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Abstract: New miniaturized sensors for biological and medical applications must be adapted to
the measuring environments and they should provide a high measurement resolution to sense
small changes. The Vernier effect is an effective way of magnifying the sensitivity of a device,
allowing for higher resolution sensing. We applied this concept to the development of a small-size
optical fiber Fabry–Perot interferometer probe that presents more than 60-fold higher sensitivity to
temperature than the normal Fabry–Perot interferometer without the Vernier effect. This enables the
sensor to reach higher temperature resolutions. The silica Fabry–Perot interferometer is created
by focused ion beam milling of the end of a tapered multimode fiber. Multiple Fabry–Perot
interferometers with shifted frequencies are generated in the cavity due to the presence of multiple
modes. The reflection spectrum shows two main components in the Fast Fourier transform that
give rise to the Vernier effect. The superposition of these components presents an enhancement of
sensitivity to temperature. The same effect is also obtained by monitoring the reflection spectrum
node without any filtering. A temperature sensitivity of −654 pm/◦C was obtained between 30 ◦C
and 120 ◦C, with an experimental resolution of 0.14 ◦C. Stability measurements are also reported.

Keywords: optical fiber sensor; Fabry–Perot interferometer; temperature sensing; focused ion beam;
Vernier effect

1. Introduction

Biological and medical applications require minimally invasive sensors, especially for in-vivo
operation. Therefore, the current tendency is towards developing miniaturized sensors that are
capable of measuring physical, chemical, and biochemical parameters. For this purpose, Fabry–Perot
interferometers (FPIs) are a type of sensing structure that has been explored due to the ability of
producing sensing probes that can be optically interrogated in a reflection configuration.

Traditional FPIs involve the creation of a diaphragm at the end of an optical fiber [1]. New FPI
configurations using different types of fibers, or even ablation techniques to structure fiber tips,
allowed for measuring different sensing parameters. Hollow-core silica tube FPIs [2], silicon-core
FPIs [3], photonic crystal fiber FPIs [4], and femtosecond laser-milled FPIs [5] are some examples
of structures proposed. Focused ion beam-milled FPI cavities in fiber tips have also been explored,
especially regarding the advantage of creating small sensing structures in thin fiber tips, which can be
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smaller than a single cell. For example, air and silica FPIs in fiber tips were demonstrated in 2016 [6].
Ultra-short FPI cavities milled in microfibers were also proposed as miniaturized sensing devices [7].

In terms of temperature sensing, conventional silica FPIs are limited by the thermo-optic coefficient
of silica and to a lesser degree by the thermal expansion coefficient. Typical temperature sensitivity
values for these structures range from 10 pm/◦C to around 20 pm/◦C [2,6,8,9]. To overcome this
problem, polymers started to be implemented. Polymer FPIs can attain temperature sensitivities that
are one order of magnitude higher due to their high thermal expansion coefficient [10,11].

However, their use is also limited to temperatures below the polymer melting point. Apart from
polymers, other possibilities to break this limit include creating sensing structures that present other
effects beyond the normal FPI, such as multimode interference [12], or show a non-linear response
behavior [10,12].

Recently, the Vernier effect has increasingly been used in optical fiber sensing due to its ability to
enhance the measurement sensitivity [13–17]. With this, interferometric sensing structures can achieve
higher spectral shift, allowing for higher resolution measurements [18]. The Vernier effect occurs in the
presence of two interferometers with slightly shifted frequencies. The superposition of the two spectra
originates a beat between the two frequencies, producing a large envelope with interesting properties.
For instance, the spectral shift that is caused by the measurands is magnified in the envelope when
compared with the normal shift of the single interferometers [18].

In this work, we apply the concept of the Vernier effect to produce a focused ion beam-milled silica
Fabry–Perot interferometer probe that is capable of achieving an enhanced spectral shift to temperature
compared to the conventional silica cavity in a fiber tip. The silica Fabry–Perot interferometer is created
at the end of a tapered multimode fiber tip. Multiple individual interferometer effects with shifted
frequencies are created, generating beats between them. The envelope presents a node that shows a
magnified wavelength shift to temperature due to the Vernier effect.

2. The Optical Fiber Probe

2.1. Fabrication Process

The fiber probe was fabricated using a step-index multimode optical fiber (MMF) (FG050LGA,
Thorlabs GmbH, Munich, Germany) with an inner core diameter of 50 µm and a standard outer
diameter. The MMF was tapered down using a CO2 laser, which created a sharp tip that is suitable
to be post-processed. Afterwards, the sensing structure was created at the MMF tip by focused ion
beam milling.

To use such technique, it is necessary to deposit a thin layer of a conductive material (carbon)
on the fiber in order to suppress the surface charging effects. Charge accumulation can deviate the
ion beam, originating unwanted milled regions and inaccurate milling geometries by drift effects.
The fiber was mounted and fixed in an aluminum holder with a droplet of carbon glue (DOTITE XC-12,
Fujikura Kasei Co., Ltd., Tokyo, Japan). The whole set was then carbon-coated by means of a LEICA
EM ACE600. The sample was placed at a working distance of 50 mm, with a 5◦ stage tilt. Nine pulses
were applied with a chamber pressure of 6 × 10−5 mbar to deposit a nearly 6 nm-thick carbon film on
the sample.

A Tescan (Lyra XMU) focused ion beam—scanning electron microscope (FIB-SEM)—was used to
create a silica cavity in the MMF tip. The fabrication process is illustrated in Figure 1. First, the fiber
end was cleaved with an ion current of nearly 1 nA. A 2 µm-wide, 7 µm-high air cavity was milled
60 µm away from the cleaved edge. At the position of the air cavity, the fiber has a diameter of 11.6 µm.
The fiber edge was polished using the same current in order to produce a smooth surface that will act
as a mirror through Fresnel reflection. During the milling of the cavity, some of the removed material
is redeposited in the side walls, creating an irregular surface. Therefore, it is essential to polish the
cavity walls to create smooth surfaces, preventing light from being scattered to the outside. The side
polishing was performed with a current of 800 pA.



Sensors 2019, 19, 453 3 of 9

Sensors 2018, 18, x FOR PEER REVIEW  3 of 9 

 

The sensor was disassembled from the aluminum holder by acetone to remove the carbon glue. 94 
The whole structure was placed in an ultrasonic bath with acetone for 10 minutes in order to clean 95 
the sensing head and remove carbon glue residues.  96 

 97 

Figure 1. The sensing structure is fabricated by focused ion beam milling. (a) Fiber tip cutting and 98 
milling of a small air cavity. (b) Edge polishing and cavity side polishing. (c) Scanning electron 99 
microscope image of the final structure. 100 

Figure 1 also shows a scanning electron microscope image of the final MMF probe. The fiber 101 
probe is comprised of a 2.7 µm-wide air cavity and a 60.2 µm-wide silica cavity being located between 102 
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than the predicted 7 µm due to material redeposition during the milling process. Figure 2a shows the 104 
reflection spectrum of the structure before and after milling. In reflection, the silica and air cavities 105 
work as Fabry–Perot interferometers, and so the reflection spectrum presents an interferometric 106 
behavior.  107 

 108 
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Figure 1. The sensing structure is fabricated by focused ion beam milling. (a) Fiber tip cutting and
milling of a small air cavity. (b) Edge polishing and cavity side polishing. (c) Scanning electron
microscope image of the final structure.

The sensor was disassembled from the aluminum holder by acetone to remove the carbon glue.
The whole structure was placed in an ultrasonic bath with acetone for 10 minutes in order to clean the
sensing head and remove carbon glue residues.

Figure 1 also shows a scanning electron microscope image of the final MMF probe. The fiber probe
is comprised of a 2.7 µm-wide air cavity and a 60.2 µm-wide silica cavity being located between the air
cavity and the polished fiber end. Note that the final height of the air cavity is 6.1 µm rather than the
predicted 7 µm due to material redeposition during the milling process. Figure 2a shows the reflection
spectrum of the structure before and after milling. In reflection, the silica and air cavities work as
Fabry–Perot interferometers, and so the reflection spectrum presents an interferometric behavior.
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Figure 2. (a) Reflection spectrum, before and after milling the cavity. After milling, the reflection
spectrum presents an interferometric behavior. (b) Reflection spectrum in a broader wavelength range.

2.2. Working Principle

As explained before, both the air and silica cavities act as Fabry–Perot interferometers, where light
is partially reflected at each air-silica interface through Fresnel reflections. However, since the reflection
at each interface is very small (less than 3.5%), the response can be approximated as a two-wave
interferometer. The distance between two interference minima, commonly known as the free spectral
range (FSR), is given by [19]:

FSR =
λ1λ2

2ne f f L
, (1)

where λ1 and λ2 are the positions of the minima, ne f f is the effective refractive index, and L is the
cavity length. The FSR corresponding to the normal Fabry–Perot interferometer given by the silica
cavity is around 12.9 nm. However, due to the presence of multiple modes, the silica cavity produces
the effect of several Fabry–Perot interferometers, one for each mode, with slightly different frequencies.
The superposition of all interferometers results in different beatings, producing a complex envelope
that shows a node, as seen in Figure 2b.
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As seen before, the Vernier effect is generated in the presence of two interferometers with shifted
frequencies, producing a large envelope that shows a magnification of the spectrum shift. However,
the Vernier effect is also presented in more complex structures, such as multi-beam interferometers,
where the interference between a fundamental mode and several higher order modes is observed [17],
such as the structure proposed in this work.

In order to understand the origin of this node in the reflection spectrum, a fast Fourier transform
(FFT) was performed. When considering that the range of wavelengths used in the measurements
is very broad, to perform a fast Fourier transform, one needs to make sure that the spacing between
the interference fringes (FSR) is the same in all regions of the spectrum, eliminating its wavelength
dependence. To do so, the wavelength data were converted into optical frequencies (v = c/f ), where c
is the speed of light in vacuum. Between two interference minima, the phase change is equal to 2π,
which in terms of optical frequencies can be translated to:

∆ϕ = 2π =
2π

λ1
ne f f 2L− 2π

λ2
ne f f 2L =

2πν1

c
ne f f 2L− 2πν2

c
ne f f 2L, (2)

where neff is assumed the same for both wavelengths. In this new scale, the free spectral range in
frequency (FSRv = v1 − v2) is now given by [7]:

FSRν =
c

2ne f f L
↔ OPD = 2ne f f L =

c
FSRν

, (3)

where OPD is the optical path difference. The FFT of the reflection spectrum in optical frequencies can
now be represented in terms of optical path difference, since the FFT X-axis represents an inverse unit
of frequency. The result is shown in Figure 3.Sensors 2018, 18, x FOR PEER REVIEW  5 of 9 
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Figure 3. Fast Fourier transform of the reflection spectrum. Inset: Predominant components of the
reflection spectrum, corresponding to the two peaks presented in the fast Fourier transform (FFT).
The wavelength shift with temperature for corresponding to the normal Fabry–Perot interferometer is
9.7 pm/◦C.
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Note that three distinct physical cavities are presented in the structure: the air cavity (OPD = 2 ×
3 µm), the silica cavity (OPD = 2 × 1.444 × 60 µm), and the air cavity together with the silica cavity
(OPD = 2 × 3 µm + 2 × 1.444 × 60 µm). The optical path difference of the air cavity is very small
(6 µm), which produces an interference signal with a long FSR, enough not to have a major impact in
the reflection spectrum. This peak is masked by the peak at zero OPD. The optical path difference of
the silica cavity corresponds to the FFT peak at 175.4 µm. It is clearly visible that this peak extends to
slightly higher optical path differences, which corresponds to the combination of the air plus silica
cavities, as discussed before. For the analysis performed next, the effect of the air cavity in the silica
cavity OPD can be neglected, since the air gap is very small [1].

The reflection spectrum exhibits two major components (two FFT peaks with high magnitude).
Both components arise from the silica cavity and from the fact that in the structure multiple modes can
propagate, as discussed previously. The effective refractive index difference between the two major
components is 0.26. In reality, the reflection spectrum does not resemble the beating between just two
frequencies but rather consists of different interferometers of shifted frequencies, originating multiple
beats between them. However, note that many of the envelopes that are produced in these multiple
interferences have longer FSR, and so they are not clearly visible within the wavelength window used
for the measurements. Therefore, the FFT only shows the contribution of the components that fit to
the wavelength range used. The superposition of the two main components in the FFT causes the
reflection spectrum node, as previously seen.

To prove the existence of the Vernier effect in the structure, let us just consider the two main
frequencies of the spectrum. An FFT bandpass filter was applied to the measured FPI’s reflection
spectrum (Figure 2b) to isolate the two main components with OPDs equal to 175.4 µm and 142.77 µm,
respectively. The result is depicted in the inset of Figure 3.

The superposition between the two main frequencies filtered from the reflection spectrum
generates an envelope, due to the Vernier effect, that shows a wavelength shift with temperature,
as presented in Figure 4. The envelope originates from the beating between the two main
frequencies and presents a frequency that is equal to the difference between the frequencies of both
components. Such frequency can also be seen in the FFT of the reflection spectrum (OPD = 32.63 µm).
The temperature sensitivity of the envelope minimum is −670 pm/◦C between 30 ◦C and 120 ◦C,
much higher than the normal wavelength shift of the normal Fabry–Perot interferometer (9.7 pm/◦C
at 1485 nm, as shown in Figure 4).
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Figure 4. (a) Superposition of the two main components filtered from reflection spectrum, at different
temperatures. (b) Wavelength shift of the envelope minimum as a function of temperature.
The envelope shows a temperature sensitivity of (−670 ± 33) pm/◦C.

Instead of relying on filtering processes, one can simply obtain the same response by monitoring
the envelope node in the reflection spectrum, as observed in Figure 5.
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3. Temperature Characterization

The reflected interferometric signal was measured by means of a supercontinuum optical
source (Fianium, WL-SC-400-2, NKT Photonics GmbH, Cologne, Germany), an optical circulator,
and an optical spectrum analyzer (OSA, Yokogawa Electric Corporation, Tokyo, Japan). For practical
applications, alternative configurations involving less expensive commercial devices, for example,
with a tunable laser can be implemented. The signal was previously normalized, with the reflected
signal from a cleaved single mode fiber in air (around 3.5% Fresnel reflection) being taken as a reference.
The fiber probe was submitted to different temperatures, ranging from 30 ◦C to 120 ◦C, in a tubular
oven (Ströhlein Instruments). The position of the node was tracked, without the use of any filters,
as a function of temperature by following the average of the minimum of the upper envelope and the
maximum of the lower envelope. The wavelength shift of the node is depicted in Figure 5. A linear fit
was applied to the experimental data, obtaining a temperature sensitivity of (−654 ± 19) pm/◦C.

To evaluate the stability of the sensing structure and determine the detection accuracy,
10 consecutive measurements were performed at two different temperatures, 89.54 ◦C and 94.51 ◦C.
To ensure a good thermal stability, the sensor was placed in an aluminum box inside a Carbolite oven
with high volumetric capacity. The aluminum box partially attenuates the thermal fluctuations of
the oven caused by its PID control. A PT100 thermometer was also placed inside the aluminum box
together with the MMF probe to help in monitoring thermal stability. To make sure that a good thermal
equilibrium was achieved, the oven was allowed to stabilize for 4 h at each temperature before the
measurements were performed. The stability results are shown in Figure 6. The maximum standard
deviation achieved was 96.98 pm, which corresponds to a detection accuracy of 0.14 ◦C. The value
obtained corresponds to half of the OSA resolution used for the measurements (200 pm). Therefore,
the resolution is limited by the resolution of the interrogation system. The theoretical detection limit
for the fiber probe, while considering an interrogation system with a resolution of 10 pm, would be
0.015 ◦C. Such wavelength resolution can be achieved by modern high resolution OSA systems.

Table 1 compares the sensitivity values and resolution for different Fabry–Perot configurations.
The proposed fiber probe presents higher temperature sensitivity than many reported Fabry–Perot
configurations, especially when considering that it is a silica sensor.



Sensors 2019, 19, 453 7 of 9

Sensors 2018, 18, x FOR PEER REVIEW  6 of 9 

 

 183 

Figure 5. (a) Reflection spectrum at two distinct temperatures. The node, marked with an arrow, 184 
changes with temperature. (b) Wavelength shift of the reflection spectrum node as a function of 185 
temperature. The slope corresponds to a temperature sensitivity of (−654 ± 19) pm/°C. 186 

3. Temperature Characterization 187 

The reflected interferometric signal was measured by means of a supercontinuum optical source 188 
(Fianium, WL-SC-400-2, NKT Photonics GmbH, Cologne, Germany), an optical circulator, and an 189 
optical spectrum analyzer (OSA, Yokogawa Electric Corporation, Tokyo, Japan). For practical 190 
applications, alternative configurations involving less expensive commercial devices, for example, 191 
with a tunable laser can be implemented. The signal was previously normalized, with the reflected 192 
signal from a cleaved single mode fiber in air (around 3.5% Fresnel reflection) being taken as a 193 
reference. The fiber probe was submitted to different temperatures, ranging from 30 °C to 120 °C, in 194 
a tubular oven (Ströhlein Instruments). The position of the node was tracked, without the use of any 195 
filters, as a function of temperature by following the average of the minimum of the upper envelope 196 
and the maximum of the lower envelope. The wavelength shift of the node is depicted in Figure 5. A 197 
linear fit was applied to the experimental data, obtaining a temperature sensitivity of (−654 ± 19) 198 
pm/°C. 199 

 200 

Figure 6. Stability measurements: 10 measurements at two distinct temperatures, 89.54 °C and 201 
94.51 °C. 202 

To evaluate the stability of the sensing structure and determine the detection accuracy, 10 203 
consecutive measurements were performed at two different temperatures, 89.54 °C and 94.51 °C. To 204 
ensure a good thermal stability, the sensor was placed in an aluminum box inside a Carbolite oven 205 
with high volumetric capacity. The aluminum box partially attenuates the thermal fluctuations of the 206 
oven caused by its PID control. A PT100 thermometer was also placed inside the aluminum box 207 
together with the MMF probe to help in monitoring thermal stability. To make sure that a good 208 
thermal equilibrium was achieved, the oven was allowed to stabilize for 4 h at each temperature 209 
before the measurements were performed. The stability results are shown in Figure 6. The maximum 210 

Figure 6. Stability measurements: 10 measurements at two distinct temperatures, 89.54 ◦C and 94.51 ◦C.

Table 1. Table of comparison between different configurations. NL stands for non-linear response.

Sensitivity
(pm/◦C)

Temp. Range
(◦C)

Resolution
(◦C)

FIB-milled FP modal interferometer (2010) [9] 20 19–520 -
Polyvinyl alcohol FPI (2012) [10] 173.5 (NL) >80 -

SMF + etched P-doped fiber FPI (2014) [20] 11.5–15.5 100–550 -
Silicon FPI (2015) [3] 82 10–100 0.3

Silicon FPI (2015) [21] 84.6 20–100 6 × 10−4

Hollow-core FPI with Vernier effect (2015) [17] 816.65 20–90 -
Hollow-core FPI with Vernier effect (2015) [17] 1019 250–300 -

FIB-milled silica FPI in fiber taper (2016) [6] 15.8 40–140 -
Double polymer-capped FPI (2017) [11] 689.68 20–75 -
MMF tip FPI + UV adhesive (2017) [12] 213 (NL) 55–85 -

Cascaded FPI with Vernier effect (2018) [13] −97 30–60 -
Cascaded FPI with polymer, with Vernier effect (2018) [14] 67,350 20–25 -

This work −654 30–120 0.14

4. Conclusions

We developed a small-size fiber probe to generate the Vernier effect by structuring a Fabry–Perot
interferometer with focused ion beam milling at the end of a tapered multimode tip. The reflection
spectrum shows a node with a magnified spectral shift to temperature. The two main components
of the reflection spectrum can be filtered, and their superposition generates a large beating envelope
that presents the Vernier effect. The same response can be obtained at the reflection spectrum
node, despite presenting a more complex Vernier effect due to the presence of the multiple
Fabry–Perot interferometers with slightly different frequencies. At the reflection spectrum node,
a temperature sensitivity of (−654 ± 19) pm/◦C was achieved between 30 ◦C and 120 ◦C. This value
is more than 60-fold the sensitivity of a conventional silica Fabry–Perot interferometer (9.7 pm/◦C).
Stability measurements were also carried out, obtaining a maximum standard deviation of 96.98 pm,
corresponding to a detection accuracy of 0.14 ◦C. This value is however limited by the resolution
of the interrogation system. The theoretical resolution of the sensor is 0.015 ◦C for an interrogation
system with a resolution of 10 pm. The fiber probe is suitable for measuring temperature variations
in small scale environments, which can be useful, especially in biological applications. Moreover,
the temperature of operation of the structure includes typical temperature ranges that are used in
biological applications (30 ◦C+). The next step for future studies is to analyze the response of the
sensing structure if it is immersed in liquids with different refractive indices.

Author Contributions: Conceptualization, A.D.G., M.B., H.B. and O.F.; methodology, A.D.G., J.D. and H.B.;
validation, A.D.G. and M.B.; formal analysis, A.D.G.; investigation, A.D.G.; resources, J.D., M.I.Z., H.L. and M.R.;
data curation, A.D.G.; writing—original draft preparation, A.D.G.; writing—review and editing, M.B., J.D., M.R.,
H.B. and O.F.; visualization, A.D.G. and M.B.; supervision, M.B., H.B. and O.F.; project administration, M.R. and
O.F.; funding acquisition, M.R. and O.F.



Sensors 2019, 19, 453 8 of 9

Funding: This work was supported by Project NanoSTIMA—North Portugal Regional Operational Programme
(NORTE-01-0145-FEDER-000016). André Gomes is funded by FCT (SFRH/BD/129428/2017). The publication of
this article was funded by the Open Access Fund of the Leibniz Association.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chin, K.K.; Sun, Y.; Feng, G.; Georgiou, G.E.; Guo, K.; Niver, E.; Roman, H.; Noe, K. Fabry-Perot diaphragm
fiber-optic sensor. Appl. Opt. 2007, 46, 7614. [CrossRef] [PubMed]

2. Ferreira, M.S.; Coelho, L.; Schuster, K.; Kobelke, J.; Santos, J.L.; Frazão, O. Fabry–Perot cavity based on a
diaphragm-free hollow-core silica tube. Opt. Lett. 2011, 36, 4029. [CrossRef] [PubMed]

3. Zhang, S.; Zhao, Z.; Chen, N.; Pang, F.; Chen, Z.; Liu, Y.; Wang, T. Temperature characteristics of silicon core
optical fiber Fabry–Perot interferometer. Opt. Lett. 2015, 40, 1362–1365. [CrossRef] [PubMed]

4. Favero, F.C.; Bouwmans, G.; Finazzi, V.; Villatoro, J.; Pruneri, V. Fabry-Perot interferometers built by photonic
crystal fiber pressurization during fusion splicing. Opt. Lett. 2011, 36, 4191–4193. [CrossRef] [PubMed]

5. Liao, C.R.; Hu, T.Y.; Wang, D.N. Optical fiber Fabry-Perot interferometer cavity fabricated by femtosecond
laser micromachining and fusion splicing for refractive index sensing. Opt. Express 2012, 20, 22813–22818.
[CrossRef] [PubMed]

6. André, R.M.; Warren-Smith, S.C.; Becker, M.; Dellith, J.; Rothhardt, M.; Zibaii, M.I.; Latifi, H.; Marques, M.B.;
Bartelt, H.; Frazão, O. Simultaneous measurement of temperature and refractive index using focused ion
beam milled Fabry-Perot cavities in optical fiber micro-tips. Opt. Express 2016, 24, 14053–14065. [CrossRef]

7. Warren-Smith, S.C.; André, R.M.; Dellith, J.; Eschrich, T.; Becker, M.; Bartelt, H. Sensing with ultra-short
Fabry-Perot cavities written into optical micro-fibers. Sens. Actuators B Chem. 2017, 244, 1016–1021. [CrossRef]

8. Islam, M.; Ali, M.; Lai, M.-H.; Lim, K.-S.; Ahmad, H. Chronology of Fabry-Perot Interferometer Fiber-Optic
Sensors and Their Applications: A Review. Sensors 2014, 14, 7451–7488. [CrossRef]

9. Kou, J.; Feng, J.; Ye, L.; Xu, F.; Lu, Y. Miniaturized fiber taper reflective interferometer for high temperature
measurement. Opt. Express 2010, 18, 14245–14250. [CrossRef]

10. Rong, Q.; Sun, H.; Qiao, X.; Zhang, J.; Hu, M.; Feng, Z. A miniature fiber-optic temperature sensor based on
a Fabry–Perot interferometer. J. Opt. 2012, 14, 045002. [CrossRef]

11. Ge, M.; Li, Y.; Han, Y.; Xia, Z.; Guo, Z.; Gao, J.; Qu, S. High-sensitivity double-parameter sensor based on the
fibre-tip Fabry–Pérot interferometer. J. Mod. Opt. 2017, 64, 596–600. [CrossRef]

12. Chen, W.P.; Wang, D.N.; Xu, B.; Zhao, C.L.; Chen, H.F. Multimode fiber tip Fabry-Perot cavity for highly
sensitive pressure measurement. Sci. Rep. 2017, 7, 368. [CrossRef] [PubMed]

13. Li, Y.; Zhao, C.; Xu, B.; Wang, D.; Yang, M. Optical cascaded Fabry–Perot interferometer hydrogen sensor
based on vernier effect. Opt. Commun. 2018, 414, 166–171. [CrossRef]

14. Lu, P.; Zhang, J.; Liao, H.; Lu, P.; Jiang, X.; Fu, X.; Ni, W.; Liu, D.; Zhang, J. Ultrasensitive Temperature Sensor
With Cascaded Fiber Optic Fabry–Perot Interferometers Based on Vernier Effect. IEEE Photonics J. 2018, 10.
[CrossRef]

15. Xu, Z.; Luo, Y.; Liu, D.; Shum, P.P.; Sun, Q. Sensitivity-controllable refractive index sensor based on reflective
θ-shaped microfiber resonator cooperated with Vernier effect. Sci. Rep. 2017, 7, 9620. [CrossRef] [PubMed]

16. Zhang, P.; Tang, M.; Gao, F.; Zhu, B.; Fu, S.; Ouyang, J.; Shum, P.P.; Liu, D. Cascaded fiber-optic Fabry-Perot
interferometers with Vernier effect for highly sensitive measurement of axial strain and magnetic field.
Opt. Express 2014, 22, 19581. [CrossRef] [PubMed]

17. Zhang, P.; Tang, M.; Gao, F.; Zhu, B.; Zhao, Z.; Duan, L.; Fu, S.; Ouyang, J.; Wei, H.; Shum, P.P.; et al.
Simplified Hollow-Core Fiber-Based Fabry–Perot Interferometer With Modified Vernier Effect for Highly
Sensitive High-Temperature Measurement. IEEE Photonics J. 2015, 7, 7100210. [CrossRef]

18. Liao, H.; Lu, P.; Fu, X.; Jiang, X.; Ni, W.; Liu, D.; Zhang, J. Sensitivity amplification of fiber-optic in-line
Mach–Zehnder Interferometer sensors with modified Vernier-effect. Opt. Express 2017, 25, 26898–26909.
[CrossRef]

19. Gomes, A.D.; Silveira, B.; Dellith, J.; Becker, M.; Rothhard, M.; Bartelt, H.; Frazao, O. Cleaved Silica
Microsphere for Temperature Measurement. IEEE Photonics Technol. Lett. 2018, 30, 797–800. [CrossRef]

http://dx.doi.org/10.1364/AO.46.007614
http://www.ncbi.nlm.nih.gov/pubmed/17973004
http://dx.doi.org/10.1364/OL.36.004029
http://www.ncbi.nlm.nih.gov/pubmed/22002375
http://dx.doi.org/10.1364/OL.40.001362
http://www.ncbi.nlm.nih.gov/pubmed/25831333
http://dx.doi.org/10.1364/OL.36.004191
http://www.ncbi.nlm.nih.gov/pubmed/22048361
http://dx.doi.org/10.1364/OE.20.022813
http://www.ncbi.nlm.nih.gov/pubmed/23037431
http://dx.doi.org/10.1364/OE.24.014053
http://dx.doi.org/10.1016/j.snb.2017.01.081
http://dx.doi.org/10.3390/s140407451
http://dx.doi.org/10.1364/OE.18.014245
http://dx.doi.org/10.1088/2040-8978/14/4/045002
http://dx.doi.org/10.1080/09500340.2016.1252437
http://dx.doi.org/10.1038/s41598-017-00300-x
http://www.ncbi.nlm.nih.gov/pubmed/28337031
http://dx.doi.org/10.1016/j.optcom.2017.12.012
http://dx.doi.org/10.1109/JPHOT.2018.2865449
http://dx.doi.org/10.1038/s41598-017-10163-x
http://www.ncbi.nlm.nih.gov/pubmed/28852073
http://dx.doi.org/10.1364/OE.22.019581
http://www.ncbi.nlm.nih.gov/pubmed/25321041
http://dx.doi.org/10.1109/JPHOT.2015.2395136
http://dx.doi.org/10.1364/OE.25.026898
http://dx.doi.org/10.1109/LPT.2018.2817566


Sensors 2019, 19, 453 9 of 9

20. André, R.M.; Pevec, S.; Becker, M.; Dellith, J.; Rothhardt, M.; Marques, M.B.; Donlagic, D.; Bartelt, H.;
Frazão, O. Focused ion beam post-processing of optical fiber Fabry-Perot cavities for sensing applications.
Opt. Express 2014, 22, 13102–13108. [CrossRef]

21. Liu, G.; Han, M.; Hou, W. High-resolution and fast-response fiber-optic temperature sensor using silicon
Fabry-Pérot cavity. Opt. Express 2015, 23, 7237–7247. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1364/OE.22.013102
http://dx.doi.org/10.1364/OE.23.007237
http://www.ncbi.nlm.nih.gov/pubmed/25837068
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Optical Fiber Probe 
	Fabrication Process 
	Working Principle 

	Temperature Characterization 
	Conclusions 
	References

