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A suspended-core fiber (SCF) with subwavelength core diameter is numerically analyzed for gas sensing

application. The dependence of the relative sensitivity, effective mode area, and confinement loss on the fiber

parameters as well as the refractive index of fiber material is investigated with finite element method. The simulation

results show that the relative sensitivity and confinement loss will increase with the decrease of the core diameter and

the fiber refractive index. The effective mode area decreases at first, and then increases when the fiber core

decreases to a certain value.

The confinement loss decreases dramatically with the increase of the air hole diameter,

while the relative sensitivity and effective mode area remain unchanged. These results prove that the proposed SCF

with subwavelength core diameter is very promising for developing a high-sensitivity gas sensor with large effective

mode area and low confinement loss.
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1 Introduction

Microstructured optical fibers (MOFs) or photonic
crystal fibers (PCFs) that incorporate air holes within
their cross-section offer numerous new characteristics
and opportunities for many sensing applications™ *'.
The holes within MOFs can be used to control the
interactions between guided light and gas located within
the holes while simultaneously acting as tiny sample
chambers™ *'. Two types of guidance are possible in
these fibers: hollow core fibers guiding by photonic
bandgap (photonic bandgap fibers (PBFs)) or solid core
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fibers guiding by total internal reflection (index-guiding
MOFs) .

In PBFs, the light is confined within the air core by a
photonic bandgap formed by the
periodic structure of the cladding allowing transmission
over a limited wavelength range. It has been shown that
in PBFs more than 98 % of the guided mode field energy
can propagate in the air regions of the fiber, which
causes an increase in the interaction”~"'. However, the
PBFs have two main significant drawbacks, one of
which is a limited spectral range. typically narrower
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than 100 nm for the bandgap effect. Thus, the PBFs
are very well suited for a narrow-band chemical
sensing. Another defect 1is that the periodic
microstructure requires the precise and stringent
control for the generated photonic bandgap. In order to
avoid these limitations, some researchers used the
evanescent field based on the index-guiding MOFs™ "7,
In these fibers, light penetrates holes as an evanescent
field, hence only a small fraction of the total power
(typically no more than 10% ) is transmitted through
the holes.

A particular example of the index-guiding MOFs is a
suspended-core fiber (SCF)''''. The fiber consists of a
silica rod that has a diameter comparable with the light
wavelength (about 1 pm) suspended with thin (on the
order of a hundred nanometers) struts attached to a
solid cladding of the fiber. Since the struts are much
longer than the core diameter, the core is surrounded
by large air-holes. Due to the large refractive index
contrast between the solid core and the air-holes, light
is confined in the core and typically a few percent of its
total power penetrates the holes as an evanescent
wave " '*1 When the size of the core is smaller than
the wavelength (typically less than 1 um), towards the
nanowire regime, the guided light is no longer
predominantly confined to the core. The small core
diameter that has been reported in the literature to date
is several hundred nanometers™ ', and light guided
along such a nanowire leaves a large fraction of the
guided field outside the wire as evanescent waves.
Also, such a small core diameter offers a smaller mode
area. It is well known that small mode area is a
disadvantage for the coupling between light source and
fiber. Moreover, moving to
dimensions, given that the loss increases dramatically in
this regime™® , limits the interaction length between
light and gas via evanescent field effects.

For larger (larger than 2 pm) core SCFs, the fiber
loss tends towards the material loss, indicating that
fabrication, confinement and scattering losses are
negligible'’”. In the small-core fiber regime under
consideration here, the losses are significantly higher.
There are two key reasons why loss increases as one
scales down a fiber core. The first loss mechanism that
can impacts small-core SCFs is confinement loss which
is eliminated when the number of air-holes in cladding is
infinite. Nevertheless, in the practical structure, the
number of air-holes is finite. Thus confinement loss can
be essentially eliminated via appropriate fiber design.
The second loss mechanism that impacts small-core
SCFs is scattering associated with surface roughness on
the core interface™ . Unlike confinement loss, there is
no straightforward way of mitigating this loss
mechanism, and thus it is thought to be the ultimate
loss limitation of these small-core structures.

even-smaller core

In this paper, we propose to use the SCF with
subwavelength core diameter as single-mode waveguide
in evanescent-wave-based optical gas sensor. The
relationship between the gas sensing properties and the
fiber parameters is discussed. We investigate the effects
of changes in the diameter of the core, the size of cladding
hole, and the refractive index of material on the relative
sensitivity, effective mode area. and confinement loss.

2 Numerical simulation and analysis
Figure 1 shows the proposed SCF with the
subwavelength core diameter, and the strut's thickness
t, is 200nm. The fiber is characterized by three
important parameters: the core diameter d., the hole
diameter d and the index of cladding material » .

X

Fig.1 Cross-section of the SCF

In our simulation study, we consider here the
fundamental mode in the SCF. The guided light power is
confined within the solid core region with a part
(evanescent field) of power extended into the holey
region. Relative sensitivity coefficient (7r) at a
particular wavelength is represented by’

r= (n./n)f, (1)
where m, is the index of the gas species and is
approximately equal to 1, n, is the effective index of
the guided mode, f is the fraction of the total power
located in the holes and can be calculated by integrating
the optical power inside the air-holes and dividing it by
the total power of the mode. and is expressed as"*"

J (E.H,— E,H,)dxdy
f — hole s (2)
J (E.H,— E,H )dxdy

total

where E,, E, and H,, H, are the transverse electric
and magnetic fields of the mode. The effective index n,
and the mode field pattern (E,., E, and H,, H,) can
be calculated by solving Maxwell's equations with finite
element software (COMSOL Multiphysics) .

The confinement loss L. is proportional to the
imaginary part of the effective index according to the
relation™”’

L. = 8.686k,Im[n, ], (3)
where £, = 27/ is the wavenumber with A being the
free-space wavelength.

The effective mode area A.; is an important
parameter in the context of source-to-fiber coupling and
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could be calculated by using the following definition

A= ([IE \dedyy/(J.\E\ dedy). @

S S
where E, is the transverse electric field vector of the

mode and S denotes the whole fiber cross section. The
transverse electric field vector E, is also calculated by
solving Maxwell's equations with COMSOL Multiphysics
software.

To date, the SCFs have been made from a range of
glasses, including silica® *’, lead silicate™*"” and
bismuth™’ glasses. In this work, the refractive index of
materials ( n) are considered to be equal to 1. 45
(silica), 1.62 (F2 glass), 1.88 (SF57 glass) and 2.05
(bismuth glasses). The operating wavelength A is taken
as 1.65 pm, corresponding to an absorption line of
methane gas™’.

3 Results

To investigate the dependence of the relative
sensitivity, effective mode area, and confinement loss
on the core diameter and refractive index of the SCF,
we design a fiber with 4 = 3 pum. The relative
sensitivity., effective mode and confinement loss as
functions of the core diameter d. for four different
glasses at a wavelength of 1. 65 yum are shown in Figs. 2
(a) ~ (c), respectively. The curves of relative
sensitivity. effective mode area and confinement loss

shift upward corresponding to a decrease in the
refractive index of material. The relative sensitivity and
confinement loss will increase as d. and n decrease. As
shown in Fig.2(b), the effective mode area decreases
at first, and then increases dramatically as d. decreases
to a certain value. From Fig.2(c¢), it is seen that the
confinement loss increases with the decrease of the core
diameter, especially for the low refractive index. Note
that as d. decreases to a certain value, both L. and A
increase sharply. This phenomenon is due to the fact
that the fundamental mode is confined more weakly
when the core decreases to the smaller diameter, which
makes confinement loss and effective mode area
increase dramatically. To understand it more clearly,
the patterns of fundamental mode of the SCF with silica
are shown in Fig. 3. As seen from the figure., fundamental
mode distribution, corresponding to the effective mode area
of the mode field, obviously increases with the decrease of
core diameter at first (from 1.4 pm to 0. 8 pum), and then
increases when the core diameter decreases to a smaller
value (from 0.8 pm to 0.4 pm). The penetration of the
mode field into cladding, corresponding to the relative
sensitivity, obviously increases with the decrease of
core diameter, as shown in Fig.3. The features may be
exploited to enhance enormously the relative sensitivity
and the effective mode area of the SCF.
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Fig.2 (a) Relative sensitivity, (b) effective mode area and (¢) confinement loss as functions of core diameter d. for
d = 3 pm with four different glasses at a wavelength of 1. 65 pm
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Fig.3 Simulated distributions of the silica (n =1.45) MOF fundamental modes with different diameter d. of
(a) 1.4 pm, (b) 0.8 ‘um, (C) 0.4 p.m

In order to investigate the dependence of the relative
sensitivity, effective mode area and confinement loss on

the hole diameter and refractive index of the SCF, we
examine a fiber withd, = 0. 3 pm which simultaneously
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achieves more relative sensitivity and larger mode area.
Figure 4 shows the relative sensitivity, effective mode
area and confinement loss as functions of hole diameter
d for d. = 0.3 pm with four different glasses at a
wavelength of 1. 65 pm. It can be seen from Figs.4(a)
and (b) that, there is no obvious change in the relative
sensitivity and effective mode area with the increase of
d. But the confinement loss decreases dramatically for
larger value of d, as shown in Fig. 4 (¢). With an
increase of the air-hole diameter, the confinement loss

will reduce because the effective cladding index declines
with increasing hole diameter, which further increases
the index contrast between core and cladding, so that
the guided light can be confined in the core region, and
the confinement loss decreases. Furthermore, the large
air-holes also can be easily filled with gas. These results
prove that the proposed SCF with small core and large
air-holes is very promising for developing a gas sensor
with high sensitivity, large effective mode area and low
confinement loss.
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Fig.4 (a) Relative sensitivity, (b) effective mode area and (¢) confinement loss as functions of hole diameter d for
d. = 0.3 pm with four different glasses at a wavelength of 1. 65 ym

4 Conclusion

We have demonstrated a gas sensor based on the SCF
with subwavelength core diameter. The dependency of
sensor properties such as the relative sensitivity,
effective mode area and confinement loss on the fiber
structural parameters and the refractive indices of
fabrication material has been investigated. In the
proposed fiber, the relative sensitivity and effective
mode area have been improved by reducing diameter of
the core and choosing low refractive index of material.
Also, the confinement loss for our design has been
decreased by increasing the air-hole size without
reducing the relative sensitivity and effective mode
area. Our numerical results indicate that., the proposed
SCF with the subwavelength core diameter is very
promising for developing a gas sensor with high sensitivity,
large effective mode area and low confinement loss.
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