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A miniature fiber-optic Fabry-Perot interferometer fabricated by splicing a diaphragm-free hollow silica
tube to a single-mode fiber and fusing the inner core to a taper is presented. The tapered zone forces
lights to propagate from the fiber core into the silica tube, and the lights is reflected from the end faces of
the optical fiber and the hollow silica tube. The contrast ratio of the interference fringe is determined by
the minimum inner diameter of hollow silica tube. The responses of the proposed interferometer to high-
temperature, gas refractive index, liquid refractive index and pressure were measured and were found to
be linear with sensitivities of 16.26 pm/°C, 610.47 nm/RIU, —122.36 dB/RIU and 1.56 pm/kPa, respec-

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Fiber-optic Fabry-Perot interferometers (FPIs) have been
widely used in various sensing applications for temperature
[1], pressure [2], strain [3], refractive index (RI) [4], humidity
[5], vibration [6], and so on, because of their unique advantages
such as simple structure, immunity to electromagnetic inter-
ference, high sensitivity, and compact size. A typical FPI con-
sists of a cavity formed by two parallel reflective facets. Mul-
tiple reflections and transmissions occur within the cavity and
create interference fringes. The traditional method of produ-
cing an FPI is to place two well-cut fibers in a hollow silica tube
(HST) to form an air gap [7]. With the development of tech-
nology, a considerable number of methods have been applied
to fabricate miniature FPIs, for example, microelec-
tromechanical systems (MEMS) [8], chemical etching [9], arc
discharge [10], lasing [4], applying special optical fibers [11],
coating films [5], and so on.

A diaphragm-free fiber-optic FPI has features such as com-
pact structure, simple fabrication process, and bare reflective
surfaces, which can generally be fabricated by designing holes
on the optical fiber end through chemical etching [9] or by ap-
plying special optical fibers [12,13]. Some other novel
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diaphragm-free FPI structures are also fabricated by combining
the two methods or applying some special means [14-16].
Huang et al. were the first to present the idea of a diaphragm-
free FPI. They spliced an HST to the tip of a single-mode fiber
(SMF) and described the principle of the proposed FPI [17].
Frazao et al. fabricated two types of gas refractometers: one by
splicing an HST with a core diameter of 20 pm to an SMF [18],
and the other by splicing a silica rod with a large offset between
two SMFs [19]. The operating principle was explained by the
interference between the core and cladding modes, and the
contrast ratio of the interference fringes was influenced by the
FPI cavity length. Furthermore, its contrast ratio was as small as
2-3 dB. Wang et al. proposed a gas refractometer with a sensi-
tivity of 441 nm/RIU by etching a concave well on the fiber end;
furthermore, they determined the cross-sensitivity coefficient
with temperature [20]. The contrast ratio of the interference
fringe was also small and the length of the maximum FPI cavity
may be limited by the fabrication method.

In this paper, we present an FPI based on a tapered HST, which
was fabricated by splicing an HST with an inner diameter of 22 um
and an outer diameter of 125 um to the end of an SMF and fusing
the inner core of the HST to a taper. The tapered inner core forces
lights to propagate from the optical fiber core into the HST, which
improving the intensity and contrast ratio of the interference
fringes. The fabrication process involves only cleaving and arc
discharge, which have advantages of low cost and ease of
fabrication.
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Fig. 1. Structure of fiber-optic FPI: (a) schematic (b) longitudinal and cross-sec-
tional microscopy images.

2. Fiber-optic FPI fabrication

The structure of the fiber-optic FPI and the longitudinal and
cross-sectional microscope images are illustrated in Figs. 1(a) and
(b), respectively. According to Fig. 1(a), when lights propagates
along the SMF, one portion of lights in the optical fiber core is
reflected at the reflective facet (R1), and the other portion of lights
propagates into the HST and is reflected at the end (R2). The two
parts of the reflected lights interfere in the SMF and form the in-
terference fringes. According to Fig. 1(b), the inner diameter of the
HST measured by the microscopy image is approximately 22 pm,
and the inner air core of the HST is tapered.

The fabrication process for the FPI is as follows. First, a well-cut
SMF (Coring SMF-28, 9/125 pm) and an HST are spliced together
through arc discharge by a fusion splicer (FITEL, S183 version 2,
Japan) at an appropriate fusion intensity and duration. Second, the
HST is cut off at an appropriate distance from the fusion joint. Due
to thermal fusion, the inner core of the HST collapses and the inner
diameter decreases. The shorter the distance from the fusion joint
is, the more the inner diameter decreases. Thus, the inner core of
the HST becomes tapered. The minimum inner diameter of the
taper depends on the intensity and duration of fusion. The mini-
mum inner diameter is equal to nearly half the diameter of the
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Fig. 3. Interference fringes of FPIs with minimum inner diameters of approximately
(a) 2 um, (b) 5 pm, (¢) 7 pm and (d) 14 pm.

fiber core when the initial and final intensities are 100 units and
40 units, respectively, and the duration is 650 ms. In contrast, the
minimum inner diameter of the taper becomes smaller or larger
than half the diameter of the fiber core on increasing or decreasing
fusion intensity or duration, respectively.

Fig. 2 shows photographs of the FPIs with different tapered
zones under different intensities and durations of fusion discharge.
According to Fig. 2(a)-(d), the minimum inner diameters of the
HSTs are approximately 2 um, 5 pm, 7 um, and 14 um, respectively.
The interference fringes of the FPIs with minimum inner diameters
of approximately 2 uym, 5 pm, 7 um and 14 pm were obtained using
the optical sensing analyzer (Micron Optics Inc., SM125, America),
and are shown in Fig. 3(a)-(d) respectively. According to Fig. 3, the
contrast ratio varies from approximately 2-14 dB, which can be
adjusted by varying the minimum inner diameters of the HST. As
shown in Fig. 2(b), when the minimum inner diameter of the HST
is approximately 5 pm, the reflected light intensity from R1 is al-
most equal to that from R2, which leads to high contrast ratio, as
shown in Fig. 3(b). Conversely, when the minimum inner diameter
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Fig. 2. Photographs of FPIs with minimum inner diameters of approximately (a) 2 pm, (b) 5 pm, (c) 7 pm, and (d) 14 pm.
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of the HST is approximately 2 pm or 7 um, as shown in Fig. 2
(a) and (c), the reflected light intensity from R1 is less or larger
than that from R2. The large intensity difference between the two
reflected light beams leads to low contrast ratio, as shown in
Figs. 3(a) and 2(c), respectively. Furthermore, the low fusion in-
tensity and short fusion time make the minimum inner diameters
of the HST larger than the diameter of the optical fiber core, as
shown in Fig. 2(d). Under these conditions, only a small amount of
lights propagates into the HST, and the interference fringes are
very weak and even vanish. The largest contrast ration of the in-
terference fringe with 14 pm inner diameter is 1.2 dB, as shown in
Fig. 3(d). The fringe contrast depends on the light intensity dif-
ference of two reflective parts [17], and the light intensity differ-
ence is determined by the minimum inner diameter of HST.

From Fig. 3, it can be seen that the free spectral range (FSR) of
the interference fringes decreases as the HST length increases. The
FSR of the FPI is given by

12

PSR = onl D
where 1 is the wavelength of light, n is the RI, and L is the HST
length. According to Eq. (1), the theoretical relationship between
the FSR around a wavelength of 1550 nm and L is shown in Fig. 4.
Accordingly, FPIs with different L were fabricated to demonstrate
their relationship. As illustrated in Fig. 4, the measured FSRs
around 1550 nm agree well with the calculated results.

3. Experiment

In the experiment, we tested the FPI responses to temperature
and RI. The experimental setup is illustrated in Fig. 5. We used the
peak tracing method to demodulate the signal from the FPIL
Temperature measurements were performed by placing an FPI
sample with L=571 pm inside a controllable muffle furnace (Na-
bertherm, sn209012, Germany). The sample was held and pro-
tected by a stainless steel fixture. We increased the temperature
from 25 °C to 900 °C in steps of 50 °C. The interference fringes
were recorded at each step once the temperature was stabilized
for 10 min. An interference fringe shift towards a longer wave-
length, i.e., red shift, could be observed in the spectrum with in-
creasing temperature, as shown in Fig. 6(a). The relationship be-
tween the fringe shift of a selected peak and the temperature is
presented in Fig. 6(b). The experimental results were well fit by
the second-order polynomial
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Fig. 4. Relationship between FSR and HST length.
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Fig. 5. Experimental setup for temperature and refractive index test.
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Fig. 6. Temperature response of sample FPI: (a) fringe shifts at temperatures from
25 °C to 250 °C, (b) relationship between fringe shift and temperature, where top
left inset is low-temperature response, and bottom right inset is high-temperature
response.

y = 1553.47 + 0.0085T + 6.21 x 10-6T? @)

The R? value of the fitting curve was 99.8%. However, it is
reasonable to divide the temperature range into two different re-
gions corresponding to high temperature (300-1000 °C) and low
temperature (25-300 °C) (Fig. 6(b) insets), because a linear ap-
proximation can be used at high temperature but would not be
sufficient at low temperature. The obtained sensitivities were
16.26 pm/°C and 8.94 pm/°C for the high and low temperature
scenarios, respectively. This temperature response is caused by the
thermal expansion of the material and the thermo-optic effect.
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Fig. 7. (a) Pressure and (b) RI responses of sample FPI.

The different sensitivities in the low and high temperature ranges
occur because the thermal expansion coefficient of SiO, varies
when temperature changes [21,22].

The gas RI measurements were performed by placing the FPI
sample with L=308 pm inside a sealed chamber with a gas input
and a vacuum output. The measurements covered a range of
700 kPa in steps of 100 kPa in a nitrogen atmosphere. Using the
peak tracing method, a slight red shift of the interference fringes
was observed with increasing pressure. Because the RI of a gas is
related to the pressure at a given temperature [19], the fringe shift
in response to the pressure reflects the RI. Fig. 7(a) and (b) show
that the interference fringe shift is a function of RI or pressure, and
the sensitivities to RI and pressure are 610.47 nm/RIU and 1.56 pm/
kPa, respectively.

The FPI response to liquid RI was also investigated. A sample of
this kind of FPI was vertically immersed into distilled water and
was held submerged for 5 min. The resulting interference fringe
was recorded. Then the sample was immersed into NaCl solutions
with different concentrations. The concentrations of the solutions
varied from 5% to 45% in steps of 5%, and the according Rls varied
from 1.3426 to 1.4069. The relevant fringes are illustrated in Fig. 8
(a). According to Fig. 8(a), the optical power of the selected valley
decreases with increasing liquid RI. The relationship between the
optical power and the Rl is shown in Fig. 8(b), which demonstrates
that the FPI has a linear response to the liquid RI with a sensitivity
of —122.36 dB/RIU.
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Fig. 8. Liquid RI response of sample FPI: (a) optical power valley variation in dif-
ferent solutions, and (b) relationship between optical power and RI.

4. Conclusion

In conclusion, we presented a diaphragm-free FPI fabricated by
splicing an HST to an SMF and fusing the inner core of the HST to a
taper. The interference fringes are influenced by the minimum inner
diameters of the HST. The fabrication process is simple and could
potentially be applied in low-cost batch fabrication. The experi-
mental results demonstrated that the FPI is sensitive to temperature,
gas RI, liquid RI and gas pressure. Thus, the FPI has great potential to
be applied as a sensor for measuring temperature, Rl or pressure.
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