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A B S T R A C T   

Reflector-less refractive index (RI) sensors employ simple optical fiber strictures for the accurate detection of RI 
changes. They operate in absence of any reflective element such as gratings, filters, interferometers while 
maintaining the form factor of a reflective probe; the RI dependence is encoded in the Rayleigh backscattering 
signatures, and is interrogated using optical backscatter reflectometry. In this work, we present a new reflector- 
less fiber-optic sensor based on two-steps: (1) tapering an optical fiber, followed by (2) rapid etching of the fiber. 
The combination of the two steps allows obtaining significant advantages in terms of manufacturing, making the 
process simpler and increasing the distribution of the refractive index detection. The sensitivity obtained is up to 
110.9 GHz/RIU (refractive index units), with the possibility of detection over a length of 2.1 mm, with 0.035 mm 
average spatial resolution over distributed RI sensing.   

1. Introduction 

The development of optical fiber refractive index (RI) sensors [1] and 
biosensors [2–3] based on single-mode fibers (SMFs) has been quite 
substantial in the recent years [4] with the direction of outperforming 
multimode fiber sensors in applicability and resolution. 

Sensors operating with plasmonic fibers [5–6] based on a heavily 
multimode structure such as large-core glass fibers [7] or polymer fibers 
[8] have been commonly employed in RI detection, in applications such 
as water quality monitoring [9] or chemical sensing [7], taking advan
tage of low-cost hardware such as portable spectrometers [10] or 
smartphones [11]. RI sensors are also the building block of label-free 
biosensors, with the addition of a surface functionalization [2]. These 
systems however have three main problems that limit their potential for 
applications: 1) due to the large number of propagating modes, despite a 
high RI sensitivity, the biological or biochemical detections are 
hampered by large number of weakly guided modes; 2) spectrometers 
have resolution approaching the nanometer-level, while telecom-based 
interrogators can detect wavelengths below the picometer level [4]; 3) 
plasmonic structures operate in transmission, while in situ biomedical 
applications demand for reflective probes with compact form factors. 

For this reason, SMF fibers biosensors have gained a significant 

interest; the main architectures are long-period gratings [12], tilted fiber 
Bragg gratings [13–14], modal interferometers [15–16], micro-fiber 
interferometers [17] and on-tip fiber devices [18]. These systems 
allow achieving high performance ratings with narrow wavelength 
resolution hardware; however, as reviewed in [4], their fabrication is 
quite cumbersome, not industrially scalable due to the fact that high 
performance can be achieved only by the combination of inscription of 
reflective elements and fiber manipulations (such as splices of non- 
standard fibers or operation with photonic crystal fibers) that cannot 
be scaled, or by tapering structures that reduce the fiber thickness to few 
micrometers, making the fiber very fragile for any packaging [19]. 

In contrast, the concept of reflector-less RI sensors [20–22] and 
biosensors [23] was introduced as an alternative to these methods with a 
much simpler and scalable fabrication; the essence of reflector-less 
sensing is to operate without any reflective element, using a single- 
mode fiber with a simple and scalable fabrication, and encoding the 
entire detection in the interrogation of Rayleigh [24] or Brillouin [25] 
scattering signatures. 

Reflector-less RI sensors are interrogated using optical frequency- 
domain reflectometry methods; in the most common implementation 
where the reflection is encoded in the Rayleigh scattering, the interro
gator is an optical backscatter reflectometer (OBR) [26]. For this 
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approach, the same hardware and software routines currently employed 
in high-resolution distributed sensing can be used for the RI detection, 
allowing a distributed detection of the RI over a short distance. The 
possibility of detecting the RI changes with the addition of a spatial 
distribution can open important avenues in the development of smart 
medical devices, that perform continuous monitoring of drug delivery 
[27]; exploiting the miniature form factor and the biocompatibility (ISO 
10,993 standard) of optical fibers, a distributed detection of the RI can 
be achieved. While most recent distributed systems do not operate in 
reflection, as they employ macrobending configurations [28–29] that 
cannot be embodied in a miniature medical device, reflector-less bio
sensors operate in reflection with a terminated fiber, which is suitable 
for packaging and catheterization. Typical applications demand the 
detection of 10-3 RIU (refractive index units), and since most OBR sys
tems have accuracy around 0.07 GHz, sensitivity figures around 70 
GHz/RIU are required [20]. 

In this work, we introduce a new reflector-less fiber optic RI sensor 
that combines fiber tapering and a subsequent wet-etching of the fiber 
surface; this approach provides the best trade-off between fabrication 
ease, sensitivity, and width of RI detection while maintaining the 
functionality as a reflective probe. The fabrication is based on a standard 
shallow taper on a telecom fiber, based on a CO2 laser splicer; it is fol
lowed by a short wet-etching process which enhances the sensitivity. 
This two-step approach is first evaluated numerically, showing the 
changes in the fiber effective index (converted by the OBR into a fre
quency shift [30]); then, it is experimentally verified on a device etched 
up to 3 min in hydrofluoric acid. The proposed approach extends over 
previous reflector-less biosensors as it simplifies the fabrication process, 
using commercial splicers for taper fabrication and a shorter etching 
process for sensitivity enhancement. 

2. Working principle 

In order to understand the working principle of this reflector-less 
fiber sensor which presents the combination of two fabrications, 
namely tapering and etching, it is necessary to investigate the mode 
propagation in the fiber. Particularly, it is of interest to analyze the re
gion of the fiber which presents the modification, since the tapered and 
etched region is where the sensing capability shall occur. The region 
presents a modified geometry that deviates from the ideal case of the 
pristine fiber where the modes are completely confined in the core and 
the cladding thickness is enough to prevent any interaction between the 
core modes and the external analyte. In the tapered and etched region, 
two relevant effects appear: the reduction of core size, given by the 
tapering, which can induce a migration of the core modes inside the 
cladding; the reduction of the cladding thickness, which can improve the 
interaction between the guided modes and the external analyte. These 
two combined effects have an impact on the sensing capability of the 
structure, and it is necessary to assess, from the theoretical point of view, 
when these effects start to appear and what is their impact on the 
propagation properties. It is of interest to estimate the effective refrac
tive index (neff) of the Fundamental Mode (FM), which gives an idea of 
how much the modes are confined in the core or expanded in the 
cladding. Furthermore, it is directly related to the backscattering spec
trum taken by the OBR, whose shift is used to determine the value of the 
analyte refractive index. It is also of interest to estimate the Mode Field 
Diameter (MFD) because it gives an insight of the interaction of the 
propagating modes with the analyte. 

In a standard telecommunication fiber, it is possible to estimate, 
under particular approximation, the guidance properties of the light by 
knowing the index contrast between core and cladding. The approxi
mation relies on the fact that the cladding diameter is much larger than 
the core diameter, so that the reflection from the cladding-coating 
interface is negligible. In the structure presented here such an approxi
mation is not valid anymore since the etching process significantly re
duces the thickness of the cladding. The fiber becomes a three-layer 

structure consisting of core, cladding, and external analyte, which can 
be investigated by a numerical analysis based on Finite Element Method 
(FEM) [31]. FEM is particularly useful to assess the modes propagation 
properties of a cylindrical structure like an optical fiber, or in this case, 
like a tapered and etched region of an optical fiber, since the propaga
tion propertied are fully determined by the geometry of the fiber cross 
section. The problem to solve is a second order boundary value problem 
that derives from the application of time-harmonic Maxwell equations to 
the fiber structure where the proper boundary conditions are imposed. 
After the discretization of the 2D cross-section imposed by the FEM, the 
boundary value problem becomes an algebraic problem, namely a 
modified eigen value problem, where the eigenvectors represent the 
field distribution of the modes, while the eigenvalues are their related 
effective indices [32]. 

To simulate the three-layer structure, it has been considered a 
Corning SMF-28 Ultra, a typical Single Mode Fiber (SMF) for telecom
munications that can also be effectively used as distributed sensor in 
OBR systems [33]. The fiber parameters, which are relevant for the 
simulations, are shown in Table 1. 

The producer does not reveal the recipe of the fiber profile nor the 
value of the refractive index of the glass used in the fiber, therefore for 
the simulations it has been assumed a perfect step index profile and a 
value of the cladding refractive index equal to 1.4449 at the working 
wavelength of 1550 nm. With such assumptions the propagation char
acteristics of the Corning SMF-28 Ultra, in particular the MFD and the 
Effective Group Index, have been matched. For the numerical analysis it 
has been considered the working wavelength of 1550 nm, which is the 
central wavelength of the OBR spectrum. The parameters that have been 
considered for the simulations are the Tapering Ratio (TR), which is the 
proportional resizing of core and cladding, and the Etching Factor (Fetch), 
which represents the percentage of cladding that is removed through the 
etching process. The tapering ratio has been varied from 0.1 to 1, 
equivalent to the untampered fiber, and the etching factor has been 
varied for 0.2 to 1, equivalent to the unetched fiber. The final radii of the 
core and cladding are defined by the following formulas: 

Rcofinal = Rcounetched • TR (1a)  

Rclfinal = (Δclunetched • Fetch +Rcounetched) • TR (1b)  

where Rco and Rcl are the radii of, respectively, core and cladding, while 
Δcl is the thickness of the cladding equal to Rcl – Rco. The schematic of 
the structure is shown in Fig. 1. 

In order to understand the behavior of structure in response to the 
variation of the external analyte refractive index, three different RI have 
been considered: 1.318 which is the refractive index of pure water at 
1550 nm, 1.36425 which corresponds to a 25% sucrose solution, and 
1.4105 which corresponds to a 50% sucrose solution. From the simu
lation, it is possible to understand that both tapering and etching are 
necessary to increase the sensitivity of the reflector-less sensor to the 
external analyte. In particular, the tapered fiber without etching shows 
an extremely poor interaction with the external analyte, as depicted in 
Fig. 2. 

The effective index of the fundamental mode of the unetched fiber, 
which can be considered the main factor for the backscattering spectral 

Table 1 
Corning SMF-28 Ultra specifications.  

Fiber parameter Value 

Core Diameter 8.2 μm 
Cladding Diameter 125.0 ± 0.7 μm 
NA (measured on near field @ 1310 nm) 0.14 
Effective Group Index of Refraction @ 1310 nm 1.4676 
Effective Group Index of Refraction @ 1550 nm 1.4682 
Mode Field Diameter @ 1310 nm 9.2 ± 0.4 μm 
Mode Field Diameter @ 1550 nm 10.4 ± 0.5 μm  
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Fig. 1. The schematic of the structure which has been tapered and then etched. The modal analysis has been performed on the cross-section of the etched area.  

Fig. 2. Variation of the effective index of the fundamental mode with respect the variation of the tapering ratio, the etching factor, and the refractive index of the 
external analyte. (a) Comparison between the tapered fiber with no etching and etching of 0.2 Fetch. (b) Shift of FM effective index calculated between a 25% sucrose 
solution and pure water. 

Fig. 3. Ratio between the MFD and the modified cladding diameter, simulated by varying the taper ratio and the etching factor, calculated using as analyte the 25% 
sucrose solution. 
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shift, presents a modest variation, in the best case of 0.1 tapering ratio, 
equivalent to 2.4 × 10-4 over a large refractive index variation of 0.093 
RIU. With the same tapering ratio, a 0.2 etching factor fiber presents 9.5 
× 10-3 effective index shift, roughly 40 times bigger. It is worth noting 
that the sensitivity of the FM effective index to the external analyte 
becomes more evident when the tapered fiber starts to excite the clad
ding modes. This happens with tapering ratios from 0.4 to 0.6, also 
depending on the etching factor. By considering analytes with refractive 
indices around 1.36, value more significant for the experimental work 
presented in the next sections, the etched fiber improves the FM effective 
index shift of a factor of roughly 100, as depicted in Fig. 2(b). 

The improvement of the interaction between propagating light and 
analyte can be detected also by the analysis of the MFD. Fig. 3 shows 
ratio between the MFD and the modified cladding diameter, after the 

Table 2 
Taper fabrication parameters using CO2 laser splicer.  

Taper fabrication parameter Value 

Initial fiber diameter 125 µm 
Waist diameter 30 µm 
Left taper length 2 mm 
Waist taper length 5 mm 
Right taper length 2 mm 
Pre-heat 0 bits 
Absolute power 602 bits 
Relative power 8 bits 
Waist add 20 bits 
Pulling speed 0.8 m/s  

Fig. 4. Profilometry of the fiber taper, along the x/y directions compared to the designed taper profile.  

Fig. 5. Frequency shift along the fiber taper, sampled with 19.8 μm resolution for RI values increasing from 1.3522 to 1.3629. The Rayleigh frequency shift is 
recorded with reference value as 10% sucrose concentration. (a) Bare taper, with no etching. (b) Taper etched for 3 min in HF. 
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tapering and the etching, calculated with the 25% sucrose solution an
alyte. It is possible to see that with stronger etching the penetration of 
the propagating light into the analyte is consistent also for moderate 
tapering ratios. 

3. Fabrication and interrogation 

As for the previous works related reflector-less sensors [20–23], a 
high-scattering fiber was employed in the etched taper structure in order 
to compensate for the propagative losses. The fiber with enhanced 
backscattering was obtained by drawing a preform of 10 mm diameter. 
This preform was fabricated using a conventional MCVD (Modified 
Chemical Vapor Deposition) process [34]. A GeO2-doped silica porous 
core layer was immersed in the doping solution for 3 h. 30′. This solution 
was composed of a mixture of chloride salts, LaCl3 (0.7 mol/L), dis
solved in ethanol. La ions were introduced to trigger amorphous phase- 

separated nanoparticles formation. After the doping step, the porous 
layer was sintered applying a temperature ramp up to 1800 ◦C. Then the 
tube collapsed into the final preform at a temperature above 2200 ◦C. 
The drawing of the fiber took place at a temperature around 2050 ◦C. 

Subsequently, the fiber was tapered down to about 30 μm with a CO2 
laser splicer (Fujikura LZM-100). The taper fabrication parameters, as 
set on the splicer, are listed in Table 2; the power is expressed in “bits” 
units to maintain the uniformity to the splicer settings. The profile of a 
taper with 29 μm thickness is shown in Fig. 4. 

After tapering, the fiber was wet-etched with Hydrofluoric acid (HF) 
(48%) for 3.5 min in fume hood at room temperature. The tapered re
gion was located inside plastic lid of Eppendorf tube as it remains intact 
under the effect of HF acid. In 3.5 min, the taper was rinsed with DI 
water 3 times. 

Etching was followed by calibration of the tapered fiber with various 
concentrations of sucrose solution diluted in water in order to measure 

Fig. 6. Performance analysis for the etched-tapered reflector-less sensor after 3 min of wet-etching. (a) Sensitivity estimated for each point along the fiber length, 
sampled with 19.8 μm resolution; for each section of the taper, the RI sensitivity has been estimated through a linear regression for the frequency shift for 8 different 
RI values ranging from 1.3497 to 1.3629. (b-e) Highlight for the RI sensitivity visualized for 4 different taper sections corresponding to the markers in the sensitivity 
trace: (b) Length 0.02 mm, corresponding to 110.9 GHz/RIU sensitivity; (c) Length 0.75 mm, corresponding to 90.2 GHz/RIU sensitivity; (d) Length 0.91 mm, 
corresponding to 101.5 GHz/RIU sensitivity; (e) Length 1.32 mm, corresponding to 77.8 GHz/RIU sensitivity. 
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refractive index change. RI values of sucrose solution used in our study 
range from 1.33304 up to 1.36292. 

4. Experimental results 

Fig. 5 shows the working principle of the etched tapered reflector- 
less RI sensor. The chart displays the frequency shift observed along 
the fiber axis, whereas the zero location is in correspondence of the 
estimated location of the taper waist; the shift is recorded through the 
OBR with spatial resolution 19.8 μm, for RI values increasing from 
1.3522 to 1.3629 (ΔRI = 10.7 mRIU). 

The chart shows the effect of the fiber etching as a tool to increment 
the sensitivity. The first chart shows the bare taper, in absence of 
etching. The frequency shift is a noisy signal, limited by the OBR ac
curacy, in which the shift is perceived only at the highest value of RI. The 
second chart shows the frequency shift observed on the same device, 
after 3 min etching in HF. We can observe a visible increment of 

sensitivity, as the shift is 2.1 GHz for the smaller RI value and rising over 
2.8 GHz for the largest RI change. We also observe that the frequency 
shift envelope appears to have a clearer pattern, achieving its peak 
around 0.1–0.2 mm after the estimated position of the taper waist. From 
this chart, we can perceive the distributed pattern of the RI detection, as 
the sensitivity to RI is encoded in a set of locations in proximity of the 
fiber taper waist. 

The effect of a 3-minute wet-etching in HF is visualized in Fig. 6. The 
first chart shows the sensitivity of the Rayleigh frequency shift to the 
changes of surrounding RI, measured over the whole taper region (3.9 
mm). We observe that in correspondence of the taper waist we observe 
the maximum sensitivity (110.9 GHz/RIU); in this region the sensitivity 
peaks at the taper waist, and then drops below 60 GHz/RIU when 
moving − 0.2 mm to + 0.3 mm away from the peak of the sensitivity. 
Towards the negative lengths, in correspondence to the abrupt transition 
in the taper, the sensitivity appears to drop; on the other side, in the 
rightmost part of the taper the sensitivity holds high values in several 

Fig. 7. (a) Sensitivity along each point of the fiber length, for the fabricated taper, and for the etched taper with 2 and 3 min of etching in HF; the upper bandwidth of 
2.1 mm identifies the portion of lengths in which the sensitivity overcomes the target 70 GHz/RIU for the 3-min etched taper. (b) Within the RI sensing range (106 
sensing points), the histogram shows the frequency of each sensitivity value. (c) For the 56 values having sensitivity > 70 GHz/RIU, the histogram shows the 
frequency of the spatial resolution between two neighboring points with sensitivity > 70 GHz/RIU. 
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data points, as in the 0.5 – 2.0 mm region we can observe that in several 
location the sensitivity is high. 

Fig. 6(b-d) breaks down the RI sensitivity for some of the fiber lo
cations, showing how the RI sensitivity is computed in several points 
along the taper length. The charts report the Rayleigh frequency shift for 
8 different RI values spaced over 13.2 mRIU, estimated in the peak 
sensitivity point (0.02 mm length) and for different data points from 0.6 
to 1.4 mm whereas sensitivity ratings > 70 GHz/RIU are observed. The 
presence of a plurality of sensing points with relevant sensitivity enables 
short-range distributed RI sensing over a distance of about 2 mm. 

The effect of wet-etching is shown in Fig. 7(a), where the sensitivity 
for each sensing point is compared, displaying the original taper and the 
etched taper (2–3 min in HF). For the taper without etching, the 
maximum figure rating that can be observed is < 60 GHz/RIU; the most 
notable feature is bandwidth around 1.1–1.6 mm but the sensitivity is 
low. By etching for 2 min in HF, the sensitivity curve observes a rounder 
pattern, with a peak around the taper waist. The maximum value is 79.9 
GHz/RIU, and we observed a 0.2 mm range of values in which the 
sensitivity overcomes the 70 GHz/RIU threshold. By further etching (3 
min in total), we observe that the sensitivity rises across the whole 
tapered region: from − 0.12 mm to 1.98 mm (2.1 mm range in total), we 
observe a bandwidth of sensitivity values that overcomes the threshold. 

Within the operative bandwidth of the taper (106 sensing points) we 
can perform a statistical analysis of the RI distributed sensitivity. Fig. 7 
(b) shows the frequency of each sensitivity value: 50 sensing points 
(47%) have sensitivity lower than the threshold, while 37% of the 
sensing points achieve 70–90 GHz/RIU sensitivity. We can define as the 
spatial resolution the distance between two adjacent sensing points with 
sensitivity over the threshold; the statistics of the spatial resolution are 
listed in Fig. 7(c), where the majority of the sensing points have reso
lution 0.02 mm equal to the nominal resolution of the OBR, and a few 
other points have resolution up to 0.20 mm due to some low-sensitivity 
points. Overall, the average spatial resolution is 0.035 mm which con
firms the distributed refractive index detection of the etched-taper 
reflector-less sensor. 

In order to prove the repeatability of the etching-tapering approach, 
Fig. 8 shows the RI sensitivity made for a different taper, having similar 
characteristics of the previous one (30 μm diameter, etching for about 2 
min). We again observe a similar peak sensitivity (107.7 GHz/RIU) and 
sensing range (-0.15 mm to 2.01 mm, for a total of 2.16 mm). 

5. Conclusions 

This work reports a reflector-less refractive index fiber-optic sensor, 
based on a two-step etched-tapered fiber approach with interrogation 
based on OBR distributed sensing. The structure of the sensor is based on 
a shallow taper (~1/5 of the original fiber diameter), subsequently wet- 
etched in a HF bath. The obtained sensitivity achieves a maximum value 
of 110.9 GHz/RIU, evaluated as the Rayleigh scattering frequency shift 
as a function of the surrounding RI change. The sensor operates as a 
distributed RI sensor, with 2.1 mm operative range and 56 sensing 
points with sensitivity > 70 GHz/RIU, which allows demodulating RI 
changes > 10 mRIU with average spatial resolution 0.035 mRIU. 

The achieved results are in line with previous reflector-less bio
sensors; in terms of RI sensitivity, the obtained results have sensitivity 
similar to the stand-alone etched fiber [23] however while the etching 
process for a fiber requires several minutes (~45 min as previously re
ported), which causes the fiber to become fragile and less suitable to 
sustain a biofunctionalization process and a biological measurement, in 
this work wet-etching is limited to 3 min and maintains the tensile 
strength and mechanical robustness of the original fiber. In addition, the 
etching process broadens the sensitive area, reaching a length of 2.1 
mm, which is 40–20 times wider than the taper alone [20]. Overall, the 
two-step approach provides a scalable manufacturing process, since the 
fabrication of a shallow taper with a CO2 laser splicer is < 1 min, and the 
etching process can be automated as in industrial electronics [35]. The 
fabrication process proposed in this work enables reflector-less sensors 
with adequate sensitivity ratings, while obtaining a high fabrication 
throughput. With respect to tapered fibers, the proposed approach al
lows loosening the specifications for taper waist diameter, which results 
in a simpler tapering process with most commercial CO2 laser or arc- 
induced splicers; conversely, the etching process is much faster and 
scalable than etching-only reflector-less biosensors, which has been re
ported for over 45 min wet-etching. 

The proposed method extends reflector-less RI sensors to over 2 mm 
sensing range, maintaining a distributed sensing factor and enabling the 
detection of small RI changes. The probe is compatible to label-free 
biosensors, as the surface of the fiber can be functionalized with bio
receptors; the system can also open important perspectives in the design 
of smart drug delivery systems [27 36]. 

Fig. 8. Refractive index sensitivity for a different etched fiber taper, made from a taper with 30 μm diameter after 2 min exposure in HF; the horizontal line marks the 
70 GHz/RIU threshold. 
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