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Abstract 

 

Integrated planar optical waveguide interferometer biosensors are advantageous combinations 

of evanescent field sensing and optical phase difference measurement methods. By probing 

the near surface region of a sensor area with the evanescent field of a guided mode, any 

change of the refractive index of the probed volume induces a phase shift of the mode 

compared to a reference field typically of a mode propagating through the reference arm of 

the same waveguide structure. The interfering fields of these modes produce an interference 

signal detected at the sensor’s output, whose alteration is proportional to the refractive index 

change. This signal can be recorded, processed and related to e.g. the concentration of an 

analyte in the solution of interest. Although this sensing principle is relatively simple, studies 

about integrated planar optical waveguide interferometer biosensors can mostly be found in 

the literature covering the past twenty years. During these two decades, several members of 

this sensor family have been introduced, which have remarkably advantageous properties. 

These entail label-free and non-destructive detection, outstandingly good sensitivity and 
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detection limit, cost-effective and simple production, ability of multiplexing and 

miniaturization. Furthermore, these properties lead to low reagent consumption, short analysis 

time and open prospects for point-of-care applications. The present review collects the most 

relevant developments of the past twenty years categorizing them into two main groups, such 

as common- and double path waveguide interferometers. In addition, it tries to maintain the 

historical order as it is possible and it compares the diverse sensor designs in order to reveal 

not only the development of this field in time, but to contrast the advantages and 

disadvantages of the different approaches and sensor families, as well. 

 

Keywords: waveguide, common- and double path interferometer, biosensor, evanescent field, 

label-free detection 

 

1. Introduction 

 

With the development of the enzyme electrode in 1967, Updike and Hicks presented the first 

biosensor and hereby demonstrated its huge prospects in medicine and biotechnology (Updike 

and Hicks, 1967). With this achievement, they started a continuous and ongoing development 

process within the field of biosensing (Chambers et al., 2008). Although, during these almost 

50 years, numerous new sensor designs with better and better properties have been published 

and commercialized, the need for decreasing size and cost, but improving sensitivity, 

detection limit, specificity and stability still challenges today’s scientists and engineers. 

Miniaturized, fast, cheap, easy-to-use and reliable glucose biosensors already make the life 

more comfortable and safe for those, who are suffering from diabetes (Oliver et al., 2009). 

Beyond the biomedical applications of e.g. pregnancy, bacterial infection, cholesterol and 

troponin T quick tests (Holford et al., 2012; Justino et al., 2010), the new approaches of 

biosensorics open up new opportunities; they are e.g. widely used in forensic medicine 

(alcohol, drug, doping tests, etc.) and industry (pharmaceuticals, water-, food quality, etc.),  as 

well (Alocilja and Radke, 2003; Fan et al., 2008; Klenkar and Liedberg, 2008; Lazcka et al., 

2007). 

The sensitive and specific detection of biological substances of molecular weights even less 

than 500 Da at a concentration of typically less than a few pg/ml, is still not trivial today in a 

sample, where numerous other molecules may also be present dissolved in a significantly 

larger quantity (Cunningham, 2009). The interest in reliable and cost-effective transducers, 
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namely biosensors, which are able to convert the recognition of these tiny biological entities, 

i.e., targets to an amplified signal, still remains (Kozma et al., 2013). 

Today, the most sensitive biosensors are based on fluorescent, radioactive or magnetic 

labeling, since following the signal produced by the label, the binding or the presence of even 

an individual molecule can be detected in the observed volume or on the studied surface 

(Alivisatos, 2001; Jain, 2005). Beyond this indubitable advantage, unfortunately they are 

suffering from numerous drawbacks compared to label-free techniques. For instance, the 

chemical procedure of labeling is rather expensive, time and labor intensive. The number of 

fluorophores on the molecules cannot be controlled precisely, which leads to a fluorescence 

signal bias. Furthermore, the presence of these anchored tags could have a not-negligible 

effect on the molecules, thus on the experimental results, as well (Cooper, 2002; Fan et al., 

2008). As a consequence, the label-free techniques are very important mates of labeling ones. 

Moreover, they have better future perspectives, since they offer sensitive, specific and fast 

measurements without the abovementioned drawbacks. By immobilizing recognition elements 

and by mounting a flow-cell onto a label-free sensor chip, quantitative, in situ and real time 

detection of the target molecules or kinetic measurements of molecular interactions is 

possible. 

Regarding the competition of label-free signal transducers such as mass-sensitive, 

temperature-sensitive, electrochemical and optical biosensors, the optical methods are 

dominating both the research literature and the market (Lazcka et al., 2007; O’Malley, 2008). 

The reason is mainly that optical methods are merging the advantages of other label-free 

techniques into a cost-effective way. The binding of the target analytes is detected in their 

natural form using low-power electric field in or close to the visible range with neither 

destructive nor considerable manipulative effect on the experiment. The sampling rate and the 

detection limit of surface mass density changes are outstandingly good, which allows a very 

efficient real-time monitoring. In most cases, performing parallel measurements is 

straightforward due to their ability of multiplexing for multi-parameter analysis (Cunningham, 

2009). The technological demands for the fabrication of these transducers are relatively low 

and by batch manufacturing the optical elements in a more cost-effective and more compact 

way, their ongoing miniaturization leads to novel possibilities, towards even lower reagent 

consumption, shorter analysis time and consequently towards point-of-care applications. 

The working principle of these devices is depicted in Figure 1 and can briefly be summarized 

as follows: binding target molecules with higher refractive index are displacing the lower 
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refractive index ambient (e.g. water or buffer) of the biological or biologically derived 

recognition elements, such as e.g. receptors, antibodies, aptamers, nucleic acids, enzymes or 

molecular imprints (Chambers et al., 2008), which are integrated or associated with an optical 

signal transducer (see the following chapters) (Turner, 2000). As a consequence, the value of 

this physical parameter is changing locally, which has an effect on the related optical 

quantities, such as e.g. phase velocity of the propagating electromagnetic wave, polarization 

state, light intensity and wavelength (Cunningham, 2009; Fan et al., 2008). The optical signal 

transducer amplifies this variation to a measurable, typically electric signal. All sensor 

configurations presented in this review are utilizing this relatively simple, but very sensitive 

principle. 

 

 
Figure 1: Schematic working principle of label-free optical biosensors. Surface immobilized recognition 

elements specifically bind the sample of interest, commonly one or several target molecules within a complex 

sample. The resulting mass adsorption and displacement of the surrounding medium results in a change of the 

local refractive index at the sensor surface. This variation has a direct effect on the physical properties of the 

interrogating electromagnetic wave, which can be amplified by the optical transducer.  
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2. The scope of this review 

 

The aim of this review is not to summarize the recent developments in the whole field of 

label-free optical methods. It tries to keep the focus only on a sub-group of optical waveguide 

based techniques; the integrated planar optical waveguide interferometer biosensors. With 

special emphasis on their transduction mechanism, namely on optical structures and their 

interaction with the analyte, the review presents the most important development directions 

and achievements of the last twenty years towards the modern point-of-care waveguide 

interferometer applications. Detailed reviews of chemical modification and bioconjugation of 

sensor surfaces can be found in Refs. (Bañuls et al., 2013; Hunt and Armani, 2014). 

Waveguide interferometers have particular importance, since the smart combination of two 

very sensitive methods, the waveguiding and the interferometry techniques, resulted in a next 

generation of biosensors. By utilizing the advantages of these two approaches, they do not 

lose on mechanical stability, reliability, ability in mass production and miniaturization. 

Consequently, they are well-suited for point-of-care applications (Duval et al., 2012a). 

Without the need of directed transport of biomolecules onto individual nanoscale sensor 

structures, waveguide interferometers in practice typically have one or even two orders of 

magnitude better detection limit for surface mass density and refractive index changes 

calculated for a macroscopic sensor area than e.g., microring resonators, silicon wires, slot-

waveguides or photonic crystals and grating coupler sensors, furthermore, they can be 

characterized theoretically as well as practically with higher sensitivity potential even in 

comparison with surface plasmon resonance spectroscopy (Brandenburg, 1996; Ciminelli et 

al., 2013; Estevez et al., 2012; Lukosz, 1991; Sheehan and Whitman, 2005; Squires et al., 

2008; Zinoviev et al., 2008). Moreover, other significant advantages of these techniques are 

their broad dynamic range and long interaction length. For instance, surface plasmon 

resonance spectroscopes and output grating coupler sensors have a trade-off between the 

dynamic range and resolution (Cottier, 2004; Homola et al., 1999). The dynamic range of 

input grating coupler sensors can be limited by e.g. mechanical or optical constrains, such as 

the range of e.g. angle of incidence or wavelength tuning (Cottier et al., 2003). In contrast, a 

waveguide interferometer based refractometry measurement can be typically performed 

continuously even in the range of the refractive index of vacuum and that of the waveguide 

film. On the macroscopic sensor surfaces of waveguide interferometers, the measuring light 

can interact with the sample over a typical length of several millimeters up to a few 
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centimeters, which outperforms in this way e.g. the microring resonators and silicon wires 

(Estevez et al., 2012). 

Of course, the waveguide interferometers also lack specific features compared to the other 

sensors, they also have important drawbacks originated from their working principle. One of 

them is that only relative parameter values (related to a reference) can be gained from a 

waveguide interferometer-based measurement. To reveal absolute parameter values is not 

straightforward today. Additionally, they are highly sensitive for wavelength instabilities, 

consequently, cost-intensive temperature-stabilized coherent light sources have to be applied 

to avoid wrong interpretation of the measurement. Furthermore, in order to suppress the non-

negligible effects of mechanical vibrations and temperature changes, the sensor unit has to be 

stabilized and properly isolated from the environment, which is typically a bar to device 

miniaturization. As it will be seen later on by the introduction of individual sensor 

configurations, a further imperfectness of the “state of the art” is that simultaneous 

spectroscopic, multimode and/or multi-polarization measurements are typically not 

straightforward today. The future challenge is to design waveguide interferometer sensor 

systems, which are capable of detecting and investigating bio-chemical reactions with 

improved sensitivity and detection limit, without the aforementioned disadvantages and in a 

way suitable for point-of-care applications. 

 

 
Figure 2: Schematic working principle of label-free planar optical waveguide interferometer biosensors. The 

binding of target molecules to recognition elements causes a local refractive index change, nΔ , of the cover, C

, in immediate proximity of the waveguide film, F . This change induces a phase shift, ϕΔ , of the guided 

mode (red wave) propagating underneath, since this region is probed with evanescent field. The resulting phase 

difference, ΔΦ , between this mode and a reference one (gray wave) is detected based on their interference. 
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Despite the significant differences in their realization (see later in the following chapters), 

waveguide interferometers follow a common basic working principle: One or several modes 

are propagating in a waveguide, while their evanescent field is probing the near surface 

region, where any change of the refractive index induces phase shifts of the modes. 

Combining the phase shifted modes with each other or combining a phase shifted mode with a 

reference one, an intensity variation, namely, an interference signal can be measured at the 

sensor’s output (Figure 2). This signal can be further processed and related to the quantity of 

the analyte adsorbed or the change of the cover refractive index, respectively. 

 

3. Theoretical Approach of Planar Optical Waveguide Interferometers 

 

3.1. Young and Mach-Zehnder Interferometry 

The famous double-slit experiment of T. Young published in 1804 in Ref. (Young, 1804) 

played a crucial role in the general acceptance of the wave theory of light. Moreover, it later 

inspired numerous fields of physics from classical optics to modern quantum physics and 

helped us to understand our world more profoundly. The experiment, which has demonstrated 

that the light of a point source passing through two thin and closely spaced slits produces an 

interference pattern in the far-field, has effectively been exploited in biosensorics as Young 

interferometers. An early application of the interference has also had an enormous impact on 

this field of sciences. About 90 years later, L.Z. Mach and L.Z. Zehnder independently 

published that collimated beams of a light source can be applied for measuring refractive 

index changes (Mach, 1892; Zehnder, 1891). Both Mach-Zehnder and Young interferometers 

utilize the wave nature of light for detecting the changes of the optical properties of a sample 

and are consequently similar regarding their working principle. In a modern interferometer, 

the polarized light of a coherent and monochromatic source is split into two beams to 

propagate independently in the two interferometer arms. One of the arms, the so-called 

sample or sensor arm, interacts with the sample of interest. Any change of the sample shifts 

the phase of this beam compared to the one of the reference arm, which is either insulated 

from the environment or interacts with a reference sample. The difference between the two 

interferometers is basically the way how the interference of the two beams is produced. In a 

Mach-Zehnder interferometer, the beams are recombined by directing them again onto the 

same root towards a photodetector (Figure 3a). Due to the wave nature of light, the measured 
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intensity, I , is a periodic function of the phase shift difference, ΔΦ , of the beams passed 

through the two different paths (beam No. 1 and 2)  (Jenkins and White, 1957a): 

 ( )ΔΦ++= cos2 2121 IIIII . (3.1) 

Equation 3.1 is based on the fact that the intensity is proportional to the square of the resulting 

amplitude of two interfering waves. The phase shift difference of the beams of the two 

different paths, 1L  and 2L , can be calculated as:  

 ⎟
⎠
⎞⎜

⎝
⎛ −=ΔΦ ∫∫

21

)()(0 LL
rdrnrdrnk , (3.2) 

where 00 /2 λπ=k  is the wave number and 0λ  is wavelength measured both in vacuum and 

)(rn  is the refractive index of the medium at point r .  

The beams of a Young interferometer are projected from two closely spaced secondary 

sources (representing the two slits of Young’s experiment) onto a detector array, where not a 

single intensity, but an interference pattern, a so-called interferogram is detected (Figure 3b). 

The optical path length difference of the rays originating from the two sources is varying 

along the y  axis of the detector, which is chosen to be parallel to the axis defined by the two 

secondary sources. For this case, equation 3.1 can be rewritten as (Jenkins and White, 1957b): 

 ( )[ ]ΔΦ+Λ++= yIIIIyyI cos2)()( 2121γ , (3.3) 

where kdl /=Λ  is the spatial period of the fringes, λπ /20 == nkk  is the wave number in 

medium, d  and l  are denoting the spacing of the two sources and the distance of the plane of 

the sources and the detector surface, respectively, and λ  is the wavelength in medium. 

Furthermore, a form factor 22 /)(sin)( χχγ =y  representing the diffraction on a single slit of 

width b  modulates the intensities of the interference fringes, where lkby 2/=χ . 

In case of integrated Mach-Zehnder as well as Young interferometers, at least the sensor arm 

(or at least its sensing region) is realized in an integrated optical waveguide structure. In this 

manner, one can further differentiate between fully integrated and hybrid (partially integrated) 

interferometers (see examples in the following chapters). This kind of integration has the 

advantage that a well-defined sensor surface can be created at a particular region of the 

waveguide, where sensing with evanescent field, i.e., sensitive near-surface (bio)detection can 

be performed. In contrast to integrated Mach-Zehnder interferometry, where the actual 

intensity is related to the phase difference of the two beams, the position of the interference 

fringes is proportional to the phase difference in case of integrated Young interferometry. 

This methodical difference allows a clear distinction between the two approaches.  
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Figure 3: Typical a) Mach-Zehnder and b) Young interferometer configurations. The light coupled into the 

waveguide structure of the interferometer is split into two beams, which are passing through the sensor arm (and 

underneath the sensor surface) and the reference arm, respectively. In case of a Mach-Zehnder interferometer, 

the two beams are recombined by directing them to the same path again resulting in their interference. The 

beams of a Young interferometer are projected from two closely spaced secondary sources onto a detector array, 

where an interference pattern is detected. The spatial period of the fringes, Λ , the spacing of the two 

(secondary) sources, d , the distance of the plane of the sources and the detector surface, l , and the width of the 

slits, b , are also shown for the better understanding of eq. 3.3. 

 

3.2. Wave propagation in Planar Optical Waveguides 

The first demonstration of waveguiding is usually related to John Tyndall, however, Jean-

Daniel Colladon has presented his “light fountain” earlier in 1842 (Colladon, 1842; Hecht, 

1999). His experiment revealed that due to total internal reflection, the light can be guided in 

a transparent material, of which refractive index is higher than that of the surrounding 

ambient. This phenomenon has later been exhausted in many applications of the optical 

waveguides amongst others in telecommunication and sensor devices, in which the 

confinement and guidance of electromagnetic waves along an arbitrary but defined path in 

space is the basis of performance. 

A group of optical waveguides, the so-called planar optical waveguides can be regarded as a 

byproduct of two industry branches, namely the telecommunication and semiconductor 

industries. Whereas the former led to novel methods to couple, transfer, switch, multi- and 

demultiplex light in optical fibers for high speed communication, the latter can be accounted 

for developing the technologies to master the fabrication of complex, miniature integrated 

optical systems on a wafer level (Anderson, 1965). In their simplest form, planar optical 

waveguides consist of a three-layer structure, in which a thin film (F) of thickness Fd  is 
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Snell’s law and that the wave vector of original, refracted and reflected plane waves must lie 

in a plane, but also that the tangential component of a wave vector across an interface is 

continuous. This criterion defines a quantity, the effective refractive index 0/ kkN t=  for 

planar waveguides ( FCS nNnn <<, ), where β≡tk  is the tangential component of the wave 

vector, the so-called propagation constant. It reflects that N  can be also introduced as 

demovcN /0= , where βω /=demov  is the phase velocity of the guided mode, 0c  is the speed 

of light in vacuum and ω  is the angular frequency of the guided light. On the other hand, in 

case of planar waveguides, the plane wave solutions of Maxwell equations divide themselves 

into two orthogonal sets of functions. Modes with only two different polarizations can be 

excited; either the total electric or the total magnetic field is oscillating in the plane of the 

interfaces (Figure 5). These polarizations are denoted consequently as transversal electric 

(TE) and transversal magnetic (TM) modes, respectively (Saleh and Teich, 2007). Let us 

consider a general orthogonal coordinate system, where the modes are propagating along the 

z  axis. Furthermore, the x and y  axes are perpendicular and parallel to the interfaces, 

respectively. Based on the definition of TE and TM modes, we conclude that for E  electric 

and H  magnetic fields and consequently for the boundary conditions: 

TE: 0,0,0,0 ==== yyzx kHEE  thus 
x

E
HE y

zy ∂

∂
,,

   
are continuous,          (3.4a) 

TM: 0,0,0,0 ==== yzxy kHHE  thus 
x

H
HE y

yz ∂

∂
,,

   
are continuous.         (3.4b) 

 

  
Figure 5: Visualization of a.) TE and b.) TM modes. In planar optical waveguides, modes with only two 

different polarizations can be excited; either the total electric or the total magnetic field is oscillating in the plane 

of the interfaces. These are the TE and TM modes, respectively. 

 

Expressing Helmholtz wave equation (Jackson, 1998a) for these specificities, the following 

relationship can be revealed for the x  component of the wave vector in the substrate, film and 

cover layers of a planar optical waveguide: 
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Applying eq. 3.6 at the film/substrate and film/cover interfaces, where 0xx =  and 

Fdxx += 0 , respectively, the ratios of the upwards and downwards travelling waves can be 

written in the form of the (complex) Fresnel reflection coefficients Sr  and Cr  at the two 

interfaces: 

 Si
SS er

U
Ur ϕ== −

+

0

0  ( 0xx = ), (3.8a) 

 C

Fx

Fx
i

Cdik

dik

C er
eU
eUr ϕ== +

−−

0

0

 
( Fdxx += 0 ), (3.8b) 

where Sϕ  and Cϕ  are phase shifts due to the reflection from the interfaces. The reflection 

coefficients can be expressed by the parameters of the waveguide, as well, as it is described in 

more detail in Ref. (Cottier, 2004). It is important to emphasize that they are different for TE 

and TM modes; consequently, TE and TM wave propagations can be performed under 

different conditions (also in case of isotropic media). Inserting eq. 3.8a into eq. 3.8b, the mode 

equation can be gained as: 

 ( ) 122 == ++ FxCSFx dki
CS

dik
CS errerr ϕϕ , (3.9) 

which can be rewritten in order to conclude to the classical mode equation: 

 mkd CSxF πϕϕ 22 =−− , (3.10) 

where m  is the mode order. As it is demonstrated, due to the cross-sectional size and shape of 

the waveguide, only discrete electromagnetic field distributions characterized with mN  or mβ  

(see eq. 3.5) can be guided, because only these satisfy the boundary conditions. Figure 7 

depicts the field-distribution profiles of the first four modes, i.e., TE0, TM0, TE1 and TM1 in 

planar optical waveguides. The number of modes of different orders is also determined by the 

opto-geometrical parameters. The orders are counted from zero referring to the shape of the 

wave fronts (Saleh and Teich, 2007).  The number of guided modes decreases with Fd  and 

refractive index contrast between film and surrounding or with increasing wavelengths. 

Waveguides not supporting any modes are below minFd  for a given wavelength, or vice-versa, 

a certain wavelength is below a distinct value determined by the cut-off frequency for a given 

waveguide configuration (Jackson, 1998b). In special case, when Fd  is chosen to be slightly 

thicker than minFd , only the fundamental TE0 and TM0 modes can be excited and the 

waveguides are commonly called single-mode waveguides (Saleh and Teich, 2007). In a 

typical dielectric single-mode waveguide, Fd  is about 100-200 nm. 
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is a great advantage in (bio)sensor applications, since it gives additional degrees of freedom 

regarding choosing materials and designing structures (Lambeck, 2006). 

In biosensor applications, not only Cn  and Ad  are the most important parameters, which are 

used to quantify an experiment. The adsorption of molecules onto the sensor surface is 

commonly described by mass per unit-area. The so-called surface mass density Γ of a protein 

adlayer can be determined by using De Feijter’s formula: 

 
cn

nn
d cA

A ∂∂
−

=Γ
/  

, (3.12) 

where An  is the adlayer refractive index and cn ∂∂ /  is the derivative of solution refractive 

index with respect to protein concentration (De Feijter et al., 1978). 

Particularly changes in the optical properties of the cover are of interest and can directly be 

translated in either bulk refractive index changes in refractometry measurements or mass 

loading on the waveguide surface by the adsorption of e.g. biomolecules in biosensoric 

investigations. Since a real sensor configuration is affected by measurement noise, it is 

practical to characterize its sensing capabilities with its detection limit (or limit of detection) 

for bulk refractive index and/or surface mass density changes. The detection limit is the 

lowest change of a parameter that can be detected within a stated confidence limit. Its value is 

calculated simply by the multiplication of a confidence factor ( cf , generally chosen to be 3 in 

biosensorics) and a ratio of noise in the transduction signal, σ , and the response of the 

configuration for a unit change of the measured parameter, s  (Long and Winefordner, 1983): 

 
s

fLOD c
σ

= . (3.13) 

The quantification of different configurations with their limit of detection allows for a 

comparison in a simple and objective manner. 

 

3.4. Waveguide types and light coupling techniques 

Planar optical waveguides exist in various configurations differing in both material as well as 

geometry, since their technology offers a great flexibility and variability in sensor design, 

production and optimization (Lambeck, 2006). Generally, planar waveguides deposited on a 

stable and thin substrate, which is typically made of low refractive index and glassy materials 

(e.g. SiO2 or polymers), can be classified into two types regarding their geometrical design, 

namely slab waveguides and channel waveguides (Campbell, 2008). It is important to note 

that the theory of planar optical waveguides introduced in the previous sub-chapter is exact 
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for slab waveguide modes and is a very good approximation for channel ones (Lambeck, 

2006). Slab waveguides are structures with a planar geometry, which guide light in only one 

transverse direction as lateral modes become effectively infinite (Snyder and Love, 1983). 

Despite the relatively easy fabrication, another benefit of the slab waveguide is the absence of 

scattering between the transverse and lateral modes. Contrary to the slab waveguides, channel 

waveguides act as a conduit for the light in both transverse directions with a two dimensional 

optical confinement. Channel waveguides can be further divided into buried channel, strip-

loaded, diffused, ridge and rib waveguides (Figure 8) and are microfabricated by embossing 

or conventional photolithographic means (Anderson, 1965). A buried waveguide is embedded 

in the substrate and completely surrounded by the cladding material and therefore not a 

suitable configuration for the sensitive area of the interferometer, but it is commonly used to 

guide the light from and to the latter. Another method to form a waveguiding channel is to 

load a dielectric strip on top of a slab waveguide. This induces a localized difference in the 

underlying effective refractive index and is known as strip-loaded waveguide. Again, due to 

the shielding cover cladding, this configuration is not beneficial for biosensing applications. A 

third method to form a laterally confined waveguide is the diffused waveguide, which is 

formed by indiffusion of foreign atoms or by ion exchange. In the field of planar optical 

interferometric waveguide biosensors, the ridge and the rib waveguides are the most common 

of their kind, whereas the former is a fully, the latter a partly freestanding channel structure on 

top of a supporting substrate. An alternative rib waveguide configuration is the anti-resonant 

reflecting optical waveguide (ARROW) fabricated with standard integrated circuit technology 

(Benaissa and Nathan, 1998; Duguay et al., 1986; Jiménez et al., 1996). In an ARROW 

waveguide, the light is confined in a waveguide rib, which is separated from a semiconductor 

substrate with two interference layers. The light confinement is based on total internal 

reflection at the ambient-waveguide film interface and on high anti-resonant reflection 

(>99.9%) from the interference cladding layers. The interference layers behave as a Fabry-

Perot resonator, consequently, single-mode behavior is guaranteed by loss discrimination. The 

advantages over the conventional total internal reflection waveguides include the greater film 

thickness, the greater freedom regarding their fabrication parameters and the lower insertion 

losses (Prieto et al., 2000).  
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Figure 8: Schematic 3-dimensional representation of different waveguide types. In the interest of an easier 

comparison, the same functional layers are marked with same colors (see the inset in the upper left corner). 
 

Depending on their refractive index profiles, both categories can be divided into three sub-

groups, namely step-index, graded-index and photonic crystal waveguides. Step-index 

waveguides exhibit an abrupt refractive index step at the substrate-waveguide and cover-

waveguide transitions. Most commonly, a thin layer of a high refractive index material (e.g. 

Ta2O5, TiO2, Si3N4, Al2O3 or SiON) is deposited on the substrate (Brecht and Gauglitz, 1995). 

In the case of a graded-index waveguide, the refractive index profile has a smooth transition 

between cover and substrate as they are fabricated by diffusive ion-exchange or more 

recently, written in glass by femtosecond laser pulses (Chen et al., 2007; Davis et al., 1996). 

Contrary to step-index waveguides, only rather small refractive index contrasts can be 

achieved for graded-index waveguides and therefore exhibit a lower sensitivity (Parriaux and 

Veldhuis, 1998). Step-index and graded-index waveguides are depicted in Figure 9. Photonic 

crystal waveguides are composed of repetitive regions of low and high dielectric constants 

that affect the propagation of the electromagnetic waves by diffraction and interference 

effects (Joannopoulos et al., 2008), but they are out of the scope of the present review.  
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the propagation constant of the mode excited in the waveguide film. Moreover, the precise 

alignment of the impinging beam relative to the waveguide is of crucial importance for high 

coupling efficiency and makes high demands on the positioning devices and their mechanical 

stability, especially for thin single-mode waveguides. 

The closely related concept of butt-end coupling brings an optical fiber in direct contact (often 

via immersion oil) with the cleaved edge face of the waveguide. Advantageous is the fact that 

two physical units need to be aligned and brought in contact, which is generally easier than 

the alignment of a light cone (especially for wavelengths beyond the visible spectrum) and 

can be done under a microscope or even with fiber guiding alignment grooves. Similarly to 

end-fire coupling, the alignment is crucial as well as the mode matching between the two 

waveguides for the efficient coupling. Further difficulties of the butt-end approach are the the 

presence of immersion oil (if applied) and the fact, analogue to the chicken or the egg 

problem, that the light already needs to be coupled in the optical fiber.  

A third method to couple light into a waveguide is via prism coupling (Osterberg and Smith, 

1964). A high refractive index prism is either brought in direct contact with the waveguide by 

applying mechanical pressure or by the use of immersion oil. Illuminating the waveguide 

through the prism at an incident angle that matches the propagation constant of a guided 

mode, light can be coupled into but also extracted from the waveguide with high efficiency. 

The need for mechanical pressure or immersion oil and the direct contact of the prisms with 

the waveguide make these couplers unfavorable for sensing applications. In practice, this is 

because the applied pressure can lead to slight waveguide deformations, whereas the 

immersion oil may contaminate the waveguide surface. Additionally, the prism’s physical size 

is disadvantageous in bioexperiments, since prism and flow-cell need to be mounted on the 

same side of the waveguide.   

Waveguide grating couplers are periodic structures with an alternating effective refractive 

index, usually with a grating period in the range of lambda half of the coupled light (Dakss et 

al., 1970; Peng et al., 1975; Tamir and Peng, 1977). The grating either consists of a 

periodically corrugated surface relief, realized by embossing or photolithographic processes 

or an alternating modification of the waveguide refractive index. The latter can either be 

achieved persistently by ion exchange or UV induced refractive index modulation (Hamori 

and Nagy, 2004). In general, both the coupling of an impinging coherent beam and conversion 

into a guided mode within the waveguide, as well as the reciprocal process of coupling the 

light out of the waveguide by means of grating couplers is defined by the resonance condition: 
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 Nln fs
l −

Λ
=

λ
αsin0  (3.14) 

where α  is the coupling angle, l  is the diffraction order, fsλ  is the wavelength measured in 

free-space and Λ  is the grating period. The grating acts as a diffractive element to achieve 

higher order diffraction angles within the waveguide, which fulfill the TIR conditions. 

Waveguide grating couplers offer various advantages compared to the abovementioned 

methods: First, free space coupling into the expanded grating elements is rather easy, as only 

the coupling angle of a collimated beam needs to be adjusted. Second, contrary to the prism 

coupler, light can be coupled via both sides, via the substrate or the cover, of the waveguide. 

Since the fluidic chamber for the sample analysis is placed on the cover side of the waveguide 

sensor, hereby obstructing the light, coupling via the substrate is commonly applied. 

Additionally, no immersion oil is needed. As drawbacks, it has to be mentioned that the 

production of waveguide gratings is technology-intensive and they are also sensitive for 

mechanical vibrations, since the coupling efficiency is very sensitive function of angle of 

incidence (Vörös et al., 2002). 

In the case of directional coupling, channel waveguides are brought in close proximity, so that 

a mode can be excited in a secondary waveguide via the evanescent filed of a primary one 

(Marcatili, 1969). In other words, one of the two waveguides acts as the source for the second 

one, whereby the amount of optical power transfer from the former to the latter can be 

adjusted by geometrical means like interaction length and their relative distance. The concept 

of directional coupling is mainly used for signal multiplexing or coupling into ring resonators, 

where this sophisticated and stable coupling mechanism is necessary, but it has the 

disadvantage that their production is technology-intensive and, analogue to the butt-end 

coupling, the light already needs to be coupled into one of the waveguides beforehand. 

 

4. Integrated Planar Optical Waveguide Interferometers 

 

Usually, the integrated planar optical waveguide interferometers are classified solely based on 

their configurations into numerous groups, such as Mach-Zehnder-, Young-, Hartman-, dual 

polarization-, bimodal waveguide interferometry, etc. without explaining the connections 

among them (Duval et al., 2012a; Estevez et al., 2012; Fan et al., 2008; Lambeck, 2006). 

However, a more strict classification based on the theoretical background summarized above 

would give a more relevant and brighter overview of the system of the individual sensors. 
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Discussing the waveguide interferometers in this way, the connections among the individual 

methods, the common advantages and disadvantages of the groups can easily be revealed and 

summarized. This review classifies the waveguide interferometers in a manner focusing first 

onto their basic sensor scheme, such as common- and double path interferometers, regarding 

whether the beams, which later produce the interference response signal, are propagating on 

the same or on different paths. After this separation, they are distinguished by their basic 

working principle, namely, whether the detection mechanism is based on intensity 

measurement (Mach-Zehnder interferometer) or on the monitoring of an interference pattern 

(Young interferometer). The subchapters try to follow a chronological order to illustrate the 

evolution of the field of waveguide interferometer biosensors. 

In a double path waveguide interferometer, waveguide modes of the same order and 

polarization are propagating through two laterally separated waveguide channels, while they 

interact with different samples at different sensing regions resulting in their relative phase 

shift. (The reference arm can be also hidden from the environment.) At the same time, this 

working principle can be extended to common path waveguide interferometers in a way that 

the modes are propagating on the same path, but they either have perpendicular polarizations 

or they are representing different mode orders. Passing through the sensing region the two 

modes undergo different phase shifts due to the different sensitivities valid for different 

polarizations or orders (Gut, 2012). As it can be seen in the followings, the application of 

Mach-Zehnder or Young interferomtery does not depend on whether the interferometer has 

one or two paths. 

 

4.1. Common Path Waveguide Interferometers 

The first publication of common path waveguide interferometer is related to Hartman et al. in 

1988 (Hartman et al., 1988). The technique was elaborated by Lukosz and Stamm, who have 

presented a Mach-Zehnder-type integrated optical difference interferometer as relative 

humidity sensor in 1991 (Lukosz and Stamm, 1991). Their setup is based on a monomode 

planar waveguide, into which the light originated from a coherent laser source is end-coupled 

exciting TE0 and TM0 modes. Although both modes propagate on the same path and interact 

with the same sample on the same waveguide section, the total phase shifts of the two 

polarizations induced by a change of the sample over the sensing region are not equal, since 

the sensitivities of the modes are different for a refractive index change performed above the 

sensing region. This results in turn in different phase shifts (see eq. 3.11) (Lukosz, 1991). 
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Combining the two modes into an interference intensity signal and recording its variation in 

time, the changes of the sample can be detected as a time-dependent phase difference: 

 [ ])()()/(2)()()(
0000

tNtNLttt TMTETMTE Δ−Δ=ΔΦ−ΔΦ≡ΔΦ λπ  , (4.1) 

where t  is the measurement time. Three methods have been reported to measure the 

interferometer’s response (Lukosz, 1995; Lukosz et al., 1997). The first setup (see Figure 

11a), which is called ‘original’ by the authors, comprises a lens to parallelize the light coupled 

out through the end-edge of the waveguide, a beam splitter and two Wollaston prisms to 

effect the interference of the polarizations on the surface of four detectors. Furthermore, a 

half-wave (λ/2) plate and a quarter-wave (λ/4) plate were also installed into the setup in order 

to record four interference intensity signals (i=1…4) with different additional phase shifts of 

0, π/2, π and 3π/2, simultaneously: 
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i Iit
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⎬
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⎩
⎨
⎧
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π
 , (4.2) 

where iAI ,  and iBI ,  are the amplitude of signal intensity variation (AC signal) and the 

constant background intensity (DC signal), respectively, measured with the ith detector, 0ΔΦ  

is a constant phase value measured at t=0. The phase determination based on four-point 

measurement has a clear advantage over single-point measurements. If the sensitivity for 

phase difference disappears at the constructive and destructive interference points, the two 

signals recorded with the other two detectors (1, 3 or 2, 4) compensate the problem, since they 

are in this case at the quadrature points with maximum sensitivity. However, while the phase 

turns around, the sensitivity oscillates between a maximum and a minimum value. The time-

dependent phase difference relative to an arbitrary initial value was determined for the 

interval π−  to π  applying the following relation: 

 [ ][ ]
[ ][ ]⎭

⎬
⎫

⎩
⎨
⎧

+−
−+

=ΔΦ+ΔΦ
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t  (4.3) 

and the sign of [ ])()( 21 tItI −  or [ ])()( 43 tItI − . Combining the intensity values in this way, the 

effect of laser power fluctuations and changes of the attenuation of the guided modes can be 

minimized, thus an improved signal-to-noise ratio of the response signal can be obtained. 

Stamm and Lukosz have reported about an experimental phase resolution of 

π2105 4
min ××=ΔΦ −  rad and a detection limit of 7102 −×  and 0.13 pg/mm2 for bulk 

refractive index and surface mass density changes, respectively, at the wavelength λ =632.8 

nm (Stamm and Lukosz, 1994, 1993). 
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original one, they comprise fewer expensive optical elements, thus they can be built cheaper 

in a smaller size. Consequently, an extension to multi-channel measurements is more 

straightforward (Lukosz et al., 1997). Furthermore, the original four-point measurement 

contains insufficient information for a self-calibration, which can lead to phase-uncertainty in 

case of improper calibration values or changed system parameters. The spatial interferogram 

gives rise, however, to overcome this problem. 

In addition to humidity sensor applications, the difference interferometer was also used as 

refractometer and biochemical sensor. Huber et al. have published the first immonosensing 

measurements in a detection limit comparison study of surface plasmon resonance, input 

grating coupler and difference interferometer (Huber et al., 1992). Schlatter et al. have 

presented the difference interferometer as a direct affinity sensor (Schlatter et al., 1993). 

Simultaneously, Stamm et al. have demonstrated the sensing capabilities in refractometry 

measurements (Stamm and Lukosz, 1993). An important work also from Stamm et al. is a 

difference interferometer operating simultaneously at two laser wavelength (λ1=632.8 nm, 

λ2=488 or 491 nm). As it was demonstrated in Ref. (Stamm et al., 1998), the dual-wavelength 

operation allows to differentiate the bio-specific interactions from temperature fluctuations or 

refractive index variations of the sample solution. 

The difference interferometer is a momentous configuration, not only since it is probably the 

first integrated planar optical waveguide interferometer biosensor. Its sensing capabilities are 

also remarkable even compared to today’s sensors (see the following sections).  Focusing on 

the disadvantages, it has to be mentioned that the difference interferometer sacrifices the 

information, which could be revealed from the independent TE and TM modes, in order to 

gain a lower detection limit of the changes over the surface region. Furthermore, a fully 

integrated difference interferometer is not easily realizable due to the robust and not easily 

integrable parts applied in the presented setups. The end-fire coupling to excite the modes and 

the detection based on the interference pattern created off-chip (in the second and third 

version of difference interferometer) requires high mechanical stability of the device, which 

can lead to lower ability in point-of-care applications.  

Although the difference interferometer is a great and original work, it has never been in the 

limelight. Its development was performed slowly and only a few studies have been reported 

by other groups; e.g. a sensor was constructed using prism couplers (Tsunoda et al., 1999), the 

idea was implemented into the field of surface plasmon resonance spectroscopy (Debackere et 

al., 2006) and a theoretical and comparative analysis was also presented (Levy and Ruschin, 
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2009). In the last years, however, a new version of the difference interferometer, the so-called 

bimodal waveguide interferometer has been developed by Zinoviev et al. (Zinoviev et al., 

2008, 2011). The basis of this integrated biosensor is also the interference of two waveguided 

modes propagating in a common path interferometer. However, the TE0 and TE1 modes are 

indirectly excited in this case. The light of a coherent source is coupled into a ridge 

waveguide, which is supporting only a single TE mode. Through a modal splitter, namely 

through a vertically asymmetric junction, this mode is coupled into another waveguide, which 

allows two transversal modes to propagate. Consequently, the fundamental mode of the first 

waveguide excites not only TE0, but TE1 as well. The modes are propagating under the 

sensing region towards the end facet of the waveguide, where they are coupled out creating an 

intensity pattern on the surface of an off-chip two-sectional photodetector and the shift of the 

intensity maximum is detected, which can be related in turn to the effective refractive index 

changes at the sensing region (Figure 12). The sensing capabilities of this setup are similar 

compared to the difference interferometer; a phase resolution limit of π2105 4 ×× −
 rad and a 

detection limit of 7105.2 −×  for bulk refractive index changes have been presented, which 

corresponds to a detection limit of about 0.05 pg/mm2 for surface mass density changes. As a 

continuation of this work, Duval et al. have recently published a more sophisticated bimodal 

waveguide interferometer design supported with microfluidics, which makes a 44 ×   channel 

measurement on a 30×10 mm2 sensor chip possible with similar resolution (Duval et al., 

2012b). Setting aside the common drawbacks peculiar to the working principle (see the 

previous paragraph), the advantages of this system compared to the difference interferometer 

are that it does not need any additional polarizer or Wollaston prism to effect the interference 

of the two modes, which in turn can lead to a more compact design. Furthermore, a higher 

sensitivity can theoretically be achieved based on the interference of modes of the same types 

instead of the same orders (Gut, 2012). The miniaturized multi-channel sensor chip makes the 

interferometer promising for point-of-care applications. 

 

 
Figure 12: Bimodal waveguide interferometer. Through a vertically asymmetric junction, i.e., a modal splitter, 

the fundamental mode excites both TE0 and TE1 modes. After propagating through the waveguide underneath the 
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sensor surface towards its end facet, both modes are coupled out creating an intensity pattern detected by a two-

sectional photodetector. 
 

Based on the work of Tiefenthaler and Lukosz in 1984, it is well known that waveguide 

gratings cannot only be used as integrated optical elements to facilitate the coupling into and 

out of the waveguide, but they can also act as very sensitive transducers themselves 

(Tiefenthaler and Lukosz, 1988, 1984). The literature on waveguide grating couplers, their 

application as label-free biosensors and various interrogation schemes is vast and out of the 

scope of this review. Nonetheless, the bidiffractive grating coupler with its interferometric 

readout principle as it was introduced by Fattinger in 1995 belongs to the class of common 

path waveguide interferometers (Fattinger et al., 1995). Following eq. 3.13, it is obvious that 

any change in the waveguide’s effective refractive index of a given device causes a change in 

the coupling angle at a given wavelength. This underlying principle is the basis of the 

bidiffractive grating coupler, which consists of a planar slab waveguide with two 

incorporated, superimposed uniform microrelief gratings with different periodicity and/or 

orientation (see Figure 12). Since the frequency spectrum of the bidiffractive grating consists 

of two fundamental spatial harmonics, two distinct resonance angles are simultaneously 

present for a given mode. This key feature allows a distinct, background-free separation of the 

reflection and transmission of the incident beam and the outcoupled beam (Fattinger, 1993). 

The waveguide is supporting only the two fundamental modes TE0 and TM0.  By adjusting 

the two grating constants, the corresponding coupling angles for the two modes can be set 

independently from each other. In particular, they can be set to a selected angular position and 

a pre-defined angular separation. Impinging the two incoupling beams at the same lateral 

position, the angular separation of the outcoupled beams from the two modes can be directly 

monitored by a detector array or position sensitive device. Instead of only monitoring the 

angular positions of the two outcoupled beams, the distinct overlap of the outcoupled beams 

of the bidiffractive grating coupler allows a differential interferometric read-out of the angular 

separation of the two beams by placing a polarizer at 45° in front of the detector array (diode 

array, CCD or CMOS array), hereby forming an interference pattern on the latter. Since the 

sensitivity and hence the angular change upon an effective refractive index change differ for 

the two modes, the spacing of the fringes in the interference pattern changes. Performing the 

Fourier-transformation of the fringe pattern, the shift of its spatial frequency can directly be 

related to the change of the transducer’s response on changes of the refractive index  

(Fattinger et al., 1995). 



 

Figure 13

separated 

superimpos

image sens

 

The first

immunos

pg/mm2 f

sensor, th

experime

One of t

insensitiv

sensor sy

adverse m

overlap o

uniformit

 

4.2. Doub

Obviousl

double pa

the same

noise, sin

similarly 

On the o

simple; t

: The bidiffra

angles for th

sed gratings. T

sor. The image 

t application

sensing, was

for surface m

his value wa

ents (O’Brien

the main ad

ve coupling 

ystems. Add

mechanical 

of the two o

ty of the wav

ble Path Wa

ly, the most 

ath waveguid

e path. On t

nce the path

and in turn 

ther hand, th

their produc

ctive grating 

e TE and TM

The overlappin

is redrawn bas

n of bidiffr

s published b

mass density

s improved b

n et al., 2000

dvantages of

principle, m

ditionally, th

as well as 

outcoupled b

veguide thic

veguide Inte

important a

de interferom

the one han

hs are not s

appears in t

he common 

ction is che

coupler. This 

M modes, res

ng beams form

sed on Ref. (Sp

ractive grat

by Spinke e

y changes (Sp

by O’Brien 

0). 

f the bidiffr

making it an 

he differentia

thermooptic

beams poses

kness and it

erferometers

advantages 

metry are ro

nd, it results

separated in

the phase di

 path waveg

eaper and e
 

27

configuration

spectively, but

m an interfere

pinke et al., 19

ing coupler

et al., who re

pinke et al., 

et al. to 6 pg

ractice grati

appealing ca

al sensing s

cal effects. 

s high requi

s gratings. 

s 

of common 

oted in the f

 usually in 

n space. The

ifference dep

guide interfe

easier, beca

n allows coupl

t common ou

ence pattern w

97). 

r for biosen

evealed a de

1997). By fu

g/mm2 measu

ing coupler 

andidate for

scheme elim

On the othe

irements reg

path waveg

fact that the m

smaller sen

erefore, the 

pendent resp

erometer con

ause comple

  
ling in the wa

utcoupling ang

which can be m

nsing, name

etection limi

further devel

ured also in 

certainly is

r array based

minates, in th

er hand, the

garding the 

guide interfe

modes are p

nsitivity to e

noise affec

ponse signal

nfigurations 

ex surface 

aveguide at w

gles due to t

monitored by 

ely for dire

it of about 2

opment of th

immunoassa

s its position

d, multiplexe

he first orde

e need for a

precision an

erometry ov

propagating o

environment

cts the mod

l only weakl

are relative

processing 

ell 

the 

an 

ect 

24 

he 

ay 

n-

ed 

er, 

an 

nd 

ver 

on 

tal 

es 

ly. 

ely 

is 



 
28 

 

needless. Additionally, multi-channel measurements applying them have also better 

perspectives, since in theory, twice as many sensing window can be placed on the same area. 

Nevertheless, the application of only one beam makes the setup in the same way 

disadvantageous, as well. Any change of the sample on the sensing window shifts the phases 

of both modes simultaneously and with different magnitudes, but in the same direction. 

Accordingly, the sensor’s response is smaller, since the phase difference of the modes are 

significantly smaller compared to the case, if stationery phase reference is applied. An 

additional important drawback is that the common path waveguide interferometers lack the 

inherent possibility of referencing, which is a typical characteristic of fully integrated double 

path waveguide interferometers. Consequently, the differentiation between the binding of 

target molecules and unspecific adsorptions or a refractive index change of the cover medium 

is difficult in single-channel measurements. Moreover, they utilize typically additional optical 

parts to combine the modes into an interference pattern. These arguments pro and contra 

expose why researchers have developed side-by-side biosensors of common as well as double 

path configurations and which limitations they tried to overcome in the meanwhile. The 

following chapter summarizes the most important milestones of double path waveguide 

interferometers divided into three subgroups, such as conventional Mach-Zehnder, phase 

modulated Mach-Zehnder and Young interferometers, respectively. 

 

4.2.1. Conventional Mach-Zehnder interferometers 

The double path Mach-Zehnder interferometers are well-suited both as fully integrated as well 

as hybrid optical sensors. A typical fully integrated implementation comprises two Y-

junctions in single-mode waveguide layer. One of them splits the guided mode into the sensor 

and reference arms, while the other recombines the arms after a certain distance. The 

waveguide film is covered with a cladding layer apart from a section above the sensor arm, 

where the guided mode interacts with the sample over a length L. The light is typically 

coupled into the interferometer by end-fire coupling or by grating relief coupling. The hybrid 

Mach-Zehnder interferometers are partially integrated sensors, which means that the splitting 

and the recombination of the beams are done off-chip by applying conventional optical 

elements. Accordingly, a higher response for mechanical vibrations characterizes the hybrid 

Mach-Zehnder interferometers, while relatively high fabrication costs due to the complex 

surface structure are typical for the fully integrated ones. Since the theory behind the working 

principle of every Mach-Zehnder interferometer is the superposition of two coherent plane 
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waves (modes) with different phases, eq. 4.1 and eq. 4.2, which describe the output signal of 

difference interferometer, can be rewritten in a compact form as: 

 BRS
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where )(tNS  and )(tNR  are the effective refractive index values measured at the sensor and 

reference arm, respectively. 

The first publications of hybrid and fully integrated Mach-Zehnder interferometers for 

biosensor applications could be found in the literature in the early 90’s already. Heideman et 

al. presented a two-channel hybrid interferometer setup in 1991 (see Figure 14a), in which the 

beam splitting and recombination is performed by two cubic beam-slitters and the beams are 

coupled into the chip and out of it using surface relief gratings (Heideman et al., 1991). The 

capabilities of this sensor have been presented in immunosensing measurements and it was 

demonstrated that a minimal phase change of π2101 2 ×× −
 rad can be unambiguously 

detected, which corresponds to a bulk refractive index change of 6104 −×  (Heideman et al., 

1993). (The continuation of this work can be found in the next subchapter.) An early 

application of a fully integrated Mach-Zehnder interferometer for biosensing has been 

published by Ingenhoff et al. in 1993 (Ingenhoff et al., 1993). The working principle of their 

configuration is based on applying two Y-junctions and end-fire coupling as it is written in the 

previous paragraph and depicted in Figure 14b. Their research was directly continued by 

Prieto et al. for example, who presented an improved integrated optical design with a 

detection limit of 6107 −×  for bulk refractive index changes (Prieto et al., 2003a). The same 

group proposed also a similar configuration based on ARROW technology for biosensing. 

Although ARROW structures are advantageous regarding core thickness, insertion losses and 

mass production, they are typically accompanied by lower detection limit. Prieto et al. 

revealed also a lower value of 5102 −×  for bulk refractive index changes with their ARROW 

based biosensor (Prieto et al., 2003b).  

Meanwhile, slightly modified configurations have also been reported. By means of a third Y-

junction, Brosinger et al. introduced a third waveguide in order to reference the intensity 

fluctuations of the coupled light. Furthermore, they opened the cladding layer over the 

reference arm as well, forming a reference sensing area and coated the sensor area with 

recognition elements and blocked both of the areas in order to compensate the unspecific 

affinity bindings. They demonstrated a detection limit of 5102 −×  for bulk refractive index 
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Zehnder interferometer based on planar waveguide in 1995. As it was demonstrated, in a so-

called Hartman interferometer, a broad beam of parallel and coherent light is coupled into the 

waveguide chip through a broad input grating, then it propagates parallel to and under 

multiple sensing regions of the waveguiding film. After this section, integrated optical 

elements are placed to combine the light passing through the adjacent regions resulting in 

interference signals. The interference signals of the paired strips, which are characterizing the 

procedures performed on the sensor arms relatively to the reference arms are outcoupled by a 

broad output grating and detected with photodiodes (Figure 14d). In two channel 

measurements, first Hartman et al., later Schneider et al. have demonstrated the sensor 

capabilities in biological experiments of pathogen, nucleic acid and protein detection 

(Hartman et al., 1995; Schneider et al., 1997). A few years later, two reports were published 

on immunosensing applications (Schneider et al., 2000a, 2000b). Limit of detection of bulk 

refractive index or surface mass density changes were not documented for the original 

configuration. In fact, this sensor configuration has not solved the problem of sensor surface 

complexity, moreover, the sensitivity fading and directional ambiguity is also a characteristic 

of this approach. Consequently, the concept could not spread world-wide. 

 

4.2.2. Phase modulated Mach-Zehnder interferometers 

The most important and common disadvantages of the hybrid and fully integrated Mach-

Zehnder interferometers mentioned in the previous subchapter is the sensitivity fading 

similarly to that detailed in the case of ‘original’ difference interferometer. Furthermore, in 

several configurations, the effect of the intensity fluctuations due to light source and coupling 

instabilities and the directional ambiguity of the measured signal change are also 

disadvantageous issues. These have been well-understood by Lambeck et al. and they have 

proposed already in 1996 a fully integrated optical phase modulated Mach-Zehnder 

interferometer for biosensing (Lambeck et al., 1996). In this setup, a ZnO electro-optical 

modulator was integrated in each of the two interferometer arms (Figure 15). By applying 

oppositely controlled and well-calibrated driving voltages on the modulator electrodes, a 

continuous linear and periodic modΔΦ  phase difference sweep can be generated over an exact 

range of π20 −  between the modes propagating in the two arms. Supposing that the changes 

of the sample are not too fast compared to the modulation, eq. 4.5 can be rewritten for a 

period as: 
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where τ  is the time variable within a modulation period and t is the experiment time. Setting 

aside 0ΔΦ  the actual phase of the interference response signal in the time-frame of a 

modulation period depends on the actual effective refractive index difference between the 

sensor and reference sensing areas measured at time point t. Consequently, an effective 

refractive index difference variation is related to the position shift of the quadrature points of 

the response signal. After filtering out the DC component, the phase information can be easily 

revealed by detecting only the time delay of the zero points in every modulation period. By 

individually optimizing all the components on the chip, the authors have demonstrated a 

phase-independent phase resolution of π2101 4 ×× −  rad, which is equivalent to a detection 

limit of 8105 −×  for effective refractive index changes (Heideman and Lambeck, 1999). In the 

following 10 years, the setup was further developed and this value was improved to 9105 −× , 

which corresponds to a resolution of 8102 −×  and 0.01 pg/mm2 of bulk refractive index and 

surface mass density changes, respectively (Lambeck, 2006). More recently, other authors 

have reported different Mach-Zehnder interferometer biosensor configurations based on 

integrated electro-optical (Maisenhölder et al., 1997), magneto-optical (Sepúlveda et al., 

2007) thermo-optical (Diemeer et al., 1999) or all-optical (Dér et al., 2010) phase 

modulations. As a great advantage of these phase modulated systems, the working principle 

allows detection without directional ambiguity, sensitivity fading and the need for an intensity 

calibration. However, the special manufacturing techniques and the application of non-

standard materials, the electrodes and/or the (electrical) connections conflicting with 

microfluidics lead to a more increased complexity and in turn to cost increase and not to 

disposability. To overcome this drawback, an all-optical Mach-Zehnder interferometer has 

been recently introduced by Dante et al. (Dante et al., 2012). In this configuration, the phase is 

varied by modulation of emission wavelength of a commercial Fabry-Perot laser diode simply 

by changing its output power, periodically. The output signal of the sensor is analyzed with 

Fourier transform. The configuration neglecting any additional fabrication processes or 

electrical connections on the chip enables a measurement with all the advantages of the phase 

modulated interferometers mentioned above. The authors have reported a detection limit of  
7109.1 −×  for bulk refractive index changes. 
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Figure 15: Electro-optical phase modulated Mach-Zehnder interferometer of Heideman and Lambeck. In this 

biosensor configuration, a ZnO electro-optical modulator is integrated in the interferometer arms in order to 

modulate the phase difference of the sensor and reference mode, continuously. This modulation allows detection 

without directional ambiguity, sensitivity fading and the need for an intensity calibration. The image is redrawn 

based on Ref. (Heideman and Lambeck, 1999). 

 

As it was mentioned earlier, a typical drawback of fully integrated Mach-Zender 

interferometers compared to hybrid ones is the complexity of their waveguides, which results 

that the fabrication of their sensor chips is more technology- and in turn more cost-intensive. 

A recently developed hybrid Mach-Zehnder interferometer, the grating coupled 

interferometer continues the way pointed out by Heideman in 1991 (see the previous 

subchapter) by applying a simple planar waveguide. As it was published in 2009 by Kozma et 

al., this configuration is realized by the combination of an off-chip and an integrated optical 

unit (Kozma et al., 2009). The former comprises a laser source, two semi-transparent and two 

full mirrors in a modified Mach-Zehnder arrangement, in which a low cost but high quality 

liquid crystal phase modulator is inserted into one of the interferometer arms. By means of 

this unit, a phase modulated and a constant-phase beam separated from each other with a 

distance of a few millimeters are generated. These parallel beams are grating coupled into the 

integrated optical unit, i.e., the planar optical waveguide at two different coupling regions 

resulting in two propagating modes travelling towards the waveguide’s edge, where a 

photodetector is placed (Figure 16). On the section between the two coupling regions, under 

the sensor surface, the phase modulated mode, i.e., the sensor mode propagates solely in the 

waveguide. On the one hand, a refractive index change of the sample of interest near the 

surface region shifts the phase of the sensor mode compared to that of the reference one. On 

the other hand, the liquid crystal modulator driven by a periodic square wave signal is being 

excited fast (in a few milliseconds) and it is relaxing slowly (in a few 10 milliseconds) in an 

exponential manner, while it is producing an additional and continuously changing phase shift 

of the sensor mode with an amplitude of π2>ΔΦLCM . At the second coupling region, 

already within the waveguide, the combination of the two modes results in a time varying 

interference signal. Similarly to the interferometer of Lambeck et al., the information is in the 
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phase of this response signal, which can be revealed without directional ambiguity, sensitivity 

fading, or intensity calibration simply by fitting the following function to the slow sections of 

each period of the interference signal recorded by the photodetector: 
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where τc is a time constant characteristic to the LCM relaxation (Kozma et al., 2011a). The 

capabilities of the sensor were demonstrated in refractometric as well as biosensoric 

experiments and a detection limit of 7109 −×  and 0.5 pg/mm2 were revealed for bulk 

refractive index and surface mass density changes, respectively (Kozma et al., 2011a). By the 

modification of the biosensor applying a new illumination method comprising a beam 

expander, a two-cell liquid crystal modulator and by using better optimized sensor chips with 

an extra outcoupling grating, Patko et al. have improved the resolution of grating coupled 

interferometer (Figure 16). In two-channel measurements, the refractive index changes of the 

ambient could be followed with a detection limit of 8109 −×  and the changes of surface mass 

density could be detected with a resolution of 0.05 pg/mm2 (Patko et al., 2012). A commercial 

version of grating coupled interferometers presented here is launched onto the market by 

Creoptix in 2014.  

Grating coupled interferometers have remarkable advantages over phase modulated Mach-

Zehnder interferometers, since their planar waveguide chip is significantly simpler and easier 

to produce, which is important regarding e.g. disposability. Due to the working principle, 

neither directional ambiguity, nor sensitivity fading, nor need for calibration is a characteristic 

of grating coupled interferometers. Looking at their disadvantages, we have to highlight the 

drawback of hybrid Mach-Zehnder interferometers, namely, that the free-space sections, 

where the beams are propagating independently, have to be properly isolated from the effect 

of environmental noise or mechanical vibrations.  
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Figure 16: Two versions of grating coupled interferometer. A phase modulated and a not-modulated beam (left-

hand side) or an expanded beam with phase modulated and not-modulated halves (right-hand side) are grating 

coupled into a planar waveguide. An effective refractive index change in the sensing region shifts the phase only 

of the (phase-modulated) sensor mode. After a few millimeters of propagation, in the second coupling region, the 

sensor mode is combined with the (not-modulated) reference mode resulting in their interference. The time 

varying interference signal is detected with a photodetector after coupling out the light from the waveguide. 
 

Summarizing, it is important to note that, as a consequence of the working principle of all 

phase modulated waveguide interferometer introduced in this subchapter, their drawback 

compared to conventional Mach-Zehnder interferometers is, however, the significantly lower 

phase sampling rate, since a modulation period consisting of numerous data points has to be 

recorded in every case to evaluate the actual phase value. Thus, over the sampling rate, the 

modulation frequency is also a constraining factor, which can be a real issue in case of very 

fast changes at the sensor surface. Nevertheless, the recording of a period can be interpreted 

as data integration similar to that of data averaging in case of the sensors of the previous 

subchapter. 

 

4.2.3. Young interferometers 

We reviewed that in Mach-Zehnder interferometers, a beam modulation is necessary to avoid 

sensitivity fading, directional ambiguity and intensity calibration. It was also presented that 

this fact is not peculiar for Young interferometers, since their response signal is an 

interference pattern recorded by an image sensor and not a single intensity value detected with 

a photodetector. Consequently, simpler and in turn cheaper chips can be designed and higher 

phase acquisition rates can be achieved compared to e.g. those Mach-Zehnder interferometers, 

which are equipped with on-chip phase modulators. Similar to Mach-Zehnder interferometers, 

Young interferometers can also be realized based on slab as well as channel waveguides. 
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These different configurations have the advantage of ease of fabrication or improved 

possibilities in light guiding, respectively (see the previous chapters). A remarkable double 

path Young interferometer configuration, which follows the strategy of simplicity by aiming 

the application of relatively cheap and disposable slab waveguide sensor chips, is the dual 

polarization interferometry. 

The first demonstration of dual polarization interferometry is related to Cross et al. in 1999. 

They presented the capabilities of a basic configuration in humidity sensing experiments 

(Cross et al., 1999). As a continuation of this work, four years later, the group has presented a 

significantly improved bench-top system designed for biosensoric applications and 

commercialized by Farfield Group (Cross et al., 2003). The sensor utilizes a multiple layer 

optical waveguide system, which is a vertically stacked five-layer dielectric consisting of two 

single-mode waveguide layers separated and covered with cladding material. The structure is 

deposited onto a bare silicon wafer. The input end-face of this dual slab waveguide is 

uniformly illuminated with the light of a coherent source, thus guided and radiation modes are 

induced in the waveguide and cladding materials, respectively. The radiation modes, which 

are not well confined in the single-mode waveguide layers, are scattering out from the sensor 

chip during the propagation. The lower waveguide is buried, the upper one is sampling the 

environment through openings of the upper cladding layer, therefore, the change of the 

sample results in a phase shift of the upper mode only. After propagating through the chip, the 

modes of the reference and sensing waveguide layers are coupled out by end-fire coupling 

(Figure 17). Since the end-facets of the waveguides are working as closely spaced apertures, 

an interference pattern is produced in the far-field, as it is common in Young interferometry, 

of which phase shift is related to the effective refractive index change of the upper waveguide. 

For this case, eq. 4.4 can be trivially rewritten as follows: 
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where TX0 denotes TE0 or TM0 and uΔ  is the spatial shift of the interference fringes. A very 

important property of the presented setup is that it has a polarizer switch, which allows 

measuring both with TE0 and TM0 modes in a sequential manner. This feature helps to deeper 

understand the bio-chemical procedure of interest, since, based on the independent phase shift 

values gained from the interference signals of the two modes, the bulk refractive index 

changes can be separated from the surface mass density changes of the adlayer. For instance, 

also the conformation changes of the recognition elements in the sensing layer can be 
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monitored in this way, which enables a discrimination between affinity binding and non-

specific adsorption (Swann et al., 2004). It is important to emphasize that two parallel 

openings are etched into the upper cladding layer, therefore, two-channel measurements can 

be performed in a biosensoric experiment. The detection limit of the commercialized 

instrument is about 10-7 and 0.1 pg/mm2 for bulk refractive index and surface mass density 

changes, respectively (Estevez et al., 2012). Due to these advantageous properties, the 

capabilities of dual polarization interferometry have been widely exhausted during the last 

decade in different applications. Among others, the device has been efficiently used not only 

in biodetection experiments and protein interaction studies (Cross et al., 2003; Lin et al., 

2006; Ricard-Blum et al., 2006; Swann et al., 2004), but it has also revealed interesting results 

in adsorbed or immobilized protein and DNA layer investigations (Berney and Oliver, 2005; 

Lu et al., 2004; Özalp, 2012; Sonesson et al., 2007; Zwang et al., 2010). Recently, a new 

design, a multiple path length dual polarization interferometry has been reported, which tries 

to solve the problem originated from the periodic nature of interference. Coffey et al. 

introduced a chip configuration, in which the two measurement channels have different 

lengths (Coffey et al., 2009). In practice, the channels are opened into each other and the 

length of the section between them decreases linearly from the length of the longer channel 

until that of the shorter one. The multiple path length and dual polarization measurement 

allows to determine the changes of thickness and refractive index values of even an ex situ 

modified chip surface. This is the case, if the TE and TM phase differences between the initial 

and final states are known for the channels, furthermore, if the opto-geometrical properties of 

the adlayer can be assumed to be uniform on the whole sensor surface. If a high degree of this 

homogeneity cannot be guaranteed, the number of 2π cycles cannot be reliably recalculated. 
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Figure 17: Dual polarization interferometer. The input end-face of this dual slab waveguide is uniformly 

illuminated in order to excite guided modes in the waveguide layers. The lower buried waveguide represents the 

reference arm of the interferometer, while the upper one samples the environment through openings of the upper 

cladding layer. After propagating through the chip, the modes are coupled out and an interference pattern is 

produced in the far-field. 
 

Brandenburg and Henninger started in 1994 a different approach towards the development of 

an integrated biosensor (Brandenburg and Henninger, 1994). Their early efforts to apply 

channel waveguides for this purpose resulted that, in 2000, Brandenburg et al. presented their 

first Young interferometer designed for biosensing applications (Brandenburg et al., 2000). 

This setup comprises an integrated optical unit with a Y-junction and a cladding opening on 

the sensor as well as the reference arm. The light of a laser diode end-fire coupled into the 

integrated optical unit and split into two on the Y-junction propagates through the waveguide 

under the sensor and reference openings, respectively. The two beams are directed with a 

cylinder lens onto the surface of an image sensor, which records the resulting interference 

pattern. The evaluation of the interferograms using discrete Fourier transform permits to 

determine the phase shift, further the lateral shift of the interference fringes and the refractive 

index change occurred on the sensing region relative to that on the reference one. Testing its 

capabilities also in affinity binding measurements they revealed a detection limit of 8109 −×  

and 0.75 pg/mm2 (Brandenburg et al., 2000). The viability of the sensor configuration for 

measurement of analytes in blood plasma, monitoring of protein production as well as clinical 

diagnostics was also demonstrated (Brynda et al., 2002; Hoffmann et al., 2007; Nagel et al., 

2008).  
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Wikerstal and Ymeti et al. have chosen basically the same strategy for biosensing, but they 

achieved lower limits of detection. Ymeti et al. have reported a phase and a bulk refractive 

index resolution of π2101 4 ×× −  rad and 8102 −× , respectively (Ymeti et al., 2002).  Wikerstal 

has presented that this concept can be well-applied in three-channel measurements, as well 

(Wikerstal, 2001). Later, Ymeti et al. have published their results gained from a four-channel 

measurement (Ymeti et al., 2005, 2003). Later on, the sensing principle has been 

commercialized by Ostendum. Recently, as a continuation of the work presented in Ref. 

(Ymeti, 2004), a particularly interesting recent improvement of the same group is a multiple 

wavelength Young interferometer, with which a size selective detection has been proposed. 

Calculations predict similar sensing capabilities to that mentioned above (Mulder et al., 2012). 

The application of multiple wavelengths (similar to the application of multiple modes and 

polarizations) opens the possibility to derive refractive index changes from different regions, 

namely from different subsequent sublayers of the sample of interest above the sensing 

surface and at the same time to subtract the effect of bulk refractive index changes. The more 

independent the probes, the more detailed analysis of the adlayer can be performed. Similar 

results have been published by Kozma et al. applying spectroscopic ellipsometry (Kozma et 

al., 2011b). 

Schmitt et al. have published a remarkable configuration for biosensing in 2005 (Schmitt et 

al., 2005). In their fully integrated Young interferometer, two parallel beams of a coherent 

light source are coupled into a waveguide through a broad grating coupler. The modes passed 

through the sensing and reference areas, respectively, are coupled out by a second grating and 

diffracted by a double slit. The Young fringes are recorded by means of an image sensor 

(Figure 18). The group has published a detection limit about an order of magnitude less than 

that of the aforementioned dual polarization interferometer, but recently, this value was 

further improved and in experimental investigation of surface bound bioreactions, a 

remarkable detection limit of 9×10-9 and 0.013 pg/mm2 for bulk refractive index and surface 

mass density changes was revealed, respectively (Schmitt et al., 2007). To our best knowledge 

as well as based on other reviews (Estevez et al., 2012; Schmitt et al., 2008), this is the first 

configuration, with which a detection limit of 10-8 for bulk refractive index changes was 

surpassed. 
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Figure 18: Young interferometer of Schmitt et al. Two parallel beams formed by a double slit are coupled into a 

waveguide through a broad grating coupler. One of the modes passes through the sensing area, while the other 

propagates through the reference path. After this, they are coupled out from the waveguide on a second grating. 

By means of a double slit, the modes are diffracted and an interference pattern is created, which is then recorded 

with an image sensor. 

 

Alongside the indubitable advantages of Young interferometers detailed above, important 

drawbacks have to be mentioned as well. The distance between the end facet of the integrated 

optical part and the surface of the image sensor can be even a few centimeters in order to have 

an interference fringe period on the image sensor much larger than the pixel size and to cover 

all available pixels on the sensor surface with the interference pattern. However, the rays are 

propagating on this section in free-space, while, due to the environmental noise, the 

fluctuations of the ambient blur the fringes. The mechanical vibrations have a more 

significant effect on a system with long propagation paths. Consequently, a very effective 

isolation of the sensor from the environment is indispensable. As it is well-detailed in Ref. 

(Ymeti et al., 2003), the precise adjustment of the end facet – image sensor distance is 

necessary for multi-channel measurements with low detection limit. Moreover, cost-intensive 

image sensors, which even need energy-intensive cooling, have to be applied in order to 

achieve detection with high signal-to-noise ratio. These factors are disadvantageous in a 

completely integrated optical device designed for point-of-care applications. 
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5. Outlook and conclusions 

 

The aim of the present review was to survey the developments of the past twenty years 

performed in the field of integrated planar optical waveguide interferometer biosensors. After 

a brief introduction in the underlying theory, various transducer configurations as well as 

miscellaneous read-out schemes have been presented, classified, compared and evaluated 

regarding their working principle, performance and applicability. As a summary, their most 

important parameters are collected in Table 1, additionally, the advantages peculiar to the 

major sub-groups of the biosensors in this paper, namely the common- and double path Mach-

Zehnder and Young interferometers are highlighted in Figure 19. 

  

 
Figure 19: Comparison of the four main groups of integrated planar optical waveguide interferometer 

biosensors. The main advantages of different approaches, namely of common- and double path interferometry 

and Mach-Zehnder and Young interferometry are presented in the blue fields. The advantageous properties of a 

distinct field are valid for those main groups of planar optical waveguide interferometer biosensors, which are 

named in a neighboring green square. 
 

As it was presented, the combination of the two very sensitive methods, namely 

interferometry and planar optical waveguide sensing led to a plurality of different label-free 

sensor with outstandingly low limits of detection and advantageous properties compared to 

other modern sensing schemes of the scientific literature. A plot in Figure 20 visualizes the 

time evolution of detection limit for bulk refractive index changes based on the values 

reported by the authors. As it is suggested by this graph and can be concluded from the 



 
42 

 

previous chapters, the capabilities of the different planar optical waveguide interferometer 

biosensors have been dynamically improved during the past twenty years. Without the need of 

directed transport of biomolecules onto individual nanoscale structures, the detection of even 

small molecules adsorbing or binding onto a macroscopic sensor surface is already possible. 

As it was reviewed, a detection limit of about 0.01 pg/mm2 was already achieved. With the 

development of planar optical waveguide interferometers, this value will probably be further 

improved and even smaller or less concentrated analytes will be also detected. This sensitivity 

is attractive from the point of view of reagent consumption, as well. The lower detection limit 

can be achieved, the smaller amount of sample is needed for the measurement. Additionally, 

the relatively simple read-out principles and the compactness of these integrated optical 

transducers, which can be promoted as a single use consumable due to their relatively cheap 

high volume batch-manufacturability, make planar optical waveguide interferometers 

interesting not only for research, but for industrial applications, as well. 

 

 
Figure 20: Time evolution of detection limit of planar optical waveguide interferometer biosensors. The 

detection limits for bulk refractive index changes of the biosensors presented in this review are plotted in the 

function of year of their publication. Common path (CP) and double path (DP) Young (YI) and Mach-Zehnder 

interferometers (MZI) are differentiated with triangles of different colors and orientations (see the legend in the 

lower right corner). A trend line is fitted to the outstanding values (marked with red spots). On the right axis of 

the graph, the detection limit for surface mass density changes is presented for approximate comparisons. Since 

the two sensitivities cannot be exactly compared (see the subchapter of “Sensing with evanescent field”), the 

ticks are deleted. 

 

Nonetheless, until these integrated planar optical waveguide interferometer biosensors can be 

commercialized as point-of-care applications, serious improvements have to be performed in 

several aspects. On one hand, the technology still faces various challenges towards the 

integration in handheld devices, which could potentially be operated out of laboratory by 
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untrained personnel or even by the patient itself, such as in case of e.g. glucose sensors. The 

need for high quality, stable light sources, which are commonly still bulky and power 

demanding, furthermore, stabilized light coupling, efficient electrical and mechanical noise 

damping and highly effective temperature control in order to reduce the measurement noise 

make the recent configurations table top. Moreover, lacking waveguides with improved 

chemical and mechanical stability, the attenuation of parasitic effects, such as e.g. the drift of 

measurement signal, is challenging. On the other hand, correct liquid handling preferably in a 

lab-on-a-chip design, furthermore, stable surface chemistry with extended self-life, an 

accurate reproducibility and low non-specific binding need to be developed to eliminate a 

very complex and potentially wrong interpretation of the results. For high-throughput 

screening, the number of measurement channels has to be increased significantly, since in real 

multi-parameter analysis measurements, typically at least hundreds of parameters are 

investigated. For more detailed analysis of the adlayer changes on the sensor surface, multi-

wavelength and multi-polarization measurements are indispensable. From a market 

perspective, the technology itself either has to find its very own niche or successfully compete 

with current labeled (e.g. fluorescent assays) as well as label-free (e.g. surface plasmon 

resonance) sensors and also by attaining more attention and acceptance in the community. 

Nevertheless, our criticism is not against this very promising technology. It is just to picture 

some incompleteness peculiar to the state-of-the-art. The authors believe that merging the on-

going developments towards the aforementioned directions, planar optical waveguide 

interferometer biosensors have excellent prospects to appear in the close future even in point-

of-care applications, as well. 
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Table 1: Comprehensive table of integrated planar optical waveguide interferometer biosensors. The table 

summarizes the most important parameters of the integrated planar optical waveguide interferometer biosensor 

configurations presented in this review. We note that the limit of detection values written in italic letters are 

estimations of the authors. 

 
Authors Biosensor Configura

tion 
Off-
chip 
beam 
formati
on 

Coupling On-
chip 
beam 
formati
on 

Wavegu
ide 
structur
e 

Wavegu
ide 
material 

On-chip 
beam 
combinat
ion 

Outcoupl
ing 

Off-chip 
beam 
combinat
ion 

Phase 
modulati
on 

Limit 
of 
detecti
on 

Reference

Lukosz 
and 
Stamm 

Difference 
interferom
eter V1 

Fully 
integrated 
common 
path MZI 

Focusi
ng 

End-fire 
coupling 

No Step-
index 
slab 
wavegui
de 

TiO2 No End-fire 
coupling 

Lens, 
beam 
splitter, 
Wollasto
n prisms 

No 2×10-7 

0.13 
pg/m
m2 

(Lukosz 
and 
Stamm, 
1991; 
Stamm 
and 
Lukosz, 
1994) 

Lukosz et 
al. 

Difference 
interferom
eter V2 

Fully 
integrated 
common 
path YI 

Focusi
ng 

End-fire 
coupling 

No Step-
index 
slab 
wavegui
de 

TiO2 No End-fire 
coupling 

Wollasto
n prism, 
polarizer 

No ~10-7 

~0.1 
pg/m
m2 

(Lukosz 
et al., 
1997) 

Lukosz et 
al. 

Difference 
interferom
eter V3 

Fully 
integrated 
common 
path YI 

Focusi
ng 

End-fire 
coupling 

No Step-
index 
slab 
wavegui
de 

TiO2 No Grating Lens, 
polarizer 

No ~10-7 

~0.1 
pg/m
m2 

(Lukosz 
et al., 
1997) 

Zinoviev 
et al. 

Bimodal 
waveguide 
interferom
eter 

Fully 
integrated 
common 
path MZI 

Focusi
ng 

End-fire 
coupling 

Modal 
splitter 

Step-
index 
ridge 
channel 
wavegui
de 

Si3N4 No End-fire 
coupling 

No No 2.5×1
0-7 

0.05 
pg/m
m2 

(Zinoviev 
et al., 
2011) 

Spinke et 
al. 

Bidiffracti
ve grating 
coupler 

Fully 
integrated 
common 
path YI 

TE and 
TM 
beam 
formati
on 

Bidiffrac
tive 
grating 

 No Step-
index 
slab 
wavegui
de 

TiO2 No Bidiffrac
tive 
grating 

Lens, 
polarizer 

No ~10-5 

24 
pg/m
m2 

(Spinke et 
al., 1997) 

O’Brien 
et al. 

Bidiffracti
ve grating 
coupler 

Fully 
integrated 
common 
path YI 

TE and 
TM 
beam 
formati
on 

Bidiffrac
tive 
grating 

 No Step-
index 
slab 
wavegui
de 

TiO2 No Bidiffrac
tive 
grating 

Lens, 
polarizer 

No ~10-6 

6 
pg/m
m2 

(O’Brien 
et al., 
2000) 

Heidema
n et al. 

Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
double 
path MZI 

Beam 
splitter 

Grating No Step-
index 
slab 
wavegui
de 

Si3N4 No Grating Beam 
splitter 

No 4×10-6 

~1 
pg/mm
2 

(Heidema
n et al., 
1993) 

Ingenhoff 
et al. 

Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
double 
path MZI 

Focusi
ng 

End-fire 
coupling 

Y-
junctio
n 

Graded-
index 
diffused 
channel 
wavegui
de 

Ag+ 
indiffus
ed SiO2 

Y-
junction 

End-fire 
coupling 

No No NA (Ingenhof
f et al., 
1993) 

Prieto et 
al. 

Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
Double 
path  MZI 

Focusi
ng 

End-fire 
coupling 

Y-
junctio
n 

Step-
index 
rib 
channel 
wavegui
de 

Si3N4 Y-
junction 

End-fire 
coupling 

No No 7×10-6 

~1 
pg/mm
2 

(Prieto et 
al., 
2003a) 

Prieto et 
al. 

ARROW 
Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
double 
path  MZI 

Focusi
ng 

End-fire 
coupling 

Y-
junctio
n 

Step-
index 
rib 
channel 
ARRO
W 

Si3N4 Y-
junction 

End-fire 
coupling 

No No 2×10-5 

~10 
pg/mm
2 

(Prieto et 
al., 
2003b) 

Brosinger 
et al. 

Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
double 
path MZI 

Focusi
ng 

End-fire 
coupling 

Two 
Y-
junctio
n 

Step-
index 
rib 
channel 
wavegui
de 

SiON Y-
junction 

End-fire 
coupling 

No No 2×10-5 

~10 
pg/mm
2 

(Brosinge
r et al., 
1997) 

Drapp et 
al. 

Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
double 
path MZI 

Focusi
ng 

End-fire 
coupling 

Y-
junctio
n 

Graded-
index 
diffused 
channel 
wavegui
de 

Ag+ 
exchang
ed SiO2 

3x3 
coupler 

End-fire 
coupling 

No No 1.5×1
0-6 

~1 
pg/mm
2 

(Drapp et 
al., 1997) 

Hartman 
et al. 

Hartman 
interferom
eter 

Fully 
integrated 
double 
path MZI 

Broad 
beam 
formati
on 

Grating Chann
els 

Step-
index 
slab 
wavegui
de 

Si3N4 Integrate
d optical 
elements 

Grating No No NA (Hartman 
et al., 
1995) 

Heidema
n and 
Lambeck 

Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
double 
path MZI 

Focusi
ng 

Fiber 
coupling 

Y-
junctio
n 

Step-
index 
ridge 
channel 
wavegui
de 

Si3N4 Y-
junction 

Fiber 
coupling 

No Integrate
d ZnO 
electro-
optical 
modulat
or 

2×10-8 

0.01 
pg/m
m2 

(Heidema
n and 
Lambeck, 
1999) 
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Dante et 
al. 

Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
double 
path MZI 

Focusi
ng 

End-fire 
coupling 

Y-
junctio
n 

Step-
index 
rib 
channel 
wavegui
de 

Si3N4 Y-
junction 

End-fire 
coupling 

No Wavelen
gth 
modulati
on 

1.9×1
0-7 

~0.1 
pg/mm
2 

(Dante et 
al., 2012) 

Kozma et 
al. 

Grating 
coupled 
interferom
eter V1 

Hybrid 
double 
path MZI 

Beam 
splitter 

Grating No Step-
index 
slab 
wavegui
de 

Ta2O5 Grating End-fire 
coupling 

No Liquid 
crystal 
modulat
or 

9×10-7 

0.5 
pg/m
m2 

(Kozma et 
al., 
2011a) 

Patko et 
al. 

Grating 
coupled 
interferom
eter V2 

Hybrid 
double 
path MZI 

Beam 
expand
er 

Grating No Step-
index 
slab 
wavegui
de 

Ta2O5 Grating Grating No Liquid 
crystal 
modulat
or 

9×10-8 

0.05 
pg/m
m2 

(Patko et 
al., 2012) 

Cross et 
al. 

Dual 
polarizatio
n 
interferom
eter 

Fully 
integrated 
double 
path YI 

No End-fire 
coupling 

No Step-
index 
dual 
slab 
wavegui
de 

Si3N4 
doped 
SiO2 

No End-fire 
coupling 

No No 1×10-7 

0.1 
pg/m
m2 

(Estevez 
et al., 
2012) 
(Cross et 
al., 2003) 

Brandenb
urg et al. 

Young 
interferom
eter 

Fully 
integrated 
double 
path YI 

Focusi
ng 

End-fire 
coupling 

Y-
junctio
n 

Step-
index 
rib 
channel 
wavegui
de 

SiON No End-fire 
coupling 

Lens No 9×10-8 

0.75 
pg/m
m2 

(Branden
burg et 
al., 2000) 

Ymeti et 
al. 

Young 
interferom
eter 

Fully 
integrated 
double 
path YI 

Focusi
ng 

End-fire 
coupling 

Y-
junctio
n 

Step-
index 
rib 
channel 
wavegui
de 

Si3N4 No End-fire 
coupling 

Lens No 2×10-8 

~0.01 
pg/mm
2 

(Ymeti et 
al., 2002) 

Schmitt 
et al. 

Integrated 
Young 
interferom
eter 

Fully 
integrated 
double 
path YI 

Beam 
splitter 

Grating No Step-
index 
slab 
wavegui
de 

Ta2O5 No Grating Double 
slit 

No 9×10-9 

0.013 
pg/m
m2 

(Schmitt 
et al., 
2007) 
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No Step-
index 
slab 
wavegui
de 

TiO2 No Grating Lens, 
polarizer 

No ~10-7 

~0.1 
pg/m
m2 

(Lukosz 
et al., 
1997) 

Zinoviev 
et al. 

Bimodal 
waveguide 
interferom
eter 

Fully 
integrated 
common 
path MZI 

Focusi
ng 

End-fire 
coupling 

Modal 
splitter 

Step-
index 
ridge 
channel 
wavegui
de 

Si3N4 No End-fire 
coupling 

No No 2.5×1
0-7 

0.05 
pg/m
m2 

(Zinoviev 
et al., 
2011) 

Spinke et 
al. 

Bidiffracti
ve grating 
coupler 

Fully 
integrated 
common 
path YI 

TE and 
TM 
beam 
formati
on 

Bidiffrac
tive 
grating 

 No Step-
index 
slab 
wavegui
de 

TiO2 No Bidiffrac
tive 
grating 

Lens, 
polarizer 

No ~10-5 

24 
pg/m
m2 

(Spinke et 
al., 1997) 

O’Brien 
et al. 

Bidiffracti
ve grating 
coupler 

Fully 
integrated 
common 
path YI 

TE and 
TM 
beam 
formati
on 

Bidiffrac
tive 
grating 

 No Step-
index 
slab 
wavegui
de 

TiO2 No Bidiffrac
tive 
grating 

Lens, 
polarizer 

No ~10-6 

6 
pg/m
m2 

(O’Brien 
et al., 
2000) 

Heidema
n et al. 

Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
double 
path MZI 

Beam 
splitter 

Grating No Step-
index 
slab 
wavegui
de 

Si3N4 No Grating Beam 
splitter 

No 4×10-6 

~1 
pg/mm
2 

(Heidema
n et al., 
1993) 

Ingenhoff 
et al. 

Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
double 
path MZI 

Focusi
ng 

End-fire 
coupling 

Y-
junctio
n 

Graded-
index 
diffused 
channel 
wavegui
de 

Ag+ 
indiffus
ed SiO2 

Y-
junction 

End-fire 
coupling 

No No NA (Ingenhof
f et al., 
1993) 

Prieto et 
al. 

Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
Double 
path  MZI 

Focusi
ng 

End-fire 
coupling 

Y-
junctio
n 

Step-
index 
rib 
channel 
wavegui
de 

Si3N4 Y-
junction 

End-fire 
coupling 

No No 7×10-6 

~1 
pg/mm
2 

(Prieto et 
al., 
2003a) 

Prieto et 
al. 

ARROW 
Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
double 
path  MZI 

Focusi
ng 

End-fire 
coupling 

Y-
junctio
n 

Step-
index 
rib 
channel 
ARRO
W 

Si3N4 Y-
junction 

End-fire 
coupling 

No No 2×10-5 

~10 
pg/mm
2 

(Prieto et 
al., 
2003b) 

Brosinger 
et al. 

Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
double 
path MZI 

Focusi
ng 

End-fire 
coupling 

Two 
Y-
junctio
n 

Step-
index 
rib 
channel 
wavegui
de 

SiON Y-
junction 

End-fire 
coupling 

No No 2×10-5 

~10 
pg/mm
2 

(Brosinge
r et al., 
1997) 

Drapp et 
al. 

Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
double 
path MZI 

Focusi
ng 

End-fire 
coupling 

Y-
junctio
n 

Graded-
index 
diffused 
channel 
wavegui
de 

Ag+ 
exchang
ed SiO2 

3x3 
coupler 

End-fire 
coupling 

No No 1.5×1
0-6 

~1 
pg/mm
2 

(Drapp et 
al., 1997) 

Hartman 
et al. 

Hartman 
interferom
eter 

Fully 
integrated 
double 
path MZI 

Broad 
beam 
formati
on 

Grating Chann
els 

Step-
index 
slab 
wavegui
de 

Si3N4 Integrate
d optical 
elements 

Grating No No NA (Hartman 
et al., 
1995) 

Heidema
n and 
Lambeck 

Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
double 
path MZI 

Focusi
ng 

Fiber 
coupling 

Y-
junctio
n 

Step-
index 
ridge 
channel 
wavegui
de 

Si3N4 Y-
junction 

Fiber 
coupling 

No Integrate
d ZnO 
electro-
optical 
modulat
or 

2×10-8 

0.01 
pg/m
m2 

(Heidema
n and 
Lambeck, 
1999) 

Dante et 
al. 

Mach-
Zehnder 
interferom
eter 

Fully 
integrated 
double 
path MZI 

Focusi
ng 

End-fire 
coupling 

Y-
junctio
n 

Step-
index 
rib 
channel 
wavegui
de 

Si3N4 Y-
junction 

End-fire 
coupling 

No Wavelen
gth 
modulati
on 

1.9×1
0-7 

~0.1 
pg/mm
2 

(Dante et 
al., 2012) 

Kozma et 
al. 

Grating 
coupled 
interferom
eter V1 

Hybrid 
double 
path MZI 

Beam 
splitter 

Grating No Step-
index 
slab 
wavegui
de 

Ta2O5 Grating End-fire 
coupling 

No Liquid 
crystal 
modulat
or 

9×10-7 

0.5 
pg/m
m2 

(Kozma et 
al., 
2011a) 

Patko et 
al. 

Grating 
coupled 
interferom

Hybrid 
double 
path MZI 

Beam 
expand
er 

Grating No Step-
index 
slab 

Ta2O5 Grating Grating No Liquid 
crystal 
modulat

9×10-8 

0.05 
pg/m

(Patko et 
al., 2012) 
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eter V2 wavegui
de 

or m2 

Cross et 
al. 

Dual 
polarizatio
n 
interferom
eter 

Fully 
integrated 
double 
path YI 

No End-fire 
coupling 

No Step-
index 
dual 
slab 
wavegui
de 

Si3N4 
doped 
SiO2 

No End-fire 
coupling 

No No 1×10-7 

0.1 
pg/m
m2 

(Estevez 
et al., 
2012) 
(Cross et 
al., 2003) 

Brandenb
urg et al. 

Young 
interferom
eter 

Fully 
integrated 
double 
path YI 

Focusi
ng 

End-fire 
coupling 

Y-
junctio
n 

Step-
index 
rib 
channel 
wavegui
de 

SiON No End-fire 
coupling 

Lens No 9×10-8 

0.75 
pg/m
m2 

(Branden
burg et 
al., 2000) 

Ymeti et 
al. 

Young 
interferom
eter 

Fully 
integrated 
double 
path YI 

Focusi
ng 

End-fire 
coupling 

Y-
junctio
n 

Step-
index 
rib 
channel 
wavegui
de 

Si3N4 No End-fire 
coupling 

Lens No 2×10-8 

~0.01 
pg/mm
2 

(Ymeti et 
al., 2002) 

Schmitt 
et al. 

Integrated 
Young 
interferom
eter 

Fully 
integrated 
double 
path YI 

Beam 
splitter 

Grating No Step-
index 
slab 
wavegui
de 

Ta2O5 No Grating Double 
slit 

No 9×10-9 

0.013 
pg/m
m2 

(Schmitt 
et al., 
2007) 

 

 
Highlights 

1) The recent potentials and limitations of biosensors are outlined. 

2) Integrated planar optical waveguide interferometer biosensors are reviewed in depth. 

3) Their theoretical background is summarized in a comprehensive way. 

4) The various configurations are reviewed in a systematic and categorical manner. 

5) A summary outlines and compares the properties of the presented approaches. 




