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ABSTRACT:

In this paper we present our work concerning the design of a semiconductor waveguide structure to be used as
a biosensor based on Surface Plasmonic Resonance effects (SPR). The proposed structure is a planar metal-
dielectric waveguide where the sensor operation is based on the coupling between the fundamental
propagation TM mode and the surface plasmon excited at the outer boundary of the metal, which interfaces
the sample medium. Gold and aluminium are the metals considered for the plasmonic coating, amorphous
silicon and a reduced graphene oxide layer are considered for the waveguide structure. FDTD simulations of
the proposed structure show a clear attenuation peak in the output power at the wavelength where the
plasmonic resonance is excited.
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1. Introduction

Detection and molecular profiling of small biomolecules is technically challenging. Typically, conventional
isolation methods require extensive post-labelling procedures, which are unreasonable on a clinical
setting. The ELISA method, one of the most effective approaches in current use, entails considerable
processing complexity (sample transportation, manual preparation steps, skilled technicians, several
hours or days to obtain results) which leads to a preclusion for primary care settings [1]. On the other
hand, global health policies move in the direction of Point-Of-Care testing [2] which can only be achieved
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with the development of new devices to detect and measure the concentration of proteins in small
volumes of biologic fluids. Within this context of application and with this critical demand in mind, Surface
Plasmon Resonance (SPR) sensors have received an enormous attention and found extensive use for
chemical and biological applications [3]. Sensors based on plasmonic resonance can achieve higher
sensitivity when compared with other evanescent wave sensors. This is because the resonance condition
is highly dependent on the local refractive index near the metal surface, where the target biomarkers bind
to immobilized antibodies. In addition to improved sensitivity, SPR sensors can also be made at the
nanoscale thus providing a route to miniaturization [4]. They offer the potential to move proteomic
biology into the clinical setting as a routine diagnostic procedure and surpass the technical challenge of
conventional methods. One fundamental point in the design of the SPR sensor is to fine-tune the
conditions for the existence of coupling between the excitation field and the Surface Plasmon Polariton
(SPP) that propagates at the interface of the metal and the sample medium [5]. Targeting the optimization
of this key point, a large panorama of different structure configurations has been proposed in the recent
past, mainly based on different schemes for SPP generation and for sensor interrogation methods [6],
allowing to produce highly sensitive sensors including miniaturized structures based on optical
waveguides [7]. Nevertheless, there is still a strong demand for providing new cost-effective solutions
which could improve access to healthcare and the diagnosis of infectious and chronic diseases [8]. There is
much interest in the development of new strategies for bringing the excellent detection properties of SPR
sensors to the playground of low-cost devices and materials [9]. The key element to transform a SPR
structure into a biosensor is the surface functionalization with antibodies able to trap specific biomarkers
[10]. From this point of view, the functionalization method must be simple and affordable to implement.

At the same time, to minimize the cost of the overall sensor, its fabrication must be integrated with
standard microelectronic production technologies [11]. In addition, it should include a simplified, while
still efficient, light coupling method, without the need of including external optical prisms or highly
precise lithographic steps for grating or slits imprinting [12]. Also, another requirement is to develop
solutions that fit a multiplexing approach [13] for parallel multi-proteomic analysis, enabling the creation
of lab-on-chips for Point-Of-Care applications.

Hydrogenated amorphous Silicon (a-Si:H) is an attractive material for being used in photonic components
such as, directional couplers, interferometers, filters and ring resonators [14]. State of the art good quality
a-Si:H can be deposited by Pressure Enhanced Chemical Vapor Deposition (PECVD) at low temperatures
(between 200 and 400 °C), making the deposition of this material compatible with back-end CMOS
processing. In fact, in recent years, a-Si:H has been reported by many authors as a possible candidate for
being used in mass production of photonics circuits [15-19]. The electronic optical properties of a-Si:H
films are strongly influenced by the deposition technique and conditions. Optimal refractive index of a-
Si:H, measured by reflectometry [20], is 3.65 at 1550 nm which is a higher value than the crystalline
silicon counterpart, but presence of defects and dangling bonds in the lattice results in high density of
localized states at energies below the energy gap, producing photon absorption in the near IR range at
telecommunication wavelengths. Hydrogen can passivate defects and its concentration is strongly
dependent, among other factors, on the deposition temperature, determining the sub-gap absorption
coefficient and producing small variations of the amorphous silicon optical functions. We consider the
dependence of the material characteristics on the specific deposition conditions, using the GUTL model
[21] to describe the a-Si:H optical properties, extending the standard Urbach-Tauc-Lorenz model to the
infrared part of the spectrum.

In this work we propose a functionalized surface based on reduced graphene oxide rGO which allows the
improvement of the biocompatibility, a cost reduction in terms of sensor production and a great
improvement in its efficiency. Combining good optical properties with chemical functionality, graphene
oxide has been reported as an optimal choice for compatible bio-interface development using specific
antibody functionalization [22] Also, according to the measurements obtained for characterization of
graphene based electro-optical modulators, the complex reflective index in the infrared range of
graphene-based materials can be tuned by means of the application of an external electrical bias [23, 24].
Such feature opens the possibility of future device optimization by tuning the plasmonic modes for the
waveguide SPR sensor.

This paper reports a modal analysis of the a-Si:H plasmonic waveguide which is at the basis of the

proposed sensor device [25]. In addition, it extends our previous work to include FDTD simulations of the
proposed plasmonic structures.
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2. 2. SPP Excitation and Optical Properties of Materials
2.a. Material Properties

SPPs are a quasi-particle representing the electromagnetic excitations at a metal/dielectric interface.
Under specific conditions, the evanescent waves become 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
in dielectrics, which are transverse waves, and free electron plasma oscillations in metals, which are
longitudinal. In TE modes there is no electric field in the direction of propagation so they cannot be
coupled to the longitudinal electron oscillations in metals, only TM modes can couple to SPPs waves. The
mode propagation constant ksp is given by the following expression, as a function of the optical properties
of the materials (em and &d for the metal and the dielectric complex permittivity, respectively), and in last
instance as a function of the angular frequency (w):

€]

W | gp(w)eg(w)
¢ |ep(w)+eys(w)

The mode propagation constant ksp is a complex number and the excitation of a SPP requires the existence
of a positive real part of ks. Such a necessary condition is verified in a large variety of metal/dielectric
combinations in the visible or in the infrared range. The imaginary part of ksp determines the propagation
length of the SPP, and if the Im(ksp) assumes relatively large values, practical applications of the SPP
become unsuitable. To analyse the conditions for SPP excitation, we have used the values for the refractive
index of gold and aluminium taken from the literature [26], while for amorphous silicon our analysis uses
the GUTL model. The complex refractive index of gold, aluminium and amorphous silicon is reported in
Fig.1. We also consider the introduction of a thin layer of reduced graphene oxide (rGO) that will be acting
in two ways, supporting the biological functionalization and allowing the SPP wavelength tuning. The
refractive index of rGO is highly dependent on the deposition conditions and the layer thickness [27]
allowing also the possibility of electrical tunability [24]. We have considered in our simulation tests, as an
approximation of the refractive index of a rGO thin layer, the refractive index of graphite [28], with and
without imaginary extinction coefficient.
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Fig.1 Real and imaginary parts of the refractive index obtained with the GUTL model [21] of a-Si:H, as used in the simulation.

2.b. Modal Analysis

Ideally the device structure should be simple for low-cost of production avoiding the requirement for
complex lithographic processes based on multistep masks collimation. Among the different ways that can
be used to excite the SPPs, our choice was to use slab wave coupling, where a waveguide mode propagates
until encountering a region covered by a thin metal film, and by penetrating through the metal film
couples with a SPP mode at the external metal interface. This coupling effect is only possible when the real
part of the effective refractive index of the waveguide mode and the SPP mode are equal. Combining
equation (1) with the theoretical dispersion curves of the fundamental TM mode of the a-SiH slab
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waveguide, where the dielectric cladding on one side was replaced by the metal it is possible to determine
the wavelength that fits the coupling condition, or in other words which is able to excite the desired SPP. A
sketch of the sensor structure under consideration is reported in Figure 2. An a-Si:H waveguide deposited
on a SiOz substrate transports its fundamental propagation TM mode, entering in the region covered by a
thin metal layer (50 nm). If the SPP excitation conditions are fulfilled, part of the propagating EM energy is
lost, and this can be detected at the waveguide output by a photodetector. The operation wavelength for
the SPP excitation can be calculated by comparing the effective refractive index of the SPP with the
effective index of the fundamental TM mode in the waveguide. The wavelength where is possible to excite an
SPP is represented by the intersection point between the real parts of the effective refractive index of the SPP
and the TM mode.

Figure 2. Vertical cut of the sensor device multiplanar structure. Light propagates into the waveguide and, when the right conditions
are satisfied, excites an SPP on the two gold surfaces. The condition for the SPP generation is changed when the selective antibodies
trap the target biomarker on the gold surface. When the SPP are generated, the intensity of the outputlight becomes attenuated.

Figure 3 reports the analysis based on the calculated effective refractive index for a simple structure
based on a a-Si:H waveguide covered by a thin gold layer. We have considered the generation of an SPP at
the gold surface covered by water, representing the sample medium containing the analytes. As can be
seen, there is no useful wavelength for exciting the SPPs. An analogous situation is found if the gold layer
is replaced by aluminium. Two different approaches can be considered to overcome this scenario:
changing the substrate in order to decrease the value of the waveguide mode effective index, or replacing
the material supporting the analyte to increase the SPP effective index. It has been demonstrated that
electron beam deposition of SiO2 with very low refractive index (less than 1.1) is possible [29]. The use of
this material as a waveguide substrate would allow the compatibility of a-Si:H waveguide modes with the
SPP mode at the gold/water interface. The introduction of a thin layer of rGO between the metal and the
sample medium would fit the second strategy. In Figure 4 we report the fundamental TM mode dispersion
curves for both these alternative configurations. In both cases it is possible to find an operating
wavelength that can be used to excite the SPPs. The first approach shows a lower absorption for plasmons
and represents a very interesting alternative to improve the sensor structure. Nevertheless, as reported in
[29], the deposition method of low index SiOz is realized by oblique-angle deposition using electron-beam
evaporation. This technique is not compatible with the low-cost requirements of our deposition system,
which is based on the PECVD method.

SiO,/a-Si:H / Au /H,0 - 22; imag SiO,/a-Si:H / Al /H,0 _— :EE .
ag
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Figure 3 Effective refractive index for the SPPs compared with the fundamental TM mode in the a-Si:H waveguide. The
black curve shows the real part of the SPP effective index, while the different plots refer to different thickness of the
slab a-Si:H waveguide.
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The structure with the rGO treatment produces SPP with a high value of the imaginary part of the
refractive index. The operating wavelength is found in a very interesting range, where the waveguiding
material is transparent, crystalline silicon is still absorbing up to a wavelength of 1.1um. This combination
allows the integration of an entirely silicon-based system of waveguide and photodetector.

45
5
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Figure 4 Effective refractive index for the SPPs compared with fundamental TM mode of the aSi waveguide. The structure on the left
uses a low index SiO:z as a substrate, while the structure on the right uses rGO on top of the gold layer

A similar outcome can be observed in Figure 5, where the analysis is based on a non-dispersive model for
the rGO covering an aluminium layer. Again, the operating wavelength falls in a useful range. The presence
of the rGO layer allows, through small changes of its thickness, wavelength tuning of the SPPs. This
characteristic offers a very attractive possibility, as the operating wavelength of the device can be tuned in
the range of low-cost commercial light sources. Several methods exist to fabricate rGO film from a
graphene oxide precursor solution and while the layer thickness control is generally a difficult task,
electrostatic spray deposition (ESD) is a process that has been reported to allow the layer thickness
control through the substrate temperature [29]. In this technique, the film thickness decreases when the
deposition is realized at higher substrate temperature. The required temperature range remains below
400 °C and it is compatible with materials deposited by PECVD.
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Figure 5. Effective refractive index for the SPPs compared with the fundamental TM mode of the aSi waveguide. The structure on the
left uses standard SiOz as a substrate, and non dispersive rGO on top of the metal layer (Au or Al). The plot on the right show the
dependence of the SPP effective index on the rGO thickness.

In Figure 6 we have used numerical simulations based on FDTD method at 980 nm to study the
transversal H field amplitude on the structures. In the H20/rGO/Al/a-Si:H/SiO2 waveguide structure we
can see that the SPP is excited causing considerable attenuation of the field in the core region, as expected.
We may also note that the light attenuation produced by the material sub-gap absorption is negligible in
the near infrared and for a waveguide length limited to a few tenths of um. Therefore, in absence of the
SPP generation, light propagates in the waveguide and reaches the output monitor. When the condition to
excite the SPP is fulfilled, its dispersive properties cause the light not reaching the waveguide output. The
sensor output reading is based on a wavelength scan, producing a minimum in the output power when the
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SPP is excited. The position of this wavelength minimum can be related to the refractive index of the
analyte absorbed by the rGO. When the target biomarkers are immobilized by the selective antibodies, the
medium refractive index suffers a change and the output minimum is shifted. Figure 7 reports the overlap
power, calculated against the input power for two thickness of the slab a-Si:H waveguide. The minimum
corresponds in both cases to the wavelength where the dispersive SPP is excited. The result agrees with
the modal analysis presented in Figure 5. In the 0.5 pm case, when the wavelength increases toward 1.1
pm, the waveguide becomes too small and the propagation of light become less efficient, causing a
decrease in the output intensity independently from the excitation of the SPPs. It can be also observed that
in this latter case, the light power output is much lower than in the case with the 1.0 slab case. This can be
explained by a fair optimization of the wavelength lengths. A multiparameter optimization of the structure
dimensions should be carried on for determining the optimal configuration for the required wavelength
range, but such a study is beyond the scope of this work.
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Figure 6. (a) FDTD simulation displaying the Hy field intensity in the H20/rGO/Al/a-Si:H/Si0O2 waveguide. The surface plasmon is
present under coupling conditions. (b) In this case the metal interface is absent so there is no surface plasmon and the field intensity
is less attenuated.
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Figure 7. FDTD simulation displaying the output power in the H20/rGO/Al/a-Si:H/SiOz structure. Waveguide slot has 1.0 mm (a) and
0.5 mm (b). In both cases the minimum corresponds to the excitation of a dispersive SPP .

3. Conclusions

The conditions for coupling the fundamental TM mode of a-Si:H waveguide to a SPP were studied using
different cladding materials targeting the design of a low-cost SPR device for biosensing applications. Low
cost materials like amorphous silicon can be used to waveguide light in the infrared range, offering the
opportunity for an integrated all silicon-based structure for waveguide and photodetector. The
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introduction of the reduced graphene oxide as a cover layer for the metal/ analyte interface offers the
possibility of tuning the device’s wavelength coupling condition. The FTDT simulations of the novel
structure show that excitation of the SPP is achievable even at 980nm, assuming water as the sample
medium. The replication of the sensing mechanism at a common operation wavelength and for a
representative refractive index of the sample medium opens the door to the development of SPR
biosensors based on amorphous silicon waveguides. Moreover, while at 980 nm a-Si:H is transparent,
nanocrystalline silicon (nc-Si:H) absorbs light and thus can be used as a photodetector material opening
up the possibility for a fully integrated silicon device.
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