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a  b  s  t  r  a  c  t

This  article  presents  a theoretical  model  for lossy  mode  resonance  (LMR)  based  fiber  optic  (FO)  tapered
tip sensor  coated  with aluminum  doped  zinc  oxide  (AZO)  and  titanium  dioxide  (TiO2)  layer.  In LMR
based  FO  tapered  tip  sensor,  sensing  signal  is measured  in  terms  of retro-reflecting  spectra  whereas
in  conventional  LMR  sensors  it is  measured  in terms  of  the transmittance.  A major  advantage  of  the
proposed  sensor  is  that  it requires  small  sample  volume.  Also  its compact  tapered  tip  design  makes  it
more  suitable  for point  sensing.  In  this  work,  for the  first  time,  a  detailed  analysis  of AZO  coated  LMR  based
FO  tapered  tip sensor  has been  carried  out.  Additionally,  the  combined  effect  of  AZO  and  TiO2 thickness
ratio  along  with  the  fiber  parameters  such  as  fiber  tip radius,  tip  length  and  numerical  aperture  on  the
reflectance  spectrum  has  been  investigated.  The  proposed  geometry  along  with  appropriate  combination
of  various  fiber  parameters  and  the  thin  films  thickness  ratio  provides  approximately  sixfold  increase  in
the sensitivity  compared  to the  conventional  tapered  LMR  sensors.  Sensitivity  of the  proposed  sensor  has
also been  compared  with  straight  fiber  geometry.  Refractive  index  (RI)  sensitivity  of  the  proposed  sensor
is  in  the  range  of  1500–9000  nm/RIU.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

In the past few years lossy mode resonance (LMR) phenomenon
has been an emerging field of research due to its several advantages
over surface plasmon resonance (SPR) [1–5]. The various advan-
tages of LMR  phenomenon such as freedom to use any specific
light polarization for its generation and multiple LMRs make these
sensors very popular and efficient in physical, chemical and biolog-
ical sensing [6,7]. LMR  can be easily generated by an unpolarized
light source provided that the fiber cladding material has positive
real part of its dielectric constant and the magnitude of real part
is higher than both its imaginary part and the dielectric constant
of the sensing medium. LMR  arises due to the coupling between
waveguide modes and the thin film lossy modes at specific condi-
tions [1]. LMR  based FO sensors are miniaturized and also capable
of remote sensing due to the ability of optical fibers to transmit
optical power over long distances. In the transmission based LMR
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sensors, light is coupled into one end of the fiber and after pass-
ing through the sensing region transmitted power is detected at
the other end. Another possible technique in LMR  sensors is to
detect the retro-reflection spectra instead of the transmission spec-
tra [8,9]. Various SPR sensors incorporating retro-reflection spectra
have been reported where the fiber tip coated with a metal layer
is used as the sensing element [10–12]. These sensors work on
the principle of first coupling the light into one end of the fiber
sensing element and detecting the reflected light after reflection
from the tip at other end of the fiber. This results in the retro reflec-
tion spectra of the sensor which can be detected by a spectrometer.
These retro-reflecting sensors have several advantages such as cost
effectiveness, less sample volume requirement and simple sensor
illumination [12]. In this view, we  propose an AZO coated LMR  FO
tapered tip sensor based on retro-reflection spectra with an addi-
tional TiO2 film to enhance its sensitivity. Structure of the proposed
LMR based FO tapered tip sensor was formed by decladding and
tapering the fiber end and then depositing an AZO layer followed
by a TiO2 thin film on the tapered portion.

Various studies on LMR  fiber optic sensors based on clad-
removed multimode tapered, monomode tapered and reflection
geometries have been reported [13,9,8,14]. However to the best of
our knowledge a detailed theoretical analysis of thin film coated
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Fig. 1. Schematic of AZO/TiO2 coated LMR  based fiber optic tapered tip sensor.

multimode tapered tip sensors based on retro-reflection method
has not been done so far. In this article we provide a detailed the-
oretical modeling of a reflection based LMR  FO tapered tip sensor
utilizing AZO thin film. Additionally, we analyze sensitivity of the
proposed reflection based tip sensor, utilizing additional TiO2 thin
film of higher RI on top of the AZO film of lesser RI. In our theoreti-
cal studies, we have chosen AZO for various reasons. First, it comes
under the category of transparent conducting oxides (TCO) which
showed potential as a substitute for plasmonic materials required
in SPR based sensors [15]. ITO also belongs to TCO and is the most
popular material for solar cells, liquid crystal displays, etc.; how-
ever the devices produced with ITO are costly and at the same time
indium is also scarce in nature [16]. Therefore the various advan-
tages of AZO over ITO, viz. low cost, non-toxic and easy availability,
makes it an ideal substitute for ITO in applications such as flat panel
displays, transparent solar cell electrodes, etc. Second, AZO film can
be deposited by various deposition methods such as ALD, sol–gel,
dip coating, sputtering, CVD. Its optical properties can also be easily
tuned by choosing the appropriate deposition technique depending
on the application [16–19]. Various studies utilizing AZO thin films
have been reported for ultra-violet (UV) detectors, solar cells and
gas sensing applications [17,19,20]. Above all, the most important
characteristic of AZO is that LMR  can be generated in the visible
spectral range (400–700 nm). Hence with AZO coating it is possible
to fabricate cost effective LMR-based refractometers operating in
the visible region due to the availability of low cost sources and
detectors. Additionally, AZO is a relatively new material for LMR
generation [21,22] whereas, indium tin oxide (ITO) coated optical
fiber refractometers operating in the infrared (IR) region have been
extensively studied [1,2,23–25,4]. We  study the effect of various
fiber parameters, viz. taper radius, taper length and numerical aper-
ture on the reflection spectra. Also the combined effect of tapering
and thin film thicknesses on the sensitivity has been studied exten-
sively by considering all possible combinations of thin film ratios.
Sensitivities of LMR tapered tip sensor coated with single AZO film
and AZO/TiO2 thin film combination have also been compared with
the untapered (straight) reflection based LMR  FO sensors.

2. Model and methods

We  used attenuated total reflection (ATR) method along with
the most commonly used Kretschmann configuration for analyz-
ing the AZO/TiO2 coated LMR  based FO tapered tip sensor. In order
to design a tip sensor, polymer cladding was removed from a
small portion at the one end of a step index multimode fiber and
the unclad region was conically shaped with a linear profile. This
conical portion of the fiber was coated with AZO thin film and
subsequently with the TiO2 thin film. This structure was further
surrounded by different sensing media. A schematic of AZO/TiO2
coated LMR  based FO tapered tip sensor structure is illustrated in
Fig. 1. In this proposed LMR  sensing structure, the inner thin film
comprises AZO and the outer one is of TiO2. All the guided light rays
from a broadband source were launched onto one end of the fiber

and detected at the same end after reflection from the end face. We
used the transfer matrix method for simulating the ATR.

2.1. Dispersion relations

For theoretical simulations, dispersion relation of optical fiber
core is given by the Sellmeier relation [4]
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where � is the wavelength (�m),  a1 = 0.6961663, a2 = 0.4079426,
a3 = 0.8774794, b1 = 0.0684043, b2 = 0.1162414 and b3 = 9.896161
are the Sellmeier coefficients.

For the dispersion of AZO, the following Drude model is used
[26]
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where �∞ is the background permittivity, ωp is the plasma
frequency, and � is the damping frequency, �∞ = 3.5,
ωp = 5.22 × 1014 Hz and � = 4.86 × 1013 Hz. Here ω = c/� where
� and c are the wavelength and the speed of light respectively.

For TiO2, dispersion relation is defined by the Lorentz model [3]
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For our simulations we  have used the following parameters: high
frequency dielectric constant (�∞) = 1, center energy (Bk) = 1.2 eV,
amplitude (Ak) = 101 eV2 and Ek = 6.2 eV. Photon energy is given by
E = hc/� where h and c are the Planck’s constant and speed of light
in vacuum respectively.

2.2. Reflected power

The expression for optical power (dP) at the fiber-end is given
by [1]

dP ∝ n2
1 sin � cos �d� (4)

Since all guided rays are launched into the fiber tip sensor structure,
the generalized expression for the normalized reflected power Pref,
can be written as [11]
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where Nref(�, z) = (L/(2�(z) tan(� + ˛))) is the number of reflections
in the sensing region.

Here L is the sensing region (taper) length, � is the angle of the ray
with the normal to core-cladding interface,  ̨ = tan −1((�c − �t)/L) is
the taper angle and �(z) is the variation of tip radius with the length
of propagation given by the expression

�(z) = �c − z

L
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where �c, �t are the radius of optical fiber core and tip respec-
tively. The range of angles in the tapered region becomes �1 and �2
due to variations in the fiber core diameter. Therefore, numerical
expression for �1 and �2 is given by
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