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This Letter presents the fabrication of dual lossy mode
resonance (LMR) refractometers based on titanium
dioxide (TiO2) and tin dioxide (Sn0) thin films deposited
on a single side-polished D-shaped optical fiber. For the
first time, two independent LMRs are obtained in the same
D-shaped optical fiber, by using a step shaped
nanostructure consisting of a first section of TiOz with a
thickness of 120 nm and a second section with a thickness
of 140 nm (120 nm of TiOz and 20 nm of Sn0z). Each
section is responsible for generating a first order LMR
with TM polarized light (LMRtm). TiO: is deposited by
atomic layer deposition (ALD) and SnO: by electron-beam
deposition. Theoretical results show that the depth of
each of the resonances of the dual LMR depends on the
length of the corresponding section. Two experimental
devices were fabricated with sections of different lengths
and their sensitivities studied, achieving values ~4000
nm/RIU with a maximum of 4506 nm/RIU for values of the
SRI between 1.3327 and 1.3485.

One of the main concerns in the field of optical sensors is the
development of platforms that allow the simultaneous detection of
several parameters [1-3], such as temperature, relative humidity,
refractive index, etc. This matter also extents to the biosensing field
[4-6], where the detection of multiple biomarkers can improve
considerably the accuracy in the diagnosis or monitoring of a
disease [7-9].

Among optical sensors, Lossy Mode Resonances (LMR) stand out
as a high sensitivity refractometric platform [10,11]; which enables
their use for biosensing applications [12-15]. LMRs are based on
light coupling due to the deposition of a thin-film on a dielectric
medium. It occurs when the real part of the thin-film permittivity is
positive and greater in absolute value than its own imaginary part
and the real part of the permittivity of the waveguide, so metallic
oxides and polymers can be employed to generate these resonances
[16]. In addition to this, LMRs can be obtained with both transverse
electric (TE) and transverse magnetic (TM) polarization [17].

Multiple LMRs can be generated in the same optical spectrum
[18]. Nevertheless, as these resonances are generated by the same
thin film, their shift is not independent. As a result, sensors with
several reference points or LMRs can be obtained using a single
device, but they can only be used for sensing a single parameter or
analyte.

This problem can be solved in the case of glass slides or coverslips
by using both sides of the waveguide, as in [19], where two first
order resonances with TE and TM polarization are obtained on each
face of the waveguide by depositing the corresponding thin film. A
dual sensor for temperature and humidity was manufactured
based on this structure by employing polydimethylsiloxane and
agarose coatings, respectively.

However, this solution is not possible in the case of a D-shaped
optical fiber, where the flat surface of the D-shaped zone is the only
part available for deposition. Consequently, the solution must
consist of a nanostructure with different thicknesses. The utilization
of different coating thicknesses takes advantage of the property of
the LMRs to progressively redshift the resonance position in the
spectrum by increasing the thickness of the thin film [20].

In this work, a proof of concept step shaped nanostructure was
fabricated on the flat surface of a D-shaped optical fiber. This
nanostructure enables to obtain for the first time two first order
LMRs generated by TM polarization in the same D-shaped optical
fiber, and the sensitivity of the resulting devices was studied. The
theoretical simulations are supported by experimental results.

D-shaped fibers (purchased from Phoenix Photonics LTD) consist
of standard single mode fibers (Corning® SMF-28) with a
cladding/core diameter of 125/8 um and a polished length of 1 cm.
These fibers are polished until obtaining an attenuation peak of 0.5
dB at 1550 nm in high refractive index oil (RI = 1.5).

A first thin film of 120 nm of titanium dioxide (TiO2) is deposited
onto the D-shaped zone (length of 10 mm) using the atomic layer
deposition (ALD) technique with the Savannah G2 ALD System
from Veeco Inc. Then, the D-shaped zone is partially covered using
a mask. The mask is placed so approximately half of the D-shaped
zone is covered (5 mm) and the other half (5 mm) remains
uncovered. A tin oxide (SnO2) coating with a thickness of 20 nm is
fabricated onto the D-shaped optical fiber by electron-beam



deposition with the Nexdep physical vapor deposition platform
from Angstrom Engineering Inc. The directionality of the electron
beam deposition guarantees that SnO2 is not deposited on the part
of the D-shaped fiber that is covered.

After the second deposition, the mask is removed, therefore
obtaining a nanostructure with a step shaped profile. The first
section has a thickness of 120 nm of TiOz, as the Sn02 was deposited
over the mask and it has been removed with it. The second section
has a total thickness of 140 nm, the first 120 nm of TiOz and the
remaining 20 nm of SnO2. A schematic representation of the
resulting structure can be observed in Fig. 1.

Fig. 1. Schematic representation of the obtained step shaped nanostructure
with TiOz and SnOz on the D-shaped fiber. Dimensions are not to scale.

polarization state does not change. The other end is connected to an
optical spectrum analyser (MS9740A from Anritsu) to observe the
resonance in the 1250-1700 nm range while the D-shaped zone is
immersed in ultrapure water (18.1 M()/cm).
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Fig. 2. Theoretical results for a dual LMR obtained with a first section 5 mm
long with a thickness of 120 nm of TiOz and a second section 5 mm long with
a thickness of 120 nm of TiOz and 20 nm of SnOz on a D-shaped SMF.

These thicknesses for both sections were selected with the help of
simulations carried out with FIMMWAVE. They were chosen in
order to obtain two first order LMRm close enough so they could be
seen in the range of interest but far enough from each other so they
did not overlap and could be clearly distinguished.

The refractive index of TiO2 employed in the theoretical
simulations was measured with an ellipsometer UVISEL 2 from
Horiba Ltd. (n = 2.619 at 1250 nm, n = 2.16 at 1650 nm) while the
extinction coefficient was set to 0.01 to fit the experimental results.
It must be considered that the angle of incidence of the ellipsometer
required to accurately measure the refractive index does not
provide precise results for the extinction coefficient. In the case of
SnOy, a refractive index of 1.9 + 0.01i was used, as in [21], based on
ellipsometric measurements performed in [22].

The theoretical results for the previous nanostructure are shown
inFig. 2. Two first order LMRmv can be observed. The resonance that
is located at lower wavelengths (that will be called blue LMR from
here on) corresponds to the section with a thickness of 120 nm of
TiO2 whereas the LMR that appears at higher wavelengths (that will
be called red LMR from now on) corresponds to the section with a
thickness of 140 nm (120 nm TiOz + 20 nm SnOz). For the sake of
simplicity, the combination of the blue LMR and the red LMR will be
referred as dual LMR.

In the measuring setup, one end of the D-shaped optical fiber is
connected to a broadband multi-SLED light source (FJORD-X3-
1330-1650 from Pyroistech S.L.) through an in-line polarizer and a
polarization controller (Phoenix Photonics Ltd), which enable
selecting the TE- or TM-polarized state of light [22]. Once the
polarization state has been adjusted, the fiber is fixed so the

In Fig. 3, corresponding to the experimental results, the initial
LMR (120 nm of TiOz over a length of 10 mm) and the final dual LMR
can be observed. The dual LMR resembles the theoretical
simulation in Fig. 2. The appearance of two clearly distinguishable
resonances indicates that the thickness difference between the two
sections is far greater than the non-uniformities in each section, fact
corroborated by the simulations. If there were high non-uniformities,
both resonances would overlap. Regarding the thickness change from
one section to the other, neither experimentally nor theoretically, any
edge effects have been observed. The tapered ends of the D-shaped
region do not have either a high impact in the resonances [21].

In order to demonstrate the independence of both resonances of
the dual LMR, each of them is shown separately. To achieve these
results, the part of the D-shaped zone that corresponds to each LMR
was immersed in ultrapure water while the rest of the device was
left in air, obtaining only the desired resonance. It can be observed
that the dual LMR is equal to the addition of the blue and red LMRs.

The blue LMR (corresponding to 5 mm with a thickness of 120 nm
of TiO2) is located next to the initial LMR since both have the same
thickness. The slight displacement may be due to oxidation of the
material or the deposition of some SnOz under the mask. The blue
LMR is not as deep as the original LMR with a thickness of 120 nm
due to its shorter deposition length (5 mm instead of 10 mm)

The red LMR of the final structure has undergone a redshift due
to the greater thickness of deposited material. The red LMR has a
greater depth than the blue LMR, because with the same deposited
length, the further towards the red the LMR is, the greater its depth.

The sensitivity of the device to the surrounding medium
refractive index (SRI) for values close to water has also been
studied, considering its interest for biosensing applications.

The setup is the same as the one that has been previously
explained, but in this case the D-shaped region is placed inside a
microfluidic system that is thermo-stabilized to 262C by means of
two Peltier cells, as in [13]. The microfluidic system consists of two
equal-size pieces, the upper one is made of ULTEM® and the lower



one is made of stainless steel. A microfluidic channel is engraved on
both bars with dimensions 1 mm x 1 mm x 50 mm (volume of 50
uL), with the D-shaped region fitting in this channel. A peristaltic
pump allows to control the flow through the cell.
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Fig. 3. Experimental results for a dual LMR obtained with a first section 5 mm
long with a thickness of 120 nm of TiOz and a second section 5 mm long with
athickness of 120 nm of TiO2 and 20 nm of SnOz on a D-shaped SMF.

The device response has been monitored with five refractive
indices, as shown in Fig. 4. The first of them corresponds to
ultrapure water and the remaining four correspond to solutions of
glucose in ultrapure water with refractive indices of 1.3327,1.3371,
13412, 13448 and 1.3485 respectively, measured with
refractometer Refracto30GS from Mettler Toledo Inc. The
sensitivity values obtained are 4048 nm/RIU in the case of the blue
LMR and 3914 nm/RIU in the case of the red LMR, with a figure of
merit (FOM) of 58 RIU for the latter resonance (full width half
maximum, FWHM, of 68 nm). These sensitivities are near the
typical values for LMR based sensors, which are around 5000
nm/RIU [13]. It can also be observed that the resonances widen as
they shift towards the red, as it is mentioned in the literature [22].

The operation principle of LMR-based sensors consist of
resonance wavelength or maximum power attenuation tracking.
Nevertheless, in the previous device, the blue LMR is not very well
defined (depth of only -2.0 dB) in comparison with the red LMR
(depth of -14.6 dB) which can difficult its monitoring. In
consequence, it would be interesting for this type of devices that
both resonances had the same depth or at least, if the resonances
were different, that they had a minimum depth of -5 dB or more.
Here, it has to be considered that the depth of the LMR increases at
longer wavelengths and with the length of the D-shaped fiber [10].

Therefore, in order to obtain a twin LMR where the blue and the
red LMR have similar depths, it has been decided to modify the
length of each section. A new device is manufactured where the
covered section of the D-shaped zone (final thickness of 120 nm) is
around 7.5 mm while the uncovered section (final thickness of 140
nm) is approximately 2.5 mm.

Fig. 5 shows the theoretical results for different lengths of the first
(120 nm thick) and the second (140 nm thick) sections. If we
compare Fig. 2 and Fig. 5 it can be appreciated that when both
sections measure 5 mm, the theoretical depths of the blue and the

red LMR are -2.7 dB and -11.7 dB respectively whereas for the
lengths of 7.5 and 2.5 mm, the depths are very similar (-10.7 dB and
-9.3 dB respectively), which is the desired result.
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Fig. 4. Experimental sensitivity of the blue and the red LMR of the first device
for five refractive indices.
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Fig. 5. Theoretical results for a dual LMR obtained with different lengths for
the first section (thickness of 120 nm of TiO2) and the second section
(thickness of 120 nm of TiOz and 20 nm of Sn02) on a D-shaped SMF.

In Fig. 6, the initial LMR and the final twin LMR are shown for this
new device. In this case, the blue LMR reaches -13.8 dB while the
red LMR achieves -6.3 dB. Comparing Fig. 6 with the theoretical
simulations in Fig. 5, it seems that approximately, 8 mm of the D-
shaped zone remained covered (final thickness of 120 nm) while 2
mm stayed uncovered (final thickness of 140 nm) instead of the
initially planned 7.5/2.5 mm proportion.

On the other hand, both the red and blue LMR are shown
separately in Fig. 6, and it can be checked that the twin LMR is the
addition of both. It is also worth mentioning that the position of the
blue LMR has slightly shifted compared to the position of the initial
LMR (120 nm thickness along 10 mm), as it happened in the first
device. In this case, the depth of the blue LMR is very similar to the



depth of the initial LMR, which is coherent with the fact that most of
the D-shaped zone has been covered during the second deposition.

Finally, the sensitivity has also been studied for this second device
with the previous five refractive indices, achieving 3977 nm/RIU in
the case of the blue LMR and 4506 nm/RIU for the red one, as it can
be observed in Fig. 7. The sensitivity is higher for the resonance
located at a longer wavelength, as expected [22]. The FOM is
respectively 126 RIU! for the shorter wavelength resonance and 35
RIU! for the longer wavelength one.
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Fig. 6. Experimental results fora dual LMR obtained with a first section 8 mm
long with a thickness of 120 nm of TiOz and a second section 2 mm long with
a thickness of 120 nm of TiOz and 20 nm of SnO2 on a D-shaped SMF.
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Fig. 7. Experimental sensitivity of the blue and the red LMR of the second
device for five refractive indices.

In this Letter, a proof of concept nanostructure with two sections
of different thickness fabricated on a D-shaped optical fiber was
validated to obtain two independent LMRs. This means that each
resonance only shifts when the SRI in which the corresponding
section of the D-shaped fiber is immersed varies. To our knowledge,
this is the first time that two independent LMRs are obtained in the
same D-shaped optical fiber. It was also demonstrated, both

theoretically and experimentally, that the depth of each of the
resonances of the dual LMR depends on the length of the D-shaped
section that generates it. Finally, the sensitivity of the obtained
devices was also studied, reaching values ~4000 nm/RIU with a
maximum of 4506 nm/RIU for values of the SRI between 1.3327
and 1.3485.

These results open the door for the development of applications
where each resonance can be made sensitive to a different
parameter or analyte of interest therefore obtaining multi-
parameter sensors, including biosensors for the detection of several
biomarkers.
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