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Abstract: This work presents the implementation of a thermo-refractometer, which integrates
the measurement of both refractive index and temperature in a single optical fiber structure. To
this purpose, a lossy mode resonance (LMR)-based refractometer is obtained by means of the
deposition of a titanium dioxide (TiO,) thin film onto a side-polished (D-shaped) single mode
fiber. Measurement and subsequent temperature compensation are achieved by means of a fiber
Bragg grating (FBG) inscribed in the core of the D-shaped region. The LMR wavelength shift is
monitored in transmission while the FBG (FBG peak at 1533 nm) displacement is observed in
reflection. The LMR is sensitive to both the surrounding refractive index (SRI), with a sensitivity
of 3725.2 nm/RIU in the 1.3324-1.3479 range, and the temperature (- 0.186 nm/°C); while the
FBG is only affected by the temperature (32.6 pm/°C in the 25°C — 45°C range). With these
values, it is possible to recover the SRI and temperature variations from the wavelength shifts of
the LMR and the FBG, constituting a thermo-refractometer, where it is suppressed the effect of
the temperature over the refractometer operation, which could cause errors in the fourth or even
third decimal of the measured SRI value.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The measurement of the refractive index of a medium depends on several parameters, being
temperature one of the most important [1]. Therefore, to make a precise measurement of the
refractive index at a given wavelength, it is necessary to know the temperature at which the
measurement is made. In fact, in biomedical applications, temperature sensing is relevant [2] and
being able to measure the refractive index and the temperature simultaneously using the same
sensor head is very convenient. In this sense, this work presents a sensor head that incorporates a
lossy mode resonance (LMR) based refractometer and an FBG based temperature sensor. Both
of them are implemented in a single D-shaped fiber.

Lossy Mode Resonances (LMRs) are based on light coupling due to the deposition of a
thin-film on a dielectric medium. They take place 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 [3]. In addition to this, LMRs can be obtained with both transverse electric
(TE) and transverse magnetic (TM) polarization [4]. One common application of LMRs is the
development of refractometers [5-9].

Fiber Bragg gratings (FBGs) consist of periodic perturbations of the refractive index along a
fiber (usually, a single mode fiber) formed by exposure of the core to an intense optical interference
pattern [5,10]. Among them, short-period fiber Bragg gratings, generally denominated fiber
Bragg gratings (FBGs), are the ones in which light coupling takes place between the core
mode and counter-propagating modes. In standard FBGs there is a coupling with the counter-
propagating core mode, whereas in tilted fiber Bragg gratings (TFBGs) there is a coupling with
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counter-propagating cladding modes. That is the reason why FBGs, contrary to TFBGS, are
not sensitive to the surrounding refractive index (SRI) variation, since light coupling occurs
between core modes and the core is separated from the external medium by the fiber cladding [5].
However, FBGs are sensitive to temperature and strain as these variables affect both 7., and A
[11], and therefore the Bragg wavelength [5], as stated in Eq. (1):

ArpG =2 - Nefp core(AFBG) * A ()

where Appg is the Bragg wavelength, n.g core(Arpc) is the effective refractive index of the core
mode at App; and A is the grating pitch.

Hence, one application of FBGs is temperature compensation in different types of sensors. In
these cases, the magnitude of interest is measured with the sensor, but it does not affect the Bragg
wavelength of the FBG. The temperature affects both the sensor and the Bragg wavelength. This
way, the temperature variation can be extracted from the wavelength shift of the FBG and be
compensated in the sensor to recover the value of the parameter of interest.

For instance, in [12] the interference fringe of a no-core fiber (NCF) is employed to measure
the liquid level. This fringe is also sensitive to the temperature. Consequently, the combination
of the NCF with the FBG enables to compensate this shift. Similarly, a hybrid fiber grating
configuration combining a long period fiber grating (LPFG) and an FBG in series is utilized
in [13]. The LPFG is used to monitor the SRI change while the FBG enables to compensate
the temperature. There are also FBG-based sensors for multi-parameter sensing, as in [14],
where temperature and SRI are measured with a point by point FBG; or [15], in which the same
structure is employed for measuring these two variables and the liquid level. On the other hand,
TFBGs are also utilized in hybrid configurations for measuring several parameters, as in [16],
where a LPFG is employed for measuring the temperature while the TFBG enables to monitor
the SRI, or in [17], in which a surface plasmon resonance (SPR) is combined with a TFBG for
measuring the SRI while compensating the temperature.

Temperature compensation mechanisms are also applied to sensors manufactured on D-shaped
fibers. In [18], a long-range surface plasmon resonance (LRSPR) sensor is used to measure the
refractive index with temperature compensation. The LRSPR sensor has a dielectric buffer layer
(DBL) made of fluorine-containing organic complexes of Terbium(III) and a Au thin film on the
D-shaped region. The Terbium(IIT) complexes absorb light at around 350 nm and the absorption
intensity is temperature dependent. This phenomenon enables temperature compensation. On
the other hand, a SPR based on a D-shaped fiber is proposed in [19]. The sensor is based on
the deposition of an Au film, half of which is coated with polydimethylsiloxane (PDMS). The
first half (only Au) is used for SRI sensing, whilst the second one (with PDMS) for temperature
sensing, compensating the temperature effect on the first half.

Regarding LMRs, temperature sensors have been developed with the purpose of measuring
temperature, not compensating a temperature drift when measuring another variable. In [20], a
soda-lime planar waveguide with a CuO thin film is presented. Similarly to the sensor in [19],
the first part of the waveguide is used to measure the SRI while the second part is covered with
PDMS and employed to measure the temperature, although no temperature compensation of the
SRI measurement is done. Another example with a planar waveguide is described in [21], where
a coverslip is deposited on both faces with a thin film. Here, two resonances are obtained, each
one belonging to a different face of the coverslip; one is used to measure temperature with a
PMDS coating and the other humidity thanks to an agarose coating.

Finally, it is also worth mentioning the existence of integrated photonic sensors for the
measurement of the refractive index with temperature compensation, being their compact size
their main advantage. In [22], an array of integrated slot-waveguide ring resonators with on
chip temperature compensation is introduced. The temperature drift of the ring resonator in
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which the refractive index of the liquid is being measured is compensated with the temperature
measurement of another ring resonator in good thermal contact.

In this work, a titanium dioxide (TiO,) thin film was deposited on the D-shaped region
of an optical fiber to obtain a refractometer, and the temperature drift of the refractometer is
compensated with a temperature sensor consisting of an FBG inscribed in the core of the D-shaped
region, see Fig. 1. This is the first time that a thermo-refractometer of these characteristics has
been developed based on LMRs and FBG and totally integrated in the fiber forming a unique
sensor without any additional material covering the metallic oxide.

egio
D's“aped‘ /
-
}7\ TiO, thin film ladding
Core l /
¥ T T O T
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Fig. 1. Designed thermo-refractometer consisting of an FBG inscribed in the core and a
TiO, nano-film covering the D-shaped region (top) and section view of the device (bottom).

2. Materials and methods
2.1. Materials and sensor fabrication

D-shaped fibers were purchased from Phoenix Photonics LTD and consist of standard single
mode fibers (Corning SMF-28) with a cladding/core diameter of 125/8 um and a polished length
of 10 mm. These fibers are polished until obtaining an attenuation peak of 0.5 dB at 1550 nm in
high refractive index oil (RI=1.5).

Initially, fiber Bragg gratings (FBGs) with a period of 529.8 nm over a length of 3 mm
are inscribed using phase mask method by a Coherent Xantos XS laser at 193 nm emission
wavelength, 250 Hz repetition rate and 1.5 mJ/pulse in the core of the D-shaped region of the
fiber, providing an FBG peak at around 1533 nm.

Afterwards, a thin film of 60 nm of TiO, is deposited onto the D-shaped zone using the atomic
layer deposition (ALD) technique with the Savannah G2 ALD System from Veeco Inc. TiO; has
been selected because this material provides a good SRI sensitivity (4122 nm/RIU for a D-shaped
LMR based refractometer with the resonant wavelength at 1300 nm in [23]).This thickness was
chosen in order to obtain a first order LMRTg at a wavelength of around 1400 nm. This means
that the FBG peak is far enough to guarantee that the resonance does not affect the intensity of
the FBG.

2.2. Experimental setup

In the measuring setup, see Fig. 2, a multi-SLD light source (FJORD-X3-1330-1650, Pyroistech
S.L.) is connected to input 1 of an optical circulator through an in-line polarizer and a polarization
controller (Phoenix Photonics Ltd), which enables selecting the TE- or TM-polarized state of
light [24]. One end of the D-shaped optical fiber is connected to output 2 of the circulator and
the other end of the fiber is connected to an optical spectrum analyser (MS9740A from Anritsu)
to monitor the power in transmission. Once the polarization state has been adjusted, the fiber is
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fixed so the polarization state does not change. Output 3 of the optical circulator is connected to
an interrogator (I-MON 512 USB from Ibsen Photonics A/S) that enables to monitor the FBG

peak in reflection.

FBG Peristaltic Pump
Interrogator
SLD Light @ g
Source - D-shaped
reglon SMF
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Linear Controller 5{“9'6 Mode Microfluidic cell Spoctiu
Polarizer Fiber (SMF) Analyzer

Fig. 2. Experimental setup scheme.

The D-shaped region is placed inside a microfluidic system that is thermo-stabilized by means
of two Peltier cells, as in [25]. It 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 pL), with the D-shaped region fitting
in this channel. A peristaltic pump allows to control the flow through the cell.

3. Results

Two assays were carried out with the setup shown in Fig. 2. In the first experiment, the device
response was monitored with five different refractive indices, while the temperature was stabilized
to 25°C. The LMR response is shown in Fig. 3 whilst the FBG response is shown in Fig. 4.
The first refractive index corresponds to ultrapure water and the remaining four correspond to
solutions of glucose in ultrapure water with values of 1.3324, 1.3367, 1.3407, 1.3445 and 1.3479
respectively, measured at 589.3 nm with refractometer Refracto30GS (Mettler Toledo Inc). The
device was tested with these indices because the aim is to use it with liquids of refractive index
close to that of water.
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Fig. 3. Spectral response of the LMR when the D-shaped region is immersed in five different
refractive index.
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Fig. 4. Spectral response of the FBG when the D-shaped region is immersed in five different
refractive index.

In Fig. 3 it can be observed that the resonance wavelength shifts linearly with a sensitivity
of 3725.2 nm/RIU in the studied range. In Fig. 4, it can be seen that the FBG peak shift with
refractive index is very small. In particular, the variation of the FBG peak in the studied SRI
range was of only 12 pm, which corresponds to a sensitivity lower than 1 nm/RIU, which is
negligible in comparison with the LMR sensitivity to the SRI. The FBG peak is slightly sensitive
to the SRI as the cladding thickness between the core and the polished surface of the fiber is
very thin (6.5 um), as it happens in the case of FBGs inscribed in etched fibers [5].The choice of
the axis limits in Fig. 4 is made to enable a direct comparison with Fig. 6. Before performing
the second experiment, in which the temperature is varied, the system returns to the initial
operating conditions (ultrapure water). It can be checked that the starting operation points of
both experiments (LMR resonance located at 1378 nm and FBG peak at 1533.1 nm) are virtually
the same, although there is sometimes a small hysteresis when returning to the initial operating
conditions after a SRI variation and/or a temperature variation.

The second experiment consisted in varying the temperature from 25°C to 45°C in steps of
5°C while maintaining the D-shaped region of the fiber immersed in ultrapure water. The LMR
response for this assay is presented in Fig. 5 while the FBG response is shown in Fig. 6. In this
second experiment, the shape of the resonance is different compared to that observed in Fig. 3,
because it is difficult to reproduce the very same polarization state in both experiments. Slight
variations in the polarization state adjusted with the polarization controller lead to differences in
the depth of the main resonance around 1380 - 1400 nm (slightly deeper in Fig. 5 compared with
Fig. 3) and the residual lobe that appears at higher wavelengths (deeper in Fig. 5).

Regarding the results of the second experiment, in Fig. 5, the resonance wavelength shifts
towards the blue when the temperature increases. The purpose of the plot on the right of Fig. 5
will be explained afterwards. In Fig. 6, the FBG peak shifts towards the red when the temperature
increases, with a sensitivity of 32.6 pm/°C and following a linear response. The expected
temperature sensitivity for an FBG at around 1550 nm is approximately 13.7 pm/°C [11]. In the
case under study, the FBG is inscribed in the core of a fiber that is glued to the upper half of the
microfluidic cell. Therefore, the dilatation of the microfluidic cell with temperature affects the
temperature sensitivity.

The results from the previous experiments can be employed to obtain a sensitivity matrix
that correlates the variation in the SRI and temperature (ASRI and AT respectively) between
two operation points with the wavelength shifts of the LMR and the FBG (AApyr and Adppg
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Fig. 5. Spectral response of the LMR when the temperature is varied (left) and calculation
of coefficient B (right).
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Fig. 6. Spectral response of the FBG when the temperature is varied.

respectively), as it is shown in Eq. (2).

Aok A B |[ ASRI o
Aldrpg C D AT

In the first experiment AT =0, so Adryg =A - ASRI and from Fig. 3, A =3725.2 nm/RIU. The
FBG sensitivity to the SRI is negligible in comparison to the LMR sensitivity, as it can be
checked in Fig. 4, thus it can be considered that C = 0.

In the second experiment, both ASRI and AT are different from 0. The SRI changes because
the refractive index of a liquid varies with temperature. However, as C =0, Adppg =D - AT, and
from Fig. 6, D =32.6 pm/°C. Finally, B can be calculated from Eq. (2) as:

_ Alygr—A-ASRI  A(Azyg — A - SRI)
B AT B AT
Therefore, if Azyr — A - SRI is plotted vs the temperature, B is the slope of the linear response

that is obtained, as it is shown on the right of Fig. 5, with B=-0.186 nm/°C. The values of the
SRI of water for the different temperatures have been obtained from [26].

B 3
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The calibration to obtain these coefficients should be repeated each time a new fiber is employed
by simply following the previous steps, which could be performed automatically if necessary.

If both sides of Eq. (2) are multiplied by the inverse of the sensitivity matrix, the unknown
ASRI and AT for certain values of A4y and Adrpg can be obtained, as it is shown in Eq. (4).
The values that correspond to this case are substituted in Eq. (5).

-1
ASRI A B Adrmr

- 4) 4)
AT C D AdrpG
-1
ASRI 2.684-107% 1.532-1073 Ay
= (5) (5)
AT 0 30.675 AAdrpg

Once ASRI and AT are obtained, the temperature of the final operation point and the value of
the SRI at that temperature can be calculated if these values are known at the initial operation
point. Note that, as opposed to other sensors, the SRI value is not provided at the initial reference
temperature, but at the temperature that is being measured simultaneously.

With this calibration, the intrinsic drift with temperature of the device is compensated, so the
device can be employed to measure the temperature and the refractive index not only of ultrapure
water, the liquid used in the calibration, but also of other liquids. In order to demonstrate the
importance of this calibration, the results of supposing B = 0, that is, not compensating the effect
of the temperature over the device operation, are shown in Table 1 for the results of the second
experiment.

Table 1. Error committed when supposing B =0.

T(C) SRI(RIU) Alyg (nm) ASRI (RIU) (B=0) SRI(RIU)(B=0) Error (%)

25 1.3328 0 0 1.3328 0

30 1.3323 -3.10 -8.31E-04 1.3320 -0.02
35 1.3316 -6.36 -1.71E-03 1.3311 -0.04
40 1.3310 -9.85 -2.65E-03 1.3302 -0.06
45 1.3302 -13.73 -3.69E-03 1.3291 -0.08

The first three columns in Table 1 correspond to the temperature (°C), the real SRI (RIU)
calculated from [26] and AAzyr (nm) respectively. The fourth column corresponds to ASRI
(RIU) assuming B =0 (wrong calculation). The fifth column corresponds to the wrong SRI
(RIU) derived from the wrong ASRI and the last column to the relative error in %. It can be
deduced from this table that the effect of temperature on the device operation cannot be ignored
for applications where a precise measurement of the SRI is required, such as gas sensing or
biosensing applications. Although the error might seem negligible in percentage, it becomes
more relevant if it is taken into account that it can affect the fourth and third decimals of the SRI.

For the sake of comparison, a table with the main characteristics of this device and the works
described in the introduction, where both the SRI and the temperature are measured, is included
(see Table 2). It can be observed that the SRI sensitivity of the developed device is high when
compared with sensors included in Table 2 (only surpassed by [18]), specially taking into account
that most devices are tested with higher values of the SRI. However, it must be considered
that there are refractometers similar to the one developed, based on a D-shape structure, with
much higher sensitivities, such as the ones described in Refs. [6] (5855 nm/RIU for an LMR
based on ITO), [27] (14,501 nm/RIU for an LMR based on SnO,) or [28] (22,779 nm/RIU
for an SPR obtained with Au deposited on a polymer fiber); although these devices do not
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measure the temperature. It would be interesting to reach these sensitivities while maintaining
the temperature measuring capability. Regarding the temperature sensitivity, its value is good
compared with other sensors that employ FBGs [14,15] but low in the case of the sensors that
combine resonances with the use of PDMS ([19,20].

Table 2. Comparison with other works where both the SRI and the temperature are measured.

SRI sensing SRI SRI range (RIU) Temperature Temperature Temperature  Ref.
mechanism sensitivity measuring sensitivity range (°C)
(nm/RIU) mechanism
FBG 1.284-12.77  1.3333 - 1.3800 FBG 9.39 - 10.07 pm/°C 25-65.5 [14]
FBG 535.14 1.33 - 1.454 FBG 10.06 pm/°C 20.3-99.5  [15]
TFBG 606.82 1.3761 - 1.4327 LPFG 268.79 pm/°C -30-70 [16]
TFBG-SPR 571.5 1.3325-1.3375 TFBG-SPR 6.3pm/°C 23-59 [17]
LRSPR 4111.67 1.3317 - 1.3365 Terbium(III) 0.05dB/°C 15-50 [18]
absorption
SPR 2260.1 1.333-1.390 SPR + PDMS -2.41 nm/°C 20-60 [19]
LMR 1460 1.3328 - 1.37 LMR + PDMS -1.75nm/°C 20-40 [20]
Slot waveguide 240 (not provided) Slot waveguide 16.6 pm/°C 23-33 [22]
ring resonator ring resonator
LMR 37252 1.3324-1.3479 FBG 32.6 pm/°C 25-45 This
work

4. Conclusions

The proposed device has been successfully validated to obtain a refractometer where the
temperature influence over the device has been eliminated while the temperature value is
measured simultaneously at the same point. In particular, the SRI has been measured in the range
from 1.3324 to 1.3479 with a sensitivity of 3725.2 nm/RIU while the temperature varied from
25°C to 45°C.

It must also be remarked that this is the first time that a fully integrated thermo-refractometer
consisting of a thin film deposited on a D-shaped optical fiber and an FBG inscribed in its core
has been presented. This device could be improved by using an exclusively reflection setup
instead of requiring both reflection and transmission interrogation. This can be achieved with an
Ag mirror on the tip of the fiber and monitoring the LMR in reflection as in [29]. Furthermore,
the proposed device could be miniaturized in a 2 mm long device or even less, as it has been
demonstrated that a 2 mm long D-shaped fiber with a nanocoating can generate LMRs for sensing
purposes [29] while femtosecond laser technique permits to obtain very short FBGs, on the
order of 100 pm [30]. This has special interest in the development of small size probes or the
employment of multiple sensors is a small area.

These results also open the door for applications where the LMR shift permits to precisely
monitor refractometric changes associated to a single parameter or analyte while the FBG is used
to measure a different parameter or analyte, therefore obtaining a totally integrated dual sensor.
This concept could be extrapolated to other grating based structures such as TFBGs or LPFGs.
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