Optical Fibre Nanowiresand Related Structures
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ABSTRACT

The fabrication of optical fibre nanowires by flatmeishing represents a top-down method to reliably
manufacture the longest, most robust nanowires Bitica and compound glasses. Small surface rouwghaed
long-length diameter homogeneity provide the loweleof loss needed for optical applications. A ddesble
fraction of the transmitted power propagates indlianescent field outside of a nanowire allowing pinompt
fabrication of high-Q resonators and several sensor
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1. INTRODUCTION

Nanowires have been manufactured from a varietynaferials [1] using several different methods, sash
electron beam lithography [2], bottom-up techniqgliks chemical/physical vapor deposition [3] ang-town
processes like fibre drawing [4,5]. The use of tgpvn techniques for the manufacture of nanowiresifoptical
fibres provides the longest, most uniform and rolmasowires [5]. Moreover, the low optical lossasated to
the small surface roughness allows the use of naes¥or transmitting light [4-6].

Optical fibre nanowires and sub-wavelength wireENSW) are attractive for a variety of promisingréb
optic applications because of their enabling optézal mechanical properties. In particular thepwlfor: (a)
large evanescent fields outside their physical daan (b) high nonlinearity, (c) strong confinemefd) low-
loss interconnection to fiberized components. OFN&W fabricated by adiabatically stretching optiiiates
and thus preserve the original optical fibre dinems at their input and output allowing ready Splicto
standard fibres. Because of the large evanesaddt fvhen nanowires are coiled the mode propagatinbe
nanowire is interfering with itself to give a resoor.

In the next sections the latest results on the faatwre of OFNSW from silica and compound glasses a
presented, with a particular stress to their opic&l mechanical characterization. High-Q fact@orators and
their application for biosensors are proposed.

2. FABRICATION

Three methods have recently emerged for the topadatrication of OFNSW from optical fibres:
a)A sapphire rod heated by a flame [4].
b) A microfurnace made by a hollow sapphire cylindeated by a COlaser [7].
¢) The flame-brushing technique previously used toufaoture tapers/couplers from optical fibres [508-1
A summary of the properties of these methodoloigiesported in table 1.

Table 1: Specifications of top-down fabrication techniques.

(a): sapphire | (b): sapphire cylinder| (c): flame

rod + flame + CQO, laser brushing
Minimum loss at r~430nrh~1.551m [dB/mm] ~10%[4] ~101[7] ~10°[10]
Minimum radius nanowires [nm] 10 [12] ~50 [7] ~RiD]
Maximum length [mm] tens [4] few [7] ~110 [5]
Uniformity 10° 2 [4] - 0.5 [5]
Pigtails 1 2 2

In (a) a pre-tapered fibre is wound on a hot sapptip, and drawn further to submicron diametersh@dugh
this methodology has been used to manufactureregtyesmall-diameter wires, it presents several temks:
complex fabrication procedure, relatively high I¢as least ten times more than technique c) anglessided
access to the nanowires.

The process (b) involves inserting an optical filmte a sapphire capillary tube, which is heate&lyG laser
beam. This method is very fast, provides nanowiiés very short tapers and radii as small as 5dbrawbacks
of this process include the high loss and the deagth of drawn nanowires.
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(c) is based on a small flame moving under an apfibre which is stretched (for this reason itlso called
flame-brushing). The control of the flame movemant the fibre stretch can define the taper shapanto
extremely high degree of accuracy. Nanowires wétthiras small as 30nm have been demonstrated Thi§.
methodology provides the longest and most unifoanowires [5] with the lowest measured losses [8-10]
Moreover, it provides access to the nanowires tith pigtails.

Nanowires longer than 110mm have been manufactsied the flame-brushing technique [5]. Figure Gveh
pictures of OFNSW fabricated by this technique. G®MN size and uniformity have been evaluated using a
scanning electron microscope (SEM): size homogereis often been within the instrument resolutiehile
uniformity (defined as the ratio between diamelertfiations and nanowire length) was better thah 10

Figure 1. SEM pictures of silica and compound glass OFNSWs. The smallest radiusis r~30nm.

By using the flame-brushing technique with a mieater as a heat source, OFNSW have been manufhcture

from a variety of compound-glasses [11], includiefjuride, bismuth-silicate, lead-silicate and cuoajenide
fibres.

3. OPTICAL AND MECHANICAL CHARACTERIZATION

In order to measure the total optical losef the OFNSW, light at wavelengh+1550nm was launched into the
OFNSW pigtail and the transmitted signal was measiny an InGaAs detector. Figure 2 summarizes decbr
losses in OFNSW made from telecom optical fibreswe OFNSW radius for=1550nm. Losses achieved with
other fabrication methods reported in the literatare also shown for comparison. It is clear tlehé brushing
provides lower losses compared to other fabricagohniques.
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Figure 2. Comparison of optical loss at A=1550nm (Q1s50nm) for OFNSWs manufactured by different methods
(seetable 1); data for (a) and (b) were extracted from references 4 and 7, respectively.

The mechanical strength was measured by addindhtgedd the bottom extremity of an OFNSW held vaitjc
until fracture occurs. Measurements have been paed on OFNSW with r=375nm. The typical stresg,
(defined as the ratio between weight at fracturg @RNSW section) was in the rangemf,: ~10-11GPa. As
before, it is interesting to note that this valueerms considerably higher than that achieved forpkesm
manufactured by method (a), for which the repotttsile strength was 2.5-5GPa [4]. It is well knothat
tensile strength in optical fibres is strongly degent on surface quality; the better mechanicalopsance of
the flame brushing technigue could then be expthinethe better surface quality (as also showalihet 1).



4. OPTICAL PROPAGATION, CONFINEMENT AND RESONATORS

In OFNSW the radius r can be considerably smdflan the wavelength of the propagating beam, therefore the
description of light propagation requires an examution of Maxwell's equations. Figure 3a showe fall-
width-at-half-maximum of the amplitude of the prgpting beam as calculated in OFNSW manufactureah fro
silica (refractive index at=1550nm n~1.44), lead-silicate (n~1.76) and bismsilicate (n~2.01). It is
interesting to note that after reaching a minimtime, beam expand considerably and in this regimehrofithe
optical power can propagate outside the nanowinesipal boundary: for a silica OFNSW with r~130nm, a
A~1550nm more than 99.99% of the modal power prapagautside of the wire and the intensity decretses
10% of its maximum value at a distance of gi#0from the surface.
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Figure 3a. Relation between the beam full width at
half maximum at A=1550nm (FWHM) of fundamental
mode (HE;;) and the OFNSW radius for three selected

materials.
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Figure 3b. Knot high-Q microcoil resonator

manufactured from an OFNSW. The resonator radius
is approximately R~45 zm.

Since the FWHM is larger than the OFNSW physicateatision, coiling allows the propagating mode to be
coupled back into the OFNSW after a round trip.sTdenerates a very compact resonator with extrehighy
Q. As an example, figure 3b shows a knot resonattr radius R~4Em. Coil resonators with Q-factors in
excess of 1Dhave been demonstrated.

5. A SENSOR
The high Q-factors achievable in OFNSW resonataesantees large storage times for light withinrggonator
mode and hence long interaction times with any omadin contact with the mode propagating inside dbi.
This makes the OFNSW resonator an ideal candidateeinsing applications. Figure 4a shows a posdisen
for the sensor: an OFNSW is embedded in Teflonaadkannel is left in the device centre for thewdsli of the
chemical/analyte. The embedding process is aimédctease the device robustness, stabilize its gggrand
therefore its optical spectrum.

le+3
( a) —— d=10nm
Loes ———  d=100nm
———— d=500nm
PP TN\ A N I EN DU d=900nm
\ N N || e d=1300nm|
. ‘1\ D e N N d=1700nm
2 let0qire < —
= ~
g le-1 v =~ 1
£ BN ~—
le-2
n \\ >SN~ I
le-3 SS~=
N T~
1ea L5 — T
\V r
i S
le-5 3
200 400 600 800 1000 1200 1400 1600 1800 2000
r (nm)

Figure 4b. Device sensitivity Sversus OFNSW

Figure 4a. Schematic of an embedded OFNSW
radiusr as a function of the coating thicknessd

microcoil resonator used as a biosensor.



If the OFNSW optical input is constant in time, obas in the analyte manifest first in a changéefeffective
index ng; of the propagating mode and then in the transoisspectrum. The incremental change of resonant
wavelength per unit of refractive index changehia &nalyte is defined as homogeneous sensitivity S:

S= aArs - /]ﬁ anEff (1)
on, ng on,

Figure 4b shows the expected device sensitivity=800nm for several OFNSW dimensions as a function o
the distance d between the OFNSW and the aquealgt@énThe refractive index of OFNSW, analyte and
Teflon were assumed to Wg.s~1.451,n,=1.332 andn=1.311, respectively. It is interesting to notetttie
sensitivity is high when there is a big overlapviEstn the mode propagating in the OFNSW and the/@ndlhis
happens for a small r and/or a small d. S as héghi0® can be achieved for small OFNSW radii. Thisi® is
comparable to the values reported in literaturectier biosensors like the hollow-core antiresomafiecting
optical waveguide (ARROW) [13] or gratings [14]. Wever, the resonance bandwidth in OFNSW is ordérs o
magnitude narrower than in gratings or ARROW devjiameaning that the minimum detectable quantity of
analyte is orders of magnitude smaller for the OBNS

6. CONCLUSIONS

OFNSW fabricated by the flame brushing techniqueehaeen shown to exhibit extremely low optical lassl
good mechanical properties. A considerable fractibrthe bounded mode propagates outside the plysica
boundary for small radii. This can be exploitedriake microcoil resonators with compact design agt k-
factors. A biosensor designed embedding an OFNS¥@negor has been proposed: high sensitivity and
extremely low minimum-detectable-limit have beeadicted for small OFNSW radii.
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