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Abstract: Integrated optical biosensors have become an apparent tool that can be used to detect interactions at
the biomolecular level. These biosensors offer advantages like reactiveness, dimensions, cost involved in
fabrication, manufacturing and ability for multiplexing. Among many, Mach-Zehnder Interferometric biosensor
is one such sensor which is generally used in biosensing application as it is a fusion of sensitive mechanisms of
waveguide and interferometer. Biosensors displays characteristics like transportability, higher and quicker
responsiveness and ease-of-use which helps in utilizing them in real time application like point-of-care devices.
Point-of-care testing is a medical diagnosing technique that can be performed when care is needed. This
technique is advantageous and can be the substitute for current analysis methodology which is time consuming
for the outcome of results. In this work the designing of Mach-Zehnder Interferometer biosensor with rib
waveguide structure is considered and the simulation is carried out for the same using COMSOL Multiphysics.
The simulation is also carried out to conduct assay on the parameters of waveguide which effects the sensitivity.
The Mach-Zehnder interferometers have been previously used for biosensing as they have the highest limit of
detection expressed in refractive index units. This helps in observing the engagement of biomolecules in a label-
free method.
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. Introduction

Sensor is a device which senses the input signal from the surrounding environment and initiates certain
activity within the device to give a relevant output. There are optical sensors which are based on the
determination and analysis of optical field. The analysis is dealt with phase, distribution of spectra, wavelength
are few among others. Biosensors are promising candidates in the technology of optical biosensing as this
technology can be a replacement to the established analytical technique because of its easy nature of working,
quick responsive nature and also the work carried out using this is cost effective [1].

With the integrated optics there is the development of technology known as lab-on-chip (LOC). This
technology incorporates many functionalities including the input light couplers, sensors, micro fluidics and also
the output readouts on the same single chip. The conceptual design of LOC includes multidisciplinary fields like
biochemistry, opto-electronics microelectronic technology and micro fluids, thus making it suitable for usage in
real-time. The size of the chip varies from millimeters to few centimeters. Thus they can be considered in micro
system family. LOC finds application in industries like food &beverage and pharmacy, in monitoring
environmental conditions, in medical and bio defense field.

The LOC technology helps in development of point-of-care (POC) devices in the health care field.
These devices can be used at the bedside when the need of care is required [2]-[4]. In this paper emphasis is on
the design and simulation of MZI biosensor with rib waveguide structure that can be used in the development of
POC devices in medical field.

Il.  Optical Biosensors And Its Working

Optical biosensors are the devices which uses principles of optics for converting a biochemical
reciprocal action into a relevant output signal. In optical biosensor the principle of detection employed is based
on the detection of evanescent field. Usage of evanescent wave grants detection and monitoring the variations in
optical parameters due to biomolecular intercommunication. This method is called label-free detection and it is
not that appreciable as that of label based detection. However the prerequisites and procedure for this method is
more and complex. Thus this method is being replaced by the label-free detection.

Interferometric devices are one among the main type in integrated optical biosensors. These devices
works on principle of interferometry, where in superposition of more than one wave results in generating
interference patterns. This is only method which provides reference within to take care the variations seen in
refractive index. There are several devices in this like the Mach-Zehnder interferometer (MZI), Young
Interferometer and others.Among these MZI is the most widely used device because of its high sensitivity.
Optical sensors are used with different waveguide structures which helps in propagating the light with very
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minimum wastage of input signal. The rib waveguide in particular consists of 3 layers where the top cover and
bottom clad encapsulates the core or the film. Due to difference in refractive indices in the layers of the
waveguide, within the core total internal reflection (TIR) takes place and causes the incident light to confine
within the core. For TIR to happen, the core should have the highest refractive index, the bottom clad to have
the next lower value and the cover with lest value [5]-[8].

I11.  Mach-Zehnder Interferometric Biosensor

In MZI the incident light gets divided into two interchangeable beams at the input Y -structure of the
MZI waveguide. The beams travel through the arms of MZlidentified as reference arm and the sensor arm. After
a definite distinct beams are again coupled where the arms gets connected (output Y -structure) to form a single
path. This is shown in the figure 1. A small area on the sensor arm of length L is left open and rest of the area of
MZzI waveguide is covered with a securing layer. In the sensing arm, the introduced sample reacts and causes
variation in the phase. But in reference arm no such changes happen and when combined light is considered at
the output, there is an alteration in the phase which induces manipulations in the effective refractive index.

Sensor arm /
% Reference arm

waveguide
Fig. 1 Configuration of MZI

At the output, the conflict among light from both arms is given by:

| < [1+V cosAd] (2.1)
whereAd = (or — 6s ) is change in phase observed in the sensor and the reference arm and is given by:
Ap=2L. AN (2.2)

L is the length in the sensor arm which is opened, AN is the effective refractive index and V represents
the factor of visibility. The visibility factor helps in designing the Y -structure of MZI with minimum loss [9].

In the sensor arm within the sensor area that is opened, the modulation in phase occur due to the
mechanism of evanescent field. When the light pass through waveguide total internal reflection takes place and
a part of light that is reflected infiltrate the clad and core interface in the form of electromagnetic field known as
the evanescent field. This field of evanescent is around 0.2% of incident light's wavelength. The field
exponentially deteriorate in direction of light traversing. Within this evanescent field if any reaction takes place
between analyte and receptor results in changing the effective refractive index. This is the criteria for sensing
used in biological sensing applications [10]. Figure 2 shows the reaction taking place in the sensor area due to
evanescent field.
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Fig. 2 Evanescent field penetrating the top and bottom layer
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IV.  Design And Simulation Of Sensor

4.1 Mono-mode behavior

The sensor to be used in application of sensing, should encourage mono-mode behavior along with
higher sensitivity. Thus first is to set the dimensions of the waveguide structure which supports mono-mode.
The cross section of the rib waveguide whose dimensions has to be optimized is shown in figure 3. The
materials taken for simulations is as follows. The undermost cladding layer is of silicon dioxide (n=1.46), the
cardinal core is of silicon nitride (n=2) and top cover medium used is the water (n=1.33). The highlighted
parameters are ‘w’ is the rib width, ‘h’ is the rib height, ‘t” and ‘h’ together form the core of the waveguide. n,
ns and ng represents the refractive indices of the three layers cover, film and bottom cladding.

Fig. 3. 3D schematic on left and 2D cross section of rib waveguide on the right side.

When simulated, the mono-mode behavior is obtained even for waveguide structures with smaller rib
heights. The mono-mode behavior is considered only for transverse electric (TE) mode. But the confinement of
electric field at the core is very less and there is large outspread of field around the core. When simulated for
increased rib heights the confinement of electric field towards the core was more than the surrounding
interfaces. The simulated results for both the conditions is shown in figure 4 (a) and (b).
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Fig.4 (a) simulation of rib waveguide with smaller rib height of 5nm, (b) simulation of rib waveguide with
increased rib height of 75nm.

The sensing principle is based on the decaying evanescent field, which penetrates the core-cladding
interface and core-cover medium interface. In these two interfaces core— cover medium is of much importance.
Thus waveguides considered here are with rib heights around 45nm-55nm, where in these structures there is
confinement of electric field and also spread of field around the core.

It is also possible that by varying the geometrical parameter of the waveguide the mono-mode behavior
can be retained. This is obtained by varying core thickness of waveguide and the rib height. The graph in figure
5 shows the dimensions of waveguide which supplements the mono-mode behavior.

The simulation was carried for transverse magnetic (TM) mode. The graph in figure 6 shows the
dimensions of both TE and TM mod which gives mono-mode. Comparatively TM mode needs dimensions
higher than the TE mode. However the work is restricted with only TE mono-mode.
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Fig. 5Dimensions of waveguide parameter Fig. 6Dimensions of waveguide parameters for
which support mono-mode TEO and TMO with rib width of 2.5um

4.2 Sensitivity

Sensitivity is the smallest signal which the device can detect. This is one of the important parameter
which describe the performance of the sensor. There are two types known as homogeneous sensitivity and
surface sensitivity. In homogeneous sensing, the effective change in index for the mode of propagation is
resulted when manipulation of refractive index takes place in the sensitive region. In case of surface sensitivity,
the effective change in index for the mode of propagation is resulted when variation in the thickness of a
sensitive layer which is laid over the core medium. Usually homogeneous sensitivity finds itself in the detection
of concentration of analyte and surface sensitivity used for detection of viruses and bacteria and other biological
components considering the aid of receiver molecules which is fixed on the core medium. The simulation work
carried out here is restricted to only the homogeneous sensitivity [11]. The homogeneous sensitivity is given by
equation (2.3)

AN _ Py n W LT
™ E*ﬁ*[Z(Z) 1] (2.3)
wherep = {0, TE Mode

P=1, TM Mode

Here P, is the power in the cover medium, Py is the total power of the guided mode, n indicates the
refractive index of cover medium and N represents the effective refractive index. Since TE mode is considered p
value is zero. COMSOL is used to computeP,, P and N. The values introduced into equation (2.3) gives the
homogeneous sensitivity. Graph in figure 7 shows the homogeneous sensitivity of the waveguide structure.
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Fig. 7 Core thickness as function of homogeneous sensitivity for TEQ

4.2.1 Analysis of homogeneous sensitivity

The variation in the homogeneous sensitivity as function of core thickness, rib height and rib width is
seen in this section. As the core thickness is increased the homogeneous sensitivity keeps on decreasing. With
smaller core thickness it results in increased effective refractive index and also the spread out of electric field
around the core is more which causes the sensitivity to increase. The dimensions of the parameter while
performing the simulations were rib width of 2.5um, rib height as 45nm to 55nm, core thickness varied between
90nm to 300nm and operating wavelength of 633nm. While determining the homogeneous sensitivity the other
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parameter of the waveguide like the rib height and rib width is varied. But with varying rib width and rib height
the variation of refractive index is very negligible and thus their role in determining the sensitivity is small. This
can be observed in the graph in figure 8 as it supplements the result. However the role played by core thickness
variation in finding homogeneous sensitivity has greater impact since with varying core thickness the changes
observed in effective refractive index is larger (graph resulting this is not shown here). While performing this
simulation the core thickness was retained as 200nm and wavelength of 633nm.
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Fig. 8 simulation results for varying rib width and rib height as a function of effective refractive index.

4.3 Evanescent field intensity

Considering evanescent field there is homogeneous sensitivity, where the higher value of evanescent
field higher is the sensitivity value. The evanescent field intensity is equivalent to confinement factor I's. This
confinement factor is proportional to either the sensitive region or selective region’s electric field intensity to
overall distribution of mode in guided mode [12]. It is described by equation (2.4)
_ JflECey) dx dy
T JEGy)Pdxdy
Along with homogeneous sensitivity evanescent field intensity also helps in optimizing the dimensions of the
waveguide structure. Using equation (4) evanescent field intensity value is found using COMSOL. The intensity
values were determined for the varying core thickness. Graph is plotted for the same as shown in figure 9.
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Fig.9 simulation results for variation in evanescent field intensity as a function of core thickness.

Evanescant field Intensity

4.3.1 Analysis of evanescent field intensity

In this section the evanescent field intensity is evaluated for varying core thickness, rib width and the
operating wavelength. From the graph in figure 9 it is observed that, as the core thickness is reduced the
intensity value is increased. This represents the condition of higher sensitivity for smaller core thickness. During
this simulation of varying core thickness rib width is of 2.5pum and rib height is of 50nm.

Next the rib width variation is done to determine the evanescent field intensity. The core thickness was
retained between 90nm to 100nm, rib height of 50nm and wavelength of 633nm. With this condition as the rib
width is increased the evanescent field intensity decreases resulting in decreased sensitivity. However with scale
down in the rib width the field intensity increases. This graph is shown in figure 10.

DOI: 10.9790/4861-0803023945 www.iosrjournals.org 43 | Page



Mach-Zehnder Interferometric Biosensor for Point-of-Care Devices

Next the analysis is done for evanescent field intensity as function of wavelength. The parameters of
the waveguide is retained as seen for previous cases and only the wavelength is varied. The graph representing
this condition is shown in figure 11. As seen in graph as the wavelength is reduced the intensity of evanescent
field also decreases which results in lessening the sensitivity. The wavelength is varied between 400nm to
700nm.
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Fig. 10 Evanescent field intensity as a function Fig. 11 Evanescent field intensity as function of
of rib width wavelength.

V.  Conclusion

The two conditions considered for sensor design is the mono-mode and sensitivity. With smaller rib
height dimension the waveguide structure supports mono-mode but no electric field confinement at core. Thus
the increased rib height results in better confinement of the electric field towards the core and also supports
mono-mode.

The sensitivity taken into consideration is homogeneous sensitivity since it can be related to the cover
medium. When sensitivity is considered, the increased rib height reduces the sensitivity. Thus by reducing the
rib height and varying core thickness the dimension of the waveguide structure is obtained which gives
maximum sensitivity. To support this condition homogeneous evanescent field intensity is considered whose
result also matches stating the lower core thickness with lower rib height gives higher sensitivity. The other
parameters which seconds the increased sensitivity are effective refractive index, rib width, rib depth and the
operating wavelength. The effective refractive index which is inversely related to homogeneous sensitivity
indicates smaller core thickness has higher sensitivity when compared to the rib height and rib width.
Considering evanescent field intensity the higher sensitivity is obtained with smaller core thickness, reduced rib
width and longer operating wavelength. Thus for the senor under design to be used in point-of-care devices
needs smaller core thickness, smaller rib height and width and longer operating wavelength. When the
parameters satisfies these criteria it provides maximum sensitivity.

VI.  Future Scope
In the present work only simulation is carried out further for real time implementation the fabrication
for the simulated dimensions has to be done. The performance can be evaluated for biological sample as the
proposed sensor is for point-of-care diagnostics. Simulation and real time implementation for integration of
other components can be checked. This includes the light coupler like the gratings, microfluidics where in the
transport of samples and any prerequisite for sample preparation can happen, the output devices where direct
readings can be obtained and also electronic system for processing of the signal.
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