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ABSTRACT
We present a nanobiosensor device based on evanescent wave detection by using optical waveguides in a highly
sensitive interferometric configuration. The device is fabricated by standard CMOS microel ectronics technology after a
precise design of the device structure in order to achieve a high surface sensitivity for biosensing applications. Direct
immunosensing with the sensor has been tested after a covalent bonding of the receptor layer to the surface device. A
flow delivery system, optica bench for testing, data acquisition and processing of the signal have been also
implemented.

Keywords: Biosensor, Integrated optics, Mach-Zehnder interferometer, Silicon microtechnology, optical
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1. INTRODUCTION

Integrated optical devices are increasingly been used as specific chemical sensors and biosensors. It becomes clear that
this technology can be a serious alternative to conventional assays techniques because they can avoid expensive,
complex and time consuming procedures'. In general, integrated optical sensors make use of the evanescent field
detection principle (Fig.1). These evanescent wave sensors show a great potential for sensing biomolecular interactions,
allowing real-time analysis without labeling requirements.

All these sensors make use of optical waveguides as the basic element of their structure for light propagation and are
based on the same operation principle. The evanescent field is the part of the guided light that travels through a region
that extends outward, around a hundred of nanometers, into the media surrounding the waveguide. When there is a
change in the optical characteristics of the outer medium (i.e. refractive index change or a biochemical reaction), a
modification in the optical properties of the guided wave (phase velocity) is induced via the evanescent field. Optical
evanescent wave biosensing techniques, allow the direct monitoring of small changes in the optical properties and are
particularly useful in the direct affinity detection of biomolecular interaction as they can record the binding and
dissociation in real time. The direct detection method is not as sensitive as indirect ones (i.e. fluorescence, radiolabeling
or enzyme amplification) but it requires, generally, no prior sample preparation and can be use in real time evaluations
allowing the determination of concentration, kinetic constants and binding specificity of biomolecules.
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Fig. 1. Biomolecular interaction sensing by the evanescent wave detection principle in an optical waveguide sensor
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There is a great variety of optical methods that can be employed for the detection but those which can give a direct
signal after a molecular interaction (without the use of labels) have attracted quite attention, as for example Surface
Plasmon Resonance?, Grating Coupler®, Resonant Mirror* or Interferometers™® . Interferometric biosensors arrangement
is highly sensitive and is the only one that provides with an internal reference for compensation of refractive-index
fluctuations and unspecific adsorption. Interferometric sensors have a broader dynamic range than most other types of
sensors and show higher sensitivity as compared to other integrated scheme as it is shown in Table 1, where a
comparison of the different sensor technologies as a function of the limit of detection (in pg/mm?) is presented’.

Due to the high sensitivity of the interferometer sensor the direct detection of small molecules (as for example
environmental pollutants where concentrations down to 0.1 ng/ml must be detected) would be possible with this device.
Detection limit is generally limited by electronic and mechanical noise, thermal drift, light source instabilities and
chemical noise. But the intrinsic reference channel of the interferometric devices offers the possibility of reducing
common mode effects like temperature drifts and non-specific adsorptions. Detection limit of 107 in refractive index (or
better) can be achieved with these devices® which opens the possibility of development of highly sensitive devices for
in-situ pollutant detection. Severa interferometric devices have been described as the difference interferometer, the
Mach-Zehnder or the Y oung interferometer’.

Table 1. Comparison of sensitivities for different integrated optical biosensors

Sensing principle Limit of detection
(pg/mm’)

SPR 2-5
Waveguide-SPR 2
Resonant Mirror 5
Grating Coupler 1-10
Mach-Zehnder Interferometer 0.1
Differential Mode I nterferometer 1
Y oung Interferometer 0.7
Reflectometric interference 1-5
Spectroscopy (RifS)

The type of interferometer that is most employed for biosensing is the Mach-Zehnder device. A theoretical study shows
that the Mach-Zehnder interferometer sensor seems to be one of the more promising concepts’ for detection of low
concentration of small molecules without labels (10 M or even lower). The main problem in the development and
possible commercialization of the MZI device is the complexity of the design, fabrication and optical adjustments: the
overall procedure for MZI fabrication is rather laborious and monomode waveguides are required increasing, even
more, the complexity of the technology. But the utilization of microtechnology for the integration of these devices
offers some advantages as better control of the light path by the use of optical waveguides, mechanical stability, higher
sensitivity, miniaturization and the possibility of mass-production.

For evaluation of specific interactions, the receptor is covaently attached to the sensor surface, while the
complementary molecule binds to the receptor from free solution. The recognition of the complementary molecule by
the receptor causes a change in the refractive index and the sensor monitors that change. After the molecular interaction,
the surface can be regenerated using a suitable reagent in order to remove the bound analyte without denaturing the
immobilized receptor. An extensive range of analytes can be detected using evanescent principle without labeling
reguirements, from hormone disrupters, proteins, DNA, viruses to pesticides. A large number of applications for these
sensors ranges from clinical, industrial control processes, functional genomics, proteomics, veterinary field to food
industry or environmental monitoring™.

The integrated nanosensor that we have developed has a symmetric channel waveguide Mach-Zehnder interferometer
configuration and has been designed for having a high sensitivity towards biochemical interactions. The device has been
fabricated by standard silicon technology using a CMOS compatible process. The guiding layer consists of a ridge
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structure of silicon nitride with a thickness of 200 nm, a width of 4 um and a rib of 4 nm. The nanodevice has been
employed for biosensing evaluations.

2. PRINCIPLE OF OPERATION OF INTERFEROMETRIC SENSORS
2.1. Integrated Mach-Zehnder Interferometer

In the integrated interferometric arrangement (see Figure 2) two light beams of equal intensity are made to travel across
two areas of a waveguide (one is the sensor and the other is the reference) and finally they are combined, creating an
interference pattern of dark and light fringes’. When a chemical or biochemical reaction takes place in the sensor area,
only the light that travels through this arm will experience a change in its effective refractive index. At the sensor
output, the intensity (1) of the light coming from both arms will interfere, showing a sinusoidal variation that depends on
the difference of the effective refractive indexes of the sensor and reference arms (AN) and on the interaction length (L):

I o< [1+V - cosA®D] D

where V is the visibility factor and A® = (d>r —d)s) is the phase shift between guided modes in the reference and
sensing arm:

ACI):%-L-AN 2

Where A is the wavelength. This sinusoidal variation can be directly related to the concentration of the anayte to be
measured. The visibility factor gives the contrast of the interference signal (difference between the maximum and
minimum intensity) and depends on the coupling factor of the divisor and on the propagation losses of the guided mode
in the interferometer arms. To obtain a maximum visibility factor it isimportant to design adivisor or Y -junction with a
coupling factor of 3 dB, that is, input light is equally divided in each branch of the interferometer. Moreover,
propagation losses in the sensor and reference arm should be identical.

Sensor arm

Y]

junction
.<

Reference arm
Fig. 2. Mach-Zehnder interferometer configuration

To obtain an efficient transducer for detecting molecular interactions, the optical waveguides of the interferomer must
verify two main conditions: aMonomode behaviour and a high Surface Sensitivity.

2.2 High surface sensitivity

For sensing purposes, the optical waveguide may be designed to assure high surface sensitivity, which means that the
sensor response for changes in the optical properties of the outer medium must be as high as possible. Surface
sensitivity for processes that involve the adsorption of molecules is defined as the rate of change of the effective
refractive index of the guided mode, N, as the thickness of the homogeneous molecular adlayer, d, varies™*. This
sensitivity is related to the squared field magnitude of the guide mode at the core-outer medium interface, considering a
homogeneous adsorbed layer of refractive index ny and thickness d, . Surface sensitivity can be expressed as a function
of the power fraction in the evanescent field:
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with ¥, =k,/N?—n? (i =0, 1), where n, is the refractive index of the outer medium, # is the refractive index of

adsorbed layer, N is the effective refractive index of the guided mode, Py/Pr is the power fraction of the guided mode at
the cover medium and p isO for TE mode and 1 for TM mode.

Therefore, for sensing applications the strength and distribution of the evanescent field in the outer medium need to be
maximized in order to assure a high response. For that, the thickness and refractive indices of the waveguide layers
must be designed in such a way that a large fraction of the guided mode travels through the outer medium. For TIR
waveguides, maximum surface sensitivity is achieved for high refractive index contrast and core thickness of hundreds
of nanometers™. Up to now, the sensor with highest surface sensitivity developed is based on interferometric
arrangement fabricated using microelectronics technology®, with a core refractive index and thickness of 2.00 and 100
nm, respectively. The corresponding value of the theoretical sensitivity for this structure is S; = 3.4-10* nm™ for TE

polarization.

2.3 Monomode behavior

Due to the evanescent sensing approach employed by the sensors, the optical waveguides must be monomode. If several
modes were propagated through the structure, each of them would detect the variations in the characteristics of the outer
medium and the information carried by al the modes would interfere between them. To theoretically evaluate this
characteristic, we have developed a home-made one-dimensional computational program based on the Non-Uniform
finite difference method. In channel waveguides, monomode behaviour depends on the core thickness, on the width and
depth of the channel and on the difference between the core and cladding refractive indices (index contrast

An=(nf =n?)/n?).

If the difference of the core-cladding refractive index is large (An higher than 10%), monomode behaviour is achieved
with core thickness of hundreds of nanometers. The cladding thickness can be of only a few micrometers due to the
small penetration of the evanescent field into the cladding. However, the rib depth must be around several nanometers
for single-mode waveguides for a TIR waveguide with a core thickness d, = 280 nm and index contrast An = 40%. Due
to the nanometer dimensions of the core thickness, insertion losses for direct coupling of light with commercial optical
fibers (core size between 4 and 10 um, depending on the design wavelength) are high. Then, assuming a fixed
wavelength, the monomode behavior can be controlled with a proper design of the thickness and refractive indexes of
the waveguide layers.

Rib width

Fig. 3. Three dimensional view of TIR waveguides configuration to be used for the MZI sensor
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2.4. MZI sensor configuration

Summarising the previous results, for the design of TIR structures for sensor applications, we must come to an
agreement between single-mode behaviour, low attenuation losses for the fundamental mode and high surface
sensitivity. For those reasons, the structure that has been finally chosen, for an operating wavelength of 0.633 um, has
the following structure: Silicon substrate; a 2 um thick silicon dioxide cladding (n=1.46) and a silicon nitride core layer
with arefractive index of 2.00 and thickness of 250 nm. To obtain a maximum visibility factor the MZI configuration
was designed where the Y -junction is shaped with circular bend with radii of 80 mm. The separation between the sensor
and reference armsis of 100 um to avoid coupling between modes travelling through both branches.

3. FABRICATION OF THE SENSOR

The devices are fabricated in our Clean Room facilities using a Silicon CMOS compatible process. The waveguide
substrate is Silicon (n=3.85-j0.019 at the working wavelength of 632.8 nm). The cladding is a thermally grown silicon
dioxide (SiO2) layer with a refractive index of 1.46 and a thickness of 2 um. The waveguide core is a silicon nitride
(Si;N,) layer with a thickness of 250 nm and a refractive index of 2.00 deposited by Low Pressure Chemical Vapor
Deposition (LPCVD) at 800 °C. To obtain monomode lateral confinement of light, a rib structure is defined. The rib
depth is 4 nm in order to assure monomode propagation. The rib is defined on the core layer by Reactive lon Etching
(RIE). Severa devices were designed with different widths, ranging from 4 to 7 um, to experimentally analyse its
influence in the guiding properties of the structure. The sensing process (change in the optical properties of the outer
medium) will take place during a certain distance, L, in the sensor arm of the interferometer. For that reason, the rest of
the MZI is protected from the environment with a covering layer and the sensing window of length L is opened in one
of the interferometer branches. The protective layer is a silicon oxide layer with arefractive index of 1.46 deposited by
PECVD at 300 °C. The thickness of this layer is 2 um, enough to isolate the core from the environment. The opening of
the sensor area in the protective layer is done, after a photolitographic process, by chemical etching with a HF:HANF
(2:7) solution. The sensor area has a width of 100 um and a length of 10 mm. Finally the sensors are cut in individua
pieces and polished for light coupling by end-face. The total length of the sensor is 35 mm. The final structure is shown
inFig. 3.

Fig.3. Cross Section of one MZI device

4. OPTICAL CHARACTERISATION

The optical characterisation (see Fig 4) is performed with TE-polarised light from a He-Ne laser (A=0.633 pum) that is
coupled to a single-mode optical fibre (3.8 um core diameter) using a microscope objective (40x). The optical fibre has
asmall length (around 15 cm) and is placed in straight line to preserve the input TE-polarisation. The end of the mono-
mode fibre is placed in front of the waveguide rib face to couple light into the sensor structure (end-fire coupling). Light
is collected by a multi-mode standard optical fibre (50 um core diameter) connected to a silicon photodiode. Precise
trangdlation stages are used for the accurate alignment of all the components. A synchronous detection scheme is used
with the aid of a lock-in amplifier and a light chopper. Finally, homemade software is available for collecting the
measurement data.
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Fig. 4. Optical bench for MZI nanodevice optical and biochemical characterisation

An experimental study was made to analyse the guiding conditions of the fabricated structures. Straight waveguides and
Y -couplers were used to measure the propagation losses and modal behaviour as a function of the waveguide width and
the polarization. Propagation losses, measured by the Fabry-Perot resonance method [13], vary between 0.15-0.25
dB/cm for TE polarization and between 0.2-0.35 dB/cm for TM polarization. Monomodal behaviour is observed for the
devices with 4 um of rib width. For wider waveguides a second propagating mode could be excited. With these results
we can conclude that the optimum interferometers for sensing applications should have a rib width of 4 um to assure
monomode behaviour, while low losses are assured with couplers designed with circular arms of R = 80 mm.

Fig 5. Photograph of the experimental set-up showing ythe flow cell and the automatic flow injection delivery system employed for

the measurements.

5. BIOSENSING APPLICATIONS

The sensor is being developed for the detection of biochemical interactions between a receptor molecule and its
complementary analyte. The effect of this reaction is comparable to a change of the bulk refractive index of the outer
medium. Therefore, the use of solutions with different refractive indexes is useful for studying the sensor sensitivity.
Severa solutions were prepared with different glucose concentrations in water, with refractive indexes varying from
1.3325 to 1.4004 (=0.0002), as determined by an Abbe refractometer operating at 25°C. A flow cell mechanized in
Teflon (with a channel width of 3 mm, a depth of 100 um and a length of 15 mm) is clamped onto the interferometer
and aflow injection system is used to deliver the glucose solutions into the sensor area. In Figure 5 a photograph of the
experimental set-up with the flow cell used for the measurements is shown.

The different glucose solutions with varying refractive indexes were introduced alternatively,. With these
measurements, a calibrating curve was evaluated where the phase response of the sensor is plotted versus the variation
in the refractive index as is depicted in Fig. 6. The lower detection limit measured was An,, ,,,;, = 7x10°® that means an
effective refractive index of AN = 4-107. The detection limit has been estimated measuring the signal-to-noise ratio
(around 20 dB) and considering the most favourable case in which the interferometer is located at its quadrature point.
Under this conditions, we estimate that the lowest phase shift measurable would be around 0.01-2r. The detection limit
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value corresponds to a surface sensitivity around 2x10* nm™, close to the maximum surface sensitivity reported up to
now.
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Fig. 6. Sensitivity evaluation of the TIR-MZI nanodevice by using glucose solutions of varying refractive indices.

The sensor described in this work has been applied to the detection of the insecticide carbaryl. Carbaryl is an N-
methylcarbamate pesticide extensively used as a broad-spectrum insecticide. The immunoassays devel oped to monitor
this pollutant require the use of three different components. The critical part is the monoclonal antibody (LIB-CNH45
Mab), sinceit is responsible for the sensitivity and specificity of the analyte to determine. The second component is the
analyte (antigen) to detect, which is unable to produce directly an immune response due to its low molecular weight
(~200D). Therefore, it is necessary to design the third compound: the hapten, that can be covalently bind to a large
carrier, usually a protein. A hapten is a derivative of the analyte, in this case carbaryl, with similar geometry and
structure, which contains an appropriate group (COOH, -NH,) for attachment to the carrier protein (OVA). Once the
hapten-carrier conjugate has been formed, antibodies can be produced by anima immunization. To achieve higher
specificity and lower cross-reactivity, monoclonal antibodies, obtained unlimitedly by the hybridoma technique are
preferred to heterogeneous polyclonal antibodies.
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Fig.7. Immobilization of the receptor at nanometer scale by covalent attachment

Carbaryl determination with this technique, requires the immobilization of the hapten-carrier conjugate

(carbaryl OVA-CPNU) and the subsequent addition of the antibody LIB-CNH45. The reproducibility and regeneration
of the sensor surface requires the application of a defined immobilization procedure, and then the sensor surface may be
prepared to attach covalently the receptor. The immobilization procedure used is an esterification process of the silicon
nitride sensor surface that allow to bind covalently, at nanometer scale, the receptor molecules. A concentration of 10
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ug-mi™in abuffer solution (PBST, Phosphate Buffered Saline Tween) with pH 7 at a constant flow rate of 20 ul-min™ is
introduced. Asit is observed in Figure 7 the phase change, in the first part of the process, is fast and as the surface is
being progressively occupied, the phase response A® varies more slowly. The total phase change is 16.2x2m, that
corresponds to the adsorption of a homogeneous antigen monolayer of average thickness d, = 3.2 nm (surface covering
of 1.9 ng-mm?). A concentration of 10 ug-mi™ of the antibody (LIB-CNH45) is flowed through the sensor, giving an
additional phase change of A® = 5x2nt due to the immunoreaction as it is shown in Figure 8. After rinsing with PBST,
the anti bodi%s that have not reacted are washed out, being the net sensor response of A® = 0.4x2r (surface covering of
0.33 ng-mm™)
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Fig.8. Immunoreaction with the pollutant.

6. CONCLUSIONS

We have developed an optical nanosensor based on Silicon microelectronics technology. It makes use of an integrated
MZI configuration fabricated with TIR waveguides. The main features of these waveguides must be monomode
behaviour and high surface sensitivity. The small dimensions of the core thickness (hundreds of nanometers) assures
high surface sensitivity, while to obtain monomode behaviour, the parameters of the waveguide must be carefully
chosen. We have presented experimental results of a MZI nanosensor working as a refractometer and as biosensor. For
the MZI-TIR sensor the lower refractive index detection limit An,, ., = 7x10°®. Finally, we present measurements of the
sensor for the detection of an environmental pollutant.
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