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Abstract: We demonstrate robust, low bend loss photonic wires made from
air-clad microstructured “grapefruit” fiber. By tapering the fiber and
collapsing the air-holes, the guided mode evolves from being fully
embedded within the fiber to a spatially-localized evanescent regime a few
millimeters in length, where the mode is strongly influenced by the external
environment. We show that in the embedded regime there is negligible loss
when the taper is immersed in index-matching fluid, while in the evanescent
regime the attenuation increases by over 35 dB. Furthermore, we show that
an 11 µm wire in the embedded regime can be bent to a radius as small as
95 µm with bend-loss of 0.03 dB in a 500 nm band. The combination of
spatial localization, strong dependence on the external environment and
small bend radius make the device ideally suited for bio-photonic sensing.
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1. Introduction
Microstructured optical fibers (MOFs) provide a novel waveguide platform for photonic
devices offering new applications in telecommunications, metrology, sensing and biophotonics [1]. The mode properties of these fibers can be further modified and enhanced
through tapering of the fiber, modifying the mode properties [2], and engineering the
nonlinearity and waveguide dispersion for Raman solitons [3] and supercontinuum generation
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[4, 5]. Tapering also enables the fiber dimensions to be reduced to micron- and submicronscales, potentially enabling photonic wires for photonic circuitry and sensing applications [68]. The ability to manipulate these photonic wires enables novel photonic structures, such as
microcoil resonators [8].
Of significant interest are fibers that incorporate large air-holes in the cladding region,
forming an inner-cladding region surrounding a Ge-doped core, where the core ensures
efficient coupling to standard single mode fibers. These MOFs can be tapered down to
micron-scales while retaining its cross-sectional structure [3]. In doing so, its waveguiding
characteristics transition through distinct regimes: the embedded and evanescent regimes [7].
The first regime is encountered when the structural dimensions are larger than the wavelength
scale. The fundamental mode is well confined within the fiber, due to the presence of the airholes surrounding the core. The fiber in this case is therefore a robust optical waveguide, in
which the core can resemble the nanowires reported by Tong et al. [6], but with the advantage
of being protected from the external environment. Contrarily, the evanescent regime is
encountered when the structural dimensions are comparable to or smaller than the wavelength
scale. In this case, the mode no longer resolves the air-holes, and its field distribution extends
beyond the fiber boundary. The resulting field is highly sensitive to the environment, making
such a fiber particularly interesting for sensing applications.
In this paper, we demonstrate a photonic wire constructed by tapering a MOF, which
possess a transition from an “embedded” regime in which the mode is confined within an
inner cladding region, into an “evanescent” regime, through controlled collapse of the airholes over a localized region. Instead of further shrinking the entire fiber, we post-process the
tapered MOF in the waist region, where the mode is still embedded. This allows the mode to
expand by removing the air-holes that act to confine the mode, essentially transforming the
MOF into a solid rod of silica. By collapsing the air-holes gradually along a length of the
tapered MOF, the expanded mode is able to contract back in to the core adiabatically with low
loss, when the air-holes reappear further along the taper. In the embedded regime we
demonstrate that these photonic wires can exhibit remarkably low bend loss. We demonstrate
a taper in the embedded regime, with taper-loss below 0.2 dB which does not change when
index-matched, and an equally low bend-loss at bend-radii as small as 95 µm. We show that
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Fig. 1. Schematic of: (a) untapered MOF consisting of six air-holes surrounding a Ge-doped
core; (b) the MOF tapered by stretching under a brushing flame, while maintaining the airholes; (c) the local heat-treatment of the tapered MOF, where it is held stationary under a
flame, causing the air-holes to collapse.

the air-holes can be collapsed over a localized few millimeter section of the taper, where the
attenuation increases by more than 35 dB when index-matched.
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2. Principle and fabrication
Figure 1 illustrates the tapered MOF geometry. The un-tapered MOF has an outer diameter of
130 µm and consists of six air-holes surrounding an inner-cladding region containing a Gedoped core [3, 9]. The 8 µm doped core enables efficient, low-loss coupling to conventional
single-mode fibers (SMFs), for in-situ transmission measurements. The MOF is adiabatically
tapered down to a waist of 11 µm diameter and several centimeters in length, using a standard
flame-brushing technique [10]. The cross-sectional structure is preserved by tapering “fastand-cold” in which case the air-holes stay open and the mode remains confined and
insensitive to the environment (Fig. 1(b)).
The waist of the taper is then post-processed by applying the flame without stretching the
fiber (Fig. 1(c)). This localized heating allows the surface tension of the silica to collapse the
holes over a small length of the taper, and as a consequence, further reduces the waist
diameter to 8µm. Scanning electron micrographs of sections of the MOF taper with and
without the air-hole collapse are shown in Fig. 1.
Figure 2a illustrates the principle of the expanding mode through a simple simulation in
beam-propagation method, using a 6 µm structure consisting of simplified circular air-holes.
These simulations show the field intensity evolution of the fundamental mode at
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Fig. 2. (a) Simulated evolution of the field intensity as the core mode propagates through a
region where the holes collapse and re-appear. The thin lines represent the outline of the taper
and collapsing holes. The plot on the right shows the field intensity distribution of the launched
mode. (b) Cross-sectional field intensity distribution at various positions along the taper, as the
mode propagates through the heat-treated region.

1.55 µm wavelength, propagating through the 2000 µm length waist of tapered MOF, in
which the air-holes collapse and re-appear. As the air-holes collapse, the initially-confined
mode expands, eventually spanning the entire cross-section of the fiber and confined by the
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outer silica-air boundary (Fig. 2(b)). When the holes disappear completely, a small portion of
the field extends beyond the fiber boundary and becomes highly sensitive to the surrounding.
At this diameter, the evanescent field is weak, and the propagation is strongly affected only
when the taper is surrounded by index-matched fluid. We note that tapering the fiber to
smaller dimensions would increase the evanescent field protruding outside the fiber. As the
holes re-appear, the mode contracts and is confined in the core by the air-holes, eventually
resembling the launched mode. The simulation yielded negligible loss from the propagation,
indicating an adiabatic collapse and reappearance of the air-holes.
The air-holes of the MOF provide strong confinement that enables the mode to be fully
embedded even at micron-scale diameters, where the mode density is low. This allows a short
transition length over which the mode expands out to the evanescent regime adiabatically. In
contrast, the low index contrast of SMFs results in the fundamental mode expanding through
the cladding at a larger outer diameter. The higher mode density at these fiber dimensions
require an SMF taper with a longer adiabatic transition length, in order for the fundamental
mode to expand without coupling to other modes. In this respect, MOF photonic wires are
advantageous not only in their small diameter while in the embedded regime, but also in the
possibility of a more localized sensing region.
3. Measurement and discussion
Figure 3 shows three microscope images along the waist of a heat-treated taper. Figure 3(a)
shows an image outside of the "heat-treated section" where the local waist diameter is 11 µm.
The presence of the air-holes is indicated by the horizontal lines running through the fiber.
Figure 3b shows the transition region where the holes have collapsed partially, and Fig. 3(c)
shows the waist region where the holes have collapsed completely, inferred from the lack of
horizontal line structure within the image. This was confirmed by the SEM images shown in
Fig. 1(c). The hole collapse transition occurred over millimeter length-scale.

(a)

(b)

(c)

Fig. 3. Microscope images along an "adiabatic" heat treated Grape fruit fiber taper. (a) Outside
of heat treated region (b) transition region where holes are collapsing, and (c) the waist where

The presence of the transition between the embedded and the evanescent regimes was
determined by measuring the transmitted power and observing the change in the fiber
sensitivity to the external environment. Figure 4 shows the transmission spectra of the tapered
MOF, before and after heat-treatment, where the loss is below 0.1 dB before heat-treatment.
When the taper is heat-treated so that the air-holes collapse, the loss remains under 1 dB,
suggesting the mode re-adjusts itself as the holes re-appear further along the taper.
Oscillations start to appear in the spectrum, indicating coupling to, and beating with, higherorder modes. Figure 4 also shows the spectra of the taper immersed in index-matching fluid,
before and after heat-treatment. Prior to heat-treatment, the spectra of the taper with and
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Transmission (dB)

without index-matching overlay each other almost perfectly. This indicates strong
confinement of the mode inside the fiber while the air-holes are open. On the other hand,
when the heat-treated taper is index-matched, the transmitted power is strongly attenuated
across the measured wavelength range of 1200 to 1700 nm, by more than 35 dB. The
transmitted power for the index matched case is below the noise floor of the instrumentation.
This is strong evidence that the collapse of the air-holes have allowed the mode to expand to
the outer boundary of the fiber, becoming extremely sensitive to external disturbances.
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Fig. 4. Transmission spectra of tapered MOF relative to the untapered fiber. Prior to heattreatment, the bare and index-matched tapers have identical spectra. After heat-treatment, when
the holes have collapsed, the transmission in the index-matched case is lower by 40-70 dB.

The longitudinal variation in the fiber’s sensitivity is mapped by scanning a small droplet
of index-matching fluid, with a "wetted" diameter of approximately 300 µm, along the heattreated region of taper. This was achieved by attaching a small length of SMF-28 fiber to the
flame nozzle of the taper rig and placing it in contact with the taper. A droplet of indexmatching oil immersed both the SMF fiber and taper, surrounding their contact point, and this
was scanned via a translation stage capable of 1 µm position resolution. Figure 5 shows the
longitudinal mapping of the attenuation due to the index-matching fluid, around the heatTransmitted power in 500nm band vs fluid position
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Fig. 5. Measurement of power transmitted through the taper, before and after heat-treatment,
with an approximately 300 µ m droplet of index-matching fluid is applied at different positions
along the taper. The schematic shows the fluid being applied using a SMF.

treated region of the taper. Negligible loss is observed prior to heat-treatment. Afterwards
however, attenuation of up to 54 dB is observed, over a length-scale of approximately 5 mm,
indicating that the mode expands and contracts adiabatically over this localized region The
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localization of this evanescent region is a great advantage for the tapered MOF geometry,
particularly for applications in sensing.
Outside the heat-treated region, the presence of the air-holes provides strong confinement
of light, resulting in low bend-loss. Figure 6 shows the bend-loss measurements for MOFs
with 11 µm diameter. The taper was wound into a loop by twisting one end by ~1.3
revolutions. The twist was required to ensure the loop retained a planar geometry and a small
length of acrylate coated SMF-28 fiber was inserted in the loop to act as a support. The bend
radii were estimated via the position of the taper stages. The loop was tightened and only
snapped when firmly wrapped around the acrylate coated fibre. The loss was measured to be
below 0.01 dB in a 500 nm band, for bend-radii as small as 125 µm. The fiber breaks at bendradius of approximate 100 µm, where the bend-loss begins to rise. Nevertheless, the loss
observed here is significantly lower than those reported in Ref. [11] where almost 0.5 dB loss
is observed per turn when an 80 µm photonic crystal fiber is bent to a radius of 12 mm.
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Fig. 6. Bend loss measurements of untreated MOF taper, in which the taper wound in a loop.
Bend loss as a function of bend radius was measured in 500nm power band.

Figure 7 shows the spectral response for another 11 µm diameter MOF wound around a
stripped section of SMF-28 fiber with a bend radius of 95 µm. The spectral response is
measured in the range of 1200 nm to 1700 nm with a resolution of 5 nm. The bend-induced
loss is just discernable for wavelengths above 1630 nm and the bend loss in a 500 nm band
rises to 0.03 dB. The inset photograph in Fig. 7 shows a taper loop with minimum radius of
curvature of 150 µm. This was formed by twisting the taper by 5 revolutions. Power
measurements on the loop showed no appreciable loss due to bending (<0.03 dB in 500 nm
band) and no measurable coupling from the region of the taper waist which is in close contact.
This clearly demonstrates the strong mode confinement within the core.
Such strong confinement enables the integration of the tapered MOF on to compact
sensing devices, such as biological “lab on a chip”, where the taper could provide a robust,
low-loss light delivery mechanism, while the heat-treated section would act as an efficient
sensor. Furthermore, heat treatment should relieve bend induced stresses caused by looping
the taper providing a more robust structure and thus allow unsupported permanent loops to be
created.
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Fig. 7. Bend loss as a function of wavelength for bend radius of 95 µm. Loss due to
bending is just discernable for wavelength greater than 1630 nm.

4. Conclusions
In this paper, we demonstrate the adiabatic transition and low bend loss of a tapered MOF and
show that the mode field is confined within the inner cladding region and hence isolated from
external environment. We further demonstrate that this taper can be post-processed by the
application of heat, in order to collapse the air holes within a localized section of the taper.
The mode field is then allowed to expand adiabatically to the surface of the taper thus
exposing it to the external environment.
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