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ABSTRACT

This work reports the simulation of a plasmonic waveguide sensor working in the visible range based on amorphous
silicon compounds. Typical plasmonic sensor interrogation schemes are based on scanning over the wavelength or the
incident angle to search for the resonance condition. These solutions usually require expensive or bulky components,
such as prisms, motor-driven rotation stages or tunable lasers. In this work we propose an amorphous silicon nitride
waveguide structure consisting of an array of parallel surface plasmon interferometers of different lengths, each one
comprising a thin layer of aluminium embedded into the waveguide. Using modal decomposition simulations, we show
that the variation of the output power at the end of each waveguide array element provides a convenient interrogation
scheme. By exploring amorphous silicon compounds that can be deposited by Pressure Enhanced Chemical Vapor
Deposition (PECVD) at low temperatures, we aim to achieve a low-cost fabrication process that is compatible with back-
end CMOS processing and wavelengths in the visible range.
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INTRODUCTION

According to recent research trends?, a key aspect for the advancement of the global healthcare system relies in the
development of effective and affordable Point-Of-Care (POC) methods for medical screening and early diagnosis. In
countries which face population aging such developments are driven by the need to continuously monitor the elderly and
support positive aging strategies?. On the other hand, in places where the access to a hospital infrastructure is limited by
large distances and economic reasons POC methods are critical to provide healthcare to the population. Lab-On-Chip
(LOC) platforms are miniaturized analytical devices which integrate all functionalities on a single chip, from fluid
handling, sample preparation (filtration, homogenization, and dilution), target detection, transducer readout, and signal
processing. The development of a portable, easy-to-use and highly sensitive portable LOC platform for real-time
diagnosis could offer significant advantages for future POC applications, entering in the daily routine of patients in a
decentralized setting®. There are several efforts in progress®, but few have reached the market®. The recent impressive
acceleration of the consumer electronics technology opens a scenario for solving the problems related to miniaturization,
multiplexing, automatization and network connectivity. The main point that remains critical is the sensing of biomarkers,
often at extremely low concentrations and in the presence of other confounding molecules. This process is currently done
in sophisticated, high-throughput laboratory machines and the challenge is to make it available in easy-to-use, portable
devices for use by non-specialists in situ or for home operation®.

From this point of view, the surface plasmon resonance (SPR) interferometric sensors can play a major role because they
offer the potential of high sensitivity, a very high level of integration and relatively low fabrication complexity’. Still, in
order for them to become widely used, materials and production techniques that are compatible with low-cost fabrication
processes are necessary. Thin film semiconductors deposited by Pressure Enhanced Chemical Vapor Deposition
(PECVD) have the potential to fulfil this requirement and are also compatible with standard back-end CMOS processing
and integration®. The high refractive index of refraction of a semiconductor material allows a high level of integration
but poses difficulties in the excitation of the surface plasmon polaritons. Although it is possible to use the Kretschmann
configuration, such approach is not very suitable to be used in a small portable device. One alternative is using the
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interferometric structure proposed by P. Debackere et al. °, where the sensing mechanism is based on measuring the
interference between two surface plasmon polaritons generated on the two surfaces of the metal layer.

Silicon is the most used semiconductor for photonic Integrated circuits (PIC). One major reason for the choice of silicon
is the possibility of preparing integrated photonic and electronics structures compatible with the standard CMOS
technology. Silicon is also the first-choice material for biosensors based on waveguiding structures, lab-on-chip
platforms and point-of-care devices®. The absorption properties of silicon exclude the possibility of working in the
visible range, silicon waveguides cover a wavelength spectrum starting at 1100nm, where most of the results target the
telecommunication windows of 1550 and 1310 nm. Silicon Nitrate (SiN) has been recently proposed!! as a PIC
alternative technology, with a transparency window extended to the visible wavelength range, starting at 400 nm. SiN
waveguides with SiO, cladding maintain a good refractive index contrast, allowing banding radius at the micrometric
scale. Standard deposition method for SiN used in most of the foundries offering generic PIC fabrication is low-pressure
chemical vapor deposition (LPCVD) 2. SiN produced by LPCVD presents a high purity and homogeneity, but it is
deposited at high temperatures (about 700 °C), making it not usable for integration with other materials which cannot
withstand exposition to such high temperatures, as for example plastics substrates for flexible devices®. On the other
hand, the plasma-enhanced chemical vapor deposition (PECVD) technique can be used to deposit thin film
semiconductors and good quality SiN, at low temperatures between 200 and 400 °C, providing a very attractive route
towards high-volume fabrication of integrated photonic devices'4. Amorphous silicon compounds produced by PECVD,
like a-SiC:H, a-SiN:H or a-SiCN:H, are very attractive for the realization of low-cost photonic circuits. Also, the control
of the compound percentages, hydrogen concentration and deposition conditions allows the fine tuning of the material
structural and optical properties, including the possibility to work under different light wavelengths, opening the
possibility to operate in the visible range of the spectrum?®®. The PECVD process also allows further integration with
additional nanomaterials or nanostructures for improving the SPR effect for biosensing applications?®.

We have used in our simulations an amorphous silicon nitride (a-SiN:H) waveguide interferometric structure with an
aluminium metal layer, working at 633 nm (He-Ne Laser beam). A novel interrogation scheme is proposed to overcome
the complexity due to the traditional scanning over the wavelength or the incident angle, which inhibits the integration of
the system into a fully on-chip solution. We have proposed an integrated system which consists of a Multi-Mode
Interference (MMI) device working as a splitter to excite and an array of interferometers with different lengths. The
variation of the output intensity at the end of each array element provides a convenient interrogation scheme which is
dependent on the refractive index of the sample medium?’.

THEORY AND METHODS

Surface plasmon polaritons (SPP) are electromagnetic excitations propagating at the interface between a dielectric and a
conductor, confined in the perpendicular direction. Under specific conditions, the evanescent waves became coupled to
the surface collective oscillations of the free electrons, supporting their propagation at the metal-dielectric interfaces. In a
simplified manner, it is possible to consider SPPs as hybrid modes comprising the features of both the propagating EM
waves, and free electron plasma oscillations in metals, which are longitudinal. The TE waves cannot be coupled to the
longitudinal electron oscillations in metals, only TM modes can couple to SPPs waves. The mode propagation constant

Beep is given by*® :
_ @ [em@ea@)
BSPP ¢ em(w)+eg(w) (l)

where gn is the complex permittivity of the metal, &4 the permittivity of the dielectric,  the angular frequency and ¢ the
velocity of light. The mode propagation constant fspp is a complex number and the excitation of a SPP requires the
existence of a positive real part. Such necessary condition is verified in a large variety of metal/dielectric combinations
in the visible and in the infrared range. The imaginary part of Sspp determines the attenuation of the SPP, and for
relatively large values, practical applications are not viable. To study the conditions for SPP excitation, we have used the
refractive index values of aluminium from Raki¢ et al.?® and for amorphous silicon nitride the values reported in the
literature? for a deposition temperature of 300°C.

The schematic of the setup is presented in Figure 1. In order to excite the parallel waveguides a Multi-Mode Interference
(MMI) device is used in a 1-to-N splitter operation mode?!. Such operation mode can be achieved by centre feeding the
MMI with a symmetric field profile and adjusting the length of the device, Lmwi, to the exact distance where the N-fold
images are generated??:
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nwg
Lymy = _MMI (2)
N AQ

where Ao is the free space wavelength, Wum is the width of the device in the direction transversal to propagation and n is
the real part of the refraction index of the material. The images are symmetrically located along the transversal direction
with equal spacings Wumi/N.
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Figure 1. Schematic setup of the proposed structure. The a-SiN:H is represented in red, the aluminium film in yellow, the sample
medium in cyan. The waveguide cladding (white background) is silicon dioxide. A zoom of the interferometer region is highlighted in
the circle.

Figure 1 displays the interferometer and sample medium. The aluminium film (thickness 40 nm) is positioned at the centre of the
waveguide (thickness 220 nm). The operation wavelength was set to A0=633 nm. Two SPPs are formed in the aluminium film, one on
the left interface, which is identified with propagation constant f7spp, and the other on the right interface, with propagation constant
S2spp. Since the two SPPs in general have different propagation constants their phase difference at the end of the plasmonic section
will be a function of L:

Ap = (B2ssp — Blssp)L 3)

When the SPP modes terminate in phase, constructive interference occurs and transmission of power to the output is
maximal. On the contrary, out of phase SPPs will generate destructive interference and reduce the output guided power®.
Since flspp is dependent on optical properties of the sampling medium, changing the analyte concentration will have
impact on the output power. The array of waveguides of different L provides the interrogation scheme.

The propagation of light is simulated using the mode expansion and propagation method. In this method, the waveguide
is divided into longitudinally uniform sections and, in each section, the eigenmodes are calculated. Based on boundary
conditions the modal amplitudes at both sides of the interface between the longitudinal sections are obtained. For this
purpose, we have used the software package modeprop (Rsoft, Synopsys Inc.).

RESULTS AND DISCUSSION

The SPP propagation constant calculated from eq. (1) assumes a semi-infinite geometry which is a reasonable
approximation for the sampling medium interface, but not for the opposite side where the SPP evanescent field is
expected to extend to the cladding region. To take in consideration the cladding the propagation modes were obtained
using the Finite Element Method (FEM) as implemented in the software package femsim (Rsoft, Synopsys Inc.). Figure 2
displays the SPP Hy field and propagation constants (B= netr 2 / Ao) Where we have assumed the sample medium is
water.
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H, Mode Profile (n,,=(1.352563,0.008146)) H, Mode Profile (n q=(1 700787,0.03417))
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Figure 2. Hy field of the SPP travelling in the interface (a) aluminium-water and (b) aluminium - a-SiN:H

Based on the propagation constants, f1spp and S2spp, Obtained we have simulated the interferometers in the constructive
and destructive condition: L=p & / (52spe- S1spp) Where p is odd for destructive interference and even for constructive
interference. We present the results in Figure 3 for p=1 and p=2.
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Figure 3. The Hy field for the waveguide and interferometer region. The length of the interferometer L was adjusted for (a) destructive
interference and (b) constructive interference.

In Figure 3(a) the destructive interference is clearly seen with the SPPs arriving at the end of the aluminium film in phase
opposition. On the contrary, in subfigure (b) the SPPs arrive in phase and the field strength at the output increases
significantly. In order to better visualize the relation between L and the power transmitted, simulations were performed,
and the results are presented in Figure 4. The simulation results agree with the expected periodicity for in phase and out
of phase lengths with the first minimum for L just below 1 um and the first maximum close to 2 um. We also present in
the same figure the influence of the metal film thickness on the output response. It becomes clear that reducing the metal
film thickness in the range 100nm to 40nm makes the difference between maximums and minimums more pronounced
which is an advantage in terms of sensitivity. We have assumed a 40 nm thick metal film in the following simulations. In
principle the thickness could be further reduced however this was not pursued to avoid imposing hard constraints on the
fabrication process.
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Figure 4. Fraction of the transmitted power as a function of the length of the interferometer (L) and the thickness of the Al layer (d)
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Figure 5. Fraction of the transmitted power as a function of the length of the interferometer and sample medium index

In Figure 5 the transmitted power is displayed as a function of the refractive index of the sampling medium and the
length L of the interferometer. As the refractive index of the sampling medium increases the length periodicity also
increases. This is expected since the SSP plasmons become more similar on both sides of the interface and therefore
phase shifting requires larger distances.

The width of the MMI must be large enough to minimize interference between array elements. We have designed a 1x8
splitter with Wumi=60um and calculated Lmwmi from eq. (2). The electric field strength at the output of the MMI structure
is presented in Figure 6 where we can see that 8 peaks are generated at the output waveguide positions, as expected.
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Figure 6. Electric field strength at the end of the MMI device.

Finally, the complete structure was simulated. The array elements were designed with interferometer lengths
L=0.5+0.25*i um, where i is the waveguide number, 1 to 8. We can observe in Figure 7 the transmitted power for each
waveguide using four different refraction indexes n of the sampling medium. We can see that the minimum transmitted
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power shifts from the 2" to the 8™ waveguide as the refractive index increases from 1.3 to 1.5. In fact, as the refractive
index increases the minimum shifts to elements to the right which have longer L in agreement with the behaviour of the
isolated interferometer.
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Figure 7. The output power of the array is dependent on the refraction index of the sample medium.

The results show that is possible to use the arrayed structure of interferometers in the visible wavelength as a direct
interrogation scheme for retrieving information about variations of the refractive index of the sample medium. The
refractive index is directly related to the position of the minimum output power in the array. Further optimization of the
length of the MMI could be performed to achieve a more levelled power distribution at the input of each array element
minimizing the influence of the non-ideal behaviour of the MMI.

This innovative approach eliminates the building complexity associated with mechanical and optical setups, targeting
directly the lab-on-chip paradigm for Point-of-Care applications. Furthermore, as the result relies on the relative output
power of elements in the array, there is no need for absolute measurements of the photodetector photocurrents. The
output reading can be performed independently on the single interferometer waveguides and treated conveniently
afterwards. While it is clear that the sensitivity of this reading method depends on the number of N-fold produced by the
MMI splitter, this number cannot be increased indefinitely without compromising the overall robustness of the photonic
structure. To overcome such a limitation, signal processing techniques of the output photocurrents can be employed,
moving the complexity of the reading process to more traditional CMQOS circuitry.

CONCLUSIONS

In this paper we propose a surface plasmon sensor based on an interferometer array that works in the visible range by
using aluminium and amorphous silicon nitride for the core of the waveguide. We have investigated the decoupled
plasmon modes on both sides of a waveguide interferometer using the FEM method and found good agreement between
the predicted in phase and phase opposition distances and the transmitted maximum and minimum power using modal
decomposition simulations. Furthermore, we have designed an MMI structure to excite 8 parallel waveguides each
having a different interferometer length. The simulated output power of the array elements is dependent on the refractive
index and we have observed that shifting of the minimum occurs as the refraction index increases. Interestingly, instead
of scanning over the wavelength or the incident angle as usual, scanning over L offers an alternative as a possible
interrogation scheme for Lab-On-Chip applications.
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