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The dynamic range of optical fiber refractive index sensors is mainly determined by the
refractive index (RI) of the sensor surface in contact with the sample under test. In case of
the refractive index sensor based on the hybrid fiber Fabry—Perot interferometer (HFFPI),
the largest measurable refractive index value is equal to that of the fiber core. In this work,
we demonstrate that it is possible to extend the refractive index dynamic range of a HFFPI
by simply adjusting the optical path length (OPL) of the air and solid cavity to be equal or
differ by just a small amount. Two isometric versions of the HFFPI (i-HFFPI) with a total
length of 100 and 172 um, where the OPL of the air and solid cavity are very similar, were
fabricated and tested. The interferometers were immersed in different samples with a
refractive index ranging from 1.000 to 1.733. The response of the interferometers was
analyzed in the Fourier domain, and it was possible to establish a one-to-one relationship
between the refractive index of the liquid sample and the amplitude of one of the peaks in
the Fourier spectra. The amplitude of this peak experienced a linear increment when the Rl
of the surrounding medium was increased. Tracking the amplitude changes of a Fourier
spectrum peak is straightforward which simplifies the online monitoring of the sensor.
These features make this compact refractive index fiber sensor very appealing for
biosensing applications.

Keywords: refractometer, optical sensor, fiber optics, Fabry-Perot interferometer, Fourier analysis

INTRODUCTION

Fresnel reflection-based optical fiber refractive index sensors (FR-OFRIS) have proliferated in recent
years since their structure is very simple, but also because the sensor interrogation is through
monitoring the change in the intensity of the light reflected at the fiber tip end-face (Ran et al., 2008;
Gong et al., 2010a; Gong et al., 2010b; Choi et al., 2010; Wang and Wang, 2012; Jiang et al., 2013b;
Jauregui-Vézquez et al., 2013; Chen et al., 2017; Zhu and Huang, 2021). The first and yet simplest
approach was reported in 1987, and it basically consisted of a single-mode fiber tip, a laser, a beam
splitter, and photodetectors (Meyer and Eesley, 1987). Since then, an important number of fiber-
optic sensors to detect physical, chemical, or biological magnitudes using FR-OFRIS have been
proposed. Because of their unique features, it is expected that these devices could evolve and,
eventually, replace the current refractive index monitoring techniques used in clinical diagnosis (Li,
2020), in petrochemical industries (Joel and Okoro, 2019), or in food and beverage production
(Aronne and Malara, 2019), since it is well known that these devices take advantages of the inherent
characteristics of optical fiber technology. In some cases, optical fiber sensors are the most suitable or
even the unique technological solution, for example, when the amount of the sample or the access to

Frontiers in Sensors | www.frontiersin.org

1 April 2022 | Volume 3 | Article 855251


http://crossmark.crossref.org/dialog/?doi=10.3389/fsens.2022.855251&domain=pdf&date_stamp=2022-04-05
https://www.frontiersin.org/articles/10.3389/fsens.2022.855251/full
https://www.frontiersin.org/articles/10.3389/fsens.2022.855251/full
http://creativecommons.org/licenses/by/4.0/
mailto:dmonzon@cio.mx
https://doi.org/10.3389/fsens.2022.855251
https://www.frontiersin.org/journals/sensors
www.frontiersin.org
https://www.frontiersin.org/journals/sensors#articles
https://www.frontiersin.org/journals/sensors
https://www.frontiersin.org/journals/sensors#editorial-board
https://doi.org/10.3389/fsens.2022.855251

Dominguez-Flores et al.

the sample location is a concern. In order to fulfill the
demanding requirements of some applications, three
important issues, regarding the performance of the FR-
OFRIS, must be addressed: first, the relatively poor
resolution of these devices compared with that displayed by
the evanescent wave-based optical fiber sensors; second, it is
well known that the FR-OFRIS response is basically dependent
on the changes of the intensity reflected by the fiber tip end-
face, and then the accuracy and repeatability of these devices are
determined by the optical source stability; and finally, these
devices exhibit refractive index ambiguity, that is, two samples
with a different refractive index could produce the same
intensity response. Ambiguity has a negative impact since it
limits the refractive index measurement dynamic range of the
FR-OFRIS. Different strategies have been followed to enhance
the sensitivity and resolution or increase the dynamic range of
these fiber refractometers, but the most successful one involved
the exploitation of the optical interference phenomenon.
Interesting FR-OFRIS based on multimode interference (MI)
(Brientin et al, 2021), strong coupled multicore fiber
interferometers (SCMCFI) (Flores-Bravo et al., 2021),
Michelson interferometers (Mil) (Meng et al., 2011), or
hybrid fiber Fabry-Perot interferometers (HFFPI) (Wang
and Wang, 2012; Jiang et al., 2013a; Jiang et al., 2013b; Liu
et al., 2017; Rodriguez-Quiroz et al., 2019; Zhang et al., 2021)
have been demonstrated. Although the different versions of the
interferometric FR-OFRIS proposed so far have contributed to
improving the sensitivity and resolution, only the HFFPI
version of the FR-OFRIS demonstrated that it is possible to
avoid the refractive index ambiguity (Dominguez-Flores et al.,
2020a; Rodriguez-Quiroz et al., 2020). To avoid the refractive
index ambiguity, it was necessary to deposit a high refractive
index thin film in the end-face of the fiber tip (Jiang et al.,
2013a; Dominguez-Flores et al., 2020b), to make a post-
processing analysis of the reflectance (Dominguez-Flores
et al, 2020a), or to photo-imprint an optical fiber Bragg
grating in series with the HFFPI (Rodriguez-Quiroz et al,
2020).

In this work, we demonstrate that it is possible to increase the
dynamic range of a refractive index-based HFFPI sensor by
adjusting the OPL of the air and solid cavity. Typically, the
largest refractive index value that can be measured with a HFFPI
is smaller than that of the effective RI of the fundamental mode
of the SMF core. Two isometric HFFPI (i-HFFPI), with a total
physical length of 100 and 172 pm, were fabricated and tested to
demonstrate that it is possible to measure the refractive index of
the fiber surrounding the medium in a range from 1.000 to
1.733, without ambiguity. This is the first time, to our
knowledge, that such ultra-long refractive index dynamic is
measured directly from the reflectance of the HFFPI that
consists of a capillary fiber (CF) in series with a segment of
the single-mode fiber (SMF). The response of the
interferometers was analyzed in the Fourier domain; the
reflectance exhibited a series of peaks whose amplitude was
modulated by the refractive index of the external medium. It was
possible to establish a one-to-one relationship between the
amplitude of one of the peaks of the Fourier spectrum and
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the refractive index of the surrounding media. To our
knowledge, the largest refractive index dynamic range was
measured without ambiguity using fiber-optic sensors (Zhou
et al,, 2011; Lu et al.,, 2012; Jauregui-Vazquez et al., 2013; Liu
et al., 2013; Li et al., 2014; Urrutia et al., 2019).

PRINCIPLE OF OPERATION OF THE
SENSOR AND FABRICATION PROCESS

Analysis of the Characteristic Reflectance
of the i-HFFPI

The process to fabricate the HFFPIs analyzed in this work can be
described as follows: first, a CF was spliced to a SMF, and then the
CF was cleaved to leave a section of length L,. After that, a SMF
was spliced to the free end of the CF. Finally, the SMF was cleaved
to obtain an SMF section of length L,. The final structure of a
HFFPI is represented in Figure 1. The OPL is defined by the
product of the physical length and refractive index of the path
material; therefore, the OPL of air and solid cavity of the HFFPI
are defined by OPL,, = Ling, and OPLgyig = Longye,
respectively. In this case, n,;, and ngyp represent the refractive
index of air and glass of the SMF core, respectively. An i-HFFPI is
obtained when the OPL,;, is equal or very similar to the OPLyig.
It is well known that the mathematical expression of the
reflectance of a HFFPI (Ryrppr) contains three interference
terms produced by the superposition of the three beams
reflected by the three interfaces of the air and solid cavities,
and can be described by the following equation (Rodriguez-
Quiroz et al., 2019):

Ryprpr (A) =R, + K2R, + K2K2R3 +cos (6,

2
—92)2K1 \ R1R2 COS(TH [ZOPLm'r] >

2
+ cos (6, — 6:)2K2K, VR R cos Tﬂ [20PL] )
+c0s (6) —03)2K, K> VR Ry cos(TH [20PL,;

+20PLyi4] ), (1)

where A is the wavelength of the light, Ry, =
([nspe — 1air ) [BspE + Mair])? represents the reflectance of the
first and second interface of the air cavity, respectively, and the
reflectance of the third interface between a SMF and the external
medium () is Rs = ([Msmr — Mext)/ [Msmr + Mext )’ Oic123
denote the phase induced in the reflected beam at the first,
second, and  third interface,  respectively, = and
Ki=(1-A)(1-R)(1-a), where A; and «o; represent the
loss factors in cavities. The reflectance spectrum of an i-HFFPI,
that is, when OPL,;, =~ OPLg,;; is simpler, and the first two
interference terms of Eq. 1 are almost equal, and so this
equation can be reduced into two interference terms, and the
cosine argument of the first term is twice that of the second.
Commonly, the analysis of the refractometric response of a HFFPI
is carried out in the optical domain (Zhang et al., 2018). The
characteristic spectra of a HFFPI in the Fourier domain are shown
in Figure 2A. These graphs were obtained by simulating the
response of a HFFPI using Eq. 1 and then calculating the
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FIGURE 1 | (A) Schematic representation and (B) microscope image of an i-HFFPI.

Fourier transform using the algorithm described by Rodriguez-
Quiroz et al. (2019). In these simulations, the OPL of the air cavity
was kept constant and equal to 94.23 um while the solid cavity OPL
was varied. When OPL,;, is significantly larger than OPL;4, the
Fourier spectrum exhibits three peaks as can be seen in the black
line graph of Figure 2A; this HFFPI configuration has been
extensively studied. In order to identify each peak, they were
labeled as P;, P,, and Ps, the position of each one indicates the
optical path length of the air, solid, and solid plus air cavity,
respectively. The spectra were normalized to the maximum
amplitude of P; when the maximum amplitude of P, occurs at
50.74 um; thus, it is possible to declare that OPL;yiq = 50.74 um.
When the solid cavity length is increased, P, shifts toward larger
OPL values and eventually when OPL,4 is slightly shorter than
OPL,;, only two peaks labeled as (P; + P,) and P appears as can
be seen in the orange spectrum of Figure 2A. The amplitude of the
peak (P + P,), resulting from the overlapping of P; and P, is
smaller than the amplitude of the original P;. When OPLy,j;; was
exactly equal to OPL,;,, the overlapping peak reached its largest
amplitude (pink spectrum). Then the amplitude decreases when
the OPLyig is slightly larger than the OPL,, (dark green
spectrum). The position of peak P; exhibits a red shift when
OPLy,q is increased, but its amplitude remains constant. In this
simulation, 7, = 1, = 1.000 and ngyp = 1.449.

In order to elucidate the behavior of the amplitude of the
resulting peak (P; + P;), a simulation study was carried out. The
optical path length of the air cavity was fixed, OPL,;, = 94.23 pm.
The optical path length of the solid cavity OPL,q4, that is, the
length of the SMF, was varied from an initial value of 75 pum, and
was increased with steps of 0.1 um until a final value of 115 um
was reached. Then the optical reflection spectrum was calculated
using Eq. 1, and finally, these spectra were transformed to the
Fourier domain. The amplitude of the peak (P; + P,) for each
value of the OPL,yiq is shown in Figure 2B. Depending on the
overlapping of the peaks P; and P,, corresponding to the solid
and air cavity, respectively, the amplitude of the peak (P; + P;)
drops 15% or increases by ~23% compared with the amplitude of
the P,. This overlapping condition can be accomplished
experimentally, according to the results of the simulation
presented in Figure 2B, when the length difference between
the CF and an SMF is smaller than 9 pm.

The effect of the RI of the external medium in the amplitude of
the peak (P; + P,) was also studied. In Figure 2C, the simulated
amplitude of the i-HFFPI was shown when n,,; was equal to 1.00,
1.30, 1.40, 1.50, and 1.60. It can be seen that when the OPL of air
and solid cavities are equal, the increment of n.,; produces a
decrement in the amplitude of the peak. In contrast, when the
OPL,;, is larger or smaller than the OPLyy by 5.8 um, the
amplitude of the peak increases when the 7,,; increases. The most
remarkable aspect in the response of the i-HFFPI, according to
the simulation, is the absence of ambiguity; that is, each value of
Mex¢ can be associated with one and only one peak amplitude. This
response is due to the changes in the amplitude of peak P; since it
is well known that the amplitude of P, is not affected by the
changes in the external medium refractive index.

Experimental Refractometric Response of
i-HFFPI

From the aforementioned discussion, several i-HFFPI  were
fabricated by splicing a single-mode fiber (SMF-28) and a
capillary fiber (CF, ID 56/OD 125) using a commercial fiber
splicer (Fitel s178) and a fiber cleaver. A SMF was spliced to the
CF to form the air-cavity of length L,, then the CF was cleaved
and spliced to another SMF, and finally, the SMF was cleaved
leaving a section of length L,. During each stage of the fabrication
process, the reflectance of the device was monitored, and some
spectra were recorded using the optical sensor interrogator
(Hyperion si255 from Micron Optics). The optical reflectance
of an i-HFFPI with cavity lengths of L; = 94.00 um and
L, = 68.25um is shown in Figure 3A, and the black line
spectrum was obtained when the fiber tip was surrounded by
air. The i-HFFPI tip was immersed in several liquid samples; the
procedure can be described as follows: first, the fiber tip was
cleaned by immersing it in water; after a minute, the fiber was
taken off and dried with compressed air; and then it was
immersed in ethanol for another minute and dried with air.
The procedure was repeated another two times, and finally, the
fiber was immersed in the sample for 5 min. Before and after
immersing the fiber in the liquid samples under test, it was
cleaned following the procedure described. In Figure 3A, it is
possible to see the optical spectra obtained when the fiber tip was
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FIGURE 3 | (A) Experimental spectra of the optical reflectance and (B)
the corresponding Fourier transform. (C) Changes in the magnitude of the
Fourier spectra peak when the i-HFFPI was immersed in different Cargille oils.

FIGURE 2 | (A) Reflectance of the HFFPI in the Fourier domain and (B)
maximum amplitude of the overlapped (black line) and P3 (red line) peaks to
different OPLsgjig While the OPL4; was constant. (C) Changes in the maximum
amplitude of the overlapped peak for different values of the external
refractive index (Next). The direction of the arrows indicates a decrement or an . . L. . .
augment of the aztpmude. immersed in the liquid samples. The amplitude of the peaks in the

spectra increases as the value of n.,; increases but as was expected,
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no spectrum shift was observed. The Fourier transforms of these
spectra are shown in Figure 3B. Only two peaks are observed, and
all the spectra were normalized to the maximum amplitude of the
first peak when the fiber was surrounded by air. Since the OPL,ig
is around 3.4 um larger than OPL,;,, when the fiber tip was
immersed into the liquids, the amplitude of the first peak
exhibited an increment. On the other hand, the amplitude of
the second peak decreased when the fiber tip was immersed in
liquids with refractive indexes of 1.318, 1.387, and 1.446. When the
fiber was immersed in the last liquid, the amplitude of the peak
reached a minimum, but when liquids with a larger refractive index
than 1.446 were used, the peak amplitude increased. The changes in
the amplitude of the first and second peaks of the Fourier spectra
obtained when the fiber tip was immersed in different liquids are
shown in Figure 3C. The first peak showed an increment of the
amplitude as the external refractive index was increased. No
ambiguity was observed in the behavior of the amplitude of the
first peak; thus, it was possible to construct a characterization curve
(black balls) that was approximated by a straight line (dotted black
line) with a positive slope of 0.60 RIU™". In contrast, the amplitude
of the second peak decreased for a refractive index smaller than
1.4459 and increased for higher values (red balls), and this is the
characteristic ambiguous behavior of a HFFPI.

One important aspect of the response of these devices is the
analysis of the stability in time and the analysis of the
repeatability. The i-HFFPI with cavity lengths of L; =
94.00 ym and L, = 68.25 ym was immersed in Cargile oil with
the highest refractive index of our series, with cavity lengths of
eyt = 1.733. The refractometric response of the device proposed
here is highly dependent on temperature. We have observed that
temperature increments produce an augment in the length of the
SMF section, producing a change in the amplitude of the
overlapping peak. Therefore, the refractive index measurement
must be done at a fixed temperature. We used a Mini Dry Bath to
maintain the temperature of the samples fixed. Prior the refractive
index measurements, an Eppendorf was filled with the sample
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FIGURE 5 | (A) Experimental spectra of the optical reflectance and (B)

the corresponding Fourier transform. (C) Changes in the magnitude of the
Fourier spectra peak when the i-HFFPI was immersed in different Cargille oils.

under test, then the container was put inside one of the
receptacles of the Dry Bath and the temperature was fixed.
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Then the i-HFFPI was carefully immersed in the liquid sample,
avoiding touching the bottom and the walls of the Eppendorf. The
spectra of the reflectance were recorded every 2 minutes for half
an hour. In Figure 4, the variations of the maximum of the first
peak of the Fourier transform spectra were shown. The largest
fluctuation of the peak maximum with respect to the mean value
was around 2 x 107,

The response of the other i-HFFPI was fabricated, this one
with L; = 50.20 um, and L, = 37.84 um was studied. The optical
spectra of the reflectance when fiber tip was immersed in different
Cargile oils are shown in Figure 5A; there is an increment in the
peaks of the interference pattern as the refractive index increases.
The spectra of the Fourier transform exhibit only two peaks,
indicating that two of the peaks are superposed, as can be seen in
Figure 5B. The amplitude of peak P; is almost equal to the
overlapped peak (P; + P,) when the fiber tip was surrounded by
air, and the spectra were normalized to the maximal amplitude of
the peak (P; + P,). The amplitude of the first peak increased as
the refractive index of the external medium was augmented;
however, for this device, the change was higher than the
previous one. In this interferometer, the intensity of the beams
is higher since the air cavity length is smaller. In Figure 5C, it is
possible to observe that the changes in the amplitude of the
overlapped peak increased when the refractive index of the
external medium is augmented, where the sensitivity of this
device around 0.821 RIU™" was higher than that of the larger
device as discussed previously. In this device, in which the OPL of
the air and solid cavities are very similar, it was possible to
measure liquids with refractive index higher than that of the SMF
core. The response of this device did not show ambiguity in the
refractive index range from 1 to 1.733.

CONCLUSION

In summary, an optical fiber refractive index sensor with an ultra-
long dynamic range [1, 1.733] was proposed and demonstrated.
This sensor is based on the changes of the intensity reflected by
the end-face of an isometric hybrid fiber Fabry-Perot
interferometer (i-HFFPI) caused by the changes of the
refractive index of the fiber tip surrounding the medium. The
particular structure of the interferometer, where the optical path
length of the air and solid cavities are very similar, allows
correlating the refractive index of the surrounding media with
the amplitude of one of the peaks of the interferometer spectra in
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