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Abstract—Based on the previously developed computer program for rigorous calculation of modes in optical
fibers containing layers of various materials of arbitrary, including nanometer, thickness, the calculation and
optimization of single-mode double adiabatic tapers covered with one, two and three-layer films: ITO,
ITO/TiO2, TiO2/ITO/TiO2 of equal thickness is performed, with the aim of their application as the environ-
ment refractive index sensors. It is shown that in the range of wavelengths 1.00–1.6 μm, two, and in particular,
three-layer coatings not only can increase the sensitivity, but also significantly reduce the width of the lossy
mode resonance (LMR), which, in turn, leads to a significant increase in the figure of merit (FOM) of the
sensor, defined as the sensitivity/width of the LMR.
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INTRODUCTION
Very promising and recently intensively studied

sensors of the surrounding medium (mainly water)
refractive index are fiber optic sensors (refractome-
ters), whose sensitivity is based on the so-called lossy
mode resonance (LMR). A necessary condition for
the appearance of LMR is to cover the fiber section
with a dielectric film with a sufficiently large real part
and a noticeable imaginary part of the refractive index.
In this case, the electromagnetic field of the wave
propagating through the optical fiber and localized in
the core and its surroundings, penetrates into a thin,
nanometer layer of the dielectric with a high refractive
index and excites a light wave in it. This leads to a
noticeable, up to complete, attenuation of the electro-
magnetic wave propagating through the fiber in a cer-
tain region of wavelengths. In other words, the depen-
dence of the transmission coefficient on the wave-
length shows a minimum that can be easily detected
experimentally. Since under LMR conditions the light
field is concentrated in the coating film and contacts
the environment, the position of the minimum trans-
mittance on the wavelength axis depends significantly
on the refractive index of the environment. All fiber-
optic sensors operating in LMR mode are based on
this effect.

Among the easiest to manufacture, and therefore
the most reproducible, fiber sensors are distinguished,
in which the sensitive layer is applied to a homoge-
neous area of the taper, previously thinned to the

desired diameter by chemical etching [1–6]. Indium
tin oxide (ITO) is widely used as coatings for generat-
ing LMR [7–9]. In ref. [10], it was proposed to use
double layers of ITO�TiO2 of nanometer thickness as
a coating generating LMR. The theoretical calculation
carried out in this work showed that the use of a two-
layer ITO�TiO2 coating can double the sensitivity of
the sensor compared to a single-layer ITO coating.
However, the results [10] refer to multimode fiber sen-
sors that do not allow obtaining a sufficiently narrow
LMR with a small FWHM value [11] and, as a result,
with a high quality factor FOM, defined as a ratio sen-
sitivity/FWHM. In current paper, on the basis of a rig-
orous modes calculation [12], we theoretically show,
that the use of a two-layer coating ITO�TiO2 and, in
particular, a three-layer coating TiO2/ITO/TiO2,
allows not only to increase the sensitivity of the sensor
manufactured on the basis of a single-mode adiabatic
fiber-optic taper, but also to obtain record values of
the figure of merit (FOM).

RESULTS
We calculated and optimized three types of sensors:

single-layer ITO, two-layer ITO/TiO2, and three-
layer TiO2/ITO/TiO2 coatings with nanometer thick-
ness. The standard single-mode optical fiber SMF28
was chosen as the basis for calculations, as well as in
[13, 14]. The refractive index of the silica reflecting
cladding of this fiber was calculated using the
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Fig. 1. Dependence of sensitivity and FOM on the resonant wavelength of the LMR.
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Fig. 2. Dependence of the resonant thickness of the coating film layers and the width of the LMR on the resonant wavelength.
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Sellmeier formula [15] and is greater by 0.16% in the
core glass of the fiber in accordance with the Corning
® specification. The results of ellipsometric measure-
ments of the refractive index of ITO films of nanome-
ter thickness presented in [14] show an almost linear
refractive index dependence on the wavelength: rang-
ing from 1.93 + 0.007i to 1.90 + 0.02i in the 1150–
1700 nm wavelength band. The real part of the TiO2
refraction index is about 2.3, while the imaginary part
is almost zero [16]. This data was used in the calcula-
tions.

The sensing element of the sensor under consider-
ation is a homogeneous section of a double adiabatic
fiber taper etched out to a certain diameter and cov-
ered with a film of nanometer thickness, which under
the conditions of the so-called LMR provides pene-
tration of a noticeable portion of the lightwave field
into the surrounding (water) environment. As shown
by the preliminary calculation, the maximum value of
the figure of merit (FOM) of such a fiber taper sensor
is achieved when the diameter of a homogeneous sec-
JOURNAL OF COMMUNICATIONS TECHNO
tion is approximately 28 μm. This fixed value was used
in further calculations. The thicknesses of ITO and
TiO2 films in two and three-layer structures were
assumed to be equal. The calculation results are shown
in Figs. 1 and 2. When calculating FWHM, we used the
developed effective method for approximation of asym-
metric resonant curves, based on the results of [17].

Note that the maximum FOM, about 800 nm/RIU,
obtained for a three-layer TiO2/ITO/TiO2 coating
with a layer thickness of about 33 nm, is appeared to be
a record for optical fiber sensors of the refractive index
of an aqueous medium. In particular, it significantly
exceeds the FOM values reported in [14].

Calculations have shown that a further increase in
the number of layers of ITO/TiO2 does not improve
the sensor characteristics and, thus, three-layer
TiO2/ITO/TiO2 films with layers of equal thickness
are optimal. It should be noted that in this paper we
have limited ourselves, for simplicity, to considering
only equal thickness layers of ITO and TiO2. The use
LOGY AND ELECTRONICS  Vol. 65  No. 12  2020
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of unequal layers can give some improvement in sen-
sory characteristics, but requires much more extensive
calculations.

CONCLUSIONS

Based on the previously developed computer pro-
gram for rigorous calculation of modes in optical
fibers containing layers of various materials of arbi-
trary, including nanometer thickness, calculation and
optimization of single-mode double adiabatic fiber
tapers covered with one, two and three-layer films of
equal thickness: ITO, ITO/TiO2, TiO2/ITO/TiO2 has
been performed in order to apply them as the environ-
ment refractive index sensors.It is shown that in the
range of wavelengths 1.00–1.6 µm, two, and especially
three-layer coatings allow not only to increase the sen-
sitivity, but also significantly reduce the width of the
LMR, which, in turn, leads to a significant increase in
the quality factor of the sensor FOM, defined as sensi-
tivity/FWHM, up to record values for fiber-optic sen-
sors of the order of 800 nm/RIU. Further increase in
the number of ITO /TiO2 layers does not improve the
sensor performance, and thus three-layer
TiO2/ITO/TiO2 films with layers of equal thickness
are optimal.
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