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Abstract

Bloch-like surface waves (BLSWs) are electromagnetic waves generated at the interface
between a dielectric medium and a photonic crystal. BLSWs has significant potential for
sensing applications, since their electromagnetic fields are tightly confined near the inter-
face, reaching comparable sensitivities to those of surface plasmon polariton (SPP)-based
devices, but with higher figures of merit (FOM). This work explores a sensor based on
BLSW at the interface formed by a TiO2 thin film deposited on the flat surface of a laterally
polished photonic crystal fiber (PCF). The performance of the sensor is studied when the
TiO: film is partially removed, transforming the nanolayer into a nanostrip. The results of
this study contribute to the optimization of the sensing performance of the proposed
structure.

Keywords: sensors; optical fiber; Bloch surface waves; Bloch-like surface waves; photonic crystal
fibers

1. Introduction

Electromagnetic surface waves (ESWs) have been widely studied in the development
of label-free optical sensors due to their high sensitivity to variations in the refractive in-
dex (RI) of a medium adjacent to the propagation interface [1,2]. Among them, surface
plasmon resonance (SPR) is the most widespread technology, thanks to its strong cou-
pling with the surrounding medium and its ability to detect RI changes in the range of
107 RIU [3-6]. However, intrinsic losses in metals lead to undesirable resonance broaden-
ing, which limits the achievable figure of merit (FOM) and restricts sensor performance
optimization [7].

A promising alternative is represented by Bloch surface waves (BSWs), generated at
the interface between a dielectric medium and a photonic crystal [8,9]. In particular,
Bloch-like surface waves (BLSWs) share many characteristics with BSWs, but their elec-
tromagnetic field confinement is not necessarily tied to the periodicity of the photonic
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crystal. This property offers greater flexibility in sensor design and has been demonstrated
in side-polished PCF configurations, where a single dielectric layer enables BLSW excita-
tion without strict dependence on the PCF’s periodic structure [10-12]. This property re-
sults in most of the electromagnetic energy being tightly confined near the interface and,
consequently, to any surrounding material, enabling sensitivities comparable to or higher
than SPR-based devices, but with narrower resonance peaks and higher FOM values. Re-
cent studies have shown that BLSW-based sensors can achieve ultra-high FOMs while
maintaining excellent sensitivity, making their design optimization especially valuable.
For instance, Gonzalez-Valencia et al. (2024) report ultra-high FOMs in side-polished PCF
configurations with low-loss dielectric layers [10], Gryga et al. (2023) demonstrate cavity-
mode resonance enhancements in BSW systems achieving ultra-high sensitivity and FOM
[13], Dias et al. (2023) experimentally achieve sensitivities of ~840 nm/RIU in TE and TM
BSW modes [14], and Wei et al. (2023) design a guided-mode Bloch detection scheme with
maximum sensitivity reaching 4380°/RIU [15].

In fiber optics, photonic crystal fibers (PCFs) provide an ideal platform for BLSW
excitation, owing to their periodic air-hole microstructure, which behaves as a two-dimen-
sional photonic crystal. Through lateral polishing (D-shaping), a flat surface close to the
core is obtained, onto which a high-refractive-index, low-extinction-coefficient dielectric
layer can be deposited, thus tuning the coupling between the guided mode and the surface
mode. This approach combines the mechanical robustness and versatility of PCFs with
the ability to optimize key parameters such as resonance wavelength and sensitivity by
selecting the material and thickness of the coating layer [16-18].

In this work, we investigate the performance of refractometric sensors based on
BLSWs at the interface between a TiO2 thin film and the flat surface of a laterally polished
photonic crystal fiber (PCF). The periodic air-hole microstructure of the PCF cladding acts
as a two-dimensional photonic crystal, while the dielectric nanolayer modifies the local
effective refractive index, enabling direct manipulation of BLSWs. The study evaluates
sensor performance when the TiO: film is partially removed, forming a nanostrip, and
analyzes its influence on key sensing parameters such as sensitivity, full width at half
maximum (FWHM), and FOM. The results contribute to optimizing the sensing perfor-
mance of the proposed structure, with a view toward the development of compact, high-
performance biosensors.

2. Materials and Methods

The proposed sensor is based on the commercial optical fiber from NKT Photonics,
PCF LMA-05. The cross section of the PCF consists of a hexagonal array of holes, with a
fiber pitch of A =29 um and a filling ratio d/A = 0.44 [19]. The fiber must be laterally
polished until it acquires the D-shaped form [20,21] with three rows of holes remain be-
tween the fiber core and the polished section, as shown in Figure 1a. The interface between
the external medium and the polished fiber acts as an interface between a dielectric me-
dium and a two-dimensional photonic crystal, respectively, creating the necessary condi-
tions to excite a BLSW. Finally, a dielectric layer of 31 nm thick of TiO2, a material of high
refractive index and low extinction coefficient, is deposited on the polished surface of the
D-shaped fiber, as shown in Figure 1b. The function of this coating layer is to enable the
tuning of the TE-BLSW, until it can be excited by the evanescent field of light traveling
through the core of the fiber [22]. The design of the structure was chosen following the
design standards established in reference [22], so that the conditions for the light traveling
through the core to excite the TE-BLSW mode at a wavelength of 1500 nm are met, and
only the TE-polarization was considered, since it presents higher sensitivity.
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Figure 1. Configuration of the proposed sensor: (a) D-shaped structure; (b) cross section with the
coating layer; (c) cross section with the nanostrip.

The air holes help reach the necessary conditions for its excitation. However, and at
the same time, the air holes configurations spatially confine the mode to the central region
of the coating layer. This work explores the effects of partially removing the TiO: layer
from the whole fiber diameter of the PCF (that in this case will be equivalent to 45 um due
to the lateral confinement of the BLSW modes) to 10 um, as shown in Figure 1c.

The computational methodology was implemented in FIMMWAVE, and the propa-
gation was analyzed with the module FIMMPROP. The simulated structure consists of
the standard PCF section, followed by the D-shaped section with the coating layer, and
finally, another standard PCF section. The modes supported for each section are calcu-
lated by FIMMWAVE using the finite element method (FEM), while the propagation is
calculated by FIMMPROP using the eigenmode expansion method (EME).

3. Results and Discussion

The refractometric response of this sensing configuration was tested considering ex-
ternal media with refractive index from 1.330 to 1.334, a range of special interest for bio-
logical and chemical substances. Figure 2 shows the transmission spectra for each ana-
lyzed configuration, where it can be identified that each transmission spectra has two res-
onances peaks. In this study we will focus on the deeper peak, that corresponds to the
first-order TE-BLSW, since it will be easier to detect in a potential experimental verifica-
tion. It can be observed that the resonance peaks shift to longer wavelengths when the
refractive index of the external media increases, then, following the spectral position of
this resonance peaks, refractive index measures can be performed.
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Figure 2. Refractometric response of the proposed sensing configuration with a 20 mm long D-
shaped section for de TE-BLSW.

The resonance wavelength shift as function of the analyte refractive index is pre-
sented in Figure 3a, where it can be established that in the considered range (of special
interest for biological applications), this relationship is approximately linear. To establish
the impact of turning the coating layer into a nanostrip the width of the TiO: layer was
reduced from 45 pm to 10 pum. It can be seen that as the layer width is reduced, smaller
resonance wavelengths shifts are obtained, which is reflected in the sensitivity of the struc-
ture, defined as Sn = 0A,.;/0n,. The sensitivity analysis as function of the layer width is
presented in Figure 3b, where it is clear that reducing the layer to a nanostrip negatively
affects sensitivity, one of the main characteristics of a refractometer.

9400
9200
= 9000
x
E 8800
~ 8600
- oy
w = 40 ym s 84007
w o 35 um ]
w=20 :r'\ ‘n 8200
w s 25 um| g 8000
w =20 ym | wn
w = 15 ym 7800
w =10 Jm
: 7600
1.332 1.333 1.334 10 15 20 25 30 35 40 45
Analyte refractive index (RIU) Layer width (pm)
(a) (b)

Figure 3. Refractometric response analysis: (a) resonance wavelength shift as function of analyte

refractive index; (b) sensitivity as function of the coating layer width.

Besides the sensitivity, refractometric sensors have more parameters that impact on
their performance, as the FOM that depends on the FWHM of the resonance peak, and it
can be defined as FOM = Sn/FWHM. FOM is often used as a way to assess the perfor-
mance of an optical device and it is an important characteristic to evaluate the perfor-
mance of a resonant sensor [23,24]. The average value of the FWHM of the resonance
peaks is presented in Figure 4a, which decreases with layer width, making the peak
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increasingly distinguishable. On the other hand, Figure 4b presents the FOM of the sens-
ing configuration, which is approximately constant, except for strips widths lower than
15 um (for the smaller values of FWHM), a condition where the FOM dramatically in-

creases.
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Figure 4. Refractometric analysis of the D-shaped sensor: (a) FWHM,; (b) FOM.

However, some authors claim that the FOM of a sensor is not the best parameter to
assess the performance of a sensor under realistic conditions, and that instead the param-
eter RFOM is more accurate. RFOM is calculated as the product of the FOM and the depth
of the resonance peak in dB. Figure 5 shows that depth of the resonance peaks tends to
increase when the strip width is reduced, and then, increases the RFOM. However, for
strip widths under 15 the tendency changes, leading to stagnation in the RFOM parame-
ter.
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Figure 5. Refractometric analysis of the D-shaped sensor: (a) Resonance depth; (b) RFOM.

The decrease in the FWHM of the resonance peaks is explained because by laterally
confining the resonance modes, the excitation conditions for the BLSW modes become
increasingly more demanding, and therefore, the resonance peaks become narrower. Fur-
thermore, this lateral confinement of the modes causes these resonant modes to increase
their evanescent field in a perpendicular direction (“y” axis shown in Figure 1a), thus
making the peaks deeper. In turn, as the evanescent field increases, the BLSW modes in-
creasingly interact with optical fiber material, and therefore their effective index increases,
which causes the resonance wavelength to shift towards the visible. This wavelength shift
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implies a natural decrease in the evanescent field (because of the shorter wavelengths),
leading to a decrease in the depth of the resonances obtained, and therefore, a stagnation
in the RFOM.

4. Conclusions

This work consolidates surface electromagnetic waves as a technology with enor-
mous potential for the development of novel sensors. Their integration with highly ma-
ture technologies, such as PCFs, has expanded the possibilities, with BLSW-based sensors
demonstrating this potential. These sensors stand out for their high sensitivity and ultra-
high FOM, which can be improved through optimization, and can be considered as high-
potential alternatives to sensors based on traditional technologies. This work has explored
how small variations in the geometry of the proposed device can influence —both posi-
tively and negatively —the response as a refractometer. It was found that it is not always
possible to optimize all of the device parameters to improve its sensing performance, but
with a thorough analysis, it is possible to identify the configuration with the best balance
between Sn, FOM, and RFOM.
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