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ABSTRACT

This paper reviews sensing applications of opffiteie microwires and nanowires. In addition to treual benefits of
sensors based on optical fibres, these sensorexémamely compact and have fast response speedhisimeview
sensors will be grouped in three categories acegrth their morphology: linear sensors, resonans@es and tip
sensors. While linear and resonant sensors makpioié the fraction of power propagating outside tmicrowire
physical boundary, tip sensors take advantageeoéttreme light confinement to sense chemicalsmittinute areas.
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1. INTRODUCTION

Optical fibre micro-/nano-wires (OFM), otherwise dam as photonic/optical micro-/nano-wires and a@dtinano-
/micro-fibres, are optical fibre tapers with a noitretric or sub-micrometric uniform waist regiorg(fil).
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Figure 1. Schematic of an optical fibre micro-/navice (OFM). The micrometric/sub-micrometric
uniform waist region is connected by conical traasiregions to two optical fiber pigtails.

Recently, OFMs have attracted increasing attenign mainly because of their remarkable optical anelchanical
properties, which include large evanescent fielitisxibility, robustness, strong confinement, configbility and
biocompatibility. OFMs are manufactured taperingiagp fibres (fig. 1), thus they are connected lyical transition
regions to pigtails, which maintain the originaltiopl fibre size and can be easily connected tcerotiberized
components. In addition, because of their smalindigrs, OFMs have a great degree of flexibility aad stand
bending radii of fewum.

2. FABRICATION AND PROPERTIES
2.1 Fabrication

OFM manufacturing was carried out mostly using ohthe following five methods [1]: flame-brushing][ modified

flame-brushing [3], self-modulated taper-drawiny firect draw from bulk [5] and micropipette pullé]. The “flame-

brushing” technique is the most widely used becdiugses readily available equipment and it alldarsthe ultimate
control of the taper profile. The “self-modulategpér-drawing” is rather cumbersome, but it has dhpability to

manufacture minimally invasive OFMs, with radii amall asr=5nm. Micropipette puller is a Caser-based
commercial equipment which can provide tips wit25nm and very steep profiles.

2.2 Guiding properties

As for conventional optical fibres, in OFMs light index contrast guided [7]. The OFM guiding projesr are
determined by the value of V, defined &=« [r [NAwherek (=2rvA) is the propagation constarX, is the
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wavelengthy the OFM radius, NA (5 néFM - nirr ) the OFM numerical aperturegey the OFM refractive index and
Ny, the refractive index of the surrounding.

For V<2.405, OFMs experience single mode operation hadeam spot siz® in minimized forV~2 [7]. In theV<2
region, w continuously expands for decreasiigand it becomes orders of magnitude larger théor V<0.6. In this
region the fraction of power propagating in thermsrent field f=) is considerable and it depends on the refractive
index of the surrounding medium and on the ratio[7,8]. Fig. 2 shows the relation betwegn andA/r for different
surrounding materials, the refractive index of whig,,) varies between 1 and 1.4 increases monotonically for
increasing\/r and it reaches 50% favr~4 in air (h~1) and fok/r~2.4 in water (n~1.33) [8].
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Figure 2. Relation between the fraction of powgs) propagating in the evanescent field of an OFM
and the normalised wavelengthié the wavelength andthe OFM radius) for different surrounding
media.

For silica OFMs, maximum confinement correspondatd/3 in air andw~A/2 in water. Spot sizes wittxA/3 cannot
be achieved with propagating modes and have bdeavad only in metal coated OFMs exploiting thereascent field
along the longitudinal direction [9]. Still, theatrsmission efficiency,Tis generally low: 7~10° for r=10nm [9].

3. SENSORS
OFMs have been deployed in a wide range of senatiish can be loosely divided into three groups:

1) Confinement; this class of sensors exploits@fd®/ capability to confine light within small areasd with minimal
invasion. This allows for sensing within minuteas@nd with fast response times.

2) Evanescent field; here the fraction of powerpagating outside the OFM physical boundary is usedbtain
information on the environment surrounding the OFM.

3) Resonators; high-Q resonators have been maantgddrom OFMs in the form of knots, loops and £oResonances
are extremely sensitive to external perturbatiteesding to sensors with high sensitivity.

3.1 Confinement sensors

Confinement sensors include two different typolegief sensors exploiting the small OFM size: physiaad
biochemical sensors. The first group comprisesetursensors [10,11], where the small size has bsed to measure
rapidly changing fields which cannot be measureth wbnventional optical fibre sensors. Indeed taessr head
comprises a coil with a diameter in the regionmii and 50 coils: light transit time in the deviser the region of 1ns
and it allows for the detection of rapidly changifiglds (up to 1MHz). The second set includes semsath an
extremely small apex cross section (tip sensofsictwhave been used for minimally invasive poimtsagg in live cells.
As explained in section 2.2, in order to ha¥e\/6 sensors in this category have their lateralbsad metal coated. The
apex was left uncoated (fig. 3) and then functizeal to facilitate covalent immobilization of theohacule to recognise.
This group of sensors was originally developed &asure pH inside single cells [12] and it foundlipfions in the
measurement in-situ and in-real-time of a varietycloemical compounds, including potassium, calciwxrygen,
nitrites, chlorides, glutamate, benzopyrene teft@)], benzo[a]pyrene, cytochrome c, a cysteine amadependent
protease (Caspase-9), a telomerase, and DNA sesgienc
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Figure 3. Schematic of an OFM tip sensor. Lightdtgd at the fibre pigtail pumps the functionalised

apes, which emits fluorescent light when in proxymof the target compound. Fluorescence is
collected via the same pigtail.

3.2 Evanescent field sensors

Evanescent field sensors exploit the large fraabiopower which propagates outside the ON phydicahdary (fig. 2)
and thus overlaps with the surrounding fluid. Thesasors can exploit the change in the fluid réfracindex
(refractometric), or its absorption.

A variety of compounds have been measured usingratiisn changes: some examples include hydrogel [NH4; and
NO; [15], gases mixtures, humidity, ammonia, and PTCDA

Refractometric measurements were used to deteddityrand for microfluidic applications [16]. Theumidity sensor
was coated with a layer of gelatine, because ftactve index is strongly dependent on the surding fluid humidity.
A microfluidic sensor was fabricated embedding &M0dn a transparent low refractive index polymeyl¢@ard 184) in
proximity of a fluidic channel. When the evanescéeald of the mode propagating in the OFM overlagth the
microfluidic channel, its transmission loss is sgly dependent on the refractive-index differeneenveen the polymer
and the fluid: refractive index changes as smafl 88* have been measured in the fluidic channel.

Silanization and functionalization of the surfacecontact with fluids can increase the sensor seigcand turn a
refractometric sensor in a highly specialized cloainsensor.

3.3 Resonating sensor s

This category includes all sensors exploiting resorstructures; they include two groups of resarsato
1) intrinsic, which can be manufactured from OFMsglikop [17], knot [4] or microcoil [18] resonatarsfig. 4)
2) extrinsic, where the resonator is manufacture hgromneans (like microspheres, toroids, or capdri

Intrinsic resonators have been manufactured exppihe OFM evanescent field: by coiling an OFMaitself, modes
propagating in two adjacent sections can overlap@uple, producing an extremely compact resondtoe. quality
factor Q of these resonators can be as high s 10

a) b) c)

Figure 4. Schematic of intrinsic resonators martufad from OFMs: a) loop, b) knot and c)
microcoil. Knot resonators are generally manufadifrom OFMs with a single pigtail, thus they use
evanescent coupling for input/output coupling.

Loop and knot sensors include refractometric [18H @emperature sensors [20,21]. Microcoil sensordude
refractometric [22,23] and rotation sensors [24c&use of their 3D geometry, microcoil resonat@ngehan intrinsic
channel which can be exploited for microfluidic Aggtions.

Finally OFMs have shown great potentials to insgttAct light from high-Q resonators with coupliefficiencies in
excess of 90% [25]. Evanescent sensing in thesestgh high-Q resonators has been used to monit@riaty of
chemical and biological elements, including DNA J[2&reptavidin, single Influenza A virus, singledaerichia Coli
bacteria, ethanol and hexane, heavy water, anasxpk [27].
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