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Adiabatic fiber microtaper with incorporated an air-gap microcavity fiber

Fabry-Pérot interferometer
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This study demonstrates an adiabatic fiber microtaper with incorporated an air-gap microcavity
fiber-Fabry-Pérot-interferometer to perform superior sensing characteristics. Optical interference
fringes with good fringes contrast within bandwidth of 1250-1650nm are performed
experimentally. A highly spectral sensitivity of peak power with +3.65dB/°C (49759 dB/RIU)
is achieved when the device is operated under a fundamental-mode-cutoff (FMC) condition.
By measuring peak power of the fringe, one can determine the temperature (T) or refractive
index of environment. The proposed hybrid sensor is further applied to measure high T
(~1000°C) of surrounding in non-FMC condition that obtains a good linearity of spectral
response. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4815994]

Adiabatic fiber microtapers (AFMTs) have been
reported in many powerful applications such as fiber cou-
plers,' high sensitive sensors,”> optical microfiber resona-
tors,’ and supercontinuum generation.” The adiabatic fiber
taper is drawing very smoothly by the heat-pulling with a
flame to make the fiber diameter changing very slowly. The
artificial rearrangement of the new fiber waveguide structure
enables single mode fiber (SMF) to have some modified and
distinctive modal characteristics. An SMF with pure silica
cladding diameter of 125 um tapering into few tens of micro-
meters, the tapered waist almost plays as a new core since
the remained original core is almost dissolved. The optical
mode field expands over the fiber waist after micro-tapering,
thus the effective index (propagation constant) of the
fundamental-mode will be changed. The evanescent wave in
the taper stretch out or not is strongly dependent with the
surrounding refractive index (RI). Thus, the optical charac-
teristics of the fiber taper can be strongly changed by the
external medium. Therefore, since the coupling mechanism
of the well known long-period fiber grating (LPFG) is based
on the fundamental core mode coupling to the cladding
modes so that is sensitive to the external parameters. Thus
many studies about the fiber microtapers incorporated with
the LPFGs have been proposed.>* However, the above
LPFGs fabricated on the fiber microtapers do have some dif-
ficulties and complicated processes since the taper would be
very easy to break when it is further processed by the vac-
uum coating® and femto-second laser writing.* For the rea-
sons, it seems not very effective and practical.

In this study, we propose an AFMT merged with an air-
gap microcavity fiber Fabry-Pérot interferometer (FFPI) for
sensitively measuring the temperature or refractive index of
the environment. Respecting the FFPIs are very useful and
sensitive in the many applications,®* """ there were some fiber
devices that incorporated with the FFPIs for some sensing
purposes have been presented. These works have demon-
strated the incorporation of the fiber sensors can achieve the
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multiple sensing capabilities and new functionalities.'®""

For the above reasons, we can estimate the new configuration
proposed in this paper, the integration of the AFMT and air-
gap microcavity FFPI can achieve the new and sensitive
characteristics since the adiabatic fiber microtaper is used, as
shown in Fig. 1. Experimental results demonstrate that supe-
rior sensing characteristics are performed for sensing temper-
ature (T) or refractive index (RI) when the sensor operated
under a condition of fundamental mode cutoff (FMC) in the
AFMT. In addition, the proposed all-fiber sensor also can be
used as a high T sensor (up to 1000 °C) which is of func-
tional flexibility of the measurements and much attractive in
the practical applications.

The developed hybrid device was first fabricated by
very slowly tapering single mode fiber (SMF-28) into a
structure with diameter of around several tens of micro-
meters (um) and taper length of about several centimeters.
Figure 2 shows the experimental setup for the heat pulling to
make the adiabatic microtapers. The SMF was pulled by
force and heated with a flame of hot zone temperature of
around 1100°C. Fabrication parameters with tapering time
and pulling force are respectively 25 min and 2 g weight to

e T:0.8cm - FFPI
L:1.5cm / SMF |HCF [SMF
~esmECOTE
Adiabatic taper Madding
J, untapered fiber J,

L —>
d,: 64um

FIG. 1. Schematic diagram of the proposed hybrid fiber sensor. Insets show
the micrographs of the used AFMT and air-gap microcavity FFPI, respec-
tively. Here, AFMT: adiabatic fiber microtaper, SMF: single mode fiber,
HCEF: hollow core fiber.

© 2013 AIP Publishing LLC
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achieve the adiabatic taper with the given structure. Optical
response of the developed taper is promptly measured by an
optical spectrum analyzer (OSA) with use of a broadband
light source (BLS) in a wavelength range of 1250 ~ 1650 nm
launched. The tapering processes would cause the corre-
sponding remaining core to be almost vanished and enable
the dopant germanium (Ge) in the core to diffuse out into
pure-silica cladding.' After the fiber was tapered, it was fur-
ther fabricated by cleaving one side of the non-taper and
splicing an AGMFFPI fabricated by the sandwiched struc-
ture of SMF-HCF(hollow core fiber)-SMF to make an in-line
air-gap microcavity FFPI incorporated, as shown in Fig. 1.
Figure 1 shows the diagram of the proposed hybrid fiber de-
vice and insets (a) and (b), respectively, display the micro-
photographs of the AFMT and air-gap microcavity FFPI
fiber tip. Here, L is uniform taper length, 7 is taper transition
length, and d,, the taper waist. In the fabrication of the pro-
posed FFPI, only the method of the fusion splicing is used,
but the device end should be further cleaved the SMF end
into a non-flat surface with a tilt angle to avoid the undesired
Fresnel reflection of the SMF/Air endface, as shown in the
inset (b) of the Fig. 1. The transmission spectra of the fabri-
cated AFMT are shown in Fig. 3(a). Inset shows the structure
of the used microtaper with taper length L = 1.5 cm, transi-
tion length t=0.8 cm, and taper waist of d,, =26 um with
under FMC. The FMC condition is occurred when the effec-
tive index of fundamental-mode of the fiber taper approaches
to (almost equals) the refractive index of the surrounding.
However, the details of the principle about the FMC based
on an index-matching liquid surrounding around the taper
have been discussed in the published work.?

In general, the fundamental-mode is confined well in the
tens-micrometers tapered fiber with air surrounding and
propagates along the taper which is approximately adiabatic
and just like propagating in a non-tapered single mode fiber
(SMEF-28). The spectrum has no cut off wavelength and high
transmission (<1dB average loss), as shown in the brown
line (in air) of the Fig. 2(a). However, a special case with
FMC occurs when the tapered microfiber was in an index-
matching at one wavelength (i.e., cutoff wavelength: /).
The Cargille® optical liquid that is suitable for yielding the
FMC is used to fill the entire length of the sensor. The condi-
tion can produce a sharp increase in spectral loss of the fun-
damental mode at A, that exceeds the FMC, the effective
index of the fundamental mode is lower than that of sur-
rounding to achieve a non-guiding leakage situation. The
power of the leakage mode dissipates out of the taper and
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FIG. 2. Experimental setup of the heat pulling for fabricating the adiabatic
micro-tapers.
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FIG. 3. (a) Transmission spectra of the used AFMT with taper waist
dy, =26 um in the non-FMC (in air) and FMC conditions (index-matched).
(b) Reflection spectrum of the used FFPI with air gap d,;; = 64 um. Insets of
(a) and (b), respectively, show the corresponding structure to the optical
spectra.

not guides in the fiber anymore to perform a high loss in
long wavelength region which is demonstrated and plotted in
the Fig. 3(a). The use of the index-matched optical liquid as
the surrounding performs a short-pass edge filter perform-
ance and the A, greatly shifts to the longer wavelength side
when the T increases. The optical characteristics present the
FMC phenomena of the proposed tapered fiber are extremely
sensitive to the surrounding T in the FMC conditions.
However, the short-pass cutoff profile strongly depends on
the taper quality and tapered structure. It is difficult to moni-
tor a spectral peak or wavelength dip variation to estimate
the change of the spectral response once the surrounding pa-
rameters varies. When we combined an assisted all-fiber de-
vice with simple and high visibility spectra, e.g. FFPI, as
shown in Fig. 3(b), the new optical properties can be
expected and amazed. The Fig. 3(b) shows the reflection
spectrum of the used FFPI with air gap d,, =64 um and
good visibility of over 0.93 is achieved. The nice visibility is
ascribed to the good parallel of the Fabry-Pérot cavity (two
SMF/HCF interfaces) since cavities with tilt angles would
degrade the interference performance of the FFPL"

Figure 4(a) illustrates that in the non-FMC condition of
the incorporated hybrid device (shown in the Fig. 1), the
light from the microtaper inputs the proposed FFPI con-
nected in the microtaper end, it respectively reflects by the
SMF/air and air/SMF interfaces of the FFPI and obtains an
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FIG. 4. (a) Experimental spectra of the interference peak shifts (AZ) of the
proposed hybrid fiber sensor under the non-FMC condition for high T sens-
ing and (b) the T sensitivity of AA.

almost constant dc-average sinusoidal interference pattern
within the wavelength bandwidth of 1250 nm ~ 1650 nm.
The experimental result also demonstrates that the interfer-
ence spectra of the hybrid device with T increases to 1000 °C
in the air is not very sensitive with /4 shifting but quite linear
T sensitivity of 0.0052nm/°C (~5pm/°C) obtained, as
shown in Fig. 4(b). Inset of the Fig. 4(b) shows the wave-
length shift (A4) of the monitored spectral fringes. The de-
vice has a preferable characteristic for the high T sensing
application due to the all-silica material configuration. On
the other hand, the spectral response of the tapered fiber can
be easily modified by applying new optical materials such as
optical liquids or other suitable materials surrounding the
micro-tapered region. Then, by utilizing this material engi-
neering technique, the waveguide dispersion of the guide
mode is changed and the light penetrates out of the silica
cladding and reaches into the outer new materials. Thus, to
achieve a highly sensitive measurement, a suitable liquid for
yielding the FMC condition is used to fill the entire of the
hybrid device. As expected, a sinusoidal spectral response is
also achieved. The sinusoidal pattern falls along the optical
spectral loss at different cutoff /. when T varies. However, it
still retains the sinusoidal interference pattern in the transi-
tion region but peak power changes as T changes, as shown
in Fig. 5(a). Figure 5(a) illustrates the development of the op-
tical spectra of the proposed hybrid fiber sensor under FMC
condition when T changes from 23 °C to 31 °C. The result
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FIG. 5. (a) Reflection spectra of the interference peak with T varies under
the FMC condition. (b) T sensitivities of reflection power at different peaks.

shows the sensing capability of monitoring the peak reflec-
tion power with good fringe contrast has been achieved by
using the hybrid configuration. It also can be clearly seen
that the peaks power are greatly varied in the attenuation
region. This is because the applied T(°C) controlled by a TE
cooler increases to reduce the RI of the surrounding liquid
(thermo-optic coefficient dn/dT = —3.74 x 107*°C™") that
makes the cutoff spectra varying greatly to long A region.
Thus, the sensing results can be evaluated by monitoring the
peak power of a suitable wavelength fringe since the peak
wavelengths (p;, i=1, 2...N) are fixed. In the Fig. 5(a),
attenuation of the interference peak in the loss region is get-
ting serious when T increases. Therefore the reflection power
can be readily measured by a low cost photo-detector at one
Jpi» more over a very cheap LED input light may replace the
broadband light source those are of the valuable advantages.
Fig. 5(b) plots the T sensitivities of many peaks (pi, p2,---Ps)
marked in the Fig. 5(a). The peak power variations are meas-
ured with corresponding to the initial condition of each peak.
Experimental results indicate that a very good T response
with the peak power varied greatly is performed. Based on
the above results, the hybrid fiber-optic device with new op-
tical characteristics has been proposed in the study. Due to
the superior sensing ability, we believe that the fiber device
can be further integrated into a useful module for high reso-
lution measurement applications.
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In conclusion, we have demonstrated a hybrid fiber-
optic sensor based on an adiabatic fiber microtaper with an
air-gap microcavity fiber Fabry-Pérot interferometer fabri-
cated by a simple fusion splicing method. Interference
fringes with high contrast within wide bandwidth of 400 nm
are performed by the configuration. The hybrid configuration
of the fiber optic sensor can measure the temperature or
refractive index or both. Based on the experimental results, a
good linearity response for the high T measurement is inves-
tigated. Moreover, the sensing capability by monitoring the
peak power variation is measured and a high temperature (T)
sensitivity of +3.65dB/°C, which is equivalent to RI sensi-
tivity of approximately +9759 dB/RIU is obtained when the
sensor especially operated under the FMC condition.

This research was supported by the National Science
Council of the R.O.C., NSC 101-2221-E-239-020 and NSC
102-2221-E-239-033-MY3.
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