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ABSTRACT

We investigate theoretically and experimentally plossibility of electrostatic actuation of nanomeaical optical fibers
with integrated electrodes. The fiber has two @ycguiding cores suspended in air by thin flegilbhembranes. This
fiber structure allows for control of the opticatoperties via nanometer-range mechanical core memtn The
electrostatic actuation of the fiber is generatgctlectrically charged electrodes embedded in ither ftladding. Fiber
designs with one to four electrodes are analyzeld iarparticular, a quadrupole geometry is showalkow for all-fiber
optical switching in a 10cm fiber with an operatiagltage of 25 - 30V. A multi-material fiber drawdadhnique is
demonstrated to fabricate a fiber with well-defirtkeail core structure in the middle and four cordgimimetal electrodes
in the cladding. The fabricated fiber is analyzad aompared with the modeled requirements for edetdtic actuation.
Keywords: Microstructure optical fibers; MEMS devices; Opfiswitching.

1. INTRODUCTION

Developing devices for effective signal manipulatio the optical format currently attracts a lotimtierest as this could
offer huge advantages in the improvement of infdimmaprocessing and development of all-opticaldeftamunication
networks. A particularly attractive option is prded by optical micro- and nano-electromechanicsiesys (MEMS and
NEMS)". Many optical MEMS devices contain moving membgaoe mirrors with light propagating in free sp3ce
while others are based on light confined in mowptjcal waveguide's Here we investigate the possibility of equivalent
electrically controlled mechanical systems basedjlass optical fibers, which can combine signahdraission and
control functionalities. Such fiber devices woultb& for easy integration with other fiber compoteand thus could
become an essential part of reconfigurable allrfdgical networks.

MEMS usually contain two main functional componenbe mechanical part that can move, rotate oratéhrand the
actuation mechanism that controls the mechanicel pNowadays MEMS are mainly fabricated on silicomips,
however the potential of glass-based MEMS has laésm investigatédand several groups have already demonstrated
electrostatic glass actuatofs In recent years, different research groups haleidated multi-material fiber-based
devices with integrated conducting wires by prdgswy low melting temperature metal alloy into theles of
microstructured optical fibef€ or by deposition of semiconductors and metals thean from chemical precursdts
However, this type of post-processing is usuallyree consuming approach and limits the device #zmulti-material
co-draw technique was demonstrated by fabricatingtural metal-insulator-semiconductor fibers witletal wires of a
diameter below 10 pth Also a fiber with a single internal electrode aamd electrically conductive coating was
fabricated by feeding metal wires during fiber dirayt’.

In previous work®'* we have demonstrated a nanomechanical optical fiite a suspended dual-core structure that
allows for control of the optical properties vianaaneter-range mechanical movements. The mechawicahfiguration
was achieved by controlling the gas pressure inaidenir hole of the fiber. However, for various Bggtions in
telecommunications, sensing, or imaging, a fastel more robust actuation method is desirable. Véeetbre focus
here on an electrostatic actuation mechanism irdtted-core fiber. This optical system is the fileguivalent of chip-
based optical MEMS switches incorporating two esareatly coupled waveguides as demonstrated recensijicon™
and InP°. Comb actuators are the most common actuationadetr sub-micron sized guiding beams and waveguide
on chips’. However, other methods have been recently intteduincluding electrostatic actuation by meansaof
voltage applied directly to the waveguitfesr by placing them in a non-uniform electric fietdeated by nearby
electrode¥. We demonstrate that the latter method can bézeehinside optical fibers by integrating chargedtah
wires into the cladding. This can give a direct wayontrol light propagation in the dual-core fibleading to MEMS-
type functionality in the system.



2. FIBER DESIGN
2.1 Optical propertiesof thefiber

Our nanomechanical optical fiber consists of twipgtal guiding cores independently suspendedhiy and flexible

glass membranes in a central air hole as scherhatstewn in Figure 1la. This fiber structure alloti®® cores to move
with respect to each other. The cores are sepalatea small air gap, remaining optically coupledotigh their

overlapping evanescent fields. The fiber modalcstme depending on the core size and the air ghgpelea cores was
analyzed by a full vectorial Finite Element Meth@EM) using Comsol Multiphysics® (RF module). Wesased a

fiber made of lead silicate glass (Schott F2, aiva index n=1.6) and a wavelength of 1550 nm.

A fiber core size of 0.8x2 um was assumed in theutations taking the dimensions of a previouslyrfeated fibet*,
an SEM picture of which is shown in Figure 1la. Aiséd of the modal structure shows that the indialdiber core
supports four modes. The lowest order TE- and TRd-lnodes with predominant horizontal and verticgahpzation,
respectively, are shown in Figure 1b. When two s@ne placed close to each other, the individued amodes become
coupled, forming symmetric and antisymmetric supsitpon modes (or ‘supermodes’, see inset in Fidume and their
effective indices split. The supermode indices dghly sensitive to the air gap between the cogesyith the mode
index difference between the symmetric and antisgiimsupermodes decaying approximately exponéntidth g, as
shown in Figure 1c. Thus, by changing the separatietween the cores it is possible to control tiecdve mode
indices and in this way to tune the fiber opticalperties.

We also analyzed the range of mode index variatepending on the core dimensions. The core widthwasied in the
range from 0.5 to 1 um, keeping the core aspeict fedre length to width) fixed at 2.5. The air gapghese calculations
was varied between 0 and 2.5 um. The variatioh@fiode index difference between the symmetricaamidymmetric
TEg modes induced by one nanometer gap change is showig 1d. For the Tiyh mode a qualitatively similar
behavior is found in the studied parameter regdyndecreasing the individual core size the coupsitrgngth and hence
mode index difference increases, as the mode $igidads outside the cores. This figure clearly naapnge of fiber
parameters where the index difference between syriomad antisymmetric modes varies substantialith ihe gap
size (of the order of 1810* for a nanometer gap variation) which allows fgnificant NEMS-type functionality.
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Figure 1. (a) Schematic of a fiber cross sectiod SBEM image of a fabricated fiber. (b) Electricldialistribution and
predominant polarization of TE- and TM-like fundarted modes in a single core. (c) Effective moddadesl of the Tk,

and TM,, supermodes (solid and dashed lines correspond/rtomstric and antisymmetric modes) and mode index
difference between symmetric and antisymmetric reaifeéhe dual core fiber with core size of 0.8x2 gepending on the
air gap between the cores. Inserts: Symmetric atidyanmetric Tk, supermodes. (d) Variation of mode index difference
between symmetric and antisymmetricod Ehode induced by 1 nm gap variation for a rangeooé sizes and air gaps.



2.2 Mechanical propertiesof the fiber

Neglecting the guiding cores, the supporting memésacan be modeled as doubly clamped beams, and trs
classical Euler-Bernoulli beam equatibmve get the core displacement induced by a uniefqrer unit fiber length,

Ag/F, as:
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wherel, is the membrane half-length ahds its thicknessk is Young's modulus of the material. The inducedeco
displacement is entirely determined by the suppgrthnembrane material and dimensions and can thuaailbesd by
optimizing the fiber mechanical properties. Usirgugtion (1) for a membrane witth 2= 25 um, andh = 0.1 pum, made
of F2 glass € = 57 GPa) we find that a force of 16l/m can move a core by 17 nm. By making the mentalf as
thick or twice as long, it is possible to incredbe fiber mechanical response by almost an ordenagnitude. The
mechanical vibration frequency scales with the memé size as ~ h/L,2. However, it also depends on the core
dimensions, since a large core with higher massedses the vibration frequency. For the previoteghprted fabricated
range of fiber dimensions, the vibration frequesaiere in the range of 0.5 — 10 M&Z

2.3 Electrostatic actuation and electrode design

To induce electrostatic actuation of the nanomeichamptical fibers we consider metallic wire eledtes in the fiber

cladding. Two mechanisms were found to contribigeiicantly’®. The charged electrodes induce electrical dipiles
the fiber cores and subsequently create gradieoé¢s$oon them due to the non-uniform background fiehich are also

known as dielectrophoretic foré&s The induced dipoles of the two cores also imtedirectly through the dipole-dipole
interaction that becomes dominant over short digtanin the following these two forces are desdribeparately.

We first present a simplified analytical model toatjtatively characterize the electrostatic forgemerated by a non-
uniform electric fieldEy, on dielectric waveguide cores of circular crosstisa. In particular, we concentrate on the
relative force between the two cores dependincherdistancel between their centers. The dielectrophoretic fdfge
depends on the external field gradient as
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were a is the core cross section ands the material dielectric constant. Thus, thetre¢ force to lowest order id
dependents on the second derivative of the fieldusad and is linearly proportional do
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The dipole-dipole attractive force between the songth induced dipole momengs and p, (projection on axisy
connecting the two cores) is proportionatité:
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Noting that the background field strendghis linearly proportional to the voltage appliedthe electrode, both forces
and, hence, the induced core displacements areiapeal to the square of the voltage.

In the simplest geometry, we consider a singletedde of 15um diameter introduced into the fiber cladding watl#
um separation between the electrode edge and theakcair hole edge (see Figure 2c). The electrddfistrength
generated inside the central air hole was caladilatenerically using the electrostatic module of GohMultiphysics®.
The material dielectric permittivity~10 (typical for lead silicate glasses) was assuniiéé electric field strength was
then substituted into Equations (2) — (4). The esponding dielectrophoretic forces acting on theaiod bottom cores,
the dipole interaction force, and the total foraesng on each of the cores depending on the samalzetween them at
a fixed voltage are shown in Figure 2a. For smatathices between the core centers, the attractp@eddipole
interaction dominates. The absolute value of thel torce decreases rapidly with increasing distaas predicted by



Equation (4). At larger distances the interactiathwthe external field dominates, and both corespailed into the same
direction, towards the wire, but with slightly difent forces. The force acting on the top coraiigdr than the force
acting on the bottom core due to the differenci@external field gradient. So, for large gapsrtiative force pulls the
cores apart with a magnitude that increases lipeaith increasing separation between the coresradigied by
Equation (3). Note that for this electrode geomeammyintermediate distance exists where both cogesreence the same
force, so the relative separation between the atwes not change regardless of the magnitude @fgpked voltage.

Next, we investigate how electrostatic forces depen core dimensions. Figure 2b demonstrates ektatic forces
calculated for a fiber with smaller core sizes, ej0.6x1.2 um. The relative forces are compare#igure 2d. In
general, the absolute value of the forces is lofeerthe smaller cores. The analytical model suggekat the
dielectrophoretic force depends linearly on comsstsectiona, while the dipole-dipole interaction force is pooponal

to a%, (see Equations (2) and (4)). A larger differeiz¢hus observed at smaller distances where thgadisment is
caused by the dipole-dipole attraction. Moreovhg point where the effects of the dielectrophorédices and the
dipole-dipole forces cancel and the relative fasceero occurs at a smaller distance.

Equations (2) — (4) can be used to analyze theteffiethe material dielectric constant on the irethéorces. Figure 2d
compares the absolute value of the relative fofoedibers of the same core size and made of diffeglasses (lead
silicate glass and silica glass). The dielectriostant is included in Equations (2) — (4) in théorge —1) / (€ +1),

which at £ >>1 becomes independentofnd converges to 1. For smalighe ratio is less than 1, and the electrostatic
forces thus decrease. Moreover, having a mateital avlower dielectric constant around the ceraiinlhole decreases
the field strength inside the hole. The electre@disquared in the middle of the air hole calcddta the lead silicate
and silica glasses are 1.60 and 1.31uM?, and the corresponding first and second derivati¢E,|* are 0.14 and 0.11
V2 um?, and 0.017 and 0.016°vim™, respectively. Overall, Figure 2d thus shows aese in the relative force for a
lower-index glass.
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Figure 2. Electrostatic forces per unit fiber ldngicting on the top and bottom core depending eniritial distance
between core centers calculated for fibers madeaaf silicate glass with one electrode and core af20.8x2 um (a) and
0.6x1.5 um (b). (c) Fiber electrode geometry amdtdak field profile. (d) Relative force between twores calculated for
different core sizes and fiber glasses. A voltagé g 50 Volts is assumed in all calculations.

The analytically calculated forces acting on theesacould be used to calculate the induced displants of the cores
using Equation (1). However, as was shown in ogeme work®, membranes perform not only the passive role of
supporting the cores but, being made of the santeriabas the cores, they can also be polarizedeapdrience forces.



Moreover, even if the membranes are much thinnan the cores, owing to their long lengths the memébriateral
cross-sections can be comparable to or even léngarthe core areas with a correspondingly sigamificontribution to
the forces. This makes the mechanical deformati@aenof membranes more complex than bending of dlygou
clamped beam. To account for these effects, weuledéd core displacements using fully numerical F&Mulations in
the MEMS Module of COMSOL Multiphysics®. Here we afig assumed elliptical cores of size 0.8x2 um and
supporting membranes of thickness 0.1 um and leBgtlum. This module calculates both the electriasfarces
distributed along the membranes and cores andnthecéd deformation of movable parts of the syst€he model
suggests that the core displacements induced mgke ®lectrode is small, making the relative cdisplacements even
smaller (see Figure 3b). The electrostatic foraes, hence the core displacements, can be maxirbizé@twreasing the
electric field gradient. We thus investigated altgive fiber geometries with three and four eled#®in the vicinity of
the fiber core (see Figure 3a). The square of léaetrec field strength, and the first and secondwdgive of Eof in the
center of the air hole (at= 0 andy = 0) are given in Table 1. The comparison betweative displacements of the
cores for all electrode geometries depending oiinikial distance between the core centers is shiovifigure 3b.

Table 1. Electric field squared and the first @edond derivative of the electric field squaredhi@ center of the air hole
calculated for electrode geometries shown in Fig@eand 3a.

Fiber geometry |Eof, V2 um? A(EA Iy, V2 um™® | &(Ed)ley?, V2 pm™?
1 electrode 1.6( 0.14 0.017
3 electrodes 11.12 1.03 0.045
4 electrodes t ( 0.41p
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Figure 3. (a) Three-, and four- electrode confitjores and electric field profile created inside ftber. (b) Relative core
displacement depending on the distance betweendbeters calculated numerically for fibers witke ttore size of 0.8x2
pum and supporting membranes of 0.1 um thicknes2&nn length. In all calculations V = 50 Volts.

Despite a significantly larger field and field grewk generated by three electrodes in comparisam&electrode, an
improvement in the absolute value of the relativeecdisplacement is observed only for small distand@he second
derivative of [, is hardly larger, suggesting only a small increafsihe relative movement between the cores, Equatio
(3). This means that the dielectrophoretic foraetg on the individual cores in the three-elecerggometry are much
higher than those in the one-electrode configunatimit they move both cores in the same directiwh l®ence give a
small relative core displacement in a fiber witkritlcal membranes. However, if one of the supportmembranes is
stiffer than the other, similar forces introducdfatient displacements of the cores (see Equatigh (This is
demonstrated by numerical simulations of a fibelesghthe bottom membrane is twice as thick as tpeotte. An
improvement of the relative core displacement byartban an order of magnitude is demonstrated isyntiethod (see
Figure 3b). Further increase of the membrane tleis&rcan lead to the case where the bottom corendo@sove at all.



The relative core displacement then is determinethb force acting on the other core, and a furtherease in the
relative core displacement is shown in the figaréhis case.

The four-electrode configuration yields qualitativeand quantitatively different behavior of the atle core
displacement. This geometry generates an eleatrdcgpole field with zero field strength at the teerof the fiber.
Thus for small core separations, no dipole momangsinduced and thus the dipole-dipole interactianishes. The
displacements of the cores are therefore alwaysrited by the dielectrophoretic forces. The fietddient changes
sign in the middle of the air hole, and the digleghoretic forces act in opposite directions if toees are placed at the
center of the fiber. The quadrupole field also bitkithe largest second derivative Bf[f (see Table 1) leading to the
largest relative forces and hence the largest dm@lacements of all geometries at the same volafier distances
above 1.5 um. Relative core displacements greatan bne nanometer are predicted in this case, whimhd be
sufficient to introduce changes to the optical emies.

3. OPTICAL SWITCHING IN A DUAL-CORE FIBER

As an example of fiber NEMS functionality, we demtrate an optical switch based on the dual corer filbhe two
fiber cores form a directional coupler. If an optisignal is launched into one of the cores, il wdlntinuously switch
between the cores while propagating along the fibée beat lengthl,, (propagation distance at which the light
transfers from one core to the other and back) m#p®n the mode index difference between the synumahd

antisymmetric supermodes, and n,, and the wavelengtdl as L, =A/(n_—n ). As was shown above, moving the

cores even by a sub-nanometer distance has a ataiceffect on supermode indices. Thus, varyingtyesize changes
the beat length of the coupled core modes andutpgubat the fiber end can be switched continuobsiyveen the two

cores. The required change of the air dap to switch light to the other core and back inteefiof length_ is given by
I — ©)
P Ay
a9
where the variation of the mode index differencéhvgap d(n_ —n_ ) /dg was given in Figure 1d. We also note from

Equation (5) thafg, 00 1/L, meaning increased fiber sensitivity to core mosenwith an increase of its length. Figure

4 shows the output of one core calculated for arh@ong fiber with the four-wire geometry, coreesiaf 0.8x2 um, and

initial edge-to-edge separation of 0.7 um. In tasefiguration, a complete switch of the light frame core to the other
can be achieved at ~+25 Volts for the joMmode and ~+30 Volts for the jEmode inducing a relative core
displacement of approximately 0.3 nm. For a shp&ét cm piece of fiber the optical switch requinégher voltage of

~+50 Volts, which will introduce a core displacerhefi0.9 nm.
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Figure 4. Variation of output intensity from one thie cores depending on applied voltage for a fibgh four wire
geometry and with 0.7 um initial air gap betweem¢hres. A fiber length df = 10 cm was assumed in the calculation.



4. FIBER FABRICATION AND CHARACTERIZATION

Based on the analysis above, we focused on th&ddion of a dual core fiber with quadrupole eledl configuration.
Lead-silicate glass (Schott F2) was selected akea £ore material and low melting temperatureftinthe electrode
wires. A dual core preform for the fiber centrattpaas fabricated by the extrusion technique usiraistom-designed
stainless steel die. The preform was then drawn mtfiber can¥'* To assemble the quadrupole electrode
configuration, the cane was surrounded by four gglabes filled with tin wires in the middle of a f&cket tube
(10/8mm OD/ID). Four extra glass rods were addesetture the position of the cane and electrodeswére shown in
Figure 5a.

The multi-material stacked preform was drawn intfibar in two steps on a fiber drawing tower. I thrst step, the
preform was pre-heated to a temperature above #iénm temperature of tin (230°C) for 60 minutebeTmelted tin
condensed down to the bottom of the preform, rengpwir bubbles between the metal and the glass, dkaiding
discontinuous wires in the fiber. In the secong stiee fiber was fabricated using a drawing temjoeeaof 730°C.

An SEM image of the first fiber sample is showrFigure 5b. The fiber OD is 200 pm and the averdgmeter of the
four tin wires is 50 um. Tens of meters of fiberavéabricated with relatively uniform cores and tionous electrodes
along the fiber. The total resistance of the fdactodes was measured to be 1Q/&. The dual core structure is well
centered between the four electrodes. Figure Swslomagnification of the two suspended cores éncénter of the
fiber. From this, we obtain the dimensions of thlericated structure: The core size is 2.0x3.1 hm;nmembranes are 12
pm long and 500 nm thick, and the air gap betwkercores is ~200 nm. The optical loss of the fineasured by the
cut-back method for TE and TM polarizations wastbto be 2.5 and 4.8 dB/m respectively.
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Figure 5. (a) Stacked preform of the dual corerfivgh quadrupole metal electrodes; (b) SEM pictafehe fabricated
fiber, scale bar is 10m. (c) Magnification of the fiber central part demstrating two suspended cores, scale bais 2

We modified the geometries in the optical and etenechanical numerical models to resemble the héabaicated
fiber from Figure 5. The analysis of the fiber optimodes shows that even though the core dimensimnrelatively
large, their close position ensures good opticapting between the cores. A variation of the indéference between
symmetric and antisymmetric TE polarized supermafeés5x10° is expected with a nanometer change of the air gap
However, the supporting membranes in these fitstidated fibers turned out to be too stiff to allér sufficient core
movements at realistic voltages. The electromechamiodel suggests that a voltage higher than 0% has to be
applied to the electrodes to observe switching B0am long piece of the fiber. This voltage, hoamr\generates an
electric field inside the fiber well above the digtric strength of air and will thus lead to di¢tecbreakdown. Using the
numerical model we found that by reducing the memérthickness to 200 nm and increasing its lengt®5um the
switching voltage could be reduced to more realis85 Volts.

Our next attempts will thus focus on adjusting thbrication process in order to reduce the mechdrstiffness by

making the membranes longer and thinner. The SEMy@in Figure 5b suggests that the size of thealguart with the

suspended cores is not yet restricted by the eldesr Membranes of the required dimensions haeebalsn fabricated
previously, thus we expect that pressurizing tberficane during the drawing process will help uadbieve the target
fiber dimensions.



5. CONCLUSIONS

In conclusion, we have investigated the conceptlettrostatic actuation of nanomechanical optidhérs with
integrated electrodes. A fiber structure that afider control of the optical properties by mechahieconfiguration
through nanometer-range core movements has alieaely demonstrated befbteFor electrostatic actuation of the
fiber, charged electrodes are embedded in the éilagiding. These generate a non-uniform electeid finside the fiber
which polarizes the fiber cores and generates $oocethem. At small separations between the ctinesdipole-dipole
interaction between the two cores is found to lBedbminant force, while at larger separations theraction with the
external field dominates. By using a simplified $amalytical model we investigated the force demsme on the core
dimensions and on the dielectric material propertie particular we have shown that cores made giss with high
dielectric permittivity (such as lead silicate glasvill experience higher electrostatic forces tlsdita glass cores. To
increase the forces acting on the cores and héwae displacement, we suggested geometries withketland four
electrodes around the central air hole. In pariGuhe quadrupole geometry was shown as the mostiging design.
Our results suggest that core displacements imain@meter-range can be generated. As an examplsimwdated the
possibility of all-fiber optical switching in a 16tlong fiber with an operating voltage of 25 - 30V.

We also reported the fabrication process of duaé dibers with integrated electrodes. A multi-makfiber draw
technique is employed for fabricating a fiber wéttwell-defined dual core structure in the middle &ur continuous
metal electrodes in the cladding. However, theraémechanical part of the first fiber appearsedado stiff to allow for
electrostatically induced reconfiguration. Furti@provement of the fabrication method will focus controlling the
dimensions of the fiber central structure. In atir a method of reducing the stiffness of thepsuiing membranes by
making them thinner and longer will be developed.
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