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Abstract. Biosensors are powerful tools for detecting specific molecules by
leveraging biological interactions to generate measurable signals. This research
focuses on the development of advanced label-free biosensors using Silicon Ni-
tride integrated optical circuits, employing Mach-Zehnder Interferometer (MZI)
structures as the sensing elements. MZls, which combine waveguiding and in-
terferometry, offer high sensitivity by detecting phase shifts induced by analyte
binding in real time. The development process encompasses component simula-
tion, chip design, chip fabrication, packaging, optical and electrical characteri-
zation and biological testing. Although the Silicon Nitride sensor is still under
development, preliminary results from silicon waveguide-based MZI devices
have demonstrated their ability to accurately monitor binding kinetics. A key
advantage of Silicon Nitride is its compatibility with visible wavelengths, where
optical losses are lower when using aqueous cladding, as is common in biologi-
cal testing. This research holds significant potential for advancing label-free op-
tical biosensing technologies, with applications spanning healthcare, environ-
mental monitoring, and beyond.

Keywords: Biosensor, Mach-Zehnder Interferometer, Photonic Integrated Cir-
cuit, Silicon Nitride, Label-free Detection, Point of Care.

Biosensors are innovative tools that leverage the specificity of biological interac-
tions to detect molecules of interest, such as proteins, viruses or bacteria. The analyte
binds to a bio-recognition element (like an antibody or aptamer), triggering a reaction
that is converted into a measurable signal by a transducer. The sensitivity of the sen-
sor is defined as the output response per unit change of the total quantity of the target
analyte molecules bound to the surface of the waveguide.

Waveguide-based optical biosensors are particularly interesting because they can
be used as label-free sensors directly binding the biorecognition elements on their
surface and because they can be integrated into miniaturized lab-on-chip technologies.



The light is directed in the waveguide, a transparent material with a refractive in-
dex higher than its surrounding environment, the silicon oxide substrate and the bio-
fluid. What is important for sensing is the fact that the electric field is not strictly
confined in the waveguide but has exponentially decaying tails in the surrounding
materials as shown in Fig. 1. Any refractive index changes near to the waveguide
surface, like the one caused by the specific binding of an analyte to an antibody,
yields to a detectable change of the effective refractive index of the mode.
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Fig. 1 Schematic of a biofunctionalized slab waveguide.

Among the various types of waveguide-based optical biosensors, microring resona-
tors and integrated asymmetric Mach—Zehnder interferometers (MZIs) are among the
most extensively studied. In particular, waveguide interferometers hold significant
importance due to their ability to combine two highly sensitive techniques—optical
waveguiding and interferometry—resulting in biosensors with enhanced sensitivity,
well-suited for point-of-care applications [1]. The sensing mechanism [2] can be
schematically described as follows. The input light beam is directed to the sensor’s
input and then equally split into two arms. One arm, the sensing arm, is biofunctional-
ized with biorecognition elements on the surface for detection, while the other, the
reference arm, includes a phase shifter. The light is then recombined using a 2x2 cou-
pler. The output optical power is converted by a photodiode into two complementary
current signals having the shape of squared sine and cosine waves modulated by the
phase difference between the two arms. When a binding event occurs, the refractive
index of the medium around the sensing arm changes, introducing a phase shift. This
phase shift can be counterbalanced by the phase shifter in the control arm.
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Fig. 2 Schematic of a Mach-Zehnder Interferometer bio sensor.



The power used to maintain the MZI in phase is proportional to the amount of analyte
bound in the sensing arm, providing a quantitative measurement of the analyte con-
centration in the biofluid. A sketch of a MZI biosensor is shown Fig. 2.

The workflow to develop a biosensor based on Mach-Zehnder interferometers in-
cludes several key steps. In the first step, the key optical components are thoroughly
simulated; then the integrated optical circuit is designed; the third step entails fabri-
cating the circuit; and finally, the resulting physical structure is fully characterized by
means of optical and biological tests.

Optical Component Simulation

The design of an optoelectronic biosensor chip begins with the selection of an appro-
priate operating wavelength. Photonic biosensors typically operate within the visible
spectrum, as water, the primary constituent of most biofluids, exhibits minimum opti-
cal absorption in this range. Nonetheless, in a previous project, we employed the 1550
nm telecom wavelength using a silicon waveguide platform. Despite the relatively
high absorption losses in water (~10 dB/cm), this wavelength offers practical ad-
vantages: it is supported by multiple foundries and chip fabrication at this wavelength
is both mature and cost-effective, yielding reproducible results. In the present work,
we investigated both the telecom-band (1550nm) and near-visible band (780nm), to
evaluate their respective advantages in terms of technical performance and industrial
scalability.

1 Waveguide geometry

Following the selection of the operating wavelengths, the next step involved the simu-
lations of key photonic chip components. A fundamental design decision at this stage
was the determination of the optimal waveguide geometry, as this constitutes the fun-
damental building block of all optical components on the chip.

Simulations were conducted for waveguides with heights of 150 nm and 350 nm
and widths ranging from 500 nm—the lithographic current resolution limit achievable
at FBK cleanroom—to 2500 nm. A schematic of the simulated cross-section is shown
in Fig. 3a while Fig. 3b illustrates a representative example of the resulting electric
field. The simulations were performed using modesolverpy Python library. The struc-
ture consists of a silicon substrate with a 5 um bottom oxide layer, overlaid by a sili-
con nitride waveguide with parameterized height and width. Finally, the cladding was
evaluated in two configurations: water and oxide.
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Fig. 3a Cross-sectional design of the simulation window, from bottom to top: Silicon sub-
strate, bottom oxide layer, Silicon nitride waveguide, water cladding. 3b Example of the simu-
lated electric field in the waveguide. The boundary conditions for the simulation are PML.

The simulation allowed us to calculate both the real and imaginary parts of the ef-
fective refractive index of the guided mode(s) as well as the spatial distribution of the
electric field at each point within the simulation window. Key parameters that could
be extracted from the simulation included the effective refractive index of guided
modes, mode confinement within the waveguide core, mode fraction, absorption loss-
es and bulk sensitivity — a metric that quantifies the sensitivity of the effective re-
fractive index to variations in the cladding refractive index.

Only parameter combinations with water cladding that supported single-mode
waveguides (TE0Q) and acceptable optical losses— defined as absorption below -15
dB/cm—were considered for further analysis. The 780 nm wavelength with a wave-
guide height of 350 nm was excluded, as it did not support single mode within the
tested width range. Configurations wl780nm-h150nm and wl1550nm-h350nm exhib-
ited slightly higher effective indices than wl1550nm-h150nm, resulting in less con-
fined optical modes. All configurations demonstrated a high TE mode fraction. As
expected, wl1550nm designs showed increased absorption losses in water but offered
somewhat better sensitivity. The results for refractive index, optical absorption losses,
and bulk sensitivity are reported in Fig. 4.
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Fig. 4 Results of the simulations (water cladding) for the effective refractive index, absorp-
tion losses and bulk sensitivity of the 3 configurations wl780nm-h150nm, wl1550nm-h150nm
and wl1550nm-h350nm in the widths range allowing single-mode TEQO propagation.

Among the valid configurations, a trade-off analysis considering loss, sensitivity,
and the lithographic constraints of FBK fabrication process led to the selection of
wl780nm-h150nm-w600nm, wi1550nm-h150nm-w2100nm and wl1550nm-h350nm-
w1000nm.

1.1  Bending radius

Following the selection of the waveguide cross-sections, additional simulations
were conducted to determine their minimum bending radii required to maintain low
optical losses due to curvature. This was assessed by comparing the effective indices
of bent vs. straight waveguides, within a <0.003% tolerance for the difference. The



results indicated that the wl1550nm-h150nm-w2100nm waveguide required a mini-
mum bending radius of approximately 600 um— due to weak mode confinement —
which was unsuitable for compact chip layouts. In contrast, the 780 nm and 1550 nm
configurations exhibited significantly smaller bending radii (~80 pm and ~150 pum
respectively) and were thus retained for further development.

2 Simulation of the Directional couplers

Following definition of the two operating wavelengths and of their respective min-
imum bending radii, the next design step was to simulate the couplers required for the
MZI configuration. One common method for implementing waveguide couplers is by
using straight parallel sections where the evanescent field of one overlap with that of
the adjacent guide, forming a directional coupler. This configuration allows optical
power to transfer gradually from one waveguide to the other. By carefully optimizing
the gap between the guides and the length of the coupling region, the coupling ratio
can be precisely controlled. For our case the target splitting ratio was 50:50.

The first step to calculate the optimal coupling length L is to determine the refrac-
tive indices of the two modes propagating in the coupled waveguide system. The
difference between these indices, 4n, is calculated. Assuming that initially all the
input power is in waveguide 1 the coupling length to achieve a desired power transfer
to waveguide 2, can be determined by solving Eq. (1):

L = [2/(z-An)] sin[(P2/P1)¥2] 1)

The following table provides a summary of the resulting values that were found in
this case.

Table 1. Table captions should be placed above the tables.

Wavelength Height Width Coupler gap Coupler width
780 nm 150 nm 600 nm 600 nm 103.5 um
1550 nm 350 nm 1000 nm 835nm 50 um

Chip design

The sensor integrates all components onto a single photonic chip, including the opti-
cal input/output interfaces, waveguides, MZIs arms exposed to analyte-containing
fluids, and metal structures for phase shifting.

As illustrated in Fig. 5 the chip layout is organized as follows: the left side hosts
one optical input and 16 optical outputs. The middle section accommodates the phase
shifters while all the MZI sensor are placed on the right side of the chip. This floor-
plan has been chosen to allow for a sharp separation between optical and electro-
optical components —namely the phase shifters.



Fig. 5 Layout of the chip for telecom wavelength.

A well is etched above each MZI to allow biofluids to interact with the sensing re-
gion. This is accomplished by selectively removing the oxide dielectric above the
interferometer arms through a combination of dry and wet etching processes. The
exposed length of each MZI arm is varied across different instances in order to study
the impact of interaction length on the sensor's sensitivity. In addition to MZI arm
length, a second key parameter that is varied is the optical path difference (AL) be-
tween the two arms. This variation is intended to evaluate the optimal tradeoff be-
tween free spectral range (FSR) and sensitivity.

Chip fabrication and packaging

The design is realized through precise photolithographic processes, using multiple
masks to pattern waveguides, metal structures, pad opening, sensor window areas and
finally deep trenches and facets. Previous fabrication experience [3] has informed the
current chip designs to ensure robustness and manufacturability. The next steps are
packaging via wire bonding to a custom-designed PCB and encapsulation with the
microfluidic chamber. The chip will then be used with the Diamir2 diagnostic read-
out machine, owned by FTH S.r.1.

Biological testing

After fabrication, the biosensor’s functionality is validated using biological tests.
Although the Silicon Nitride MZI-based sensor is still under fabrication, preliminary
results from Silicon MZI sensors provide a basis for characterizing analyte-antibodies
interactions, monitoring binding kinetics.

The Fig. 6 below shows an example of an outcome of a biological test on a Silicon
MZI sensor, using a sandwich strategy to enhance the signal output. MZIs 2 and 6
were functionalized with a-CRP antibodies, MZIs 4 and 5 with a-PCT antibodies, and
MZI 3 served as a reference. The sensors are primed with a buffer solution, then the
bio-fluid with 0.1 nM CRP and 1 nM PCT protein is flowed on top of the sensors to
bind the analytes. Finally, a step with two detection antibodies is applied after a short



buffer cleaning step to complete the test sequence. The binding behavior matches
theoretical models [3] and is consistent with previous experimental results in the liter-
ature, such as [4], which employs a similar integrated MZI setup, though without a
phase shifter, thus confirming the feasibility of MZI-based optical sensors for real-
time quantitative analysis.

Fig. 6 Example of biological test.
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While the fabrication of Silicon Nitride MZI-based biosensors is ongoing, this re-
search holds significant promise for advancing label-free optical biosensing technolo-
gies. Key goals include achieving enhanced sensitivity, reducing optical losses and
signal-to-noise ratios, and integrating alternative phase-shifting mechanisms to im-
prove sensor performance.
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