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Abstract: A dual suspended-core optical fiber with four edded metal electrodes was
fabricated by fiber drawing from a composite prefoHeating the fiber by running watt-level

electrical power through the electrodes produceitalpswitching between cores.
OCIS codes: (060.2280) Fiber design and fabrication; (060.40crostructured fibers; (130.4815) Optical switudp
devices

1. Introduction

Single-material microstructured optical fibers haveen developed with various structural designgh sas
suspended core fibers [1] or photonic crystal 84@i; much of these efforts were focused on comtfalispersion,
enhancement of the nonlinearity or reduction of fiber transmission loss. Fibers with metal or ssmtuctor
insertions for electrical control have also beemndestrated: Through insertion of metal electrode® ia
microstructured optical fiber polarization modutetiwas observed [3]. However, this post-procesgngsually a
time consuming approach and it limits the size loé tdevices. A metal-insulator-semiconductor fibesisw
demonstrated via a multi-material co-draw technigijeA fiber with a single internal electrode aad electrically
conductive coating was fabricated by feeding a hveita into the preform during fiber drawing [5].

A nanomechanical dual-core optical fiber was rdgemiéveloped and optical switching between the twees
was demonstrated via pressure actuation [6]. Is fiber the cores are optically coupled throughmelk air gap.
Mechanically moving one core alters the size o$ thir gap and thus the coupling length, which letmdshe
observed switching. Apart from pressurization, @asi other mechanisms can be envisaged to chang®tiping
length of such a dual-core fiber, e.g., electrastattuation [7], optomechanical forces, thermalhanging the
refractive index of the cores, etc.

Here we demonstrate the fabrication of a novel typdual-core fiber and a novel actuation mechani®ur
fiber exhibits a dual suspended-core structurbetenter and contains four metal electrodes endukufdthe fiber
cladding. The cores have dimensions of about 210p#), are separated by 200 nm of air and are sdegddy two
500 nm thick glass membranes. Tens of meters dfittbe were fabricated with relatively uniform cerand metal
electrodes. The temperature of the cores couldheged by applying electrical current to the etstds and optical
switching from one core to the other was obseryedding a few hundred mA current.

2. Fiber fabrication and characterization

The fiber structure was based on lead-silicatesg{&chott F2) and low melting temperature tin. Aaldtore
preform was fabricated using the extrusion techajgund then drawn down to a smaller dimension tim filne fiber
cane. The dual-core cane was placed in the middée k2 jacket tube (10/8mm OD/ID) and surroundecdfdayr
glass tubes filled with tin (Fig. 1(a)). Four exfa rods were used to fill the gaps between thkefaand the tubes
and to secure the position of the cane.

The multi-material dual-core fiber was drawn in tsteps. Firstly, under nitrogen purging conditiotis
preform was pre-heated to a temperature above #itng temperature of tin (230°C) for 60 minutesomder to
melt the tin and condense it down to the bottonthefpreform. This step was found to be criticaitimimize air
bubbles between the metal and the glass, thusiagodiiscontinuous wires in the fiber. Secondly, phmeform was
drawn into fiber using a drawing temperature of°C3@l]. Fig. 1(b) shows an SEM picture of the fibetiwihe two
suspended cores clearly seen in the center; a fremjpicture is shown in Fig. 1(c). The size of tloges is 2.0x3.1
pm, the membranes holding the cores are 12 umdaddgp00 nm thick. The average diameter of the fiouwires
is 50 um, and it was found that the wires are omatiis over tens of meters by measuring the elatimésistance
along the fiber. The optical loss of the fiber wasasured for TE and TM polarizations as 2.5 andd®&8n,
respectively. The loss mechanisms are expected thevintrinsic loss of lead-silicate glasses (IndBt 1.55 pum)
and scattering due to surface roughness.



Fig. 1. (a) Schematic diagram of stacked preforithefmetal embedded fiber; (b) SEM picture of theletore fiber
with embedded metal electrodes and (c) detail@ttres in the yellow square of (b). The lengtthefmembranes is 12
pm, and the gap between two cores is 200nm.

To examine the electrical properties of the metabedded dual-core fiber, the glass part of therfivas
carefully cleaved and removed, leaving only the felectrodes for connecting purposes. The two efitise metal
embedded dual-core fiber were mounted, without ibgndr twisting the fiber, on two metallic V-groaeThe
remaining portion of the fiber was coated with apmately 500 um thick acrylic to minimize instatids due to
variation in temperature and air turbulences sumding the fiber during the experiment. The endstenmetallic
V-grooves were left uncoated, thus allowing the rdeyes to act as heat sinks keeping the fiber tembpe
constant at the two fiber ends and allowing fobkgdaunching conditions. The total length of thealdcore fiber
was 65 cm with 50 cm coated with acrylic.

A diagram of the setup used for the optical chamation can be seen in Fig. 2. Collimated ligbinf a 1550
nm wavelength pigtailed laser diode (2 mW) was $ecliinto one of the cores with a microscope ohjectil)
with 40x magnification and NA=0.65. The polarizatistate was TM (normal to the membranes) due tditpeer
contrast compared to that of TE (parallel to thammenes) and slightly stronger core-to-core cogpliat the
output side, a 100x long working distance objec{iv2) with NA=0.85 was used to image the outputrbemto a
CCD camera (SCOR-20-1550, Ophir-Spiricon Inc.).
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Fig. 2. Setup for optical characterization of tluldcore fiber; CL is coilimating lens, objectivank L1 and L2.

The four electrodes at each end were connectdtetygroove using silver paint and two copper wiresing
from the power supply were soldered to each V-geodw this way, one side of the metal electrodes gzmnected
to the positive side of a power supply, and thepdide of the metal electrodes was connectedetodigative. The
total resistance was measured and plotted in Fég.v@here the ohmic response is clearly shown.

At room temperature, the guided light pattern shawnthe CCD camera was stable. As the electric powe

increased, a noticable switching of light betwedss ¢ores was observed. A sequence of light patteassrecorded
consisting of 16 frames at 7.5 frames per secon@doh electric power level. The maximum intensityight in

each core was extracted from the 16 Gaussian gsofilveraged and normalized to the sum of intessiti both
cores. The starting contrast was 0.55/0.45 (tof@bot As the electric power increased, a changaténsity of the
light in each core was observed, see Fig. 3, ragchimaximum contrast of 0.38/0.62 at 0.4 W oftelepower.

The maximum applied electric power was 0.9 W whsam@e instabilities in the output light pattern weleserved.
As shown in Fig. 3, an increase of power of 0.7 Aswequired to switch between the two points whetb cores
show the same output intensity. This behavior veagatable, and the same results were observednahmring the
power up or down. We interpret the underlying medtra for this observed switching as follows: By mimg an

electric current through the electrodes, ohmicihgataises the fiber temperature. Because of theltieg thermal



expansion of the fiber structure as well as thenghaof the glass refractive index, the optical dimgpstrength
between the two cores is changed and subsequéstlyhe output intensity pattern is modulated.

T T T T T T T T T T T T
0.30 =

(@) 1 () S ]

0.25 7

0.6 4
0.20

0.15 R=11Q A

0.5

Current (A)
normalized

0.10
0.4+

- 1@
4 ® Top core
0.3 4 = P -

0.00 ® Bottom core

T T T T T T T T T T T T
-0.5 0.0 0.5 1.0 1.5 2.0 25 3.0 3. 0.0 0.2 0.4 0.6 08 1.0

Voltage (V) power (W)
Fig. 3. (a)The total conductivity of the metal wire measureeérd5 cm; (b) Normalized output intensity in thgper (red

dots) and lower (black squares) core as functioelextric power. The intensity profiles shown wezeorded at the CCD
camera. The solid lines are sinusoidal fits toekgerimental data.

In order to confirm this interpretation, we numatig modeled the fiber using a finite element metfiGomsol
Multiphysics). The physical dimensions of the filseres, the membranes and the electrodes wersebthbm the
SEM photos (Fig. 1(b) and 1(c)) and the optical esodupported by the fiber were simulated as a ifumaif
temperature including the effects of thermal exjan# the longitudinal and perpendicular direciq@xpansion
coefficient of F2 glas®=9.2x10° K®) and temperature-dependent refractive index (dr2dmx10° K™). These
simulations predict a required temperature charige8s K to achieve switching from one core to tiieer for the
fundamental mode with TM polarization, while foethext higher order mode it is 21.35 K.

In a second model, we investigated the heat traiasfé stationary temperature distribution in obefistructure
where the current-carrying electrodes act as hgatiements. If the temperature of the outer surtddabe acrylic
coating is kept fixed at room temperature (tantamida assuming an ideal heat sink), 1 W of eleatrfwpower
increases the temperature of the cores by 2 Kmgthect to room temperature. Allowing for an addiél thin (500
pm) layer of air insulating the fiber further incees the core temperature to ~ 10 K above room tetye at the
same 1 W electric power, which according to theusations discussed above leads to switching oft lagtween
the cores. This latter scenario is thus in goo@@ment with the experimental observations. We titeverking on
the fabrication of improved versions of our metalbeedded dual-core fiber that would allow us to obsene full
switching cycle.

3. Conclusion

We have described the fabrication of a dual-cotealpfiber with embedded metal electrodes for ndiNeer based
devices. Optical switching was demonstrated byingi\electrical current through the electrodes dng tchanging
the temperature of the cores. These results shewdtential of such fibers in optical networkingbgations.
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