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Abstract: Optical fibers are an excellent transmission mnedfor light and
underpin the infrastructure of the Internet, buheyally after fabrication
their optical properties cannot be easily modifietere, we explore the
concept of nanomechanical optical fibers whereadidition to the fiber
transmission capability, the internal core struetaf the fiber can also be
controlled  through  sub-micron  mechanical movementsThe
nanomechanical functionality of such fibers is destmated in the form of
dual core optical fibers, in which the cores ardejpendently suspended
within the fiber. The movement-based optical chaimyéarge compared
with traditional electro-optical effects and we shihhat optical switching of
light from one core to the other is achieved thioutpving one core by just
8 nm.
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1. Introduction

The harnessing of mechanical interaction in sujtalohall structures is well-known in silicon
MEMS (microelectromechanical systems) and NEMS de#ettromechanical systems)
devices [1], and these have achieved consideratgadt in a wide range of applications, e.g.
as accelerometers and gyroscopes, and in 2-D obpdigdaching [2] for displays and
reconfigurable optical add-drop multiplexers. Basaud our recent realization of a dual
suspended core optical fiber [3], we now demonstitite extension of a MEMS-type
functionality to the fiber platform with potentiglifar reaching applications in, e.g., sensing
and optical telecommunications.

The standard optical fiber with its basic core atatiding glass structure has been the
workhorse for optical transmission for decadeselrent years, increasingly complex optical
fiber designs involving a microstructured claddexgd/or core have been suggested [4], and
corresponding advances in fabrication techniquedenia order to realize them. However,
these fiber structures are primarily still target¢dhe optical transmission capabilities of the
fiber, e.g. to better control its dispersion pmfdr mode area, or reduce transmission losses
over specific wavelength regions [5]. They are atsechanically quite rigid. Apart from the
transmission of light, optical networks and systeiwday incur a considerable amount of
processing, such as switching, routing, and buféedf information. Much of this is currently
done before or after the fiber, and predominantlyhie electronic domain. The incorporation
of some of these processing functions into the captifiber would be advantageous,
potentially leading not just to all-optical netwsrf6], but an integrated “all-fiber” network.
We note that optoelectronic fibers that can incoaflight detection in the fiber itself have
been reported [7].

We report here the fabrication and demonstratiora afanomechanical optical fiber,
where the core of the fiber does not just simpiysmit light, but is also capable of controlled
nanometer-scale mechanical movements. We havecéabdi fibers with two movable cores
that are close enough to each other to be opticallpled [3] so that they act as a directional
coupler [8]. As a proof of concept of the nanomedtel optical functionality, we
demonstrate optical switching of the light througgmometer-scale movement of one of the
cores and the subsequent change of the opticalioguength. Conversely, such fibers can be
used to detect very small changes in the envirohnmeeg. pressure or vibration, which will
have broad appeal to the field of sensing [9]. Butron diameter optical fibers have
previously been fabricated by direct drawing [10] yield stand-alone single core fibers.
While attractive for their evanescent field propest post-fabrication assembly is required for
more complex multi-fiber configurations. The workrb demonstrates that low-loss sub-
micron optical fibers can be directly fabricated adraw tower with a conventional 125 um
glass cladding for protection, while containing tiplé fiber cores inside the cladding for
optical and mechanical interaction.

With such nanomechanical optical fibers we canraye the manufacturing advantage of
optical fibers, where long device lengths — frormdineds of meters to kilometers - are readily
fabricated by drawing from a fiber draw tower, wittw optical transmission losses. Device
lengths can therefore be achieved that are muditeagrénan is possible on a silicon MEMS
chip, and the sensitivity of these fiber-based cevito motion or changes in the environment
can be correspondingly greater. Our results sh@atvghch fibers are capable of responding



optically to nanometer movements in the fiber coré@he sensitivity to nanometer
displacements of a dual slab fiber structure hss @cently been analyzed theoretically [11].

2. Fabrication and experimental results

The dual core fibers (Fig. 1 (a) shows a schenmatiph of the fiber concept) were fabricated

using lead silicate glasses. Lead silicate glasszs chosen because of their lower melting
points, which enable the glass extrusion techniquiee adapted to produce the desired dual
core preform structure (although the drawn fib@ssrsection differs systematically from that

of the preform). Figure 1(b) shows a centimetefeseatruded glass preform corresponding to
the conceptual structure.
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Fig. 1. (a) Schematic of the dual core hanomechanicataldfiber concept. (b) Extruded glass
preform of the desired structure. (¢) SEM photograyp a fabricated dual suspended core
optical fiber; and (d) magnifies of the core struet

For the extrusion, a glass billet was placed insideextrusion die and heat applied to
raise the temperature until the glass reachedftersng point. The glass was then extruded
through a custom-designed stainless steel dierto fbe central portion of the fiber preform.
The extrusion die has two slots each with a circhiale in the middle of the slot that on
extrusion produces the two cores in the preformshasvn in Fig. 1(b). The slots were initially
designed to be parallel to directly produce striagiass membranes upon extrusion; however,
it proved difficult to extrude the glass throughetie with two parallel slots very close
together, due to the high load (nearly half a totha softening temperature of the glass)
needed to be applied to the glass during this sidnuprocess. The slots were therefore made
curved away from each other, to increase the spatweeen the cores; however, during the
fiber drawing process, the curved glass membramnaigisten up due to surface tension forces,
resulting in straight glass membranes for the fiber Schott F2 glass, the extrusion furnace
temperature was 590°C, and the extrusion was ctediwt a constant speed; the extrusion



rate through the die was 0.052 mm per minute (taRirhours to extrude the 30 mm length
glass billet). The slow extrusion speed was necgdsaenablethe glass to flow properly
through the narrow channels of the die, in ordenteimize die swell and preform distortion.
The extruded preform has an outer diameter of 16 mm

The preform was placed on a fiber draw tower amgdadown to 1 mm in diameter. The
dual core cane was then placed inside a Schottds3 ¢gacket tube (used as the cladding for
the dual core fiber), and finally drawn into thesied fiber, at a temperature of 730 e
relatively low fiber drawing temperature was choseprevent the fiber cores from distorting
(elongating) further.

The dual movable core fiber fabricated using lahdase glass is shown in Fig. 1(c) and
(d). Although the cores are circular in the glassfgrm, they are elongated during fiber
drawing. This is due to surface tension forces twhiecome very substantial at these small
dimensions, and careful control of the drawing étoigs during the fiber draw process is
required. The sub-micron sized cores and core agpardimensions are chosen so that the
two cores will be optically coupled through theivaeescent fields. Each core is held
suspended in air from the outer glass claddingway glass membranes which are ~200 nm
thick, so that the cores can move freely in thedlion perpendicular to the membranes.
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Fig. 2. SEM photographs of a dual core fiber with a di@atess channel to one of the cores
for pressure actuation. (a) Fiber structure aftawihg. (b) Close-up of the fiber core structure.
The displacement between the two cores is 2 pnme<Care 0.8 um x2.7 um in size. (c) Fiber
core structure after the remaining wall of the diad has been etched away.

For direct verification of the nanomechanical optiéunctionality of these fibers we
fabricated an additional channel through the fitladding that provides direct fluid access to
the environment from the open hole adjacent toaore, by etching through a portion of the
cladding wall.

For creating an access channel to the core, thglds® jacket tube (used as the cladding
in the preform) was first modified by having a 0.86n wide slot cut vertically from the
surface at one side of the tube through to theecelhe dual core cane was placed inside this



slotted tube to form the fiber preform, and drawto ifiber (Fig. 2 (a) and (b)). To remove the
remaining thin glass wall separating the core frtora outside environment, a buffered
hydrofluoric acid etch was applied. The etch ratetlie thin glass wall is 0.25+0.01 pum /min,
to yield the final fiber structure shown in FigcR(Creating this access channel allows us to
apply direct pressure selectively to one core, mode it in a controlled manner to achieve
optical switching. The optical propagation losséthe fiber were experimentally determined
using the fiber cut-back method; the results aspldyed in Fig. 3.
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Fig. 3. Optical propagation loss measurements of the clua fiber in Fig. 2, using the fiber
cut-back measurement method. The losses for botizamtal (TE) and vertical (TM)
polarization modes, and at two different waveleagttb50nm and 1047nm) were measured.
Cut back data poinw 1047 nm, TEp 1047 nm, TM;A 1550 nm, TEY 1550 nm, TM. Curve
fittings: solid blue: -1.77 dB/m, 1047 nm, TE; dadhblue: -2.92 dB/m, 1047 nm, TM; solid
red: -2.54 dB/m, 1550 nm, TE; dashed red: -3.29B550 nm, TM.
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Fig. 4. (Left) Experimental set-up with dual core fibersloow optical switching by pressure
actuation on one core. Dual core fiber of lengticABused for test. A 3 cm section of the fiber
in the middle is etched for direct pressure actesme core. The in-house designed pressure
chamber has one pipe connected to a nitrogenmasifid another to a pressure gauge. (Right)
Calculated pressure profile inside the pressuiiizge of the dual core fiber.



The experimental configuration for demonstratingiaraechanical optical switching in
the fiber is shown in Fig. 4 (left). The fiber lehgwas 43 cm, with a 3 cm section in the
middle of the fiber etched through to gain directess to one core. The etched part of the
fiber was placed in an in-house constructed pressimamber. Light from a 1550 nm
wavelength pigtailed laser diode (2mW) was colliegatsent through a polarizer, and focused
using a 60x objective into one of the fiber corébe polarization state of the light was
parallel to the long elliptical axis of the coreewelect this polarization state as it yields a
lower optical propagation loss (2.54 dB/m) thanhwitte orthogonally polarized state (3.29
dB/m). For the 0.4m length of fiber used, the filwess is therefore ~ 1dB.

The light output from the dual core fiber was imédgea a 100x objective onto a near-
infrared video camera (Electrophysics MicronView&90A), and monitored in real time.
Figure 5 (top, (a) to (k)) shows the change inltgkt intensity pattern observed on the IR
video camera as the pressure in the chamber isdsed. The optical intensity shifts from one
core to the other and back again as the pressumécally increases, exhibiting an optical
response that is periodic with pressure (Fig. %t@na)). Such a sinusoidal behavior is in fact
expected from coupled mode theory: For the sma# displacements observed in our fiber (a
few nanometer, as discussed below), the displacemepends linearly on the applied
pressure, which in turn leads to a linear changehefoptical core-to-core coupling. The
resulting change of the modal beat length thuss¢agberiodic switching with pressure over a
fixed fiber length. The periodicity can be seen tradsarly from the plot, where the horizontal
axis is the applied pressure in mbar and the \&#rtgis is the normalized optical output,
defined as the power from one core divided by tima &f the power from both cores. The
pressure period (for the light to switch from onerecto the other and back again) is
approximately 100 mbar. A maximum 248 mbar was iadpto the fiber, spanning 2.5
periods. This switching behavior is readily repbiaby ramping the pressure up and down,
the same optical intensity pattern was observed fgiven pressure.
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Fig. 5. (Top) Optical intensity observed on the infraredeo camera for different applied
pressures. (Bottom) Plot of intensity in one caseadunction of applied pressure, showing the
periodic switching behavior Hollow circle: normalized intensity of the uppere; o hollow
square: normalized intensity of the lower coreidslime (blue): curve fitting to the upper core;
solid line (black): curve fitting to the lower core



3. Analysis

The experimental data connecting the optical befaof the fiber to the applied pressure
allows us to determine the amount of movementilzet imparted to the fiber core for optical
switching. The mechanical and optical behavior lod suspended cores can be modeled
knowing the refractive index (1.6 at wavelengtHL660 nm) and Young’s modulus (57 GPa)
for the lead silicate (Schott F2) glass that therfiwas made from. The physical dimensions
of the fiber cores and the glass membranes suspgtitem were obtained from SEM photos
(Figs. 2 and 6 (left)), and the optical modes sufgabby the fiber are numerically calculated
using a full vectorial Finite Element Method (CorhBtultiphysics®).

At these dimensions, each core of the filsemultimoded, with two low loss TE
(horizontal polarization) modes and two TM (vertigaolarization) modes; the optical
intensity distributions calculated for these modes shown in Fig. 6 (right). Single mode
operation will require reducing the core elliptycib achieve smaller core dimensions; this is a
challenging problem for the fabrication process aralibject of continuing investigation. The
optical switching behavior can be viewed as anrfatence effect of light propagating in the
“supermodes” of the compound dual-core fiber stmest which consist of quasi-even and
guasi-odd superpositions of the individual core a®fB]. We note that TE mode operation as
well as TM mode operation is possible, with theelatshowing larger losses as discussed
above but generally slightly stronger core-to-ocmoapling.

The simulations also showed that the corredimgnmodes of the two cores have slightly
different propagation constants (effective indeffedence ~3x18 for the fundamental
modes), probably due to the distortion of the filggometry by the introduction of the
additional channel required for the pressure-switghexperiment. This phase mismatch
between the cores prevents perfect optical cougmdyis currently the limiting factor to the
extinction ratio shown in Fig. 5 of 8 dB.
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Fig. 6. (Left) The red curves in the SEM photo denote geemetry used in the modeling
calculations. (Right) Calculated TE (horizontal gradation) and TM (vertical polarization)
modes of a single core in the dual core fiber (radized to the maximum of the FEmode).

The wavelength and polarization dependent fibepagation lossesiyer (A) for these
modes can be estimated by considering the netdsshe sum of the bulk glass loss and
surface optical scattering:

afi ber (/]) = aglass(/]) + asurface (/‘) (1)

For the lead silicate glass used, the bulk matey&so.ss(A) is relatively high: 1.75 dB/m at
1550nm and 0.35 dB/m at 1 micron (Schott F2 glaga gheet). The surface optical scattering



lossasuace(A) Can be estimated using thefactor quantifying the overlap between the optical
mode with the glass surface, normalized to thd pmwaer in the mode [12]:

(A ~F/A® )

asurface

At the wavelength of 1550 nm, tlirefactor for the fundamental TE and TM modes ar& X5
10°/m and 2.96 x 1Um respectively. We note that the surface opticattsring for the TM
mode is almost twice that for the TE, because tbetric field in the TM mode is stronger at
the air interface of the waveguide core [13]. Anicron wavelength, the TE and TM modes
are more confined within the core, and therefomdysmallerF-factors of 0.97 x 1%m and
1.7 x 16/m, respectively.

The results of the loss calculations are shown abld 1, and compared with the
corresponding cut-back loss measurements of Figrh&re is good agreement with the
experimentally determined losses. With the uselassgs with lower bulk material losses,
transmission losses at 1550 nm should be less thdB/m, and will be limited only by
surface scattering.

Table 1. Optical fiber loss comparison between the expettaleneasurements and the losses
calculated from the numerical model.

Wavelengtl TE(measurec TE(calculated) TM(measurec TM(calculated)
1.55um 2.54 2.50 3.2¢ 3.15
1um 1.77 1.84 2.92 2.96

The mechanical response of the fiber to appliedque was also calculated. From the
classical Euler-Bernoulli beam equation, we not the mechanical motion will be a strong
function of the dimensions of the glass membranesire, scaling ah{/d°E) p, whereh and
d are the height and thickness of the membrane cégply, E the Young’s modulus for the
glass, andp the applied pressure. Accurate numerical modelisigng the Finite Element
Method and including the elliptical core featurenfions this; more importantly, the
calculations show that the fiber core moves by mfA8for each 1 mbar change in pressure
applied to it.

For the experimental configuration used in Figledt), where both fiber ends are open to
the atmosphere, the pressure applied at the cefrtiee fiber decreases approximately linearly
with distance to the end of the fiber, as confirmgd a finite element fluid dynamics
simulation (Fig. 4, right). Using this pressure fijeg the field profile for the first TE optical
mode, and the mechanical response of the fibermtbaeling calculations show that optical
switching from one core to the other occurs for@Bar in applied pressure. This is in
reasonable agreement with the experimentally oleskevalue of ~50 mbar. The slightly lower
pressure values found experimentally for achiewiptcal switching may be due to the thin
glass membranes being weaker - from surface de$ectis as micro- or nano-cracks - than
was assumed in the calculations, which used theYaling’s modulus for the glass. 98 mbar
of applied pressure corresponds to just 8 nm ofemmnt of the core for this fiber. We note
that for this calculation, we have taken into actdhe change in the refractive index of the
nitrogen on one side of the core due to the ineréapressure, equal to 2.8 x 1per 100
mbar [14]. Although this change in refractive indefkthe gas is small, the effect on the
optical behavior is not insignificant when compatedthe nanometer-level motion of the
core, and accounts for ~10% of the optical switghiesponse (i.e. the core would have to
move by 7 nm, instead of 8 nm, for optical switchito take place in the absence of the
pressure-related index change). On the other h#rel,results are rather insensitive to
temperature fluctuations, with a shift of the ifiteence fringes by ~0.25% per Kelvin. For the
low optical powers used (2mW), we therefore expeet temperature contribution to the
observed optical behaviour to be minor at best.



The agreement between the theory and the experiingata provides validation to our
concept of the dual core hanomechanical fiber. With numerical model, we can consider
the potential of such fibers. The mechanical resoedrequency of the fiber structure is on
the order of 1 — 10 MHz (for already achieved rangkdimensions, Figs. 1(c), (d) and Fig. 2
(a) to (c)), suggesting that ps switching timesp@ossible. The resonance frequehcan be
optimized with the fiber dimensions, scaling withetthickness and height of the glass
membranes as~ d/h’.

While we have used the application of gas pressarthe core for the initial switching
demonstration of this fiber, there are a numbeotbEr - faster - actuation mechanisms that
can potentially be used, for example, electros@titiation which is a common approach in
silicon MEMS devices [15]. These nanomechanicaicaptfibers also offer considerable
potential towards realizing functionalities and kggiions that have proved hard to achieve so
far, such as self-configurable or “smart fibersidaptical buffers [16]. It has been previously
pointed out that self-optical switching can be awptished using the optical force from the
propagating signal to move the waveguide itsell.[¥While the use of optical force switching
has been demonstrated in semiconductor wavegul&sihd using microresonators [19, 20],
the low propagation losses and long fiber lengthis allow for lower optical powers in
reaching the self-switching threshold, opening thay for the development of self-
configurable or ‘smart’ fibers. The fiber presentegte was optimized for the switching by
pressure and shows negligible optical forces (spoeading to <0.001mbar for 100mwW
optical power). However, our preliminary simulatiosuggest that optical-induced pressures
up to 0.1 mbar for 100mW of optical power can bliemed by reducing the gap size to
100nm, which would allow for optical switching ovi#loer lengths of a few meters. Practical
applications may require the dual core fiber todpdiced to standard single-mode fiber
(SMF). Due to the size mismatch, butt couplingfspli will only couple the symmetric mode
of the dual core fiber into the SMF. Coupling agdéncore to the SMF could be achieved by
an intermediate section of fiber containing a snglispended core, whereas coupling the two
cores to separate SMFs (as required for switchimidl) necessitate a dual-core taper that
converts the submicron modes of our fiber to micdimensions similar to standard fiber
couplers.

Apart from switching and sensing applications, dlv@l core fiber has the further useful
property of a continuously variable propagationagielime that can be controlled through
adjusting the separation distance between the bresd21]. Although the fractional change
in time delay achievable - about 10% of the totalppgation time through the fiber - is
relatively small (albeit high by electro-optic stiands), the ability to use long fiber lengths
can yield substantial net variable time delays tuj@a nanosecond or more of variable delay
per meter of fiber, with the use of high index gk, which would make this an attractive
candidate for realizing optical fiber buffers.

4, Conclusion

We have described the development of nanomechapjatal fibers, which have been
realized initially in the form of dual suspendededibers. The nanomechanical functionality
is shown in an optical switching demonstration tigto moving one core by just 8 nm. The
dual suspended core fibers are highly responsiveatmmeter-scale mechanical movements
within the fiber, and should open up new possibiitin fiber functionality, including optical
sensing applications, as well as smart self-condilgle optical fibers and optical buffering.
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