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Abstract: The paper presents a novel concept for the on-chip integration of a multilayer
platform sustaining Bloch surface waves further enhanced by the so-called slot waveguide effect.
Through simulations, we demonstrate that a carefully designed polymer waveguide arrangement
coated with a subwavelength dielectric multilayer can be efficiently used to first excite a Bloch surface
wave at the surface of the multilayer and second to enhance this wave and allow longer propagation
of the surface mode by constructive superimposition of two evanescent tails inside a narrow gap.
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1. Introduction

Bloch surface waves (BSWs) have already shown their potential as probes in sensing
experiments [1-3]. The great advantages of such electromagnetic surface waves come from the
all-dielectric platform on which they are generated [4] and from the long propagation length they offer
compared to surface plasmon polaritons [5]. A BSW is created at the interface between a dielectric
periodic medium and a homogeneous dielectric medium. A wave that is partially transmitted through
a one-dimensional photonic crystal illuminated under an incidence angle greater than the critical angle
is thus trapped between the two media and can only propagate along the surface.

Experimental and theoretical studies have been carried out these last few years on such waves.
It has been demonstrated that exceptionally long propagation lengths can be achieved, that BSWs
can be controlled using loading-strip on top of the platform, and that waveguides, ring resonators,
photonic crystals, and gratings [6-9] can be used to control the direction and properties of these
waves. The excitation of BSWs remains the principal issue in most of the current platforms. The most
commonly employed technique is the Kretschmann configuration, which is the illumination through a
prism, at an angle greater than the critical angle of the multilayer. Grating couplers have recently been
successfully experimentally demonstrated [10]. However, no efficient on-chip solutions exist to excite
a BSW so that the field is easily accessible for applications such as sensing.

In 2004, Almeida et al. demonstrated a novel concept of waveguide, i.e., the slot waveguide [11],
enabling the propagation of light in a structure composed of two high refractive index rails separated
by a thin air gap of a few tens of nanometers. This structure features a high confinement of the electric
field in the air gap leading to a huge enhancement of the field in this region. One can consider, in a
simplified scheme that this enhancement originates from the superimposition of the evanescent tails of
the mode sustained by each rail.

The structure presented here combines these two concepts of Bloch surface waves and
slot waveguides to create an on-chip platform allowing for excitation in a waveguide of the
BSW, the enhancement of the surface wave, and a longer propagation thanks to its coupling
to the slot mode. The concept is, in a sense, similar to the one proposed by R. Wang et al.,
who demonstrated the confinement of a BSW within a nanofiber, similar to a slab-slot waveguide [12].
Here, we propose an equivalent but in a vertical configuration and with air as material in the slot
region. Moreover, the proposed geometry allows one to access the highly confined electromagnetic
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field for further sensing applications. The concept is demonstrated at A = 488 nm, which is the excitation
wavelength of a common fluorescent antibody (GFP, green fluorescent protein) used in the labeling of
proteins for bio sensing.

2. Materials and Methods

Although this article is a theoretical study, it aims at demonstrating a concept, so simulations
must be representative of a further fabrication. All dimensions, geometries, and materials are therefore
realistic and can be fabricated and deposited.

A sketch of the proposed structure is given in Figure 1. The structure is based on a polymer
waveguide, e.g., the Ormocore® of refractive index np = 1.57 at A = 488 nm. In a view to use a slot
waveguide, the polarization is set to TE, i.e., the electric field is oriented parallel to the wafer plane in
the x direction. It corresponds to the TM polarization when using the multilayer plane as a reference.
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Figure 1. Schematic representation of the proposed waveguide structure for BSW excitation and
confinement. (a) Top view of the entire device including the input waveguide, the Y-junction splitter,
and the slot waveguide. The solid thick black curve represents the multilayer; (b) Cross section of the
polymer slot waveguide coated with a multilayer. The inset is a close up of the multilayer, which is a
periodic arrangement of a low and high refractive index material terminated by a finely tuned layer
(high refractive index).

A large input waveguide of width wj, = 1 pm is separated into two thinner branches of width
wp = 0.5 pm. These two branches enter the slot waveguide rail under an angle 6 defined from the
normal to the surface of the rails. The rail width is set to be w; = 0.5 um and the slot width is wg = 70 nm.
tL, and ty are the respective thicknesses of the low and high refractive index layers.

2.1. Materials

Considering the existing fabrication processes, it is important to define the materials constituting
the high and low refractive index layer. The low index material is intended to be silicon dioxide
(510, np, = 1.46 at A = 488 nm) and the high refractive index is amorphous titanium dioxide (ny = 2.50
at A = 488 nm). These two materials can be deposited conformally on the polymer basis using atomic
layer deposition (ALD) [13,14]. The high refractive index contrast between the two materials allows
for a smaller number of periods (N = 5, here), relaxing the fabrication but also reducing the total width
of the waveguide.
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The polymer, Ormocore® in this case, is chosen for its perfect compatibility with nano-imprinting
techniques and its relatively high thermal stability (up to T = 270 °C). This second property is extremely
important for the deposition of the ALD layers at a process temperature T = 120 °C [15].

2.2. Simulation Methods

The goal is to excite simultaneously two BSWs at the surface of the rails constituting the polymer
slot waveguide. The input waveguide is split into two arms approaching the polymer rails under an
angle 0. This angle must be greater than the critical angle in order to ensure both the propagation of
light in the waveguide and the excitation of the BSW.

Preliminary simulations are performed using a transfer matrix method to estimate the reflection
spectrum of the multilayer as a function of the incidence angle, the wavelength, the thicknesses of
the layers, and the number of periods. As a starting point, we determine the critical angle which is
for the proposed materials and considering TiO; as the first deposited layer on the polymer around
0. = 41°. Only the angles greater than 6. are considered in the further calculations presented in the
results section.

2.3. Towards Fabrication

Although experimental results are not presented in this article, it is important to consider the
feasibility of the device and take into account the fabrication processes involved in the final realization
of the structure. As already mentioned, the waveguide base is intended to be fabricated by means
of the nano-imprinting of a silicon stamp, pattern by electron beam lithography, into an Ormocore®
layer with a 500 nm thickness. The multilayer will be created using atomic layer deposition, which is a
technique allowing a precise control of the layer thickness together with a highly conformal coating
of the waveguides. The materials involved are TiO; and SiO,, which can both be deposited by ALD
using plasma-enhanced deposition. At this step, the multilayer is on the sides of the waveguide but
also on top.

The multilayer has a higher average effective index than the waveguide, which yields a possibility
for the hybrid BSW-slot waveguide mode to leak into this layer. To avoid this, a reactive ion etching
of the top layers can be performed. The two materials constituting the multilayer can possibly be
etched using the same gases, but at different rates. It leads a possibility to over etch the multilayer and
damage the polymer waveguide. Ahmadi et al. have demonstrated recently that a thin layer (only few
nanometers) of aluminum oxide can act as a perfect etch stop layer for this RIE processes, enabling the
fabrication of coatings by ALD only on the vertical sides of waveguides [16,17]. With the refractive
index of Al;O3 at this wavelength being nearly the same as that of the polymer, the response of the
structure is not affected by this protective layer and allows for an etching of the top layers. As a result,
only the sidewalls remains coated and the design structure can be fabricated.

It is important to remark that a layer nearly 1-pum-thick and composed of two materials has to be
etched. Although it is feasible, it requires a careful adaptation of the processes in order to avoid rough
surfaces and etching of the side layers.

3. Results

3.1. Multilayer

The optimization of the dielectric multilayer can be separated from the design of the slot
waveguide although one will influence the other. The multilayer being the most sensitive, it is
easier to adapt the slot waveguide than the BSW sustaining platform.

The multilayer is an alternating of titanium dioxide and silicon dioxide on a polymer substrate.
The termination of the multilayer is of utmost importance to generate and tune the BSW. In the present
case, a different thickness for the last TiO, layer (thickness t|,4) is considered. In addition to the
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different thicknesses involved in the structure, the angle of incidence has to be taken into account and
is used to adjust the wavelength of the BSW mode at A = 488 nm.

It is important to note at this early stage in the design that the different layers can be deposited
by atomic layer deposition, which implies a control of the thickness at the nanometer scale. The two
termination layers are used to precisely tune the resonance at the desired wavelength, and this can be
done as a post-process step, as demonstrated by S. Paul et al. [18,19] recently.

Figure 2 shows the simulation results obtained by the use of the transfer matrix method on
the multilayer. The incident medium is the polymer—intended to be further fed by the waveguide
mode—and the output medium is air, i.e., the slot region of the waveguide. The target is a BSW mode
centered at A = 488 nm. We consider a 5-period multilayer on top of which a last termination layer
(high refractive index) is designed. The multilayer is illuminated under TM polarization, i.e., the electric
field is in the plane of the wafer (see Figure 1). This polarization corresponds to the TE polarization for
the slot waveguide. This is a crucial parameter since slot waveguides confine the electric component
of a quasi-TE polarized mode in the low index region gap (here, air). However, one can also excite a
TE BSW, leading to only a weak confinement of the field inside the slot waveguide.

The reflectance spectrum and its dependence with the angle of incidence is presented in Figure 2a.
A zoom-in on the BSW mode is shown in Figure 2b as a function of the wavelength and in Figure 2c as
a function of the incidence angle. For A = 488 nm, the incidence angle is 6 = 74°. The layer thicknesses
are tg = 90 nm and #;, = 120 nm. The multilayer is terminated by a last high refractive index layer of
thickness t,5; = 80 nm. The extinction ratio is about 75%.
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Figure 2. (a) Spectral and angular reflection spectrum of the multilayer calculated by transfer matrix
method. The green dashed lines represent the target wavelength (A = 488 nm) and the corresponding
angle of incidence (8 = 74°); (b) Wavelength dependence of the reflectivity on the multilayer; (c) Angle
dependence of the reflectivity. All calculations are performed under TM illumination (TE in the
waveguide referential) according to notations Figure 1.
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3.2. Waveguide Integration

Simulations of the waveguide including the multilayer are performed using a commercial software
based on the finite difference time domain method (OptiFDTD by OptiWave). The intensity distribution
of the major field component (|Ey |2) is shown in Figure 3 together with the field profile along x for
three cases. Figure 3a corresponds to a slot waveguide gap of wg = 70 nm, which is the ideal case.
Figure 3b is the distribution for wg = 400 nm, i.e., a far too large gap to enable the slot enhancement
coming from the superimposition of the two BSW evanescent tails. Figure 3c is used as a comparison
structure. It is identical in terms of geometry to the structure presented in Figure 3a, but the multilayer
is replaced by a material of refractive index n = 1.91, equivalent to the average refractive index of the
multilayer (n ~ 1.91).
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Figure 3. Intensity distribution (left) and intensity mode profile (corresponding to the white dashed
lines) of the major field component Ex (right) for (a) a thin gap wg = 70 nm for the slot waveguide,
(b) for a larger gap wg = 400 nm, and (c) for a 70 nm gap structure where the multilayer is replaced by
a homogeneous material of average refractive index n = 1.91. The far-right column displays zoom-in
on the slot regions, which are delimited by green dashed rectangles.

One can see, in the case where wg = 70 nm, that the electric field is confined in the slot region as
expected, which is not the case when wg = 400 nm. The field intensity distributions show the coupling
zone between the feeding waveguides and the slot waveguide. It is clear that the evanescent tail of the
BSW modes are not overlapping for large gaps, while a field confinement in the air slot is observed for
thinner gaps smaller than the characteristic length L. = 155 nm, calculated considering the propagation
constant of the BSW and the refractive index of the output medium (air) [20]. The field remains mainly
inside the multilayer as shown in Figure 3b.

The modal field profile shown in Figure 3a (wg = 70 nm) shows the classical cosh shape of the
mode characteristic of a slot waveguide and coming from the sum of two evanescent waves with
opposite signs. In Figure 3a, it is evident that the useful part of the field is inside the air region of
the slot waveguide, while only the evanescent part of the field is accessible in case of a large gap.
This second configuration is actually similar to the classical BSW platform illuminated using the
Kretschmann configuration.

The extinction ratio of 75% of the BSW yields to a back-reflection by the multilayer in the
waveguide and therefore leakage inside the polymer device. However, since the whole structure
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is covered by the multilayer, one can see consecutive reflections inside the waveguide, always at the
excitation angle of the BSW. The mechanism is similar to that observed in the case of an ARROW
device (anti-reflective resonant waveguide). It follows that at each reflection the BSW is re-excited all
along the slot waveguide. Such a mechanism leads to a dashed propagation inside the slot region.
A trade-off must be found between a too high reflectivity allowing for a thin BSW, and a too low
reflectivity leading to high losses. Finally, the output shape of the feeding waveguides, i.e., the two
arms of the split input waveguide, has to be carefully designed in order to avoid injection of light
inside the multilayer itself.

For comparison, a third simulation has been performed on a polymer slot waveguide structure
(wg =70 nm) covered by a homogeneous material of refractive index n = 1.91. Results are presented
in Figure 3c. One can clearly see the characteristic intensity distribution corresponding to a slot
waveguide (right graph) but at a lower intensity than in Figure 3a. Note that in a classical slot
waveguide scheme (only one material constituting the rails), the enhancement, coming from the field
discontinuity at the interface, is proportional to %, where 7 is the refractive index of the rail medium.
Increasing the refractive index of the rails leads to an increase of the slot effect. Between the cases
presented in Figure 3a,c, the multilayer is replaced by a lower refractive index than TiO;. Considering
here, that the observed decreased intensity in the gap is only due to the change of material, a ratio of
about 1.7 should be measured. However, the maximum intensity reaches a level much lower than in
the case of the multilayer. It proves an enhancement of about 5 of the slof effect, which is due to the
superimposition of the BSWs.

4. Conclusions

The goal of this study is to demonstrate the potential integration of BSW platforms in on-chip
devices. Utilizing the concept of slot waveguide fed with tilted waveguides opens the premise of novel
devices and even higher enhancement easily accessible because of the field confinement in the air
region of the slot waveguide. One can therefore admit that an analyte, supposed to be in this particular
case a fluorescent biomarker absorbing at A = 488 nm, placed in the slot waveguide will overlap more
with the guided mode. Sensor based on this concept are intended to exhibit a higher sensitivity than
classical slot waveguide or classical BSW-based sensors.
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