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Two simple optical fibre structures that do not require the inscription of a grating, a cladding removed multimode optical fibre
(CRMOF) and a single-mode multimode single-mode structure (SMS), are compared in terms of their adequateness for sensing
once they are coated with thin-films. The thin-film deposited (TiO,/PSS) permits increasing the sensitivity to surrounding medium
refractive index. The results obtained can be extrapolated to other fields such as biological or chemical sensing just by replacing the

thin-film by a specific material.

1. Introduction

The deposition of thin-films on optical fibre substrates has
permitted, during the last decade, widening the traditional
domains of application of optical fibre sensors (e.g., strain and
temperature [1]) to other research fields [2]. This is possible
thanks to modern deposition techniques [3], which permit
coating the optical fibre with materials, whose properties
change as a function of a biological or chemical species.
Moreover, the possibility of coating long period fibre gratings
(LPFGs) with a material of thickness lower than one microm-
eter [4] has led to the observation of the mode transition phe-
nomenon [5, 6], which has permitted developing optimized
refractometers [6]. Moreover, even out of the mode transition
region it is possible to obtain biosensors [7]. Recently, the
combination of this phenomenon with the dispersion turning
point [8] has permitted achieving sensitivities approaching
10000 nm/RIU [9]. The mode transition consists of a reorga-
nization of the effective indices of cladding modes when one
of these modes is guided through the thin-film deposited on
the cladding of an LPFG [5]. Recently, new simpler structures

that do not require the inscription of a grating have been
explored when a thin-film is deposited on the cladding. In
this work two of them are compared: the cladding removed
multimode optical fibre (CRMOF) and the single-mode mul-
timode single-mode structure (SMS). Their properties are
analyzed and their advantages and drawbacks are discussed.

2. Experimental Setup

In Figurel a transmission configuration setup is depicted
for both the cladding removed multimode optical fibre
(CRMOF) and the single-mode multimode single-mode
structure (SMS). Light is launched into the optical fibre and
the optical spectrum analyzer detects the light transmitted.
In the sensitive region the CRMOF and SMS structures are
coated with a thin-film.

A reflection setup is also presented in Figure 2 for the
SMS structure. Light is launched into the optical fibre and
reflected at the sensing head. The reflected light is detected
at the optical spectrum analyzer. The sensing head is coated
with a thin-film. The reason for not using the CRMOF with
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FIGURE 1: Transmission configuration setup for (a) cladding removed multimode optical fibre and (b) single-mode multimode single-mode

structure.
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FIGURE 2: Reflection configuration setup for single-mode multimode single-mode structure.

the reflective configuration is that in some cases, as it will be
shown later, the required thin-film thickness is higher, which
leads to the influence of the interferometric phenomenon in
the detection system.

The thin-film material in the experiments is TiO,/PSS [10,
11], deposited with layer-by-layer self-assembly [12].

3. Theory

3.1. Cladding Removed Multimode Optical Fibre (CRMOF).
For the simulation of the propagation of light through the the

coated CRMOE a method based on the attenuated total
reflection (ATR) with a Kretschmann configuration is used
[13]. The reflectivity as a function of wavelength and inci-
dence angle is obtained at the coating-fibre core interface
R(0,1) [14], where A is the light wavelength and 6 the
angle of incidence. The general expression for calculating the
transmitted optical power is [13, 14]

2" p (@) RN (6,1) d6
T =2 , 0
2 p©)
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where 0, is the critical angle, N (0) is the number of reflections
at the coating-fibre core interface, and p(0) is the power
distribution of the optical source. RN (6, 1) represents the
reflected light as a combination of the reflected power in TE
and TM mode polarization [14].

3.2. Single-Mode-Multimode-Single-Mode Structure (SMS).
For the calculation of light propagation in a SMS structure
with transmission configuration (see Figure 1(a)), it is neces-
sary to use a method based on the transfer matrix method
[15], which consists of three steps [16]: calculation of the
propagation constants of the mode in the single-mode fibre,
the same for the modes in the coreless multimode segment,
and derivation of the transmission and reflection coeflicients.

The resonances in the transmission spectrum can be
explained by a coupling from the core mode in the single
mode segment to different modes in the MMF segment. The
phase of modes at the end of the MMF segment is different
and the coupling to another single mode section at the end
of the MMF section causes constructive or destructive inter-
ference depending on the modal phase matching. The self-
imaging effect permits obtaining the highest transmission
in the optical spectrum and its central wavelength can be
tuned by adequate selection of the parameters of the following
expression [16]:

o 4D%n

=2 2)

where D and n are the MMF diameter and refractive index,
respectively, and A is the operational wavelength.

For the SMS structure in reflection configuration
(Figure 2), a slight modification of expression (2) permits
obtaining the following:

2D*n
7. = _ (3)
! A

4. Results and Discussion

In Figure 3 the transmission through a TiO,/PSS coated
CRMOF structure is plotted as a function of coating thickness
and wavelength. Regions in blue color indicate a low trans-
mission. This is explained in [13] as a lossy mode resonance
phenomenon (LMR), which is produced when a particular
mode guided in the optical fiber experiments a transition
to guidance in a thin-film with a complex refractive index
deposited on the optical fiber. Due to the complex refractive
index of the thin-film, the mode guided in it owns also a
complex refractive index. This specific mode is considered
by some authors as a lossy mode [17, 18]. Consequently, in
(10, 11, 13, 19, 20] the term lossy mode resonance is used
instead of the term guided mode resonance [21]. Indeed, this
lossy mode guided in the film is what induces the mode
transition in LPFGs [19], a phenomenon that is also observed
in the SMS structure [16].

In Figure 4 the central wavelength of each LMR is rep-
resented as a function of coating thickness and wavelength.
Each squared marker in Figure 4 is the central wavelength
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FIGURE 3: Spectral response obtained as a function of thickness for
TiO, /PSS coated CRMOE
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FIGURE 4: Evolution as a function of thickness of the central
wavelength of LMRs for TiO,/PSS coated CRMOE. Straight lines
and squared markers corresponded, respectively, to theoretical and
experimental results.

after the deposition of a bilayer and the straight lines are the
theoretical results obtained with the numerical method of
Section 2.

If single spectra for a specific thickness of 68 and 372 nm
are plotted (see Figure 5), the bandwidth of the resonance
depends on the thickness of the thin-film. If the rule con-
sidered for comparison of the bandwidth is the full width
at half maximum (FWHM), it is not possible to obtain this
parameter for a thin-film of 68 nm because the maximum
value cannot be observed in the wavelength range analysed.
In other words, the FWHM is higher than 1100 nm for the
first LMR in Figure 3. However, for a thin-film of 372 nm, the
bandwidth for the FWHM centred at 800 nm is 366.8 nm (it
belongs to the second LMR in Figure 3).

However, the reduction of the bandwidth leads also to a
reduction of sensitivity. In Figure 6, plots of the wavelength
shift as a function of the surrounding medium refractive
index (SRI) for LMRs obtained with a 1165 nm coating (third,
fourth, fifth, and sixth resonance) are presented. They show
sensitivities of 1676, 1018, 611, and 407 nm/RIU, respectively.
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FIGURE 5: LMRs for CRMOF structure coated with 68 and 372 nm
of TiO,/PSS. With a thicker coating the LMR bandwidth is reduced
(for 68 nm the first resonance is monitored and for 372 nm the
second and the third resonance are visualized).
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FIGURE 6: Central wavelength shift as a function of SRI for different
LMRs obtained with a TiO,/PSS coated CRMOF structure.

In addition to this, a plot for a 460 nm coating (second LMR)
with a sensitivity of 2873 nm/RIU is presented.

On the other hand, if the sensitivity to nanocoating thick-
ness is analysed in Figure 4, the sensitivity of the second LMR
is 2.04 nm/nm, whereas for the first one it is 9.66 nm/nm,
which indicates almost a 5-fold increase. If this improvement
is extrapolated for calculation of the sensitivity to refractive
index of the first LMR, the record sensitivity to SRI in the
range 1.345-1.36 obtained in [9] with LPFGs (5924 nm/RIU)
could be overcome. However, coated CRMOFs present a
problem of a high bandwidth.
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FIGURE 7: Evolution as a function of thickness of the optical spec-
trum for a SMS structure coated with TiO,/PSS with section length
and diameter of 20 mm and 125 pm, respectively.
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FIGURE 8: Evolution as a function of thickness of the central wave-
length of transmission bands obtained with an SMS structure with
MMEF section length and diameter, respectively, 20 mm and 125 ym.
Straight lines and squared markers corresponded, respectively, to
theoretical and experimental results.

If the same thin-film material is deposited on an SMS
structure, a plot that resembles that of LPFGs [4-6] is
obtained (see Figure 7). Initially the transmission bands (the
regions in red colour) present a wavelength shift until a fading
region is reached. As it was proved with LPFGs, this band
coincides with the LMR region [19]. After this region, the
bands are again visible.

In Figure 8 the central wavelength of the bands is tracked
as a function of the number of thin-film thickness. Each
squared marker in Figure 8 is the central wavelength of the
transmission band after the deposition of a bilayer and the
straight lines are the theoretical results obtained with the
numerical method of Section 2.

In Figure 9 the evolution of the optical spectrum as a
function of the number of bilayers of TiO, /PSS is represented
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(the estimated bilayer thickness 18 nm). The resonance pro-
gressively vanishes for 6 bilayers (108 nm) or more.

In view that the results were obtained in water (SRI =
1.33), if a refractometer is to be developed for refractive
indices not exceeding that of water (1.33), it is a good design
to stop at 6 bilayers. However, if a refractometer for higher
refractive indices is to be developed, then one must be more
cautious and stop for a lower number of bilayers.

In Figure 10 the wavelength shifts for different thickness
values are analyzed theoretically. As the thickness increases,
the sensitivity is improved, but the range of refractive indices
that can be analyzed without entering the fading region
is reduced. In addition to this, in all cases the sensitivity
improves for the SMS structure with a lower diameter in the
MMF section.

In order to obtain an easy to handle device, an SMS in
reflective configuration is designed (see Figure 2). The depo-
sition of the thin-film also at the end of the structure should
induce an interferometer [22]. However, the thickness of the
thin-film is low enough to guarantee that interferometric
effects do not play a significant role in the results [23]. This
is an advantage in comparison with CRMOF structures that,
depending on the resonance that is being tracked, require a
higher or lower thin-film thickness. If the thin-film thickness
is high, then interferometry should disturb the visibility of
the LMR. In this case, the solution is to set a mirror at the
end of the optical fibre structure [24], something that is not
necessary with the SMS structure.

In Figurell, the experimental self-image band can be
observed for both SMS structures analysed theoretically in
Figure 10. The FWHM is 16.7 nm for the SMS structure with
MMF section length of 125 ym and 28.9nm for the SMS
structure with MMF section length 61.5 ym. The thin-film
deposited on both structures consisted of the deposition of
5 TiO,/PSS bilayers with an estimated thickness per bilayer
of 17 nm. This number of bilayers permits the transmission

TaBLE 1: FWHM, sensitivity to SRI and figure of merit of CRMOEF,
SMS with diameter 125 ym, and SMS with diameter 61.5 ym.

Sensitivity ~FWHM  Sensitivity/ FWHM
(nm/RIU)  (nm) (RIU™)
CRMOF 2873 366.8 7.8
SMS (diameter
125 ym) 631.2 16.7 37.8
SMS (diameter
615 um) 1199.2 28.9 41.5

band to approach the vanishing region for the SRI range
analysed in Figure 12, where the sensitivities are, respectively,
631 and 1199 nm/RIU. These values are, respectively, 4 and
2 times lower than that obtained with the thin-film coated
CRMOF (2873 nm/RIU). However, the FWHM is 10 times
and 5 times lower than the FWHM of the thin-film coated
CRMOF structure.

If a figure of merit based on the ratio between the sen-
sitivity to SRI and the FWHM is used [25], values of 37.78,
41.49, and 7.83 are obtained, respectively, for an SMS structure
with MMF section diameter 125 ym, for an SMS structure
with MMF section diameter 61.5 um, and for the CRMOE,
respectively (see Table1). This indicates that the figure of
merit of SMS structures is five-fold that of CRMOE

5. Conclusions

It has been successfully proved that optical fibre structures
without the inscription of a grating can be used for wave-
length based sensors if a nanocoating is deposited on the
cladding. The different properties of the two structures stud-
ied, cladding removed multimode optical fibre (CRMOF)
and single-mode multimode single-mode structure (SMS),
permit choosing the most adequate device depending on the
needs of the final user. If sensitivity is the most important
thing, CRMOF devices are the best option (they can even
overcome the sensitivity obtained with LPFGs). However,
if the figure of merit, considered as the ratio between the
sensitivity and the bandwidth of the resonance is considered,
the best option is the SMS structure. In addition to this, it
has been proved that a simple and reflective configuration
without the need of a mirror is possible with the SMS
structure, something that is not so easy to control with a
CRMOF (this is only possible with a low thin-film thickness
or with a mirror at the optical fibre tip).

The results obtained have been focused on the detection
of the refractive index. However, by choosing a material for
the thin-film that is sensitive to a specific species, chemical
or biological sensors can be developed.
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