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Abstract: A convenient and compact fiber-optic sensor based on optical fiber-tips integrated
with fano-resonance pillar-array photonic crystal is demonstrated. Both ultrahigh Q-factor of
1.36×104 and high sensitivity of 226nm/RIU are achieved, and thus is promising candidate
for remote sensing under harsh conditions.
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1. Introduction

Fiber optic sensors are attractive for remote sensing under harsh conditions, such as high vibration, high voltage,
and extreme heat, noisy, wet, corrosive or explosive environments, due to their insusceptibility to electromagnetic
interference, and their chemical and mechanical robustness. So far, various fiber optic sensors based on fiber bragg
gratings (FBG) [1], surface plasmon resonance (SPR) [2], and Fabry-Perot interferometer [3] have been investigated
and demonstrated. Over the past several decades, semiconductor photonic crystal (PhC) based sensors are a relatively
new platform generating significant interest because of their ability to confine light to ultra-compact mode volumes and
their high sensitivity to changes in refractive index (RI) of the ambient, which is promising the potential for creating
high-density integrated micro sensors arrays [4–7]. However, to date, the vast majority of research work on PhC sensors
has centered on the properties of devices still bound to their original growth substrates. This form factor is convenient
for free space optical testing in the laboratory, but is difficult to integrate in larger systems consisting of many devices.
Coupling light on- and off-chip is challenging due to severe size mismatch between PhC components and external fiber
optics. Thus, recently in order to make the coupling between PhC chips and fibers conveniently, simply and efficiently
enhanced, some research groups have developed various methods to functionalized optical fiber tips integrated with
semiconductor PhC by using several different transfer processes [8–10]. With this design, light can be coupled back
and forth between the PhC components and the optical fibers for efficient optical readout that avoids a bulky free-space
setup. Furthermore, the optical fiber tip is well suited for remote sensing measurements in tough environments such
as the body due to its compact form factor. For example, O. Kilic et al. [8] demonstrated an external fiber Fabry-Perot
acoustic sensor based on a PhC mirror. B. Park et al. [9] proposed a PhC fiber tip temperature sensor based on PhC
slab. And G. Shambat et al. [10] presented a nanoparticle sensor for biomedical applications based on optical fiber
tips integrated with semiconductor PhC cavities. However, in those fiber-optic photonic crystal (Fiber-PhC) sensors,
the Q-factors is low around 100∼1000. In this work, we describe a novel Fiber-PhC sensor based on optical fiber tips
integrated with fano resonance pillar-array photonic crystal. By using three-dimensional finite difference time domain
(3D-FDTD) method, both ultra-high Q-factor of 1.36×104 and high refractive index sensitivity of 226nm/RIU are
obtained.

2. Fiber-PhC sensor design and characterization

Recently, Fano resonances, in analogy with atomic physics, have been employed for a wide variety of nanophotonic
structures, e.g. photonic crystals [11]. These resonant modes are guided in the sense of having their electric field
distribution confined within the PhC slab. However, unlike other resonances that exist in PhC, guided resonances are
also strongly coupled to radiation modes. The latter property of guided resonances holds promise for several potential
applications, such as filters, modulators and sensors. Thus, based on the fano resonance in pillar-array PhC, we propose
a novel fiber-optic PhC refractive index sensor consisted of an optical fiber tip integrated with pillar-array PhC. Fig. 1
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Fig. 1. Schematic of the optical setup for objects measurements with different refractive index. Inset
shows the a close-up image of the Fiber-PhC sensor.

shows a schematic of the optical setup. As seen, light from a tunable laser source is coupled into the Fiber-PhC sensor
through a 3-ports optical circulator and reflected back into the fiber core where it can be subsequently detected by
the optical detector. The inset shows the close-up image of Fiber-PhC sensor. Here, PhC structure is constructed by
arranging a triangular lattice of silicon pillars (nsi=3.46). The bulk radius and heights of Si-PhC pillar are 174nm and
1.12µm, respectively. The periodicity (lattice constant) is a=870nm. The optical fiber displayed is the standard optical
communications fiber. The diameter of the fiber core is 8∼10µm, and the diameter of the fiber cladding is 125µm.

By using 3D-FDTD method, the reflection spectrum at normal incidence of the proposed Fiber-PhC sensor in air
(n=1.0) is shown in Fig. 2(a). The insets display the fit to Lorentzian lineshape and the major field density (E field
in plane, |E|2) distribution for the fano resonance at 1472nm, respectively. As seen, the Lorentzian fit to the fano
resonance indicates a Q-factor of 1.36×104, and near 100% reflection is obtained. In addition, as seen from the major
field density distribution, the light mode is strongly confined around the PhC-pillars and the light-matter interaction
is efficiently enhanced. Thus, the proposed fiber-PhC sensor can be used as refractive index (RI) sensing with high
sensitivity. In order to investigate the RI sensitivity, the effect of varying refractive index of the dielectric environment
surrounding the Fiber-PhC sensor region is operated by taking reflection spectra of the Fiber-PhC sensor in tested
objects with different refractive index, RI=1.0, 1.1, 1.2, and 1.3, respectively. These reflection spectra of the Fiber-
PhC sensor are shown in Fig. 2(b). As seen, the resonant wavelength moves toward longer wavelengths (red-shift)
as the refractive index increases. According to the resonant wavelengths shifts for the Fiber-PhC sensor immerged in
different objects, the RI sensitivity of device is about 226nm/RIU with a linear fitting as shown in Fig. 2(c).

Fig. 2. (a) Reflection spectrum at normal incidence of the Fiber-PhC sensor in air. (b) Composed
reflection spectra of the Fiber-PhC sensor covered with objects with different RI. (c) Resonant wave-
lengths shifts toward longer wavelengths (red-shift) as the function of RI increases.

3. Fiber-PhC sensor fabrication

Considering the practical applications of the proposed Fiber-PhC sensor in this work, we present the device fabrication
process in detail. Fig. 3 illustrates the fabrication process for fiber optic tip pillar array PhC sensor. The outer coating
layer on optical fiber was removed using a stripper and the fiber tip was cleaved perpendicularly to get a flat end face
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(Fig. 3(a)). A silicon layer of ∼1.12µm thickness was deposited on the cleaved flat fiber tip as an adhesion layer by
plasma-enhanced chemical vapor deposition (PECVD) (Fig. 3(b)). A self assembled monolayers (SAM) of polystyrene
beads that are used as etch mask was obtained by dropping the well dispersed polystyrene beads suspension on the
fiber tip face (Fig. 3(c)). The SAM polystyrene beads were etched firstly to the goal size via isotropic reactive ion
etching (RIE) (Fig. 3(d)). Then the silicon PhC pillars were obtained via anisotropic reactive ion etching (RIE) with the
polystyrene beads as etch mask (Fig. 3(e)). The insets display the scanning electron microscope (SEM) images during
the fabrications ((Fig. 3(b)-(e)). Finally, the polystyrene beads were removed through heat sonication. Particularly, it
is worth mentioning that compared with electron beam lithography (EBL), the fabrication process presented above is
low sample cost and high sample throughout. It is promising for practical fabrication applications.

Fig. 3. (a)-(e) Illustration of fabrication process for fiber optic tip pillar array PhC sensor. Insets
show the SEM images (b)-(e).

4. Conclusions

Based on optical fiber-tips integrated with fano resonant pillar-array PhC, a convenient and compact Fiber-PhC sensor
is proposed and demonstrated. Both ultra-high Q-factor of 1.36×104 and high sensitivity of 226nm/RIU are achieved.
Additionally, it is important to point out that the fabrication process of the proposed Fiber-PhC sensors is straightfor-
ward, low-cost and high throughout. Thus, we believe that the design and results presented here are promising and
enable the implementation of simple but functional fiber-optic sensors and devices.
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