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Abstract: An optical fiber with nano-electromechanical fuooglity is
presented. The fiber exhibits a suspended dualstaneture that allows for
control of the optical properties via nanometerg@an mechanical
movements. We investigate electrostatic actuatirieaed by applying a
voltage to specially designed electrodes integratedthe cladding.
Numerical and analytical calculations are preforn@aptimize the fiber
and electrode design. Based on this geometry afiball optical switch is
investigated; we find that optical switching ofHigbetween the two cores
can be achieved in a 10 cm fiber with an operatoitage of 35 V.
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1. Introduction

Optical systems with mechanically adjustable orti@lable components are well known in
the form of silicon chip based micro- and nano-setenechanical systems (MEMS and
NEMS) [1] and are widely used in various optoelecit devices for sensing, such as in
accelerometers and gyroscopes, for 2-D opticalctivig in displays [2], and for a multitude
of applications in optical communications [3]. Whdemiconductors are the standard material
for the manufacturing of MEMS, the potential of gdebased materials for developing MEMS
has also been investigated [4], and several grdvape already demonstrated electrostatic
glass actuators [5-7]. These developments opetheppossibility of realizing equivalent
electrically controlled mechanical systems basedlass optical fibers.

In a conventional telecommunication network optifiakers mainly transmit signals,
while signal manipulation and switching are perfedhiby separate devices that often require
signal conversion from an optical to an electrofionat. This leads to bulky and energy
consuming circuits and it slows down the networkfgrenance. Realization of devices that
allow for effective signal manipulation in the agati format would offer a huge advantage in
the development of all-optical telecommunicationwueks. Further advantages could be
obtained by integration of the active components i fiber, combining transmission and
control functionalities. Produced by fiber drawitechniques, dimensions of these active
optical fiber components would not be restrictedcomparison with chip based devices,
which would facilitate some applications such asioap buffering. Moreover, such fiber
devices would allow for low insertion loss and &asy integration with other components of
all-fiber reconfigurable optical networks.

A reconfigurable nanomechanical optical fiber wétldual-core internal structure whose
optical properties can be controlled through subram mechanical movements has recently
been demonstrated [8,9]. The fiber consists ofelliptical cores independently suspended by
thin glass membranes in a central hole of a gldsy fof standard outer diameter. The
supporting membranes are flexible, which allowsdbees to move with respect to each other.
The cores are separated by a small air gap, tlkeedafizvhich is comparable with the mode
field diameter. The cores thus interact througtirtbeerlapping evanescent fields, forming a
directional fiber coupler. The optical coupling ¢gh, and thus the fiber output, can be
controlled very accurately by minute external fercgiving rise to nanometer-size
displacements of the cores, which can lead to & wéthge of applications in the fields of
sensing, switching, and all-optical network contrdhis first demonstration of an in-fiber
nanomechanical switch was actuated by a variatioapplied gas pressure [9], yet other
actuation mechanisms could be envisaged in prigciguch as stress, bending, and
temperature. However, most of these methods aresltm® for many applications, e.g. in
telecommunication networks. Although sub-microsecantuation of a nanostructured fiber
was recently demonstrated using optomechanicag$ojt0,11], for most applications a more
robust actuation method will be required.

We therefore focus here on an electrostatic actnatiechanism of the submicron cores
in the dual-core fiber. Our system is thus the rfibguivalent of chip-based optical MEMS



switches based on two evanescently coupled waveguab demonstrated recently for
example in silicon [12] and InP [13]. Comb actuatare usually used for moving sub-micron
sized guiding beams and waveguides on chips [1élvd¥er, other methods have been
recently introduced, including electrostatic adtwatby means of a voltage applied directly to
the waveguides [13] or by placing them in a norfarmn electric field created by nearby
electrodes [15]. We demonstrate that the lattethotktgives a direct way to control light
propagation in the dual-core fiber, leading to NEMe functionality in the system.

The paper is organized as follows. We start by yerirady how fiber optical properties
depend on core dimensions in Sec. 2. In Sec. 3eseribbe the electrostatic actuation method
in a dual-core optical fiber with metallic wiregégrated in the cladding. A simple analytical
description of the electrostatic forces acting be fiber cores is suggested and used to
optimize electrode geometry in the fiber. The ressare also compared to fully numerical
finite-element simulations. Section 4 discussesapication of our proposed NEMS fiber as
an all-fiber optical switch. We find that voltagas low as 35 V are required to achieve this
operation. Finally, we conclude our discussionSeéa. 5.
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Fig. 1. (a) Schematic of the dual core fiber cramsstion, wheré, andh are the membrane half-
length and thicknesg, is the air gap between the cores. Insandw mark core length and width,
respectively. (b) Electric field profile of hybriliIE and TM modes in a single core (colorplot:
electric field amplitude normalized to the maximwhthe TEOO mode; arrows: predominant
electric field component polarization). (c) Symnetand antisymmetric Tdg supermodes. (d)
Effective mode indices of the FEand TMy supermodes (solid and dashed lines correspond to
symmetric and antisymmetric modes) and mode inddéference between symmetric and
antisymmetric modes of the dual core fiber withecsize of 0.6x1.2 um depending on the air gap
between the cores. (e) Change of air gap required to induce one optical switching cycle
depending on core size and air gap for the, fibde; solid line shows cut-off of the higher order
TEio mode. In all calculations the material refractindex is 1.6, the wavelength is 1550 nm, the
fiber length is 10 cm.



2. Modeling of thefiber
2.1 Optical mode structure

The concept of the dual-core optical fiber andféisrication method have been presented
previously [9]. In brief, the fiber has two ellipéil cores that are independently suspended by
thin flexible glass membranes and are separateddoyall air gap, a cross section of which is
schematically shown in Fig. 1(a). In this sectioa first analyze the fiber modal structure
depending on the dimensions of the cores and thgaai between them. The optical modes
supported by the fiber were numerically calculdgda full vectorial Finite Element Method
(FEM) using Comsol Multiphysics®. In the model wesame a fiber made of lead silicate
glass (Schott F2, refractive index= 1.6) and a wavelength of 1550 nm. The core widts
varied in the range from 0.5 to 1 um, keeping thie @spect ratio (core length to width) fixed
at 1.5, 2 or 2.5. The air gap was varied betweand2.5 pum.

Analysis of the modal structure shows that an imdial fiber core of size 1x2 um
supports four modes, see Fig. 1(b). Here we denmides as TE/TM for predominantly
horizontal/vertical polarization of the electricelfi component, although all modes are
generally hybrid polarization modes. The lowesteord ko, and TMyy modes are mainly
confined in the cores, while higher order modes pagtly supported by the attached
membranes leading to higher confinement lossestetfdre, we focus on the fundamental
TEgo and TMyg modes in the following. For a core to support dhlg fundamental modes, its
size should be smaller than 0.6x1.2 um. By incrgatiie core aspect ratio, the higher order
TE;o mode appears at a smaller core width; for exanfpiel.5 and 2.5 core aspect ratios the
core sizes for the higher mode cut-off are 0.7xfiland 0.5x1.3 pum, respectively.

In the following study we focus on a fiber whichpports only the fundamental modes in
the individual cores by fixing the core size toXl& pum. When the cores are placed close to
each other, the individual core modes become cdufdeming symmetric and antisymmetric
superposition modes, see Fig. 1(c). The effectieelenindices of these supermodes depend
on the coupling strength, and thus on the sizédnefair gap between the cores, as shown in
Fig. 1(d). For other core dimensions in the studgiadameter region a qualitatively similar
behavior is found. The index difference betweenmagtnic and antisymmetric modes (bottom
curves) varies substantially with gap size (of ort@” for a few-nm variation) which allows
for significant NEMS-type functionality, as demanaged later in this paper.

The two fiber cores form a directional coupler. $han optical signal launched into one
of the cores will continuously switch between tloees while propagating along the fiber. The
propagation distance at which the light transfeosnfone core to the other and back is given
by the beat length of the supermodes

A
L, = , 1)
nS - na
where is the light wavelength and; andn, are the mode indices of the symmetric and
antisymmetric supermodes, respectively. From Fi¢d) lwe find that Z, depends
approximately exponentially on the air gap
Therefore, for a fiber of fixed lengthand with light launched into one of the coreselative
movement of the cores will lead to switching of tighit between the cores at the fiber output.
The required change of the air gaAgs to observe switching to the other core and back is
approximately given by

2

Lb
Ag, =——. (2)
L b

a9
Figure 1(e) showAgs for switching of the Tk mode on a logarithmic scale for a 10 cm long
fiber for a range of core sizes and air gaps. it lsa seen that for air gaps of order 1 um a
nanometer-range core movement will be sufficientjatical switching of light. We also note




from Eq. (2) thatAg, O01/L, meaning increased fiber sensitivity to core mosenhwith an

increase of its length.

In [9] switching was achieved experimentally thrbugoving one core by 8 nm in a 43
cm long fiber at a core size of 0.8x2uh. As seen in Fig. 1(e) for an increase of core aiz
fixed air gap, the modes become more localizetiéncobres and hence less coupled, requiring
a large core displacement to observe optical switchFor significantly smaller core
dimensions and air gaps, however, the fiber becosmwsitive even to sub-nanometer
movements, making it unstable due to fundamenkahtion noise. Thus for each core size an
optimal air gap between the cores is found at whjatical switching can be achieved with a
realistic 1-10 nm core displacement, e.g. at arduBgim for single-mode cores of 0.6x1.2
pm as discussed above.

2.2 Mechanical properties

The flexibility of the membranes connecting the exoito the fiber cladding allows for
independent movements of the cores by an exteonzé f The core displacement induced by a
unit force per a unit fiber lengtiAg/F, is entirely determined by the supporting membrane
material and dimensions and can thus be tailorealptiynizing the fiber design. By treating a
membrane as a doubly clamped beam [14], from thesidal Euler-Bernoulli beam equation

we get:
Ag 1 (LY
_g = _(_mj , (3)
F 2E\ h

wherelL,, is the membrane half-length ahds its thicknessE is Young's modulus of the
material. For example, for a membrane with,2 25 um, anch = 0.1 um, made of F2 glass
(E=57 GPa) we findAg/F = 17x10°m?N, i.e. a force of 1®N/m can move a core by
17 nm. By making the membrane half as thick or énas long, it is possible to increase the
fiber mechanical response by almost an order of nihage. The mechanical vibration
frequency scales with the membrane sizef adV/L,? but it also depends on the core
dimensions, as having a large core with higher nigsseases the vibration frequency. For
the previously reported fabricated range of fibemehsions, the vibration frequencies were in
the range of 0.5 — 10 MHz [8,9], thus suggestingmaaical response times of the fiber of the
order of a few microseconds.
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Fig. 2. (a) Electric field and induced materialgridation of the dual core fiber in the vicinity af
metal wire electrode. The lines indicate the dicectof the electric field. (b) Schematic of the
analytical model showing the dielectrophoretic &xE«; andFa,, and the dipole-dipole fordég:
andF ¢, acting on the top and bottom dielectric coregyeesvely, in the external electric fielel; d

is the distance between the core centers.



3. Electrostatic actuation

As discussed above, the optical fiber properties lma modified by changing the size of the
air gap between the two fiber cores. Here we ingat# the possibility of electrostatic
actuation of the cores by applying a static elegotential to one or more metallic wire
electrodes embedded in the fiber cladding. Thiateea non-uniform electric field around the
electrodes, as shown schematically in Fig. 2(a)chvpolarizes the fiber material and creates
forces pulling the cores towards the region of reger electric fields. These forces are also
known asdid ectrophoretic forces, and are widely used to manipulate micitiigdas — such as
cells, marker particles, etc. [16,17]. The dipolements induced in the cores by the external
field also give rise to a dipole-dipole interactibatween the cores that becomes dominant
over short distances, as we will demonstrate below.

3.1 Analytical description of dielectric forces

To understand the electrostatic mechanism of ther factuation and to optimize the electrode
geometry, we first develop a simplified semi-anabtt model. We describe the cores as two
dielectric wires of circular cross section with iteglr, and material dielectric permittivity
placed at a distancg from each other in a non-uniform electric fidkg(r), see Fig. 2(b).
Because the fiber length is significantly largearththe cross section dimensions, this system
can be treated as a 2D problem. First, we evalhatelielectrophoretic force acting on each
core due to the external field gradient. The cerpdlarized by the external field, thus leading
to an internal field ofE = Ey + E;;,, where the induced internal field in the 2D case i
Ein =-P/(2¢0) [18]. The polarizatior® of the dielectric core is given by

e-1

P=2¢ —E,. 4)

£+1
Assuming that the core is small, so that the exléfiald does not vary significantly over its
cross-section, we calculate a core dipole momenupi fiber lengthp = aP , wherea = zr?
is the core area. Then, the force acting on a dipolthe non-uniform electric field can be
obtained as [16]:

e-1__,
F, =(pM)E, =a¢,—0OE,. (5)
e+1
If the same force is applied to the two individeakes of the fiber, they will move in
parallel without changing their separation. We timgs interested in thdifference between
the dielectrophoretic forcdsy; andF4, acting on the two cores separated by a distdnsee
schematic in Fig. 2(b). By performing a series egi@n overd, which is assumed to be
small, thex-component of the force difference becomes propoali to the second spatial
derivative of the field squared and to the distdpesveen the cores:
AF =F -F =acgf 19 g ©6)
el el d2 0 e +1 6X2 0
Next, we obtain an estimate for the dipole-dipol@iiaction between two dielectric cores
having dipole moments; andp, pointed inx-direction, Fig. 2(b). The electric field created b
the dipolep,; at a distance reads [18]

27, r re
The force between two dipoles placed at a distancan be calculated as the force acting on
the dipolep, in the field created by the dipgbe. Thex-component of this force becomes

1 4a° (-1 E?
F =(p, EI]ZI)EI:——% D—eou—".
. d’ T (e+1)° d°

0

)

1

1 [Z(r b, )r _&}
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Note that the attractive dipole-dipole force desesaas 1 with increasing distance and thus
will dominate for small air gaps over the inducettgs, Eq. (6), that scale linearly with

As an example, we evaluate these forces in the §ileemetry of Fig. 2(a) where the non-
uniform electric fieldEy is created by applying a voltagé to a metallic wire electrode
integrated into the fiber cladding. The electrieldi profile in the central air hole of the fiber
(neglecting the cores and the supporting membramas)calculated numerically fof= 50 V
using the Electrostatic Module of COMSOL Multiphy®®, assuming a 2¥m sized air hole,
and one electrode of 1Bn diameter placed at 38n distance from the air hole center. This
numerically calculated field was then used in E&3.and (8) to calculate the forcEg and
Fq4 (shown by the dashed lines in Fig. 3), and heheetdtal forces acting on each dielectric
core (solid lines) depending on the distance betvikeir centersl, assuming that they are 1
um in diameter and centered in the middle of thehaie. Note that the field strengHy is
directly proportional to the voltagé applied to the electrode, making both forEgsandF4
proportional tovZ.

A Numerical Analytical
49 - Fy —F,

Electrostatic force (*10° N/m)

Distance d (um)

Fig. 3. Comparison between numerically (dots) andlyically calculated (lines) electrostatic
forces acting on the circular dielectric cores qfml diameter for a range of distanakbetween
their centers, assuming the fiber geometry of &g), and 50 V voltage applied to the electrdele.
andF; are the total electrostatic forc€s, andF«, are the dielectrophoretic forces acting on the top
and bottom dielectric cores, respectively, &ads the attractive dipole-dipole force.

To validate our model, we compare these semi-analytesults to electrostatic forces
calculated numerically by the FEM. The circularlela¢ric cores were added to the previous
electrostatic model and the forces were calculatediumerical integration of the Maxwell
surface stress tensor along the core boundarieghdosame fiber geometry. The comparison
between the electrostatic forces acting on each fmr a range of distances between their
centers is shown in Fig. 3. Excellent agreemenivéen analytical and numerically calculated
forces is observed at large distances between thes.c At these distances the total
electrostatic force is determined mainly by theéd¥y, created by the external field gradient.
This force pulls both cores in the same directimwards the electrode, but with slightly
different force magnitudes: the fordey; acting on the top core in Fig. 2 (closer to the
electrode) is larger than the forEg, acting on the bottom core. So, for large gaps ¢tetive
force between the cores pulls them apart and thee fmagnitude increases linearly with
increasing distance between the cores, as sugdegted. (6). For small distances, the total
force is dominated by the attractive dipole-dipiolieeraction. As the distance decreases, there
is a small deviation between the analytical and eriral results. This is attributed to the fact
that in the analytical model we assumed an elefitid created by a dipole in the form of Eq.
(7). However, this formula is valid only at a dista larger than the dipole size. Hence, when
the distance between the cores becomes comparéhléhe core size, the next order terms in
r should be taken into account in Eq. (7).



3.2 Different el ectrode geometries

According to Egs. (5) and (6), the forces actingtbe individual cores and their relative
movements are determined by the first and secoatlasplerivatives of the electric field,
respectively. The field can be modified by introshgcadditional electrodes in the vicinity of
the cores. A range of fiber geometries was theeefovestigated, including configurations
with one to four electrodes inside the fiber. Thesectrode geometries and the resulting
electric field profilesg, are shown in Fig. 4(a). The corresponding gradimt the second
derivative of fof inside the air hole are plotted in Figs. 4(b) @fd) as a function of the
coordinate ¥ = 0 here). In the fiber geometries with one ana@dhelectrodes, the gradient of
|Eof is always positive, suggesting that the two cavésbe pulled by the dielectrophoretic
forces in the same direction regardless of thesitipm in the central air hole. In contrast, the
gradient changes sign in the middle of the air lholhe cases of two and four electrodes and
thus the dielectrophoretic forces act in oppositections if the cores are placed at the center
of the fiber. The geometries with three and fowcabdes create larger field gradients than
geometries with only one or two. However, the secdarivative of fof is hardly larger in
the three-electrode case than in the two-electmatee atx =0, suggesting only a small
increase of the relative force between the coreg, (B). The largest second derivative is
achieved in the four-electrode configuration.
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Fig. 4. (a) Different electrode geometries and rttedectric field distributions. Corresponding

(b)OE,” and (c0'E. / 9’ calculated inside the central air hole. In all aégtionsV = 50 V.

In order to achieve the largest field gradientg thetallic wire electrodes should be
introduced in the vicinity of the optical cores. dnr model we assumed aufn separation
between the electrode edge and the central airduge. In practice, the electrodes should be
small enough not to distort the fiber core struetusut they must also be continuous to
provide a uniform electric potential along the fib& multi-material co-draw technique to
fabricate structural fibers with metal wires of @mrdeter below 10 um was reported [19].
Alternatively it is possible to first draw the gtastructure alone and subsequently fill the
appropriate holes with metals by pressurizing ndek#loy into the holes [20, 21] or by
deposition of semiconductors and metals into themmfchemical precursors [22].

Next, we use the electric field profiles and copmwling field gradients of Fig. 4 to
calculate the forces acting on two circular glam®s of lum diameter placed in the center of



the air hole following Eqgs. (6) and (8). From thefseces we can then evaluate the
displacements of the cores relative to each otteerthe change of the air g&yg, using Eq.

(3) by assuming that the cores are suspended by membranes which do not interact with
the external field and introduce only elastic faram the cores. The resultg for the four
geometries under consideration are shown in Figs @ function of the initial distanak
between their core centers. Compared to the sklgletrode configuration, a significant
improvement in the relative core displacement sinall distance can be achieved in the two-
and three-electrode geometries due to the higlpetedidipole attraction between the cores. At
large distances, where the interaction with themsl field dominates, smaller improvements
in the cases of two and three electrodes are obddhat are related to the increase of the
second order derivative dEJ? as shown in Fig. 4(c). For each of the one-, tand three-
electrode geometries an intermediate distancesewisere the effects of the dielectrophoretic
forces and the dipole-dipole forces cancel eachrahd no relative displacement of the cores
is observed. The four-electrode configuration, lba ¢ther hand, leads to qualitatively and
guantitatively different behavior. This geometryngeates an electric quadrupole field with a
vanishing field at the center of the fiber. Thus$mall core separations, i.e. both cores sitting
very close to the center, no dipole moments araded and thus the dipole-dipole force also
vanishes. The forces on the cores are thereforayalwlominated by the interaction of the
individual cores with the background electric fidielding to the approximately linear
dependence on the core distance, as predicted b§6kdrhe quadrupole field also exhibits
the largest second derivative Bf|f, seen in Fig. 4(c), and thus the largest changgrajap

of all geometries at the same voltagéor larged.
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Fig. 5. Analytically calculated relative displacathédg between twocircular cores of 1um
diameter depending on the distance between thetexsfor the fiber electrode configurations of
Fig. 4(a). In all calculation¥ = 50 V. Positive and negative value/sf corresponds to an increase
and decrease of the air gap between the coregatasgy.

3.3 Fully numerical calculation

In the simplified semi-analytical model above wevédianeglected the influence of the
supporting membranes on the electromagnetic field @an the induced forces. However,
being made of the same material as the cores, émebmanes can also be polarized and in this
way create additional forces that influence theecdisplacements. Moreover, even if the
membranes are much thinner than the cores, owittgetolong lengths the membrane lateral
cross-sections can be comparable to or even l@ngarthe core areas with a correspondingly
significant contribution to the forces. The indugealarization of one membrane will also
create further complex interactions with the cotecteic dipoles and with the other
membrane. Finally, all these induced fields andderare distributed non-uniformly along the
membranes, making a simple point-to-point approfionaas in the previous section



impossible and also leading to membrane deformapiariles that differ from that of a
classical doubly clamped beam.

To account for all these effects, we performedyfalimerical FEM simulations using the
MEMS Module of COMSOL Multiphysics® for the diffemefiber electrode configurations of
Fig. 4. Here we assume elliptical cores of sizexD.B um and supporting membranes of
thickness 0.1 um and length 25 pm. The model catlesithe electrostatic forces acting on the
cores and membranes as well as the structural defms created by these forces. The
calculated relative displacement of the cores fbelaectrode geometries depending on the
initial distance between the core centers is shiowiig. 6. Qualitatively, the behavior of the
core displacement curves resembles the analyticalbulated results in Fig. 5. However, the
magnitude of the displacement in this case is madjer, especially at distances where the
dielectrophoretic forces prevail. The distance eamtpere these forces dominate also starts at
a smaller separation between the cores. This stgytfest the main difference between the
numerical and analytical results is due to stromgledtrophoretic forces acting on the
membranes because of the relatively large memtmass-sections in this example (2.50m
compared with 0.57 pmof a single core) while the dipole-dipole forcesypa slightly
smaller role. However all factors mentioned abowetiibute to the result.

In the one-electrode geometry with= 50V applied, the numerical model predicts
relative core displacements of the order of ~ @nltinat are probably too small for realistic in-
fiber NEMS applications. The quadruple geometrywéeer, significantly increases the core
displacements at distances > 1 um. Relative caglatiements greater than one nanometer
are predicted in this case, which would be suffiti® introduce significant changes to the
optical properties of the fiber as discussed in. 2ecAn example application is discussed
below in Sec. 4.
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Fig. 6. FEM simulations of the relative core disglment depending on the distance between their
centers for fibers with a core size of 0.6x1.2 pm supporting membranes of 0.1 um thickness and
25 um length for the fiber electrode configuratioofs Fig. 4(a). Dashed line: top membrane
thickness 0.21im. In all calculation® = 50 V.

Using the numerical model we also explore the fil#gi of changing the mechanical
stiffness of the supporting membranes as anothehadefor increasing the relative core
displacement. For example, the dielectrophoretice® acting on the cores in the three-
electrode geometry are much higher than thosednotie-electrode configuration, but they
move both cores in the same direction and hencegimé a small relative core displacement
in a fiber with identical membranes. This can bé&gated if one of the supporting membranes
is thicker than the other, so that similar foragsdaduce different displacements of the cores.
To demonstrate this, we performed numerical simanatof a fiber where the top membrane
is twice as thick as the bottom one. The relativee displacement in this case is shown in
Fig. 6 by the dashed line; more than an order ajmitade improvement is demonstrated by
this method.



4. Optical switching in a dual-corefiber using electrostatic actuation

As was shown in Sec. 2.1, moving the cores by tie las one nanometer can have a
noticeable effect on optical fiber properties sashihe beat length between the symmetric and
antisymmetric supermodes. As an example, we desaritin-fiber optical switch with NEMS
actuation based on the dual core fiber with the-fdactrode geometry of Fig. 4. We consider
a 10 cm long fiber with identical cores of 0.6x[ua dimensions. Using the results of Fig.
1(e) an initial distance of 2 um between the camters is chosen (corresponding to a 1.4 um
air gap between them); at this distance a nanomateye core displacement is required to
achieve optical switching. If a light beam is labad exclusively into a single core of the dual
core fiber, it excites both symmetric and antisyrtrimfundamental supermodes, and 100%
switching of light between the cores can be expmkdtéhe cores are identical [23]. At the
chosen fiber dimensions, the beat length for TE &Ml modes is 73m and 263um,
respectively, so a few hundred switching cyclesuo@dong the fiber length. Varying the gap
size changes the beat length of the coupled comesmand thus, depending on the applied
electrode voltage, the output light can be switcleedtinuously between the two cores.
Figure 7 shows the predicted output intensity & ohthe cores considering either TE or TM
mode operation. In this configuration, a completétch of the light from one core to the
other can be achieved at ~+35V for the (JMhode and ~ 55 V for the TE mode
corresponding to a relative core displacement ®f®n and 1.2 nm respectively. It should be
noted that 100% switching of light can only be aeleld if the two cores are identical. Having
non-identical cores will decrease the switchingtrast; experimentally an extinction ratio of
6 dB was observed previously due to a slight mismaf the cores [9].

As already discussed in Sec. 2.2 the passive maethanscillation time of the
membranes is of the order of about one microsedorttie under-damped regime. Faster
switching could in principle be achieved by ovevirg the system, that is, by applying an
initial voltage spike to the electrodes to induastér acceleration of the light-guiding cores
towards their new position.
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Fig. 7. Variation of the output intensity from oog&the cores depending on applied voltage for a
fiber with four-electrode geometry and with 0.6x[li2 core size and 2 pm initial distance between
the cores. A fiber length of L = 10 cm was assurnheskts: Mode fields of the switched output.

We finally want to comment on the dispersion chimastics of such an optical switch.
Calculation of the group velocity dispersion frohe tdata in Fig. 1 shows that the dispersion
of the dual core fiber is of the order of 218s/nm/km and thus quite high compared to a
standard step index fiber. Moreover the dispergohighly dependent on the core size and
the core to core separation: for the modeled fiiarensions the dispersion changes by a



few ps/nm/km per 1 nm change of the core separatiowever, noting that only a short piece
of fiber is needed for optical switching € 10 cm in the example above), the total dispersion
of the device would be of order 0.1 ps/nm and #sation during the switching operation of
order 10* ps/nm, which would be negligible compared to otmnponents in e.g. an optical
telecommunications system.

5. Conclusions

We have investigated the possibility of electrastattuation of a dual suspended core fiber
with NEMS-type functionality. The fiber core dimémss have been identified at which the
fiber supports only fundamental modes but simulbaisey exhibits significant modifications
of its optical properties under nanometer-size rapitfal re-configuration. For electrostatic
actuation, metallic electrodes embedded in ther fildadding are used to generate a non-
uniform electric field inside the fiber. Interaatiof the induced dipole moments within the
optically guiding cores with this background fieddd dipole-dipole interaction between the
two cores are identified as the dominant forces I to core actuation. A simplified semi-
analytical model has been presented to analyzedhemeter dependence of this mechanism
and to investigate various electrode configuratio@$ the investigated geometries, a
quadrupole field generated inside the fiber by felectrodes was identified as the most
promising design. Fully numerical FEM simulatioras/a confirmed our analytical analysis.

Our results suggest that core displacements iméinemeter-range are feasible with this
design, and are comparable with displacements tlgademonstrated by a slow, macroscopic
pressurization technique [9]. NEMS-type functiotyalivith electrostatic actuation in such
nanomechanical fibers thus looks promising. As a@an®le application, we finally
investigated optical switching between the two ffiberes based on our design and find that
within a 10 cm length of fiber switching can be i@eled with applied voltages of order 50 V.
We expect this technology to open up the path tdsvarrange of novel in-fiber applications
such as tunable sensors, coherent beam steeriragt saconfigurable fibers, and optical
buffering [24].
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