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Abstract: Refractive index sensing by using nano fiber is popular researching direction which can find
application in several of regions. In order to obtain the pressure, humidity, temperature and concentration in the
detection environment, it is crucial that the detector is with nanoscale size and is sensitive to the change of the
environment. In this paper, we present a refractive index sensor based on the coupler of the nano-fiber. Base on
the mechanism of optical coupling, the proposed optical sensor can detect the local variation of the refractive
index around the optical nano-fiber. By using finite difference time domain method, we numerically
demonstrate the sensing capacity of the nano-optical coupler. The sensing mechanism underlying this method
and the limitation of the propose sensor are also discussed. Copyright © 2013 IFSA.
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1. Introduction

Optical fiber sensor, which can detect the
refractive index variation of the environment,
receives tremendous attention these years [1-8].
Because of its low cost and feasibility, it plays an
important role in modern communication network,
especially in the internet of things. The optical fiber
sensors rely on the dependence between optical
response and the optical environment. Variation in
the optical environment would cause the change in
optical path and thus the change of the optical phase.
As a result, the optical response of the system would
be different due to the coherent nature of the laser
source. This kind of mechanism is the normal type of
optical fiber sensor and is commonly used in the
detection of biology sample.

There are different type of optical sensor which
using the interference between two optical paths, for
example, the Mach-Zehnder interferometer. The
optical fiber Mach-Zehnder interferometer splits the
incoming light into two beams and recombines at the
final, giving rise interference that depends on the
phase shift between two optical paths. Therefore, the
phase shift, i.e. the variation of the refractive index in
two optical paths, can be determined by the
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interference result and realize the refractive index
sensing function.

Recently, nano-fiber receives extensive attention
due to the subwavelength confinement of the optical
wave and the extremely sensitive to the variation of
refractive index surrounding the nano-fiber [9].
Because of lacking of cladding layer, the nano-fiber
is using air as the cladding material and thus the
refractive index surrounding the nano-fiber is critical
to the dispersion of the light guiding in the nano-core.
In other words, change in the background refractive
index would lead to varying of the propagation
constant of the optical mode and have an effect on
the final optical transmission. We can therefore
detect the local refractive index by the optical fiber
system. Nano Mach-Zehnder interferometer based on
the nano-fiber is one of the chose to facilitate the
refractive index sensing in the nanoscale.

In this paper, we propose a simple optical sensor
based on a nano-fiber couplear to realize refractive
index sensing. Our geometry is two nano-fiber placed
closely to permit tunneling between each of them.
The working principle of our structure is relied on the
evanescence coupling between nano-fibers. If the
refractive index of the background medium is
changed, the coupling condition would be changed at
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the same time. It means that the optical phase
acquired in the coupling process is related to the
refractive index of the background medium. And this
kind of mechanism can be used to detect the local
variation of the refractive index.

The paper is organized as follows. Section 2
outlines the devices structure and the theoretical
model. In Sec. 3, we present the numerical
simulation result. Sec. 4 discuss the limitation of the
sensing strategy and summaries the paper.

2. Devices Structure and Theoretical
Model
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Fig. 1. Yee unit cell of the three dimensional FDTD
method. Different components of the electromagnetic fields
are labeled in the figure. Each of them is shifted compared
with each other.

In order to fully model this kind of optical
coupling structure, we chose the three dimensional
finite difference time domain method (FDTD) [10].
In the time domain, the Maxwell equations can be
written as:

vxi =L, j (1)
ot

VxE=—a—B—jm, )
ot

where E is the electric field, H is the magnetic
intensity, J is the current density, J,, is the magnetic
(flux) density. They are function of temporal and
spatial parameters. The constitutive relationships read
as:

D=¢E (3)
B=uH ()
J=cE (5
J =oc,H, (6)
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where 4 is the permeability of vacuum, & is the
permittivity in vacuum, O is the conductivity and
o,, is the permeability. They are scalars in isotropic

medium while tensor in anisotropic medium. If there
is no source in the space under consideration and

&, U ,0 and O, are temporal and spatial
independent, Eq. (1) and (2) can be rewritten as:
OE, 1 0H. OH

f o (Y GE 7
o & oy oz 2 @

:—GE,) @®)

=—(Z*-—*-0F) ©)

= -—=-0,H,) (10)

S L& S o) (11)

s=—(-—-0,M) (12)

In order to discretize all the electromagnetic fields,
K. S. Yee used the so-call Yee unit cell for the
discretization of six electromagnetic fields shown in
Eq. (7)-(12). Three electric field components are
parallel to the sides of the cubic shown in Fig. (1).
While the magnetic fields are perpendicular to the
surface of the cubic, as are shown in the figure. There
is a time step shift between the magnetic fields and
the electric fields, as can be seen from Eq. (7)-(12).
This kind of discretization is suitable for realizing the
iteration algorithm of finite different time domain,
which can quantitatively describe the evolution of the
electromagnetic fields.

For the iteration convenience, each discrete spatial
point of the Yee unit cell is labeled by the following
method:

(i, j,k) = (iAx, jAy, kAz) (13)

While the electromagnetic function in such spatial
point can be expressed as

11GR) =11, =1 jy kdene)

where Ax, Ay, Az are the discretization step of the

Yee unit cell, i, j, k are the integers, At is the time
step. As can be seen from Fig. 1, the sample
components of electric and magnetic fields can be
taken as:
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Because there are half time step difference
between the spatial point of electric and magnetic
fields, we use the central difference to approximate Ay
the first order derivative of the Maxwell equation:

1 1 1 1
H™ 6 j+—k+ )= H"™" (0, j -~ k+~
ROV 5 2) R 5 2)

~ flu— 21)
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. | . . dimensional finite difference time domain equations.
E i, j+=,k) = Cli, j+=,k)E} (i, j + =, k) + D, j + =, k) x As can be seen from these equations, the
2 2 2 2 electromagnetic fields at any time are depended on
H™"(, j+l’ k+1)— H™(i, j+l, k_l) the electric and magnetic fields at the last time step
2 2 2 2 and the electromagnetic parameters. And we thus
| . Az . | rewrite Eq. (17)-(21) as:
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which is suitable for coding and solving by computer.

As can be seen from the upper discussion, the three

dimensional finite difference time domain method is

based on the finite difference approximation which
numerically solves the curl equation. At the same
time, we need the algorithm to be stable and reliable.

General conditions for realizing stable calculation are

summarized as follow:

1) The grid size is smaller than one-tenth of the
minimum wavelength considered in the
computation.

2) The courant stable condition should be fulfilled.

1 >

At <

\/ 1 1 1
max 2 + 2 + 2
(Ax)" (&) (Az)

where C. is the maximum phase velocity in the
electromagnetic medium.
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3. Simulation Result

The geometry under consideration is shown in Fig.
2 where two nano-fibers are arranged with
subwavelength gap d. The diameter of the nano-fiber
is 600nm. Such kind of nano-fiber is fabricated by
flameheated treatment which can produce fiber with
diameter down to nanoscale [11]. Our structure is
based on the combination of two nano-fibers placed
closed to each other. The distance between two fibers
is d as is shown in Fig. 2.

Our motivation is based on the guide mode
tunneling of a nano-fiber. As can be seen from Fig. 2,
when the light source is injected at one side of the
fiber end, it would have evanescence wave around
the surface because of the total internal

reflection at the fiber-air interface. If there is
another fiber placing close to the infected fiber,
couple tunneling occurs and the energy flow can be
redirected into the second fiber. Such kind of process
is relied on the optical coupling between modes in
two nano-fibers. It means that the environment
around the fiber coupler would have an effect on the
coupling result. As far as we understand, changing
the refractive index of the background medium would
definitely change the guiding condition of the optical
modes in the nano-fiber. Variation of the background
refractive index would change the optical phase delay
when the tunneling is occurs. As a result, we can use
such simple architecture to monitor the variation of
the refractive index.

We choose the three dimensional finite difference
time domain method proposed above to demonstrate
the sensing performance of the nano-fiber coupler.
By changing the refractive index of the background
medium, the situation of background varying is
mimicked. The numerically calculated results are
shown in Fig. 3 (a). It is obviously that the
transmission spectrum is different referring to
different background medium. When the refractive
index of the background medium is changed from
n=1.1 to n=1.5, the transmission spectrums suffers
from transformation which results from the feedback
of the refractive index in the background. In order to
visualize the working mechanism of the optical nano-
fiber coupler, we calculate the electromagnetic field
evolutions of this sensor, as are shown in Fig. 3 (b)
and (c). The color scale is referred to the
electromagnetic power of the system. It can be seen
from the results that there are distinct propagation
results at different wavelength. Light signal can be
transmitted through the nano-fiber coupler near the
telecom wavelength 1550 nm (marked b in Fig. 3 (a)).
While at the frequency (marked a in Fig. 3 (a)), the
input light cannot enter the second nano-fiber due to
the tunneling condition cannot be fulfilled. These
kinds of effects demonstrated our motivation exactly.

In other words, we can therefore detect the
refractive index of the background and thus realize
the function of refractive index sensing.
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Fig. 2. Geometry of the optical nano fiber coupler with the
distance d. The diameter of the nano-fiber is 600nm. n is
the refractive index of the background medium surrounding
the nano fiber coupler while N is the refractive index of the
nano-fiber (N=1.6). By monitoring the transmission
spectrum at the output port, we can monitor the variation of
the refractive index in the background medium, as
discussed in the context.
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Fig. 3. (a) Transmission spectrum calculated by the three
dimensional finite difference time domain numerical
experiments. Different colors are referred to different
background refractive index as are shown in the inset. (b)
Power distribution at the wavelength marked b in Fig. 3 (a).
The cross-section view of the nano-fiber coupler is taken at
the center of the coupler. (c) Power distribution at the
wavelength marked a in Fig. 3 (a). The X-Z aspect
ratio is 1:1.

4. Conclusions

Our sensing system has some drawback which
could have influence on the performance of the
proposed device. One of them is the ruggedness of
the coupler. It means that particular mechanical
treatment should be taken to enhance the stability of
our nano-fiber coupler sensor. At the same time, if
the refractive index of the background medium

exceeds the refractive index of the nano-fiber, the
optical guiding condition cannot be fulfilled and thus
the guiding of the light wave signal cannot be
realized. As a result, new material with high
refractive index could be one of the solution conquer
this problem.

In conclusion, a nano-fiber coupler based sensor
which is suitable for detecting refractive index in the
nanoscale is proposed and demonstrated numerically.
Relying on the evanescence tunneling, the optical
fiber coupler can detect a change of the refractive
index in the background. According to the change of
the transmission spectrum, we can in turn determine
the wvariation of the refractive index in the
environment. We expect this kind of sensor could be
used in biosensing and chemical sensing system and
our motivation can be generalized to other similar
system.
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