspond well to the experimental 
data [27][30]. Using this model, the quantity to be measured is the change of the 
effective index N upon changes of the layer thickness hl, while the actual 
parameter of interest for the measurement is usually a change in surface mass 
coverage ∆Γ of molecules deposited on the waveguide surface. The surface 
mass coverage ∆Γ, expressed in pg/mm2, is related to the measured effective 
refractive index difference ∆N by 
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where Γ1 is the surface mass coverage of a saturated layer, h1 its thickness, and 
Sh denotes the waveguide sensitivity to adlayer thickness changes. For the case 
where the molecule deposition is modeled as a simple refractive index change, 
the corresponding surface mass coverage change is given by 
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where Sn denotes the waveguide sensitivity to adlayer refractive index changes, 
and n1 is the thickness of the saturated adlayer. However, this model is rarely 
used, because it does not correspond well to the experiment. The reason for this 
is that often, low molecule concentrations are measured, resulting in unsaturated 
molecular adlayers. In this case, the refractive index of the layer is also function 
of the cover refractive index nc. 
In [42] it has been shown that a good approximation of the optical properties of 
such an unsaturated layer is obtained by an effective medium approach. The 
equivalent biochemical layer is modeled as having a fixed thickness 
corresponding for instance to a molecular monolayer, as is illustrated in Figure 
4.1. The refractive index of this monolayer depends on the density of the 
molecules inside the layer. In consequence, the molecular deposition is modeled 
as increase of the fraction occupied by equivalent particles. 
Assuming the particles to have the shape of rectangular plates, two cases have to 
be considered [51]. Depending on the manner of averaging the dielectric 
functions of the two lossless materials forming the intermediate layer, two 
different layer indices n  and n are obtained according to the expressions 
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where fp is called the particle fraction and np is the refractive index of the 
particles. Equations (4.1.3) and (4.1.4) correspond to [51], p. 707, Equations 
(17) and (14), respectively.  
An average value 
 

)( nncnn nl −⋅+=  (4.1.5) 

of the intermediate layer refractive index is obtained by interpolating between 
the indices n  and n given by (4.1.3) and (4.1.4). As has been shown in [42], a 
value of about cn=0.5 delivers good results for the modeling of a molecular 
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monolayer. Expressing the change in surface mass coverage ∆Γ in terms of 
particle fraction changes leads to  

( ) NSNN
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where Γ1 is the surface mass of a layer with fp=1, and Sf is the sensitivity of the 
waveguide to particle fraction changes. 
 
The sensitivities Sf, Sn and Sh, which are called primary or waveguide 
sensitivities, depend on the waveguide configuration, and on the data for the 
molecule layer to be detected. In [30], the following data is given for a saturated 
immunoglobulin G (IgG) monolayer: refractive index np=n1=1.46 (λ=633 nm), 
thickness: h1=8.5 nm, surface mass Γ1=5 ng/mm2. 
 
For sensor design, the primary sensitivities should be maximized. However, as is 
shown in section 5.1, a careful analysis of the whole system is needed for 
optimal performance. This includes the analysis of the grating properties and 
parasitic effects such as cover refractive index changes. 
For calculating all these aspects of the waveguide grating sensor, a dedicated 
software was written in the framework of this thesis, presented in the next 
section. 
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4.2 Waveguide grating analysis software 

For sensor design and measurement analysis tasks, a dedicated software tool was 
written in the framework of this thesis. The “waveguide grating analyzer” 
(wagralizer), is designed to exploit the full potential of the analytical expressions 
(3.1.20) and (3.2.10) describing the waveguide and the grating, respectively. 
Figure 4.2 shows a screenshot of the main application window. 
The program presents the following features: 
 

• Robust mode search algorithm for the treatment of multilayer systems 
composed of layers that are isotropic, birefringent or have averaged 
indices of refraction 

• Solver for one waveguide or grating parameter, e.g. determination of the 
resonance wavelength knowing all other relevant parameters of the 
system 

• Multi-variable optimization for the determination of several parameters 
based on a set of measurements, for instance the calculation of both film 
thickness and refractive index based on the resonance angles of two 
distinct modes 

• Freely configurable 2D and 3D Plots of all relevant dependencies, such as 
the dependence of the resonance wavelength on incidence angle and 
grating period 

• Freely configurable 2D and 3D Plots of all relevant derivatives and 
sensitivities, for instance waveguide sensitivity versus film thickness and 
refractive index 

• Visualization of the normalized mode intensities 
 
The goal was to write a stand-alone application, therefore the program was 
written using the Delphi® integrated development environment, which uses an 
object-oriented version of the Pascal programming language. The reason for this 
choice was primarily the short development times achieved using this package, 
which is traded against slightly slower calculation with respect to the C++ 
programming language. 
The program was structured in a modular way, which is facilitated by the object-
oriented language, in order to allow the integration and test of different 
calculation modules, and for reuse of the components in other applications. As 
an example, the multi-variable optimization modules have been re-used in the 
chip characterization instrument which is presented in section 6.2. While the 
implementation details on the programming level will not be mentioned in this 
thesis, the calculation schemes and algorithms that have been used for the most 
important features are given in the following paragraphs. 
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Figure 4.2: Screenshot of the “wagralizer” main application window 

4.2.1 Waveguide-grating structure definition 

In wagralizer, a maximum of 6 layers (the number is only limited by the display) 
may be inserted between the substrate and cover medium for constructing the 
waveguide. While the substrate and cover are always assumed to have an 
isotropic refractive index, the intermediate layers may exhibit birefringence, 
with the main refractive index axes parallel to the main axis of the structure as 
illustrated in Figure 3.3. Alternatively, the topmost layer can be modeled as 
being composed of particles, having an averaged and isotropic index of 
refraction. The calculation of the index of refraction is based on the particle 
refractive index np, the cover index of refraction and the particle fraction fp. The 
averaged refractive index is calculated by eqn (4.1.5) using an averaging value 
of cp=0.5. 
The definition of waveguide structure is depicted in the left part of Figure 4.2, 
where the configuration of the waveguide composed of a birefringent film and 
an isotropic adlayer is shown. The refractive indices of the substrate and cover 
are entered in the table on the right hand side, where also the angle of incidence, 
wavelength, polarization, diffraction order and mode number are entered. In the 
example, the resonance angles for light at a wavelength of 763nm have been 
calculated for both polarizations, and in water (nc=1.33) and air (nc=1). 
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4.2.2 Mode search algorithm 

The task of this algorithm consists in finding all solutions of eqn (3.1.20) and the 
corresponding effective refractive indices N for a given waveguide structure. 
This is done by evaluating the system for a number of start values Nl, l=1..M, 
where the values of the Nl are chosen such as max(nl)≥Nl≥max(ns,nc), where nl 
denotes all refractive indices of the layers between substrate and cover, 
including the film. 
By noting f(N) the imaginary part of eqn (3.1.20), the modes are bracketed by 
the condition illustrated by the following pseudo-code 
 
For l=1..M-1 do 

If ( f(Nl)· f(Nl+1) <0 ) and ( f(Nl)<0 ) then 
  Mode between f(Nl)·and f(Nl +1) 
 
Which is nothing else than finding negative-to-positive zero crossings. The 
modes being located at the zero crossing, a zero finding is then executed 
between every pair Nl, Nl +1 that has been found with the statement above. An 
implementation of the secant method [52] is used for finally finding the actual 
effective refractive indices corresponding to the modes. 
If an insufficient number of start values M is used, some modes can be missed. 
For most configurations used in this thesis, M=20 has been proved to be 
sufficient. 

4.2.3 Solver 

Depending on the nature of the parameter to be calculated, different approaches 
are taken. If the researched value is either the grating period Λ or the resonance 
angle θ, the effective refractive index of the mode is searched as explained in 
section 4.2.2, and inserted directly into the grating resonance condition (3.2.10). 
For calculating all other parameters, a method similar to the mode search is 
used. In this case, the complete mode search algorithm has to be executed 
several times in order to prevent convergence on a wrong mode.  

4.2.4 Multi-variable parameter optimization 

If a set of measurement data is to be used to find the corresponding structure 
parameters, a multivariable optimization is needed. A good example of practical 
relevance is the determination of waveguide film thickness and refractive index 
based on the resonance angles for a TE and TM mode knowing all other 
parameters. The Levenberg-Marquardt method [52] was therefore implemented 
into wagralizer. 
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4.2.5 Plotting features 

Figure 4.3 shows a screenshot of the wagralizer plot widow. In this example, the 
resonance angle is traced against film thickness for the waveguide-grating 
configuration and for all four conditions visible in Figure 4.2. The open drop-
down list on the right-hand side in the figure illustrates how the interface is 
designed to allow the comfortable selection of the parameters to be plotted. As 
special features, the plots may be in three dimensions, and the possibility is 
given to evaluate all relevant derivatives, for instance the sensitivity of the 
resonance wavelength to layer thickness changes ∂λr/∂hl. For maximum 
flexibility, the derivatives are calculated numerically. In the example cited 
before, two resonance wavelengths λ1(hl) and λ2(hl+∆h) are calculated, and the 
numerical derivative is given by 
 
∂λr/∂hl≈(λ2-λ1)/ ∆h  
 
where hl is the actual layer thickness and ∆h is a small thickness variation. 
 

 
 

Figure 4.3: Screenshot of the wagralizer  plot window 
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4.2.6 Application of wagralizer 

The program proved very useful for gaining insight in the behavior of 
waveguide-grating sensors. Based on “simple” analytical expressions, it has led 
to interesting results partly illustrated in Chapter 5 and partly submitted for 
publication [53]. Furthermore, it has been used intensively and with success in 
several projects involving industrial partners. 
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4.3  Local Interference Method (LIME) 

In the LIME approach, the grating lines are modeled as scatterers of 
infinitesimal extent. In the present formulation, the algorithm applies to 
monomode waveguides showing weak perturbations. An approach that is similar 
to the presented method has been published in [47] as a technique for calculating 
non-periodic gratings. There, the difficult task of calculating the scattering 
properties of the individual grating lines has been fulfilled using the multiple 
multipole technique (MMP). However, as is mentioned in section 4.3.2, using a 
matrix-based algorithm for calculating the cumulative effect of the individual 
scatterers limited its application to several dozen grating lines. 
In summary, the LIME approach reduces the description of waveguide grating 
couplers to the interaction and propagation of the following waves: 

• The forwards and backwards propagating modes 
• An incident wave (and its transmission and reflection) 
• A diffracted wave 

Using the LIME scheme, the coupling process is therefore modeled in two steps: 
The first step, illustrated by Figure 4.4(a), consists in the power exchange 
between radiative and guided modes at each grating line due to scattering. The 
“local interference” takes place between the incident light and the light already 
present in the waveguide. Figure 4.4(a) illustrates this exchange at a single 
grating line. A guided wave uf

l incident from the left (forward propagating) and 
hitting the grating line l is either transmitted into uf

l’, reflected into ub
l, or 

scattered into radiative modes wl . The guided wave incident from the right ub
l’ 

(backward propagating) is either transmitted into ub
l, reflected into uf

l’, or 
scattered into radiative modes wl. A wave vi

l propagating outside the waveguide 
and incident on the grating line l is transmitted into vt

l, scattered into radiative 
modes wl, or scattered into the forward (uf

l’) or backward (ub
l) traveling guided 

mode. 
The second part, illustrated by Figure 4.4(b), describes propagation between two 
perturbations. The whole grating length is divided into slices of local width Λl 
being the distance between two adjacent perturbation lines l and l+1;  
l=1..M-1, where M is the number of grating lines. The bound modes (ux) are 
propagated over this distance according to the local propagation constant βl. 
This parameter is given by the local modal structure of the waveguide (see 
section 3.1). The radiative waves (vx,w) are propagated according to their local 
z-component of the wavevector. 
Section 4.3.1 establishes the algorithm for the case of a unidirectional mode 
excitation, where the influence of the backward propagating wave is neglected. 
The treatment (using slightly different notation) has been published by Cottier et 
al. in [54], and is valid for a wide range of structures. Section 4.3.2 gives the 
complete algorithm for bi-directional mode excitation, which is important for 
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evaluating waveguide gratings with a resonance at normal incidence. Section 
4.3.3 shows how to calculate the coupling line shapes of the input and output 
configuration. Section 4.3.4 gives an overview of the possibilities for 
determining the important parameters, section 4.3.5 contains a discussion about 
the relation between LIME and the coupled wave method, and section 4.3.6 
compares results of exact calculations of the coupling efficiency of an input 
coupler to results obtained using LIME. 
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Figure 4.4: Illustration of (a) the power exchange of waves at a grating line, and (b) 

propagation between two grating lines. 
 

4.3.1 Uni-directional mode excitation 

Throughout the structure, the forward-travelling wave is expressed in terms of 
its electromagnetic field properties, i.e. amplitude and phase. The complex mode 
amplitude ul(z), described at a constant vertical position x0 throughout the 
structure, corresponds to the electromagnetic field Ey(z) for TE modes and Hy(z)  
for TM modes. In both cases, the total intensity of the waveguide mode is 
proportional to the square of the amplitude of the wave. 
The incident wave vi

l is described by its amplitude a(z) and phase ϕ(z) at the 
same vertical position x0 as above. For the case of a plane wave excitation, the 
amplitude is constant over the whole grating length, and the phase is 
proportional to the z-position, and the z-component kz of the wave vector k. 
Using these definitions, the incident light vi

l hits the lth grating line at position zl 
with a given amplitude ail and phase ϕil. Due to the scattering process at the 
grating line, a partial wave uv

l is excited in the guide. Its amplitude is related to 
the amplitude of the incident wave by the local line input coupling factor γl: 
 

( ) ili
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v
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At the same time, the perturbation causes an energy transfer from the field ul 
present in the guided mode towards radiative modes, leading to a modified mode 
amplitude. After interference of the partial excited wave uv

l with the remaining 
wave present in the waveguide, the resulting wave is given by 
 

( ) v
l

f
l

f uuu
ll

+⋅= λτ' , (4.3.2) 

 
where τl is the mode transmission factor of the given line. 
The two complex coupling factors γl and τl depend on the grating line 
characteristics (geometry, refractive indices), the wavelength and the incidence 
angle. The different methods of calculating these factors will be given in section 
4.3.4. 
 
Finally, at the next grating line, the complex field amplitude is given after 
propagation with constant βl over a distance Λl: 
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l=1..M-1 

4.3.2 Bi-directional mode excitation 

Gratings with a resonance near normal incidence show an excitation of both 
forward and backward propagating modes. In order to model this type of 
structures, bi-directional mode propagation and line reflection effects are 
included. In [47], a matrix formalism is given for this specific task. There, the 
calculation time limited the application to a few dozen grating lines. It was 
found that calculating the counter-propagating modes separately is considerably 
more efficient without generating convergence problems. 
Accounting for the presence of the backward traveling mode ub, its reflection at 
grating line l is added to the forward propagating mode of eqn (4.3.3) 
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where ρl is the line reflection coefficient, whose determination is explained in 
section 4.3.4. 
 
The recursions (4.3.4a) and (4.3.4b) are executed several times until 
convergence is reached. For reasonable gratings for use with biochemical 
sensors (α in the order of 1/L) with at least several dozen lines, convergence is 
achieved in less than 5 algorithm repetitions, as the line reflection coefficients 
are in this case relatively small. 

4.3.3 Coupling line shape calculation 

The original target application for the LIME algorithm is the evaluation of the 
coupling line shape of a single grating order of a grating presenting small non-
uniformities [54]. The limitation to a small range of angles and wavelengths 
allows the assumption of constant line parameters, which can be determined 
experimentally or by approximate methods (see section 4.3.5) in the case of a 
grating with a resonance significantly far from normal incidence. Furthermore, 
the line coupling parameter γ appears only as a scaling factor for the case of a 
pure input coupler (with initial mode uf

1=0). 
The calculation of the coupling line shape for the input coupling configuration is 
straightforward by evaluating eqs (4.3.3) or (4.3.4) for a range of angles or 
wavelengths and by setting uf

1=0. 
The output configuration with uf

1≠0 is calculated by reciprocity. First, eqn 
(4.3.3) or (4.3.4) is evaluated for a given wavelength by setting the incident 
wave vi to zero, resulting in a complex field amplitude distribution uf

l at every 
grating line l. In the case of a uniform grating coupler, this distribution 
corresponds to the decaying exponential shown in Fig. 3.8. The total radiation 
into a given direction is calculated by summing the radiation from the individual 
scatterers coherently and in phase using the Huygens principle: 
 

vo(θ)=∑ ( ) ( ) ( )

=

−⋅⋅⋅
M

l
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ll
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1

0θθγ   (4.3.5) 

 
where kz is the z-component of the wave vector corresponding to the output 
wave 
 

kz=|k| sinθ , (4.3.6) 
 
z0 is an arbitrary reference point, and zl the z-coordinate of the grating line l. 
Eqn (4.3.5) corresponds to the Fourier transform method. Its advantage over 
calculating the fast Fourier transform lies in the fact that the sampling may be 
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irregular and that the frequency spacing is not fixed by the sampling. Hence, a 
smaller frequency range may be evaluated with a better resolution. 

4.3.4 Line parameters 

There are several ways to determine the line parameters τ, ρ and γ. As 
mentioned in 4.2.3, the parameter τ is the only one needed for an evaluation of 
coupling line shapes of gratings with resonances away from normal incidence 
and presenting only small non-uniformities. It is interesting to note that in this 
case, τ is related to the grating leakage factor α (c.f section 3.3) as 
 

τ = e-αΛ, (4.3.7) 
 
with Λ being the mean grating period. Using this relation, the parameter τ can be 
determined experimentally or using approximate methods [55] [56] for 
calculating α. 
A good way of calculating the line parameters τ and ρ is using mode matching 
techniques [50]. Those parameters can be determined with moderate effort, they 
concern only “intra-waveguide” phenomena between bound modes. The power 
exchange between radiative and bound modes however, which is described by 
the line coupling parameter γ, is a complex phenomenon and has to be treated by 
rigorous methods. An example of the calculation of the scattering properties of a 
single grating line is found in [47]. If the absolute grating efficiency has to be 
calculated, the exact value of γ(θ,λ) is needed. 
The spectral dependency of the coupling parameter around a reference value 
γ(θ0,λ0), can be approximated using the Fourier transform methods described in 
section 3.2. Using this method, a rectangular corrugation results in a sinc-shaped 
spectral dependency of the coupling parameter γ. 

4.3.5 Relation to coupled wave method 

Equations (4.3.3) and (4.3.4) show a remarkable resemblance to well known 
coupled wave equations [46]. Looking at the example of the interaction of one 
free wave v with one guided wave u as is expressed in (4.3.3), the corresponding 
coupled wave equation states for the guided wave 
 

)()()()( zvzzuz
dz
du κα +−=   (4.3.8) 

 
where α is the leakage parameter and κ the coupling “constant”. It can be 
calculated approximately using a perturbation approach [48] or rigorously by 
formulating the equations for a suitable set of eigenmodes and solving the 

  49



boundary conditions of Maxwell’s equations [57]. Of course, the approximate 
LIME scheme does not intend to compete with any rigorous approach. 
The discrete version of eqn (4.3.8) becomes 
 

llllll vzuzz
dz
duuuu κα ∆+∆−=∆=−=∆ +1   (4.3.9) 

 
leading finally to 
 

( ) lllll vzuzu κα ∆+∆−=+ 11   (4.3.10) 
 
which is nothing else than (4.3.3) using different constants. Equation (4.3.10) is 
the discrete form of the coupled wave equation, and is only valid in this 
formulation for a step size ∆z distinctly smaller than the wavelength. This is 
because a basic assumption in the coupled wave method is the continuous and 
distributed interaction between waves. A consequence for grating modeling is 
that diffraction effects are not included a priori in the formulation. These effects 
are inserted through spectral dependencies of the coupling constant κ, which 
necessarily have to be determined prior to using (4.3.8). 
The LIME algorithm on the other hand assumes that the interaction takes place 
only at the grating lines. Due to this choice of discretization, the diffraction 
effects are directly included in the formulation. This allows using constant line 
parameter estimates. The author believes that the LIME algorithm is the simplest 
possible way of describing both waveguiding and diffraction effects of 
waveguide grating mode excitation at the same calculation step. As can be seen 
from the next section and the various examples in chapter 5, remarkably good 
modeling results are obtained with this approximate scheme. 

4.3.6 Model validation 

For the validation of the LIME scheme, the calculated coupling efficiencies of a 
waveguide grating using different illumination geometries are compared to exact 
results. The reference data has been obtained using a dedicated software tool 
(“Sensor for Windows”, written at the General Physics Institute, Moscow, 
Russia) based on the generalized source method [58]. In comparison with the 
layouts used for biochemical sensing, a relatively short grating presenting a 
large refractive index contrast and a deep profile has been chosen, which is a 
difficult task for any approximate calculation scheme. A configuration in a 
telecom wavelength band is chosen, for which the calculation of the line 
transmission τ and reflection ρ parameters is straightforward using the freeware 
mode-matching software tool “camfr” [59]. The parameters τ and ρ correspond 
to the amplitude transmission and reflection coefficients of the guided mode 
through and at the perturbation, respectively; the time required for their 
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calculation was below one minute on a Pentium 4 running at 1.6GHz. The 
following parameters have been used for the calculation. The light has a 
wavelength of 1.55 µm and is TE-polarized. The waveguide is composed of a 
hf=240 nm thick GaAs film of refractive index nf=3.37 on an oxide substrate of 
refractive index ns=1.65 and with an air cover (nc=1). The periodic rectangular 
grating is etched hg=35nm deep into the top film interface with a periodicity of 
Λ=588 nm and a duty cycle of 0.5 over a length of L=100µm. A Gaussian beam 
is used for illumination, with a waist of radius w0=50µm, located at the grating. 
In Figure 4.5, the angular dependency of the absolute coupling efficiency is 
shown for different positions of the beam center cb as illustrated in the insets of 
Figure 4.5. 
The line parameters τ=0.984e-3.0816i, ρ=0.0154e-0.6288i and γ=0.07 have the same 
constant values for all curves calculated using the LIME algorithm (solid lines). 
While the transmission τ and reflection ρ have been calculated using the above 
mentioned tool camfr, the incoupling parameter γ has been adjusted to match 
approximately the reference coupling efficiency corresponding to the beam 
center position cb=0.7 L. The absolute coupling efficiency η is defined as the 
power per unit width carried in the mode ∆Pm (c.f. eqn (3.1.42)) at the end of the 
grating z=L for a total incident power per unit width ∆Pi=1. 
Since in this example, the line transmission coefficient calculated using the 
mode-matching tool already contains the phase shift of the mode passing from 
one side of the line perturbation to the other, the propagation term Λl·β in the 
LIME algorithm must be chosen as the duty cycle times the period times the 
propagation constant of the unperturbed waveguide 0.5·Λ·β. 
 
Considering that all parameters of the LIME model are assumed constant for all 
graphs shown in figure 4.5, the correspondence with the exact results is 
impressive. The performance of the algorithm with respect to diffraction effects 
is best illustrated by the difference between the resonance peak widths 
corresponding to the beams at cb=0.7L and cb=L. Due to the restricted 
illumination at cb=L, the resonance is larger than for the broader illumination at 
cb=0.7L. A good illustration showing that the waveguiding effects are well 
included is the dramatic difference between the results obtained for the beam 
position at cb=0 and at cb=L. in the first case, most of the excited mode energy is 
gradually coupled out before reaching the end. In the second case, this is not the 
case. 
The position of the coupling peak maxima are slightly shifted for the results 
obtained with LIME with respect to the exact result. However, this shift is very 
small considering that the sensitivity of the coupling angle to the grating period 
dθ/dΛ is approximately 0.26°/nm. 
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Figure 4.5: Comparison of simulation results obtained using the LIME (solid 
line) with the exact results (dashed). The amplitude distributions of the beams 

corresponding to the different peaks are shown in the insets. 
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Chapter 5  
 
Modeling results 

5.1 Sensitivity 

The overall waveguide grating sensitivity can be separated into a primary 
waveguide sensitivity Sw and a secondary grating sensitivity Sg. The primary 
sensitivity relates the change in effective refractive index N to the optical 
changes at the sensor interface and has been treated in section 4.1. The 
secondary sensitivity relates the measurement variable to effective refractive 
index changes. The overall sensor sensitivity S is given by the multiplication of 
the primary sensitivity with the secondary sensitivity 

S= Sw · Sg 

The two sensitivities are treated separately in the following sections. 

5.1.1 Primary sensitivity 

Using the particle model of molecule adsorption (see section 4.1), the primary or 
waveguide sensitivity Sw which is independent of the grating properties, is 
defined as the sensitivity of the effective refractive index of the waveguide to 
the volume fraction fp occupied by the molecules of interest. 

Sw=Sfp=dN/dfp 
As an example, the primary sensitivity Sfp is plotted against film thickness and 
film refractive index in Fig. 5.1(a) for ns=1.52, nc=1.33, λ=763nm, hl=8.5nm, 
nl=1.46. Two main conclusions can be drawn from the graph, namely that the 
highest sensitivities can be achieved with a high-index film and that different 
optimal film thicknesses are obtained for different refractive film indices. 
However, optimizing a sensor to maximum waveguide sensitivity is not 
sufficient, as will be shown in the next sections. 
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5.1.2 Sensing layer-to-Bulk volume Signal Ratio (SBSR) 

An important aspect in sensor design is the sensitivity to cover refractive index 
changes. This sensitivity Snc is defined as follows: 

Snc=dN/dnc 

It is a common mistake to assume that Snc has to be maximized for a maximum 
performance of the biochemical sensor device. In fact, the opposite is true: as 
the molecule fraction in an adlayer is the parameter of interest and not the cover 
refractive index, Snc has to be kept as low as possible. A high sensitivity to the 
cover refractive index translates into a high sensitivity to parasitic effects (drift) 
due to changes in the buffer solution, such as temperature changes. 
Hence, a measure for the quality of a sensor device is the “Sensing layer-to-Bulk 
volume Signal Ratio” (SBSR) introduced by Kunz and Cottier in [53] and 
defined as the ratio of the sensitivities 

SBSR=Sfp /Snc 
In the case of a sensor system, which is limited by background fluctuations and 
not by its sensitivity, it is more important to design the sensor for higher SBSR 
than for higher primary sensitivity. Figure 5.1(b) shows the SBSR for the same 
configuration as in Figure 5.1(a). Comparing the two graphs shows that they 
have a distinct behavior, leaving room for optimizing a sensor chip for specific 
needs: for a higher SBSR, suppressing unwanted fluctuations, or for higher 
sensitivity, resulting in a maximum signal. Moreover, the graph underlines once 
again the necessity of having a high refractive index film for maximum 
performance of the sensor. 
A thorough treatment of the behavior of the waveguide sensitivity and SBSR for 
different configurations and different sensing tasks has been performed using the 
software tool developed in the framework of this thesis (see section 4.2). The 
results have been submitted for publication [53]. 

 
 

Figure 5.1: (a) Primary sensitivity Sfp and (b) SBSR for the following waveguide 
configuration: ns=1.52, nc=1.33, λ=763nm, hl=8.5nm, nl=1.45, fp=0.1 

a) b) 
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5.1.3 Secondary sensitivity 

For the case of a wavelength and angular interrogation of the waveguide grating, 
respectively, the secondary sensitivities take the forms 
 

S2λ= dλ/dN ,   S2θ = dθ/dN 
 
Taking the corresponding derivatives of the condition for maximum coupling 
(3.2.12), the following relations are found: 

wavelength readout:  dλ/dN ~Λ 
angular readout:  dθ/dN ~1/cos(θ) 

For maximum sensitivity, a long period grating should be chosen for the 
wavelength readout schemes, while for the angular readout, an angle far from 
normal incidence is preferred. 
It should be pointed out that as the secondary sensitivity increases, the resonance 
peak width also increases, possibly limiting the measurement range. This needs 
careful examination for a given geometry. As has been discussed in section 3.2, 
the resolution is less affected by the resonance peak broadening, as the 
measurement signal corresponds to a peak shift. 

5.1.4 Overall sensitivity and mass detection limit 

The overall sensitivity of the measurement variable to the optical changes in the 
adlayer is best calculated numerically as explained in section 4.2. For the case of 
the particle model and wavelength interrogation, the overall sensitivity is given 
by S= dλ/dfp. Knowing this value and the minimum wavelength shift of the 
resonance peak that can be detected ∆λlim, the mass detection limit ∆Γlim can be 
calculated. This value is the minimum change in target molecule mass per area 
that can be detected with a given sensor. It is calculated as follows 
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Where Γ1 corresponds to the surface mass coverage of a saturated layer (fp=1). 
In table 5.1, Γlim of two different configurations are compared. The sensitivities 
are calculated using the same parameters for a biochemical adlayer as described 
in Figure 5.1. Both layouts are based on the currently used WIOS sensor 
platforms, with a substrate refractive index of 1.52, a Ta2O5 waveguiding film 
(nf=2.11) with a water cover (nc=1.33) at a wavelength of 763nm. Configuration 
A corresponds to the currently used WIOS sensor platforms, with a film 
thickness of hf=150nm, and grating periodicity of 360nm. Configuration B has a 
film thickness of hf=180nm, and a grating periodicity of 900nm. The values 
given in sections 4.1 for the biochemical adlayer and a (measured) wavelength-
difference detection limit ∆λ of 7·10-5 have been used for the calculations. 
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Config hf (nm) Λ(nm) dλ/dfp (nm) Γ lim (fg/mm2) Rel. SBSR (%)
A 150 360 1.02 340 100
B 180 900 2.06 170 111

 
Table 5.1 Comparison of mass detection limit and SBSR for two different sensor 

platforms 
 
As can be seen from the table, a remarkable improvement of the detection limit, 
as well as a decrease (11%) in sensitivity to cover refractive index drift is 
obtained. This optimized layout will be further presented in section 6.1. 
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5.2 Penetration-depth tuning 

For every sensor based on evanescent waves, the penetration depth of the latter 
is related to the geometrical extent of the sensitive region near the waveguide 
interface. As a rule of thumb, maximum sensitivity can be obtained in the 
regions where a high fraction of the waveguide mode power is located [42]. An 
important aspect for sensor design is therefore the size of the substances to be 
detected and their distance to the waveguide surface. 
A major advantage of sensors using planar dielectric waveguides over SPR 
sensors is the possibility to adjust the penetration depth of the evanescent wave 
[53]. While for the SPR sensors, this parameter is determined by the material 
properties, it can be engineered by proper design for dielectric waveguides, by 
choosing appropriate substrate and film refractive indices and film thicknesses. 
The penetration depth is independent of the grating properties in a first 
approximation. 
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Figure 5.2 different sensor configurations: (a) surface sensing, (b)Matrix sensing 
and (c) µ-volume sensing 

 
Figure 5.2 shows an overview of some representative sensor configurations. In 
the surface sensing case seen in Fig. 5.2(a), the (small) molecules are attached 
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directly to the film. A short penetration depth is preferred in this case, 
minimizing the effects due to parasitic cover refractive index changes. In the 
second case (Figure 5.2(b)), the receptors and the target molecules are spread in 
a sensing matrix of a thickness of typically several hundreds of nanometers [60] 
[61]. Such a matrix can enhance the number of receptor sites through an 
enlarged sensing surface, and minimize parasitic interactions with large 
molecules such as dust particles or even cells in whole blood measurements. In 
this case, the penetration depth is chosen according to the thickness of the 
sensing matrix. For the last case seen in Figure 5.2(c), where large objects, for 
instance cells, are to be detected [22], a large penetration depth is preferred. 
The penetration depths can be tuned by a proper choice of film thickness and 
refractive indices of the substrate and the cover. Figures 5.3(a) and (b) show the 
mode intensity profiles for two different sensor configurations.  
 

 
 

Figure 5.3: Mode intensity profiles for two different configurations: (a) low 
substrate index of refraction (ns<nc ) and (b) classic configuration  

 
For both configurations, results are given for the TM0 mode at 633 nm 
wavelength, with a cover refractive index of nc=1.389 corresponding to a water 
cover partially filled (fp=0.5) with particles of refractive index np=1.45.  
In the configuration with low substrate index of refraction (Fig. 5.3(a), 
nc>ns=1.2, hf=80nm), the evanescent wave stretches deeply into the cover, while 
in the classic configuration (Fig. 5.3(b), nc<ns=1.52, hf=150nm), it is rapidly 
decreasing. 
 

  58



5.3 Birefringent layers 

The materials used for substrates and waveguides exhibit in some cases a strong 
birefringence. This is usually considered as parasitic effect. However, the 
magnitude and orientation of this birefringence can be used as additional degree 
of freedom, as will be shown in this section. The theoretical background for this 
section has been established in section 3.1. 
First, the example of a strongly birefringent polymer layer is examined, 
characterized by its refractive indices ne=1.85 and no=1.55. These values have 
been measured on real polymer waveguide samples. The other calculation 
parameters have the following values: ns=1.52, nc=1.33, λ=633nm, hf=600nm. 
The mode intensity profiles of two waveguide configurations are compared in 
Figs 5.4(a), (b) and (c). While Fig 5.4(a) shows the situation for the case of an 
average index of refraction nf=1.7, Figs 5.4(b) and (c) show the mode profiles 
for two different orientations of the index ellipsoid of the film. The impact of the 
orientation on primary sensitivity is shown in Figs 5.4 (e) and (f), compared to 
the sensitivity of the isotropic material shown in Fig. 5.4(d). The simulations 
show that the properties of the TE and TM mode differ drastically for the two 
configurations. This is due to the fact that the TE mode always “sees” the 
refractive index ny, while the TM mode “sees” a refractive index between 
nx and nz. 
This property can be exploited by setting the effective refractive index of the 
two orthogonal modes to approximately the same value. In the isotropic case, 
the two propagation constants are always different. This translates into a 
significantly different grating resonance condition. However, being able to 
measure both TE and TM mode at the same time is an advantage, as more 
information can be deduced from the two measurements. By determining the 
evolution of the two modes, information about both refractive index and 
thickness changes of a sensing layer can be determined. 
Figure 5.5(a) shows the effective refractive index N versus film thickness for a 
birefringent film with no=1.75, ne=nx=1.85. Again, the substrate refractive index 
was ns=1.52, the cover refractive index nc=1.33, and the wavelength λ=633nm. 
At a film thickness of hf=145nm, the effective refractive indices of both 
polarizations are matched. Figure 5.5(b) shows the corresponding mode profile. 
Despite the closely matched effective refractive indices, a difference in behavior 
with respect to the refractive index and thickness of the sensing layer is 
preserved. This is shown in table 5.2, where the sensitivities for both 
polarizations with respect to adlayer thickness and refractive index changes are 
listed. With such a system, thickness and refractive index changes of an adlayer 
could be detected with a low cost sensing device, where TE and TM mode can 
be excited at similar coupling conditions. 
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Figure 5.4: (a) Mode intensity profiles for an isotropic film nf=1.7, (b)  birefringent 
ne=nx=1.85, no=1.55 and (c) the configuration ne=ny=1.85, no=1.55; (d),(e),(f)are 

the corresponding particle fraction sensitivities dN/dfp. Continuous line: TM, 
dashed: TE. 
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(a)  (b) 
 
 

Figure 5.5: (a) Effective refractive index N versus film thickness hf for no=1.75, 
nx=ne=1.85. (b) mode profile for a film thickness of hf=145nm. 

 
 

 TE TM Rel. STE/STM

Snl=dΝ/dnl 2.97·10-2 4.18·10-2 100 %
Shl=dΝ/dhl (nm-1) 1.46·10-4 2.33·10-4 114 %

 
Table 5.2 Comparison of adlayer sensitivities for TE and TM modes of the 

waveguide configuration from Figure 5.5(b) 
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5.4 Mode excitation by a finite periodic uniform grating 

Figure 5.6(a) shows the resonance peak of a finite periodic and uniform 
waveguide grating with low efficiency, as it is used for biochemical sensor 
platforms. The simulations obtained with LIME and with the Fourier transform 
method are compared to the experimental data obtained for a waveguide grating 
of the same configuration. The graphs show the intensity inside the waveguide 
at the grating exit versus the incidence angle θ. 
The waveguide grating characteristics were: substrate refractive index ns=1.521, 
cover refractive index nc=1.000, nf=2.117, λ= 632.8 nm, hf= 150 nm, grating 
period Λ=360.0 nm, plane wave excitation, TM polarization. The grating has a 
depth of hg=12 nm over a length of L=1mm. The effective refractive index of the 
structure is N=1.628.  
For the LIME algorithm, the line transmission factor is the only parameter that 
has been used to match the model to the experimental data and is τ=0.9993, 
corresponding to a leakage parameter of α = 2 mm-1. In a Matlab® 
implementation, the calculation time for evaluating the structure composed of 
2777 grating lines for 100 different incidence angles was 0.7s on a Pentium 4 
running at 1.6GHz. 
To obtain the resonance peak shape using the Fourier transform, the structure 
has been modeled as phase transmission grating between the two media of 
refractive indices nf and nc, with an incident wave having a z component kz=k0·N 
of the wave vector k. This corresponds to the case of an output coupler of 
infinitely small leakage parameter. The analytical solution of the peak shape is 
then given by a sinc of width ∆θ ≈ λ/L = 0.036°. 
Figure 5.6(b) shows the simulation results for both methods for a grating coupler 
with relatively deep grooves. For this example, the waveguide grating 
parameters were: ns=1.456, nc=1.000, nf=2.12, λ= 632.8 nm, hf= 160 nm, Λ=663 
nm, plane wave excitation, λ=632.8 in TM polarization. The grating had a depth 
of hg=68 nm over a length of L=0.9 mm. The effective refractive index of the 
structure is N=1.597. 
Again, the line transmission parameter has been used to fit the LIME model to 
the experimental data and is τ=0.97. The curve for the Fourier transform 
modeling has been obtained by assuming an infinite output coupler of leakage 
parameter α =  45 mm-1. In this case, the analytical solution of the peak shape is 
given by a Lorentzian curve of width ∆θ ≈ 0.68°. 
Figure 5.6(c) shows the evolution of the intensity inside the waveguide of the 
same configuration as is Figure 5.6(a) for different angles of incidence, as 
obtained with LIME. 
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(c) 
Figure 5.6: (a) Relative coupling effciences calculated with the LIME (thick solid), 

and FFT (thin solid) compared to the corresponding experimental data (dashed) for 
a weakly coupling and (b) for a strongly coupling grating. (c) Evolution of the mode 

intensity inside the waveguide grating  
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5.5 Sub-nanometer film thickness variations 

Experiments have been reported in [29] suggesting that small effective refractive 
index variations inside the waveguide grating may lead to a significant distortion 
of the resonance peak shape. 
Figure 5.7 compares an actual measurement to the simulation of the peak shape 
by LIME. The waveguide grating differs from the first example in section 5.4 
for the following characteristics: nf=2.126, hf=173.8 nm, N0=1.695. The same 
line transmission factor as in the first example has been used. 
 

 
 

Figure 5.7: LIME Simulation results for a non-uniform waveguide grating (solid) 
compared to experimental data (dashed) 

 
The effective index variations had been experimentally determined by 
measuring the local resonance conditions with small spots, created by focussing 
the beam on the grating as illustrated in Figure 5.8. 
A quadratic effective refractive index distribution with respect to the 
propagation direction was then fitted to the experimental results and used for 
simulating the line shape. For the above example, the distribution is given by 
 

N(z) = N0 + 5·10-3 mm-2 · (z-L/2)2 , and βl= k·N(zl). 
 
The asymmetry observed in the line shapes is caused by the asymmetric 
propagation constant variations. The partial waveguide modes travelling with 
different propagation constants sum up coherently, resulting in the caracteristic 
single-sided lobes visible in Figure 5.7. 
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As the grating presented non-uniformities both along the y and z coordinate, the 
measurement visible in Figure 5.7 was taken at a certain position y using a “line-
style” illumination, also illustrated in Figure 5.8, and realized using a cylindrical 
lens of large focal length. 
In this example, the non-uniformities were caused by sub-nanometer variations 
of film thickness across the grating region, introduced by a second etching step 
of the waveguiding film during the fabrication process. The maximum height 
variation can be calculated from the effective refractive index distribution and is 
∆hf  = 0.45 nm. Considering that these extremely small variations occur over a 
large length scale (the grating length is L=1mm), their impact on the line shape 
would have been extremely difficult to model with other numerical methods 
such as FDTD. 
Considering the simplicity of the LIME approach, the agreement between 
measurement and simulation is impressive. The method gives us an insight into 
the subtle mechanisms including fabrication tolerances that can significantly 
distort the coupling line shape. 
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Figure 5.8: Illumination geometry for determining the local propagation constant 
variations (small spots), and determining the coupling line shape (line-type 

illumination). The partial illuminations have been scanned across the grating pad 
as illustrated by the arrows. 
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5.6 Parasitic substrate reflections 

The origin and a theoretical treatment of the parasitic substrate reflections have 
already been presented in section 3.3. The numerical modeling shown in this 
section has the goal of evaluating the impact of these reflections on a 
measurement using the WIOS scheme. The behaviour of an actual measurement 
with changes of the effective refractive index N is compared to a calibration 
procedure as suggested in [27], where the incidence angle is varied at a fixed 
effective refractive index N. 
The parameters in eqn (3.3.4) differing for an angular scan and a effective 
refractive index change are the incidence and exit angles at the input and output 
coupler, respectively. For an angular scan, the incoupling angle θs,in is scanned, 
while the outcoupling angle θs,out follows eqn (3.2.12) and Nout remains fixed. In 
the case of an effective refractive index change, the input coupling angle θs,in 

remains fixed, while the outcoupling angle θs,out follows eqn (3.2.12), and Nout 
varies. Nout may exhibit a different behavior than Nin, as is the case for instance 
for a depth-modulated sensor layout [29]. 
 

 
 

Figure 5.9: Simulation of the amplitude distortion for an angular scan (dashed) and 
an effective refractive index scan (solid) 

 
Figure 5.9 shows a simulation of the amplitude distortion function adist(λ) for an 
angular scan (dashed line) and for an effective refractive index scan (solid line), 
including a reality-inspired laser power non-linearity. The chip parameters 
correspond to the current depth-modulated chips. The working point for the 
effective refractive index variation curve is set to an angle corresponding to the 
center of the wavelength resonance range. An intensity vs. wavelength distribution 
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I1= f(λ)  has been chosen which corresponds to a VCSEL emission, while the 
interference modulations are calculated based on (3.3.4). 
The amplitude of the modulations is visibly quite high , and the superposition of 
the two interference contributions of different phase shift ∆φ results in a beat visible 
on both curves. Furthermore, the interference modulations in the case of an angular 
scan differ significantly from the ones obtained for effective refractive index 
changes for peaks outside a range of approximately 100 WU (WIOS unit, 
corresponding to approximately 0.007 nm) around the working point. 
 
A simulation of the deviation of the detected peak position from the theoretical 
(input) peak position is shown in Figure 5.9. Again, curves for an angular scan and 
for effective refractive index changes (working point 150 WU) are shown for a 
depth-modulated chip. The following model was adopted for the simulation: A 
perfect Lorentz function centered at a wavelength λ0 was distorted by the 
corresponding amplitude distortion function from Figure 5.8. Then, the distorted 
peak was sampled, and a Gaussian fit applied to detect center wavelength λfit. The 
difference λfit - λ0 is finally plotted in the Figure 5.10. 
 

 
Figure 5.10: deviation of detected peak position from its actual value due to 

interference modulations: angular scan (dashed) and effective refractive index scan 
(solid). 

 
Figure 5.11 shows the amplitude distortion function of an angular scan measured on 
depth-modulated chips. The plot shows the detected wavelength resonance peak 
amplitude versus incoupling angle. As in the simulations, the resonance wavelength 
range covers approximately 2nm. 
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Figure 5.11: Amplitude distortion function for an angular scan of a depth-
modulated chip. 

 
Comparing the experimental data with the simulations, it is observed that the 
periodicity of the main modulation and the beat is in very good agreement with the 
theoretical predictions for an angular scan. The amplitude of the modulation is 
approximately ¾ of the calculated maximal value. 
 
The simulations and the measurements show that a calibration of the parasitic 
substrate reflections is not feasible using an angular scan. For an accurate 
measurement, it is therefore a prerequisite to avoid these reflections. 
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Chapter 6  
 
Applications 

6.1 Chip design 

Based on the theory and modeling established in the framework of this thesis, an 
overview of the criteria for designing optimized waveguide grating sensor 
platforms (chips) is given in this section. Furthermore, a chip layout will be 
presented having improved linearity and sensitivity at potentially lower 
production costs with respect to current designs. 
In summary, the criteria for chip design, which will be explained in this section, 
include: 
 

1. Acceptable resonance angles 
2. Maximum sensitivity 
3. Minimum sensitivity to parasitic refractive index changes 
4. Minimal interference modulation 
5. Low crosstalk 
6. Acceptable resonance peak width 
7. Minimum size for maximum arraying 
8. Low production cost 

 
In theory, the wavelength and the refractive indices of the different layers of the 
waveguide structure can be chosen freely for chip design. In practice, most 
parameters are given by the capacities of the production facilities and the 
availability of the components used for sensor readout. In the example of the 
wavelength readout using a vertical cavity surface-emitting laser (VCSEL), the 
availability of interesting lasers is currently limited to the near infrared. The choice 
of Glass substrates instead of replicated polymer chips is justified by the improved 
mechanical and chemical stability [28], which however results in increased 
production costs. Furthermore, a Ta2O5 metal-oxide film is chosen, as the 
production of this kind of chips has been optimized throughout the past years at 
Unaxis Balzers Optics, Ltd. The films are of excellent quality and reproducibility. 
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The following parameters are therefore given for the optimization: 
 
ns  Substrate index of refraction  1.52   (Schott D263 or AF45) 
hs  Substrate thickness    0.7 mm 
nf  Film index of refraction  2.10 
nc  Cover index of refraction  1.328   (water) 
λ  Center wavelength   763 nm 
nl  adlayer index of refraction  1.45  (protein) 
fp  particle fraction (see section4.1) 0.1  (unsaturated layer) 
 
A description of the fabrication process used can be found in [29]. 

6.1.1 Acceptable resonance angles 

The criteria for acceptable resonance angles are given by practical considerations. 
Except for configurations where this is the actual measured variable, reflections 
from the excitation beam should not be incident on the detector. Otherwise, this 
would result in background or interference. To avoid this, the condition for the input 
and output beam should be chosen to happen at different angles. 
Furthermore, the angles should be chosen in order to allow simple mechanical 
realization without the use of elements like beamsplitters etc. Finally, every 
resonance angle should be comprised between –60° and 60°. Angles outside this 
range result in difficulties with respect to illumination, as the intensity incident on 
the grating scales with the cosine of the incidence angle. 

6.1.2 Maximum sensitivity 

Guidelines for optimizing sensitivity have been already presented in section 5.1. 

6.1.3 Minimum sensitivity to parasitic refractive index changes 

Parasitic refractive index changes of the cover medium have been treated in section 
5.1.3. The sensing layer to bulk signal ratio (SBSR, introduced by Kunz and Cottier 
in [53]) is an important design criterion and has to be balanced against maximum 
sensitivity. 

6.1.4 Minimum interference modulation 

The theoretical background of the interference modulation effect has been 
established in section 3.3, while modeling results have been presented in section 5.7. 
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Based on this knowledge, the following approaches are suggested for avoiding or 
minimizing the effect: 
a) Limit the reflection coefficient at the substrate-air interface 
b) Limit the reflection coefficient at the waveguiding film 
c) Reduce the overlap of the two interfering waves 
 
Point a) is implemented by an anti-reflective (AR) coating, or by choosing 
resonance conditions near the Brewster’s angle. The latter solution has the 
advantage of not causing additional production steps. Point b) may be implemented 
by choosing an appropriate film thickness, i.e. have the film behave like an AR-
coating. However, the film thickness is an important parameter for sensitivity and 
SBSR optimization (see section 5.1). Therefore, it is preferred not to include it into 
the interference modulation considerations. Finally, Point c) is best addressed by 
choosing a small grating pad length and high resonance angles. Especially for 
output couplers, the overlap of the twice-reflected beam with the original beam can 
be effectively reduced by this means. 
Other possibilities like reducing the planarity of the substrate or reducing the 
coherence of the beam are not considered here, as good results are already obtained 
with the less complicated and expensive solutions cited above. 

6.1.5 Low Crosstalk 

On sensor arrays where several sensing units are read out in parallel and at the same 
time (see section 2.2), it is important to minimize the crosstalk between the different 
channels. This requires a careful layout of the detection. Approaches for suppressing 
the crosstalk include the isolation of the sensing units by etching down the 
waveguiding film below cutoff outside the active area, or by using “strong” output 
couplers that almost completely remove the light from the waveguide. 

6.1.6 Acceptable resonance peak width 

The resonance peak width has an impact on resolution and measurement range. A 
narrow peak does not necessarily mean high resolution, as a spread of the peak over 
several sampling points results in an effective averaging. The resonance peak width 
is primarily determined by the grating length and the grating depth (see section 3.2). 
As a rule of thumb, long grating pads result in narrow peaks, and short pads in broad 
peaks; efficient gratings result in broad peaks, and weak gratings in narrow peaks. 

6.1.7 Minimum size for maximum arraying 

The smaller the size of the sensing units, the more of them can be packed onto the 
same chip surface. Close packing is usually traded against increased crosstalk. 
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6.1.8 Low Production cost 

A cost-effective layout has a reduced number of fabrication steps. Furthermore, cost 
effective steps are preferred over cost-intensive steps, for instance by replacing 
holographic exposure steps by standard exposures. An example is found in [29], 
where the fabrication of thickness-modulated chips is described. 
Another aspect of production cost is the yield. For this reason, chip optimization 
includes considerations about sensitivity to fabrication tolerances. For a given 
production process, the chips with a lower sensitivity to the tolerances will show a 
higher yield, resulting in a lower overall cost per chip. 

6.1.9 Improved layout 

Based upon the design considerations mentioned in 6.1.1 through 6.1.8, an 
improved input coupler layout for the WIOS sensing scheme has been designed, 
fabricated and characterized. The design is based upon a long-period grating. 
Traditionally, short period (Λ<λ) are preferred over long-period (Λ>λ) gratings, 
as higher orders are suppressed. For wavelength readout schemes however, the 
secondary sensitivity scales with the grating period. The parameters of the 
proposed layout are as follows: 

ns Substrate index of refraction  1.52    
hs Substrate thickness    0.7 mm 
nf Film index of refraction  2.10 
hf Film thickness    180nm 
Λ Grating period    900nm 
λ  Design wavelength   763 nm 

 
The layout is optimized for the following adlayer and cover configuration 

nc Cover index of refraction  1.328   (water) 
nl adlayer index of refraction  1.45  (protein) 
fp  particle fraction (see  section4.1) 0.1  (unsaturated layer) 

 
The following key advantages over current designs are achieved: 

• 100% Higher sensitivity due to long period gratings 
• 10% Higher SBSR due to higher film thickness 
• No interference modulations due to incidence near Brewster’s angle 
• Potentially lower production cost due to longer-period gratings 

 
The disadvantage of this layout is a slightly reduced measurement range due to a 
broadened resonance peak. 
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A first batch of optimized chips was produced having a slightly different 
configuration, as this way a rapid and inexpensive fabrication was assured. The 
layout had a second waveguiding film on top of the primary waveguide while 
the substrate was a quartz wafer. The parameters measured at 763nm were 
 

ns Substrate index of refraction   1.46   (Quartz) 
hs Substrate thickness     0.5 mm 
nf1 Primary film index of refraction  2.10  (Ta2O5) 
hf1 Primary film thickness    150nm 
nf2 Secondary film index of refraction 1.88  (SiN) 
hf2 Secondary film thickness    48nm 
Λ Grating period     900nm 

 
The corresponding theoretical values of the optimized (A) compared to the 
actually fabricated (B) and the current design (C) are given in table 6.1. The 
(measured) wavelength difference detection limit ∆λ of 7·10-5 has been used for 
the calculations. 
 
Config dλ/dfp (nm) ∆Γ (fg/mm2) SBSR Incidence 

angle (°)
Intensity 

modul. (%)
A 2.06 170 1.53·10-2 56 0
B 1.79 190 1.55·10-2 54 <1
C 1.02 340 1.38·10-2 -32 20

 
Table 6.1 Comparison of key performance data of optimized (A), fabricated (B) and 

current (C) chip layout: Sensitivity, mass detection limit, incidence angle and 
expected intensity modulation due to interference effects. 

 
The chips have been characterized both on a dedicated chip characterization set-
up (see section 6.2 for description) and in actual biochemical measurements. 
Figure 6.1 compares the modulation visible on the coupling line maxima for a 
current WIOS chip (a) and for the optimized layout as it has been fabricated (b). 
The suppression of the parasitic reflections thanks to the angle of incidence near 
the Brewster’s angle is well visible. 
 
Figure 6.2 (a) shows a bulk refractive index experiment for the current design, 
which is compared to the results obtained for the optimized layout as it has been 
fabricated (Fig. 6.2(b)). Although the sensor is not obtimized for cover refractive 
index changes, this experiment has been chosen for confirming enhanced 
sensitivity, as it involves purely physical and reproducible effects and does not 
depend on the surface properties such as hydrophobicity. The enhanced 
sensitivity (+55%) is well visible as enhanced peak shift. The experimental 
result corresponds well to the expected sensitivity enhancement (+58%) for the 
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cover refractive index experiment. Due to the increased SBSR ratio, it is 
expected that the sensors have a significant higher sensitivity increase (+80%) 
for biochemical experiments, as can be seen from table 6.1. 
 

 
 

Figure 6.1: Measurement of the modulations on the coupling peak maxima of the 
(a) current and (b) optimized layout. 

 

 

H2O +glyc. 1% H2O +glyc. 1% H2O H2O H2O H2O 

 
Figure 6.2: Measurement of a cover refractive index step of 1% Glycerol using 
the (a) current and (b) optimized layout. The step corresponds to a difference of 

∆nc=0.0012 
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6.2 Chip testing 

For the development and optimization of high quality chips, a system for 
characterizing chip performance was built in the framework of an industrial 
project [62]. The device is based on the WIOS measuring principle. As in the 
sensor instrument, a current-tunable diode laser source is used to scan the 
coupling condition of the sensing pads. The resulting resonance curve is then 
analyzed by characterizing it's signal position and shape. The system is suited 
for measuring whole wafers in the production process by providing degrees of 
freedom for adjusting the excitation and detection angles and for addressing 
individual pads. A modular holder design for the light source, the detector and 
chips allows characterizing the chips under different conditions. Figure 6.3 
shows a picture of the measurement unit. 
 

 
 

Figure 6.3: Chip characterization system 
 
The chip characteristics, which can be measured by the system, include: 
• The resonance angle and wavelength 
• The variations between different sensing pads present on the chip 
• The shape and distortions in the resonance curve 
 
From this data, the film thickness (and the refractive index) is calculated using 
the algorithms described in section 4.2. 
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Due to the inherent sensitivity of the waveguide gratings to film thickness 
changes, sub-nanometer thickness variations can be determined over the length 
scale of a whole wafer using the characterization system. 
 
The following Figs 6.4 (a) and (b) show an example of improvement of the chip 
quality achieved for thickness-modulated [29] chips using an optimized 
production process. The figures show film thickness variations inside one wafer, 
as measured with the characterization system. Every point represents a sensing 
unit. In this layout, a chip is composed of 6 sensing units, with a total of 49 
chips per wafer. The measurement time for a whole wafer is below 10 minutes. 
 
 
 
 
 
 
 T

 ilm
 

 

F

 
 
 
 
(a)       (b) 

10 10 Pm]

 
Figure 6.4: Measurement of the grating pad thickness variations on the wafer scale: 

waveguide thickness using (a) non-optimized production process (b) optimized 
process (courtesy of UNAXIS Baltzers Ltd.) 

 
 
In summary, the optimization of the production process was significantly aided 
and sped up by the characterization and analysis methods and devices that have 
been developed throughout this thesis. It allowed establishing a production 
process at Unaxis Balzers, Ltd. for industrial chip production. High quality 
sensor platforms can now be fabricated in large quantities. 
 
 
 

0
25

50
75

100

130

135

140

145

150

155

160

165

100
80

60
40

20
0

chip 49

Fi
lm

 T
hi

ck
ne

ss
 h

f [
nm

]

Pos X [mm]Pos Y [mm]

0
25

50
75

0

130

135

140

145

150

155

160

165

0
80

60
40

20
0

hi
ck

ne
ss

 h
f [

nm
]

os X [mm]Pos Y [m

  76



Chapter 7  
 
Conclusions and Outlook 
Novel approaches for modeling label-free biochemical sensors based on 
waveguide gratings have been presented. The methods have been introduced and 
discussed in detail, and the application to practical analysis and engineering 
tasks has been presented. In addition, an in-depth presentation of the known 
theoretical background necessary for understanding and evaluating such devices 
is given in one document for the first time. 
 
A novel approach for deriving the mode condition in a multilayer slab 
waveguide has been presented. Based upon this approach, a simple yet robust 
formulation of a mode search algorithm has been implemented and used 
successfully. The software includes a complete treatment of multilayer systems 
having birefringent layers. It performs a wide variety of relevant design and 
analysis calculations, such as 2D and 3D Plots of angular and spectral 
dependencies, sensitivities and SBSR, as well as waveguide parameter 
determination based on a set of measurements by multi-variable optimization. 
This software has been successfully used to fulfill a variety of design and 
analysis tasks, such as sensor optimization and characterization. 
 
A new method for describing mode excitation through a grating coupler has 
been presented. The local interference method (LIME) is a good approximation 
for calculating resonance shapes of (non-uniform) waveguide gratings. It 
includes both diffraction and waveguiding effects. Computing time is 
comparable to the Fourier transform method. The presented application 
examples show that the method is very attractive for evaluating coupling line 
shapes of one grating order and for gaining a deeper understanding of the 
coupling process. Peak distortions due to very small waveguide inhomogeneities 
calculated with LIME show good agreement with the corresponding 
measurements. The simulation results have been obtained without calculating 
the exact value of the grating parameters. An estimation of the latter is sufficient 
for the evaluation of normalized coupling line shapes. 
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Based on these models, a characterization set-up has been built for analysis of 
the sensor chips during the production process. The optimization of the 
fabrication process of a special type of sensor platforms has been significantly 
aided by this efficient measuring tool. High quality sensor platforms can now be 
fabricated in large quantities. 
 
Finally, the practical relevance of the work has been demonstrated by showing 
the results obtained by optimized sensor platforms, engineered using the design 
rules and methods developed in the framework of this thesis. The chips show 
enhanced sensitivity combined with a lower sensitivity to parasitic bulk 
refractive index changes, and no interference modulations. 
 
The present work found application in various industrial projects with 
international partners. Many of the projects are still ongoing and producing 
exciting results. New approaches for sensor design and readout not mentioned in 
this thesis, as well as new materials for waveguides are currently being 
evaluated and patented. 
 
I hope that this thesis is a useful contribution to the research in the field of 
waveguide grating sensors. 
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“Application-tailored integrated optical chips for label-free (bio-)chemical 
sensing”, 
submitted to Sensors&Actuators B, 2004 
 

Label-free sensing is an important method for many (bio-)chemical 
applications in fields such as biotechnology, medicine, pharma, 
ecology and food quality control. Integrated optics based on the use of 
waveguide modes offers a great potential and flexibility to tailor the 
properties of the evanescent field to different applications. The results 
of a numerical study show that this flexibility is founded on the many 
degrees of freedom that can be used for the integrated optical chip 
design, in contrast to other technologies such as those based on 
surface plasmon resonance, for which the materials' properties limit 
the range of choices. The applications that are explicitely considered 
and discussed include (1) bulk refractometry, (2) "2D sensing", for 
example biosensors with adsorption processes occurring within some 
10 nm from the chip’s surface in a "surface sensing region", (3) "3D 
sensing" using a "matrix sensing region" with processes to be 
monitored within some 100 nm from the chip’s surface, for example 
hydrogel-based layers and “optrodes”, (4) "micro-volume sensing" 
with processes or particles to be monitored within probe volumes 
extending to some 1000 nm from the chip’s surface, including any 
kind of particles and for example biological cells. The findings will 
enable one to optimize various types of integrated-optical sensors, 
including interferometers and grating-based sensors. 
For the latter three types of applications, it is demonstrated that the 
integrated optical chips can not only be designed for achieving 
maximum sensitivity, but also to obtain an optimum “signal-to-
background ratio” in the sense of maximizing the sensitivity in the 
sensing region of interest, but minimizing it in the regions of non-
interest, e.g. in the bulk analyte volume.  
 

Keywords: Label-free sensing, (Bio-) chemical sensors, Evanescent-wave 
sensors, Integrated optical sensor chip, Waveguides. 
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accepted for publication in Jap. J. Appl. Phys., 2004 
 

The local interference method (LIME) is introduced as a tool for 
simulating guided mode excitation by finite gratings in monomode 
waveguides. This efficient and versatile calculation scheme considers 
each grating line as a scattering center radiating into and from the 
forward-traveling waveguide mode, neglecting multiple scattering 
processes. This approximation considerably speeds up calculation 
time while delivering very good results for a broad range of 
calculation tasks, including non-periodic gratings or waveguides 
exhibiting small variations of the propagation constant. The algorithm 
is presented in detail, and it is applied to the calculation of the 
coupling line shapes of waveguide grating structures used for 
biochemical sensors, having small spatial non-uniformities. 
 

Keywords: finite waveguide gratings, coupling line shape, numerical modeling, 
non-periodic gratings, inhomogeneous waveguide gratings, bio-chemical sensors 
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K. Cottier, M. Wiki, G. Voirin, H. Gao, and R.E. Kunz, 
“Label-free highly sensitive detection of (small) molecules by wavelength 
interrogation of integrated optical chips”, 
Sensors&Actuators B, vol 91/1-3 p. 241 – 251, 2003 
 

A biochemical sensor system based on wavelength interrogation of 
integrated optical sensor chips is presented. The combination of a 
non-mechanical scanning mechanism with sensor chips of high 
quality and stability allows fast and accurate multi-channel 
measurements. The emphasis of the present paper lies in detailed 
design considerations, and the application of the system to high 
sensitivity sensing tasks.  
A series of different experiments is presented, including bulk 
refractometry and affinity binding. The results show that the detection 
limit has been enhanced markedly due to the recent developments of 
new chips and reliable readout instrumentation. At present, the surface 
mass coverage detection limit is 0.3 pg/mm2 at a standard deviation of 
100 fg/mm2. 
 

Keywords: Label-free sensing, (Bio-) chemical sensors, Evanescent-wave 
sensors, Integrated optical sensor chip. 
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K. Cottier, R.E. Kunz, G. Voirin,  M. Wiki 
“Thickness-modulated waveguides for integrated optical sensing” 
Proc. SPIE Vol. 4616, p. 53-63, 2002 
 

Novel sensor chips for evanescent wave sensing have been developed 
and investigated for various (bio-) chemical applications. A preferred 
integrated optical sensing scheme requires an array of independent 
sensing pads being present on the chip, each one of them having two 
different regions for in- and out coupling of the optical readout beam. 
We present a novel chip type, where this goal is achieved by thickness 
variations of the waveguiding film and one single grating period. The 
sensor chips consisted of a 300 nm thick Ta2O5 waveguide deposited 
on a glass substrate structured with a uniform grating of 360 nm 
period. By this optical structure a first coupling angle was defined. 
Sensing pads with a different coupling angle were realized by etching 
the film at selected regions down to a thickness of about 150 nm. The 
performance of the novel chips was demonstrated in various 
refractometric sensing applications. The experiments included cover 
medium refractive index variation as well as monitoring of affinity 
binding of small molecules. A very high resolution of 3x10-8 in the 
effective refractive index was achieved. The emphasis of this paper is 
on describing this approach and on presenting optical chip 
characterization methods together with modeling results. 
 

Keywords: (Bio-)chemical sensors, Evanescent-wave sensors, Integrated optical 
sensor chip, Optical chip characterization 
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Label-free highly sensitive detection of (small) molecules by
wavelength interrogation of integrated optical chips

K. Cottiera,*, M. Wikib, G. Voirina, H. Gaoa, R.E. Kunza

aCentre Suisse d’Electronique et de Microtechnique SA (CSEM), Jaquet-Droz 1, CH-2007 Neuchâtel, Switzerland
bUnaxis Optics Ltd., P.O. Box 1000, FL-9496 Balzers, Liechtenstein

Abstract

A bio-chemical sensor system based on wavelength interrogation of integrated optical sensor chips is presented. The combination of a

non-mechanical scanning approach with sensor chips of high quality and stability allows fast and accurate multi-channel measurements.

The emphasis of the present paper lies in presenting detailed design considerations, and in reporting the application of the system to several

high sensitivity sensing tasks.

An excellent performance of the sensor is demonstrated for bulk refractometry and affinity measurements. The bulk refractometric

measurements show a detection limit of <10�6. For detecting small molecules, a standard deviation in terms of mass coverage of 100 fg/mm2

is obtained, corresponding to a detection limit of 0.3 pg/mm2. Furthermore, a very clear signal is observed for biotin (244 Da), indicating a

detection limit for the present wavelength interrogated optical sensor (WIOS) system distinctly below 200 Da. For a direct immunoassay at

low concentrations, a detection limit in the order of 10�11 M is estimated based on the experimental results. The results show that the sensor is

perfectly suited for application areas such as medical, food and environmental.

# 2003 Elsevier Science B.V. All rights reserved.

Keywords: Label-free sensing; (Bio-)chemical sensors; Evanescent-wave sensors; Integrated optical sensor chip

1. Introduction

Label-free detection of several analyte molecules being

simultaneously present in a liquid or in a gas with high

sensitivity is a major requirement for present and future

applications of (bio-)chemical sensors, especially for areas

such as medical, food and environmental. In this paper, newest

results are reported that have been achieved by reading the

signal of multiple sensing pads on an integrated optical (IO)

chip simultaneously by a tunable laser [1]. Other approaches

for label-free sensing making use of dielectric waveguides

include optical waveguide lightmode spectroscopy (OWLS)

[2,3], chirped grating couplers [4], Mach-Zehnder [5] and

Young interferometers [6,7]. Other well-known methods are

based on surface plasmon resonance (SPR) [8], resonant

mirror [9], reflectometric interference spectroscopy (RifS)

[10], scanning angle reflectometry (SAR) [11], surface acous-

tic waves (SAW) [12], quartz crystal microbalance [13] and

fully electrical devices.

The main advantages of the approach presented in this

paper are high sensitivity, fast response, small size and low

cost. With the use of sensor chips on glass instead of polymer

substrates [14], the stability and reproducibility of the

measurements increased markedly.

In this paper, the theoretical fundamentals are presented,

followed by a description of the sensing principle and the

optical scheme. Then, design considerations as well as a

detailed description of effects distorting the signal shape and

the corresponding calibration possibilities are given. Next,

the practical realization of the readout instrument and the

measurement procedure are presented. After that, the fabri-

cation of the chips is explained. Finally, experimental results

for the application of the system to refractometry, detection of

small molecules and low concentrations are reported.

2. Wavelength interrogation method

2.1. Theoretical fundamentals

2.1.1. Waveguide

A planar dielectric multi-layer waveguide is shown in

Fig. 1. All layers are supposed to be absorption free and

Sensors and Actuators B 91 (2003) 241–251
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without scattering. The mode propagates through total inter-

nal reflection inside the layer with the highest index of

refraction, the so-called film. If the index of refraction

decreases to the outer side of the system—such as no

secondary waveguides are created—the guided modes fulfill

the mode equation:

2khf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

f � N2

q
þ jfc þ jfs ¼ 2pm (1)

where hf is the film height, nf the film refractive index, N the

effective refractive index of the waveguide, k the wave

number, jfc the Fresnel reflection phase shift at top film

interface, jfs the Fresnel reflection phase shift at bottom film

interface and m the mode number.

In the case of a monomode waveguide, the right side of the

equation reduces to zero.

The waveguide’s effective refractive index N is directly

proportional to the propagation constant of the mode. It is

polarization dependent, as the Fresnel reflection phase shifts

jfc and jfs differ for TE and TM waves.

In principle, the model only applies to unstructured

interfaces. It can be used as an approximation to structured

surfaces such as gratings when the grating depth hg is small

compared to the film thickness hf. In this ‘thin grating’

approximation, the film height hf does not correspond to the

physical film thickness and is referred to as equivalent

height. The model can be nevertheless expanded for struc-

tured interfaces by introducing additional layers with an

averaged index of refraction [15].

2.1.2. Grating coupler

Light can be coupled into or out of a waveguide by

means of a grating. A plane wave incident on the

grating is partially diffracted into the guided mode. Max-

imum coupling efficiency is achieved at the resonance

condition

na sin yin ¼ N � mglr

L
(2)

where na is the ambient medium in which y is measured, yin

the angle of incidence of the plane wave, mg the diffraction

order, lr the resonance wavelength in the ambient medium

and L the grating period.

2.1.3. Waveguide and grating of finite length

Both the models for waveguide and grating assume

structures of infinite extent in the direction of propagation

of the mode. A finite structure shows broadened resonances

instead of discrete modes and coupling conditions. While the

point of maximum coupling can be determined by Eqs. (1)

and (2), width and shape of the resonance curve have to be

determined with other models.

The effective index spread DN corresponding to a finite

structure is derived in [16], Eq. (21):

DN ¼ l
Lg

(3)

where Lg is the effective grating length.

The wavelength spread Dl in the case of a wavelength

scan is given by:

Dl ¼ DN
dN

dl

� ��1

¼ l
L

dN

dl

� ��1

(4)

where dN/dl is the effective index dispersion, given in [17].

The shape of the resonance curve Z ¼ f ðlÞ of a finite

grating can be approximated by a Lorentzian of center lr and

halfwidth Dl/2 [18].

2.2. Sensing principle

The wavelength interrogated optical sensor (WIOS)

approach is based on scanning the resonance peak of a

grating coupler by means of a current tunable laser diode.

The sensor chip is based on a monomode waveguide that

is structured with two corrugated grating regions. The first

one acts as incoupling pad for the incident beam, and the

second grating for coupling light out of the waveguide onto a

detector. When a guided mode is excited inside the wave-

guide, its evanescent field penetrates into the layers adjacent

to the film. Changes of the optical properties in this region

affect the phase shift jfc upon Fresnel reflection. The

effective refractive index N of the waveguide mode changes

accordingly (cf. Eq. (1)). The change in effective refractive

index is monitored by observing the resonance peak of the

incoupling grating (Eq. (2)).

In a classical readout scheme for a bio-chemical sensor

based on waveguides and gratings, the resonance angle is

scanned with a laser source of fixed wavelength [3]. In the

wavelength interrogation approach, the resonance is scanned

by observing the resonance wavelength at a fixed angle of

incidence.

The sensing principle applies to two measurement

configurations, namely (a) bulk refractive index sensing

(refractive index of the cover medium nc, Fig. 2a) and (b)

measuring thickness hl and/or refractive index nl changes of

a (bio-chemical) adlayer at the waveguide surface (Fig. 2b).

Knowing the waveguide parameters, the measurand can be

calculated from the relations (1) and (2).

The limited wavelength tuning range of the laser source

results in a limited measurement range, tight fabrication

Fig. 1. Multi-layer waveguide.

242 K. Cottier et al. / Sensors and Actuators B 91 (2003) 241–251



tolerances for the sensor chips, and severe stabilization

criteria. To overcome these limitations, an additional degree

of freedom is introduced by adjusting the angle of incidence.

Using a motorized mirror construction to set the working

point introduces also the advantage of being able to perform

an in situ chip calibration as described in Section 4.4

2.3. Optical scheme

The optical scheme is depicted in Fig. 3. A vertical cavity

surface emitting laser diode (VCSEL) with a saw-tooth

wavelength modulation is used as laser source. The colli-

mated beam of the VCSEL is directed by a mirror towards

the input pad of the chip. The mirror is used to adjust the

incidence angle. At the resonance wavelength, a fraction of

the light is coupled into the waveguide and coupled out

through the output pad. The emitted light is collected by a

multi-mode fiber and detected by a photodiode. The signal

can then be acquired for peak position detection.

3. Design considerations

3.1. Substrate

For highly sensitive sensor applications, the mechanical

and chemical stability of the sensor chips is of great impor-

tance. For this reason, high quality glass substrates are

clearly preferred over polymers. A tradeoff is the augmented

fabrication cost due to the nanostructuring of the grating, as

convenient replication techniques such as hot-embossing

[14] can no longer be used.

3.2. Film thickness and sensitivity

The thickness of the waveguiding film hf is an important

design parameter for adjusting the sensitivity for different

measurands. Depending on the application, a different film

thickness has to be chosen for maximum sensitivity. In the

present case, the sensor chips are optimized for protein

adlayer thickness (hl) variations. Table 1 gives an overview

of the overall sensitivity dl/dM of the chips for different

applications. The parameters used for the calculations were

Fig. 2. (a) Bulk refractive index sensing. (b) Bio-chemical adlayer

sensing.

Fig. 3. WIOS optical scheme.
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nc ¼ 1:33, nl ¼ 1:45, hl ¼ 8:5 nm, nf ¼ 2:13, hf ¼ 150 nm,

ns ¼ 1:52, L ¼ 360 nm, l ¼ 763 nm, TM0. The surface

mass coverage has been calculated as described in [19] with

a surface coverage Gm ¼ 5 ng/mm2 corresponding to a

saturated IgG monolayer of hl ¼ 8:5 nm adsorbed on a

protein A layer.

3.3. Beam separation

If the input and output pads have the same coupling

characteristics, reflections of the incident beam interfere

with the outcoupled signal (Fig. 4). To prevent this, the in-

and outcoupling angles have to be chosen differently.

According to Eqs. (1) and (2), this can be achieved for

instance by two gratings of different periods Lin and Lout (cf.

Fig. 5a) or by two regions of same periods L but different

film thicknesses hf,in hf,out [20] (cf. Fig. 5b). Both layouts

have been fabricated, characterized and tested successfully

in bio-chemical sensing applications.

3.4. On-chip referencing

In bio-chemical assays, a reference channel is used to

separate specific from non-specific effects visible on the

sensor response. These include changes of temperature and

bulk refractive index, wavelength variations due to current

instabilities of the laser diode, or non-specific binding

[21,22]. The reference pad has the same characteristics as

the sensing pad, but does not present the specificity of the

sensing pad. During a measurement, the final signal is

calculated by subtracting the reference peak position from

the signal peak position.

Placing reference pads close to the sensing pads elim-

inates drift to a large extent, leading to much more relaxed

stabilization criteria. Furthermore, it leads to a markedly

increased signal to noise ratio, and therefore to a better

detection limit.

4. Signal shape and calibration

4.1. Influence of parasitic reflections

The resonance curve as sensor output is disturbed in

particular by parasitic reflections at the top and bottom

substrate interfaces. The twice-reflected input beam is

coupled into the waveguide with a phase f2 different from

the phase f1 of the original wave, as can be seen in Fig. 6. As

the phase difference Df ¼ f2 � f1 changes with the wave-

length, this leads to a sinusoidal modulation of the resonance

curve and to a deformation of the resonance peaks (Fig. 7).

The phase shift Df ¼ f2 � f1 is calculated by comparing

the doubly reflected wave with the one incident at the same

spot, having traveled a longer distance in the air:

Df ¼ 4phsns

l
1

cos ys

� sin2ðysÞ
� �

þ jsf þ jsa (7)

where ns is the index of refraction of the substrate, l the

wavelength in air, jsf the Fresnel phase shift at the substrate-

film boundary, jsa the Fresnel phase shift at the substrate-air

boundary.

Table 1

Theoretical sensitivities for the WIOS system

Measurand M dl/dM Unit

Surface mass coverage G 0.207 nm (mm2/ng)

Adlayer thickness hl 0.122 nm/nm

Refractive index of adlayer nl 2.89 nm

Cover refractive index nc 72.8 nm

Fig. 4. Beam separation.

Fig. 5. (a) Cut through dual period sensor chip. (b) Cut through thickness-modulated sensor chip.
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The amplitude a2 of the reflected wave is related to the

amplitude a1 of the original wave as

a2 ¼ a1rsfrsa (8)

where rsf the amplitude of the reflection coefficient at the

substrate-film boundary, rsa the amplitude of the reflection

coefficient at the substrate-air boundary.

The intensity modulation Imod of the signal corresponds to

the interference term of the two waves. The impact on the

signal peak shape is evaluated by expressing the modulation

in terms of wavelength:

Ibmod

I1

¼ 2
a1a2

a2
1

cosðDfÞ ¼ 2rsfrsa cos
@Df
@l

Dl
� �

(9)

where

@Df
@l

¼ � 4phsns

l2

1

cos ys

� sin2ðysÞ
� �

þ @jsf

@l
þ @jsa

@l
(10)

is the modulation frequency.

For a substrate of thickness hs ¼ 0:7 mm and refractive

index ns ¼ 1:52, covered with a film of Ta2O5 (hf ¼ 150 nm,

nf ¼ 2:13), with a grating structure of period L ¼ 360 nm

and illuminated with a laser source of wavelength

l ¼ 763 nm, the resulting modulation has a relative intensity

of 6.8% and a period of 0.29 nm (see Fig. 7).

4.2. Film thickness variations

If the film thickness is not constant over the whole input

pad area, the resonance curve will get distorted. A different

film height results in a different local propagation constant,

and therefore to a different phase pickup between two

adjacent grating lines. The peak broadens and its shape is

altered depending on the film height profile. As the chips are

optimized for maximum sensitivity to layer thickness

changes, they are inevitably very sensitive to small film

thickness variations.

This effect has been investigated in particular for thick-

ness-modulated sensor chip layouts, where the etching step

introduces height variations in the order of 0.5 nm. The

resulting shoulder-like deformations are described in detail

in [20].

4.3. Source characteristics

A current-tunable vertical cavity surface emitting laser

(VCSEL) is chosen as the light source due to its compact

size, low cost and high modulation frequency. The laser

operates around a wavelength of 763 nm, with an accessible

wavelength tuning range of about 2 nm. It has a nearly linear

current–wavelength response, but output power depends

also on the current. Fig. 8 shows the wavelength–power

characteristics of the laser diode measured with a polarizer

to select the mode polarization used for incoupling.

The resonance curve Z ¼ f ðlÞ is deformed by the varia-

tion of the output power with the wavelength.

4.4. Calibration

The signal distortions and modulations mentioned under

Sections 4.1–4.3 reduce the measurement accuracy if not

properly taken into account.

In order to correct for the non-ideal peak shape, an in situ

chip calibration procedure was developed.

As the incidence angle can be changed in the present

set-up, the angle-resonance wavelength characteristic is

recorded before the actual measurement. Therefore, the

complete input angle range is scanned in small steps by

the adjustable mirror (sketched in Fig. 3). For each step yk,

several wavelength scans are averaged and the correspond-

ing peak position lcal(yk) extracted. These data points are

interpolated, resulting in the continuous curve lcal(y) and its

inverse relation ycal(l). A linear fit is then applied to the

measured points, representing the linearized characteristics

llin(y).

Fig. 6. Parasitic substrate reflections.

Fig. 7. Influence of parasitic substrate reflections on resonance peak shape.
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During the actual measurement, the angle remains fixed

and the wavelength scans are recorded over time. After the

measurement, the measured peak positions lmeas are cor-

rected: lresult ¼ llinðycalðlmeasÞÞ.
For the calibration to work properly, it is necessary that

both incoupling angle and effective refractive index follow a

linear relation with the resonance wavelength. This condi-

tion is met inside the small measurement window.

5. Practical realization

5.1. Instrument

A compact WIOS instrument that has been realized is

shown in Fig. 9. It allows the simultaneous readout of the

resonance curves of four channels with a frequency of

300 Hz.

The following main components are visible on the photo-

graph: (1) laser source, (2) beam expanding optics, (3)

deflection mirror, (4) chip support with fluidic cell, and

(5) array of plastic optical fibers.

As the light source, a VCSEL (Laser Components, SPEC-

DILAS V-763-GMP) was used. The laser diode emits

around a center wavelength of l ¼ 763 nm and has an

accessible wavelength tuning range of about 2 nm. Its

temperature is stabilized by a Peltier element, while the

current is controlled by a custom electronic controller

circuit. The deflection mirror has a range of 68 and is

mounted on a motorized mechanical unit around the pivot

axis located at the input grating. The output signal is

detected by an array of photodiodes (OSRAM, SFH

206 K), amplified by a custom electronic circuit and

acquired by a data acquisition board (National Instruments,

PCI-6024E). The data is then treated on a personal computer.

5.2. Measurement procedure

Before starting the measurement, a proper angular work-

ing point is set. A reference cover medium (for example

phosphate buffered saline solution PBS) is applied on the

chip. The angular range is scanned by means of the motor-

ized mirror. At the same time, calibration data (see Section

4.4) is collected. The mirror position then remains fixed in

order to set the detected peak to a wanted starting position

within the measurement range accessible by wavelength

tuning. The actual measurement begins by removing the

reference medium and applying the analyte. The peak

positions of the reference and sensing pads are recorded

over time. At the end of the measurement, the curves are

corrected by applying the calibration and subtracting the

reference from the sensing curve.

6. Sensor chips: fabrication

Two types of sensor chips have been realized as stated in

Section 3.2. One layout consists of a waveguide structured

Fig. 8. VCSEL current–power characteristics.

Fig. 9. Compact WIOS instrument. (1) Laser source, (2) beam expanding

optics, (3) deflection mirror, (4) chip support with fluidic cell, and (5)

array of plastic optical fibers.
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with two gratings of different period, defining the input and

output pads. The other layout consists of a waveguide that is

structured with a grating of uniform period, but presents two

different film heights. The fabrication of the latter chip type

is described in detail in the following.

For these so-called depth-modulated sensor chips, a fab-

rication process requiring only one holographic exposure

has been established.

In Fig. 10, the main steps of the fabrication procedure are

depicted. First, the surface of a 0.7 mm thick 4 in. AF45

glass wafer with a refractive index of nS ¼ 1:52 (at

l ¼ 632:8 nm) was structured with a grating by holographic

exposure (cf. Fig. 10a and b). In a second step, the grating

structure was transferred into the substrate by dry etching as

shown in Fig. 10b. During the etching, an aperture mask was

applied to prevent gratings to be etched outside the input and

output pad regions. The resulting grating had a period of

L ¼ 360 nm and a depth of hg ¼ 13:2 nm.

After removing the photoresist, the whole substrate was

coated with a hf;out ¼ 300 nm thick Ta2O5 dielectric film

using a low temperature DC magnetron sputtering process as

shown in Fig. 10c. This process allows to fabricate thin,

compact and homogeneous films with a high refractive index

of nf ¼ 2:10 (at l ¼ 632:8 nm).

The structured substrate was coated with a second photo-

resist layer and the regions acting as input pads were exposed

using an aperture mask. The film was then dry etched to a

thickness of hf;in ¼ 150 nm as shown in Fig. 10d. While these

regions acted as input pads, the regions remaining at the film

thickness of hf;out ¼ 300 nm were used as output pads.

Finally the wafer was cut into single sensor chips of a size

of 12:25 mm � 12:25 mm. Fig. 11 shows the picture of a

sensor chip with six measuring channels. The dimensions of

both the input and output pad were 0:8 mm � 1:0 mm. The

triangular grating structure at the upper left corner is used as

positioning reference.

A line-profile extracted from an AFM measurement of the

transition region between input and output pad is plotted in

Fig. 12. It shows that the transition width is less than one

grating period. The measured step height was Dhf ¼
hf;out � hf;in ¼ 146:2 nm. It can be seen on the graph that

the grating height and profile is altered at the input pad

region during the second etching step. The initial grating

height of hg ¼ 13:2 nm is slightly reduced to hg ¼ 12:7 nm,

Fig. 10. Fabrication steps of depth-modulated sensor chips.

Fig. 11. Picture of the realized sensor chip with six channels.

Fig. 12. AFM line profile of the transition between input and output

region.
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while the profile is changing from a trapezoidal to a

smoother, more sinus like shape.

7. Applications

7.1. Bulk refractometry

Although the sensor chips were not optimized for refrac-

tometry of the cover medium (or bulk media in general), but

for measuring thin adlayers formed near the waveguide’s

surface, refractometric measurements have been performed

in order to evaluate the system sensitivity. For the series of

measurements reported in Fig. 13, the following mixtures

have been applied as the cover medium: 0.2, 1 and 5%

glycerol in water, increasing the refractive index of the

solutions by 0.00024, 0.0012 and 0.0058, respectively.

The experiment was conducted by applying the solutions

to the chip successively, always supplying water in between.

For this measurement, taking the raw data shown in Fig. 13

and determining the standard deviation of the signal over a

time period of 1 min in a region with constant refractive

index results in a value of 9:6 � 10�7 for the cover refractive

index. This is the standard deviation for a single measuring

pad, including drift and statistical fluctuations. If the signal

of a reference pad is subtracted from the measuring pad

signal (cf. Section 3.4), the standard deviation is reduced to

3:1 � 10�7.

For obtaining a calibration, the measured shifts of the

grating coupler resonance peak were compared with the shifts

calculated using the known waveguide and grating para-

meters. The results confirmed the validity of all the system

and chip parameters and were then used to obtain the relation

between the resonance position and surface mass density of

typical protein layers adsorbed on the waveguide grating.

7.2. Affinity measurements with small molecules

The most relevant applications for this system are in

monitoring adsorption to and binding of molecules near

the surface of the sensor chips. Many types of applications

can be realized whenever a suitable recognition molecule–

analyte couple exists. To demonstrate the performance of the

system, the binding reaction of biotin on previously immo-

bilized neutravidin was chosen. Using a double chamber

fluid container, BSA and neutravidin were first adsorbed on

two different channels of one waveguide chip, then biotin-

5N-FITC with a molecular weight of 831 Da (cf. Fig. 14a) or

pure biotin (cf. Fig. 14b) was supplied to both chambers

simultaneously, the final concentration being 1 mg/ml. As

the binding constant of biotin to neutravidin is high, the

reaction takes place in a very short time (28 s) and drift due

to the instrument or to the adsorbed layer is not significant.

The binding of biotin can be clearly observed on the

neutravidin coated pad whereas nothing occurs on the

reference pad. The binding of biotin with a molecular weight

of only 244 Da, one of the smallest molecules being of

interest for biochemistry, is clearly demonstrated in Fig. 14b.

Examining the raw sensor signal data plotted in Fig. 14b

yields a standard deviation of 0.009 peak position units for

each pad, taken for 3 min in the steady regions, excluding

the drift. The change of 0.613 units produced by adding the

biotin solution is thus 67 times the standard deviation,

corresponding to 22 times the detection limit. This indicates

Fig. 13. Change of the resonance peak position for the three different refractive index solutions (water, S1: solution with Dn ¼ 0:00024, S2 with

Dn ¼ 0:0012, and S3 with Dn ¼ 0:0058).

248 K. Cottier et al. / Sensors and Actuators B 91 (2003) 241–251



that the detection limit of the WIOS system is distinctly

below 200 Da.

By making use of on-chip referencing (cf. Section 3.4),

i.e. by subtracting the data of the reference from the signal

curve (cf. Fig. 14b), the standard deviation is reduced to

0.005 peak position units, corresponding to about 100 fg/

mm2 and a detection limit of about 300 fg/mm2. As in the

case of bulk refractive index, this improvement is due to the

fact that some signal disturbances originating for example

from fluctuations in temperature and laser current, are

affecting the signals from both pads in the same way.

7.3. Detection of large molecules at low concentration

Besides the detection of small molecules, the detection of

larger molecules at low concentration is also an important

feature for a biosensor. In order to show the performance of

the WIOS approach for this type of application, we have

chosen the reaction between anti-mouse antibody and mouse

IgG. First, mouse IgG was immobilized on one grating pad

using OptoDex1 [23,24], i.e. a mixture of OptoDex1 and

mouse IgG (0.25 mg/ml each) were deposited on the pad.

After drying, OptoDex1 was activated with UV-light to

induce the photobonding. The modified surfaces were then

washed with phosphate buffered saline containing detergent

(PBS/0.02% Tween 20) before being used in the system. A

baseline was first established by supplying PBS–BSA buffer

solution to the sensor cell, and then the buffer was replaced

with solutions of anti-mouse IgG with decreasing concen-

trations of 10�10, 10�9, 10�8 M. The result of the measure-

ment is shown in Fig. 15. It was made by pipetting without

flow and without stirring. After 25 min of reaction the signal

obtained with the lowest concentration is 0.26 units of peak

shift, which is about five times the detection limit that can be

Fig. 14. Reaction of biotin-5H-FITC (a) and biotin (b) on adsorbed neutravidin (signal) and BSA (reference).
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obtained taking into account the drift of the instrument over

the measurement time. A detection limit of 2 � 10�11 M can

be expected for the same measurement conditions.

Considering the fact that the assay used was a direct

immunoassay with photocoupled antigen, this is a very good

result, especially if compared to sandwich assays. Further

improvements can be achieved by making use of micro-

fluidics and more sophisticated assays.

8. Conclusions

The WIOS bio-chemical sensor system based on wave-

length interrogation of a waveguide grating has been pre-

sented. The label-free sensor combines fast readout with

high sensitivity and accuracy. Some important design

aspects have been pointed out, and sources of parasitic

effects influencing the resonance peak shape have been

identified and analyzed in detail. It has been shown that

the use of a motorized deflection mirror allows calibrating

the system in order to correct for these effects. The same

mirror is used for setting the high-resolution measurement

window within a large operating range.

The layout of two types of sensor chips has been presented

together with fabrication details. The stability of the sensor

chips has been enhanced by using glass rather than polymer

substrates.

An excellent performance of the sensor has been demon-

strated for bulk refractometry and affinity measurements.

The bulk refractometric measurements show a detection

limit of <10�6. For detecting small molecules, a standard

deviation in terms of mass coverage of 100 fg/mm2 has been

obtained, corresponding to a detection limit of 0.3 pg/mm2.

Furthermore, the very clear signal observed for biotin

(244 Da) indicates a detection limit for the present WIOS

system distinctly below 200 Da. For a direct immunoassay at

low concentrations, a detection limit in the order of 10�11 M

was estimated based on the results reported in this paper.

These results show that the sensor is perfectly suited for

application areas such as medical, food and environmental.
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ABSTRACT

Novel sensor chips for evanescent wave sensing have been developed and investigated for various (bio-) chemical
applications. A preferred integrated optical sensing scheme requires an array of independent sensing pads being present
on the chip, each one of them having two different regions for in- and out coupling of the optical readout beam. We
present a novel chip type, where this goal is achieved by thickness variations of the waveguiding film and one single
grating period. The sensor chips consisted of a 300 nm thick Ta2O5 waveguide deposited on a glass substrate structured
with a uniform grating of 360 nm period. By this optical structure a first coupling angle was defined. Sensing pads with
a different coupling angle were realized by etching the film at selected regions down to a thickness of about 150 nm.
The performance of the novel chips was demonstrated in various refractometric sensing applications. The experiments
included cover medium refractive index variation as well as monitoring of affinity binding of small molecules. A very
high resolution of 3x10-8 in the effective refractive index was achieved. The emphasis of this paper is on describing this
approach and on presenting optical chip characterization methods together with modeling results.

Keywords: (Bio-)chemical sensors, Evanescent-wave sensors, Integrated optical sensor chip, Optical chip
characterization

1. INTRODUCTION

Integrated Optical (IO) Sensing schemes using gratings in demanding (bio-) chemical sensing tasks have numerous
advantages over other methods. In particular, high sensitivity, small size and low cost can be mentioned1. The
measurement principle consists in coupling light from a laser source into a waveguide by means of a grating. Every
change at the waveguide surface affects the grating’s resonance condition and can be measured with very high
sensitivity. In the past, the resonance has been scanned for instance by varying the incoupling angle2 or by chirped
gratings3.

Recently, a new generation of robust and highly sensitive wavelength interrogated optical sensor instruments (WIOS4)
has been developed. Here, the resonance condition is scanned by varying the wavelength of a VCSEL source. With
these instruments, the demand for disposable high performance yet low cost sensor platforms (“opto-chips”), arises.
These opto-chips consist of a planar waveguide with an array of sensing and reference pads on a substrate with a
surface of typically ¼ square inch.

While polymer substrates have proved their advantages in mass production by replication5,6, the mechanical and
chemical stability of glass substrates make them the first choice for IO (bio-) chemical sensor platforms. New opto-chip
designs for glass substrates have to be investigated in order to facilitate mass production.

The present paper presents a novel chip design with reduced fabrication cost. In section 2, the fundamentals of IO
sensing using waveguides and gratings are recalled, and the working principle of the depth-modulated chip design is
presented. Section 3 gives detailed information about the fabrication process used. In section 4, optical chip
characterization methods are presented together with experimental results. Section 5 contains an attempt to explain the
experimental results and model chip behavior.
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2. FUNDAMENTALS AND WORKING PRINCIPLE

Waveguides and grating couplers are treated in detail in 7 and 8. A formulation of these principles applied to bio-
chemical sensing can be found in 9. The main theoretical aspects will be summarized in the following sections for
convenience reason.

2.1 Waveguide

A basic planar dielectric waveguide as shown in Figure 1(a) is composed of 3 layers: substrate, film and cover. The
layers are supposed absorption free and without scattering. The refractive index of the film is assumed to be higher than
both the substrate and the cover refractive index, permitting total internal reflection at the film interfaces.
For a mode to be guided inside the film, it has to satisfy the mode equation:

mNnkh fsfcff πϕϕ 22 22 =++− (1)

where:
N: effective refractive index of the waveguide
k: wave number
ϕfc: Fresnel reflection phase at film-cover interface
ϕfs: Fresnel reflection phase at film-substrate interface
m: Mode number

The waveguide’s effective refractive index N expresses the phase velocity vp in the direction of propagation of the
mode:

vp = c/N (2)

Note that the reflection phases are different for TE and TM polarization, the corresponding phase velocity (or effective
refractive index) therefore also being different.
The simple layer model is an approximation to the case encountered in IO sensing, where one or both interfaces are
structured with a grating showing a grating depth hg<<hf. The approximation is often referred to as thin-film
approximation.

Fig. 1: Waveguide (a) and grating coupler (b)
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2.2 Grating coupler

The role of a grating is to couple light from or to a waveguide (Figure 1(b)). Supposing a plane wave being coupled into
a waveguide by means of a diffraction grating, maximum coupling efficiency is achieved at the resonance condition

na·sinθ = N-mgλ/Λ (3) 

where:
na: medium in which θ is measured 
θ: angle of incidence of the plane wave, measured in na

mg: diffraction order
λ: free space wavelength
Λ: grating period

Note that the grating period is usually smaller than the free-space wavelength. For an infinitely long grating, the discrete
diffraction orders lead to discrete coupling angles θmg for a given wavelength, or to discrete coupling wavelengths λmg

for a fixed incidence angle. A finite grating shows a broadened resonance peak. The corresponding effective index
spread ∆N is derived in 3, eqn (21):

 ∆N = λ/L (4)

where
L: effective grating length

The angular spread ∆θ for a fixed wavelength λ is given in 10 , eqn (2):

( ) 1
0

1

cos −
−

⋅⋅=





⋅∆=∆ θλ

θ
θ an

Ld

dN
N (5)

where
θ0: resonance angle

The wavelength spread ∆λ in the case of a wavelength scan states:

11 −−







⋅=






⋅∆=∆

λ
λ

λ
λ

d

dN

Ld

dN
N (6)

where
dN/dλ: effective index dispersion, given in 11

The shape of the resonance curve of a finite grating for the case of an angular scan can be approximated by a
Lorentzian10.

2.3 Depth-modulated sensor platforms

The high sensitivity of the grating’s coupling condition to effective refractive index changes allows highly sensitive
sensor devices. Typically, cover (also called bulk) refractive index changes or adlayer height variations are to be sensed.
Every variation at the film-cover interface of the waveguide translates into a change of the Fresnel reflection phase ϕfc,
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and therefore to a different effective refractive index N (eqn (1)). A
shift of the grating’s coupling condition is the consequence (eqn (2)).

A preferred layout for a sensor using depth-modulated chips is
shown in Figure 2. The input pad acts as actual sensing pad. When
its coupling condition at an angle θin is reached, light is diffracted
into the waveguide. The output pad is used to direct a fraction of the
guided wave onto a detector at an angle θout.

The reason for using two distinctly different angles is to spatially
separate the reflected incident beam and the output signal in order to
achieve a good signal to noise ratio (SNR). This is usually achieved
by creating gratings of different period Λ1 and Λ2. In the depth-
modulated approach, the resonance condition is altered by locally
modifying the film thickness. Figure 2 shows a partial cut of this
kind of chips. In the present example, the whole substrate is

structured with the same grating of period Λ = 360nm. A waveguiding film of thickness hfo = 300nm is deposited, and
the input pads are selectively etched down to a different film height hfi = 150nm.

The theoretical coupling angles for this geometry can be calculated from eqs (1) and (3) and are θ1 = -29.9° and θ2 = -
13.4° (λ = 763nm, nf = 2.13, ns = 1.52, nc = 1.33, TM0).

2.4 Application to (Bio-)Chemical Sensors

To turn the sensor platform into a (bio-)chemical sensor, a biochemical sensing layer is applied on top of the
waveguiding film. Its role is to attract specific molecules from the solution to analyze. If these molecules are present,
they attach to the layer (Figure 3(a)). This translates into a shift of the coupling condition as described in section 2.3. A
second grating pair with parameters equal to the first one, but without the sensing layer, acts as reference. Analyzing the
difference of the two signals instead of only the sensing pad’s response eliminates an important part of drift and
fluctuation problems12.

Different schemes for finding the resonance condition exist,
each of them having their particular advantages and drawbacks.
A setup first described in 2 consists of sweeping the angle of
incidence. Another method is the use of chirped gratings, where
the grating period changes over the sensor pad3. Recently, a new
family of wavelength interrogated optical sensor (WIOS4)
systems has been developed at CSEM. In this approach, the
wavelength is continuously scanned by current tuning of a
VCSEL. This readout scheme has proved its stability, accuracy
and rapidity: the need for moving parts during a measurement is
eliminated, and tuning frequencies in the range of kHz are easily
achieved. However, it should be pointed out that in contrast to
the other readout schemes described above, the scanned variable
λ does not only figure in the resonance condition (eqn 3), but the
effective refractive index N itself depends also on λ. A heavily non-linear behavior could be expected, but inside the
small scan range (typically ∆λ = 2nm), a very linear response can be observed.

Fig. 2: Cut through depth modulated sensor chip
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3. FABRICATION

For the fabrication of the depth-modulated sensor chips, a novel process requiring only one holographic exposure
followed by one standard illumination procedure for defining the input and output grating pad structure has been
established.

In Figure 4, the main steps of the fabrication procedure are depicted. At first, as shown in Figure 4(a), a 0.7 mm thick
AF45 glass substrate with a refractive index of ns = 1.52 (at λ = 632.8 nm) was structured over the whole chip surface
area with a grating having a period of Λ = 360nm and a depth of hg = 13.2 nm by using holographic exposure and dry
etching techniques for transferring the structure into the high refractive index film (cf. Figure 4(b)).

After removing the remaining photoresist, the structured substrate was coated with a hf,out= 300 nm thick Ta2O5

dielectric film using a low temperature DC magnetron sputtering process. This process allows to fabricate thin and
compact films with a high refractive index of nf = 2.10 (at λ = 632.8 nm).

Subsequently, the structured substrate was coated with a second photoresist layer. Using a mask aligner with a mask for
defining the grating pad structure, the regions acting as input pads (IP) were exposed. The developed photoresist was
used as mask for dry etching the film down to a thickness of hf,in= 153.8 nm as shown in Figure 4(c). While these
regions acted as input pads, the regions remaining at the film thickness of hf,out= 300 nm were used as output pads Pout.
Finally the photoresist covering the output pad (OP) was completely removed.

The quality of the resulting structure, especially of the gratings at the input and output pads and the etch depth was
carefully investigated by AFM measurements (Digital Instruments) and optical methods (c.f. Section 4, Experimental).
Figure 5(a) shows a 3-D view of a 10 µm x 10 µm surface-area, taken at the transition region from an input to an output
pad. The thickness variation of the film as well as the grating structures are clearly visible.
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Fig. 4: Fabrication steps for depth-modulated sensor chips

An extracted line profile of this region is plotted in Figure 5(b). It clearly illustrates the accuracy of the step and shows
that the transition region is less than the line width of one grating period. The measured step height was ∆hf = hf,out-
hf,in= 146.2 nm. It can also be seen in the graph that the grating height and profile was altered at the input pad region

during the second etching step. The initial grating height of hg = 13.2 nm is slightly reduced to hg’= 12.7 nm, while the
profile is changing from a trapezoidal to a smoother, sinus like shape.
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Fig. 5: AFM measurement of the transition between input and output region and corresponding line profile

4. EXPERIMENTAL RESULTS

4.1 Chip Testing

The goal of a first measurement series was to characterize the opto-chips. In order to verify the waveguide and grating
parameters, the grating’s resonance angles θ0 for TE and TM mode at a given wavelength λ were determined. Knowing
the grating period Λ and the parameters of substrate and cover, the film refractive index nf and height hf are calculated
from θ0 using equations (1) and (3). The grating period Λ is prior determined by optical measurements performed in the
Littrow configuration10.

The accuracy, with which the resonance peak position can be determined, depends on the shape of the resonance curve.
To visualize this curve, the incoupled intensity η is plotted versus angle θin by performing an angular scan.

The measurements were performed using the setup seen in figure 6. A He-Ne laser source (λ = 632.8 nm) is used to
illuminate the incoupling grating pad. The beam shape is controlled with a lens of large focal distance. The chip is
placed in the center of rotation of a high resolution rotary table measuring θin. The wave excited inside the waveguiding
film is partially diffracted by the outcoupling grating at an angle θout. The outcoupled beam is imaged through a lens on
a photodiode measuring outcoupled optical power η. The surrounding medium is air (nc = 1).

Fig. 6: Experimental set up for chip characterization

The resonance peaks for the incoupling grating were measured at θin,TE = 5.8°, θin,TM = -3.5° for TE and TM mode
respectively. The outcoupling angles were determined by using the outcoupling region as incoupler and were
θout,TE = 14.5°, θout,TM = 11.1°. The refractive index of the film and the film heights were calculated by solving equations
(1) and (3) and are nf = 2.13, hf,in = 173 nm hf,out = 309 nm. The figures for film height differ from the ones obtained by
AFM measurements (section 3), as a different batch was analyzed.
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To verify the resonance curve shape of the sensing pad, angular scans were performed using a spot covering the whole
input grating pad. Figure 8(a) shows such a scan for the TM mode. The deformed resonance peak was observed for all
pads that have been measured. In order to investigate the cause of this effect, further measurements had to be
performed. Local coupling characteristics were obtained by
illuminating only a fraction of the grating at a time.

A series of measurements with a line-shaped illumination as seen
in Figure 7 (Spot A) were performed. The beam covered the
whole pad in the direction of the z-axis having a width of
approximately 75µm in y-direction. Scanning the signal
shape at 11 equally distant positions along the y-axis of the pad
permitted two observations. First, the resonance peak position
changes significantly along the y-axis. Second, the signal
shape, as seen in figure 8(b), differs both from the shoulder- type
and the standard Lorentzian. An asymmetric interference
pattern can be observed.

A last series of measurements was performed using a point
illumination as seen in Figure 7 (Spot B). The beam diameter was
approx. 100µm. Again, 11 scans were performed, at equidistant points along the z-axis in the center (y-axis) of the pad.
The resonance curves obtained hereby were the first ones to follow the expected Lorentzian shape. The broadening of
the resonance peak is a consequence of the partial illumination in z-direction, as the effective grating length is reduced
(eqs (5) and (6)). As in the previous experiment along the y-axis of the pad, the resonance peak position changes along
the z-axis.

Fig. 8: Resonance curves obtained by angular scans with spot coveringthe whole incoupling pad (a),
line-style illumination (b) and small spot (c)

4.2 Measuring Bulk refractive index

A refractometric measurement is a simple application example of the sensor chips. Variations of the index of refraction
of the cover medium nc are monitored using a wavelength interrogated optical sensor (WIOS4) instrument. In the
previous experiments, the resonance was scanned by varying the incoupling angle θin, while the wavelength of the
source λ remained fixed. In the WIOS instrument, λ is varied while maintaining the same θin. The main advantages of
this sensing scheme are no moving parts and fast readout. A photograph of the WIOS breadboard and the corresponding
schematic are shown in figure 9.

Fig. 7: Illustration of the different
illumination spot shapes used for chip

characterization.
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A current tunable (λ = f(i)) VCSEL laser source is used to illuminate the sensing pads. Collimating and expanding
optics are used to produce an asymmetric spot, permitting the simultaneous readout of four channels. As mentioned
above, the source is placed at a fixed angle θin with respect to the sensor chip. An optical fiber collects the light emitted
by the outcoupling region at an angle θout. The resonance condition of the sensing pad is examined by plotting the
outcoupled intensity as a function of wavelength η = f(λ). A gaussian fitting is used for resonance peak detection. The
VCSEL used is a laser components Specdilas V 763 GMP and has a current tuning range of about ∆λ = 2 nm. The
VCSEL is stabilized in temperature by a micro-peltier element.

The performance of the chips was analyzed by applying
liquids of known refractive index as cover medium. This was
achieved using different concentrations of Glycerol 87%
(n = 1.454) in Phosphate Buffered Saline solution (PBS,
n = 1.334). The response of the chips to 11 Concentration
steps corresponding to refractive index changes of 1.20·10-3

has been monitored. The theoretical resonance peak
wavelength shift dλ/dnc = 72 nm can be calculated by solving
eqs (1) and (3) numerically. This leads to a peak resonance
shift of dλ/dnc·∆nc = 0.086 nm per step. According to
equation z, the expected FWHM is ∆λ = 0.24 nm for the
present configuration (Lg = 1 mm).

Figure 10 shows a series of wavelength scans η = f(λ)|nc. The
x axis corresponds to the wavelength λ, the y axis represents
the refractive index change ∆nc with respect to 0% Glycerol.

The observed resonance shifts correspond well to the
theoretical predictions. But again, signal deformations similar
to the ones obtained in section 4.1 are observed.Fig. 10: Results from the Refractometric Measurements.

Curves show coupled intensity versus wavelength for
different cover refraction indices.
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4.3 Biosensor experiments

In order to show the performances of the chips, several experiments with biomolecules were prepared. The waveguide
is first treated to receive the biomolecules: it is cleaned with detergent, rinsed and then treated to be more hydrophilic
(microwave oxygen plasma or HCl overnight immersion). In a first set of experiments, mouse IgG was photobonded on
the surface using OptoDex®. The Chip is then installed in the WIOS breadboard. The signal baseline is established with
pure buffer on top of the waveguide, then different concentrations of anti-mouse antibody solution are applied. The
binding of the molecules is monitored with the record of the wavelength resonance position versus time. In a second set
of experiments, neutravidin and Bovin Serum Albumin (BSA) are first adsorbed on the cleaned waveguide surface
directly on the WIOS breadboard (adsorption is also monitored). Neutravidin and BSA are adsorbed on different grating
pads. After adsorption, the baseline is established with buffer, when biotin is added (final concentration 1 µg/ml), only
the neutravidin pad reacts as it is expected (neutravidin is a biotin binding protein). The WIOS breadboard with the
depth-modulated chips is well adapted for surface binding monitoring of molecules and can be used for large (antibody
150000 Dalton) and small molecules (biotin 244 Dalton). With a reference pad, a resolution of 3 10-8 on the effective
refractive index can be achieved, this is equivalent to a surface density of about 100 fg/mm2 of protein on the
waveguide grating pad.

5. MODELING AND DISCUSSION OF RESULTS

In this section, an attempt to explain the unusual signal shape observed during the various experiments conducted with
the depth-modulated chips is given. In the application of the chips to (bio-) chemical sensing, the shoulder-like
deformation is of major concern. The peak resonance λ0 in a wavelength scan, or θ0 in an angular scan is the actually
measured figure. If the peak resonance is not well defined, the precision of the measurement suffers accordingly.

A possible explanation of the signal deformation is a variation of the effective refractive index N inside the grating pad.
In our case, due to the fabrication process, the most likely cause for a non-uniform N distribution are film height
variations. As the chip is designed to be very sensitive to sensing layer height differences at the film-cover surface, it is
inevitably very sensitive as well to changes of the actual film height. A first estimation using eqs (1) and (3) leads to a
sensitivity in terms of resonance wavelength of dλ0/dhf = 0.65 nm/nm (nc = 1.33). This figure confirms the sensitivity of
the chip to film height differences.

With the hypothesis of effective
refractive index (N) changes due to
height differences inside the grating
pad, the various resonance curves
obtained in section 4.1 can be used to
determine equivalent height profiles.
This profile is established by first
determining the local peak resonance
angles, and then solving eqs (1) and
(3) for the film height hf. As the
model is an approximation of the
reality assuming an infinitely thin
grating, this equivalent height does
not correspond to the actual film
height.

The equivalent height profiles for the
y-axis and z-axis have been
established using the experimental

Fig. 11: Equivalent height profile reconstructed from the local coupling angles
determined during chip characterization. (a) Shows the distribution for line-style

illumination along y, (b) the central profile along z
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data of the corresponding scans obtained in section 4.1. Figure 11 shows the two distributions. The resolution of the
reconstructed equivalent height can be estimated by calculating the angular sensitivity to height differences. A
sensitivity of dθ/dhf = 0.156 °/nm can be calculated from eqs (1) and (3). Supposing that the resonance angle can be
determined with a resolution of ∆θ<0.01°, a surprising theoretical resolution of ∆hf = ∆θ/(dθ/dhf) = 0.06 nm in terms of
height difference is achieved.

The goal of a further investigation of this model was a simulation of the effect of arbitrary height distributions on the
resonance profile η = f(λ) based on eqs (1),(3),(4) and (5). This corresponds to the inverse calculation of what has been
done to reconstruct the height profiles. When trying to model the observed signal, it becomes quickly clear that a key
element for successful simulation is the explanation of the signal shape plotted in figure 8(b), resulting from a line- type
illumination.

While the measurements along the y-axis of the pad sum up to a curve very close to the signal observed when
illuminating the whole pad, the same statement cannot be made for curves along the z-axis. A simplified explanation of
this phenomenon is that the light coupled into the waveguide propagates in z-direction, not interfering with waves
coupled at a different y position. But light coupled at a certain z coordinate does interfere with light coupled at another
position of same y but different z coordinate. Further investigations and simulations on this subject are being performed
and are to be published elsewhere.

CONCLUSION

Depth-modulated chips have been designed and fabricated. The chips consist of a uniform grating covering the whole
chip area, while sensing pads with different coupling conditions are introduced by locally reducing the film thickness.
The chips have been characterized with angular scans and have been successfully tested in refractometric measurement
using wavelength interrogated optical sensor (WIOS). The goal of angular separation of the reflection of the incoming
beam and the outcoupled light has been achieved. The shape of the resonance curve presented the particularity of a
shoulder-like deformation. The cause of this effect has been investigated, and it was found that effective refractive
index (N) variations inside the sensing pad could explain this deformation. The N changes are most likely introduced by
height variations resulting from the local etching step. As the chips are designed to be sensitive to sensing layer height
changes in bio-chemical measurements, they are as well sensitive to film thickness variations.

A highly sensitive method was presented to measure N profiles inside the grating pad. By assuming that the effective
refractive index (N) variations are caused by height changes, an equivalent height profile can be established with a
resolution of ∆heq<0.1 nm.

A better understanding of the origin of the resonance shape is of importance for two reasons. First, optimization of
fabrication parameters could be achieved. Second, the peak detection algorithm used on the WIOS instrument for bio-
chemical sensing could be improved in order to be less sensitive to deformed signals. Therefore, further investigations
are and will be performed.

Depth-modulation is an interesting method to produce IO sensor platform chips at lower cost. High sensitivity
measurements are nevertheless restricted due to the particular signal shape, making resonance condition detection
difficult.
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