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Abstract—A preform-to-fiber approach to the fabrication of
functional fiber-based devices by thermal drawing in the viscous
state is presented. A macroscopic preform rod containing metallic,
semiconducting, and insulating constituents in a variety of geome-
tries and close contact produces kilometer-long novel nanostruc-
tured fibers and fiber devices.We first review thematerial selection
criteria and then describemetal–semiconductor–metal photosensi-
tive and thermally sensitive fibers. These flexible, lightweight, and
low-cost functional fibers may pave the way for new types of fiber
sensors, such as thermal sensing fabrics, artificial skin, and large-
area optoelectronic screens. Next, the preform-to-fiber approach is
used to fabricate spectrally tunable photodetectors that integrate
a photosensitive core and a nanostructured photonic crystal struc-
ture containing a resonant cavity. An integrated, self-monitoring
optical-transmission waveguide is then described that incorporates
optical transport and thermal monitoring. This fiber allows one to
predict power-transmission failure, which is of paramount impor-
tance if high-power optical transmission lines are to be operated
safely and reliably in medical, industrial and defense applications.
A hybrid electron–photon fiber consisting of a hollow core (for
optical transport by means of a photonic bandgap) and metallic
wires (for electron transport) is described that may be used for
transporting atoms and molecules by radiation pressure. Finally,
a solid microstructured fiber fabricated with a highly nonlinear
chalcogenide glass enables the generation of supercontinuum light
at near-infrared wavelengths.

Index Terms—Amorphous semiconductor, chalcogenide glass,
integrated fiber, microstructured fiber, optical fiber, photonic
bandgap, self-phase modulation, semiconducting nanowire, super-
continuum generation.
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I. INTRODUCTION

THE combination of insulating, semiconducting, andmetal-
lic elements in well-defined geometries and prescribed

sizes, while forming intimate interfaces, is essential to the re-
alization of practically all functional electronic, optoelectronic,
and thermal devices [1], [2]. These devices are typically pro-
duced using a variety of elaborate wafer-based processes, which
afford small features, but are restricted to planar geometries and
limited coverage area. The use of this fabrication approach has
been the cornerstone of the electronics revolution, but has had
no impact on the optical fiber industry, which relies on a very
different fabrication approach. Our goal here is to produce fibers
that deliver electronic, optoelectronic, and thermal functionali-
ties, which are maintained over extended lengths of a fiber. Our
strategy in achieving this goal is to use the preform-based fiber-
drawing technique that has proven to be simple, and yet to yield
extended lengths of highly uniformfiberwithwell controlled ge-
ometries and excellent optical and thermal properties [3]–[11].
This new fabrication approach that we adopt thus relies on first
preparing a large-scale macroscopic version of the required de-
vice, a preform, and then reducing it to the desired size through
the process of thermal drawing. This process, however, places
constraints on the materials that may be utilized. Nevertheless,
a set of materials with widely disparate electrical, optical, and
thermal properties has been identified and successfully incorpo-
rated into fiber-based devices.

In this paper, we discuss four distinct fibers and fiber-based
devices in detail. In the first design illustrated in Fig. 1(a),
a metal–semiconductor–metal (MSM) photodetecting core is
surrounded with a multilayer resonant optical structure. Such an
arrangement allows spectral filtering of the externally incident
light before reaching the photodetecting core leading to narrow-
band photodetection [5]. In the second design depicted in
Fig. 1(b), a hollow-core photonic bandgap (PBG) transmission
line is surrounded with a thin temperature-sensitive semicon-
ducting glass layer, which is contacted with electrodes to form
independent heat-sensing devices. In this structure, the heat
escaping from the core into the cladding, when high-power laser
light is coupled into it, is detected in the form of an electrical
current when radiation reaches the thin-film layer [8], [9]. In the
third design, shown in Fig. 1(c), an omnidirectional reflecting
multilayer structure is surrounded with metallic electrodes,
which allows simultaneous transport of electrons and photons
along the fiber [5]. The last design illustrated in Fig. 1(d), which
is a solid nanostructured fiber consisting of a chalcogenide glass
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Fig. 1. Preform-to-fiber approach yields novel fibers and functional fiber-
based devices. (a) A spectrally tunable fiber photodetector consisting of a pho-
toconductive glass core surrounded by an externally reflecting PBG structure
containing a resonant cavity. (b) An integrated self-heat-monitoring hollow-core
PBG fiber transmits a high-power laser beam while monitoring temperature in-
side the fiber by MSM thin-film heat sensors. (c) A dual electron–photon fiber
transmits light through a hollow core surrounded by a mirror structure and elec-
trical signal via metallic microwires along the length of the fiber. (d) Nonlinear,
all-solid, nanostructured chalcogenide glass/polymer fibers for supercontinuum
light generation.

core and a two-dimensional (2-D) photonic crystal cladding,
generates supercontinuum light at desired wavelengths when
the highly nonlinear core is pumped with a laser [11].

II. PREFORM-TO-FIBER FABRICATION APPROACH

The process of optical-fiber drawing from a solid structured
preform that is heated and deformed in the viscous state has
been well established through the development of the fiber
telecommunications industry and enables the rapid fabrication
of kilometer-scale continuous lengths of fiber with precise di-
mensional tolerances. The emerging field of microstructured sil-
ica [12]–[14] and polymer [15], [16] optical fibers, comprised
of a single material combined with air holes, relies on the con-
trolled fabrication of submicrometer features.

However, our strategy is to produce multimaterial compos-
ite fibers and fiber-based devices having optical, electrical, and
thermal functionalities at nanometer feature sizes and kilometer-
length scales. This goal necessitates innovative fabrication ap-
proaches that allows the use of new materials and geometries
that have not been, hitherto, associated with fibers. By com-
bining materials and exploring novel geometries, conventional
functionalities can be enhanced and new ones introduced. This
vision presents a unique set of challenges. Irrespective of the
processing method, materials with widely disparate electronic
and optical properties must be compatible in such a way that en-
ables the production of kilometers of fiber with submicrometer
feature sizes, having an aspect ratio of the order of 1010.

Our core strategy is to use the familiar technique of thermal
drawing a macroscopic fiber preform in the viscous state. This
technique guarantees the production of kilometers of fibers at
low cost and high uniformity. Several constraints, however, are
imposed by the very nature of this technique, specifically in the

choice of materials that are amenable to this type of processing.
In particular, we discuss the use of a materials system that
combines chalcogenide glasses, organic polymers, and metallic
alloys in a macroscopic preform rod.

A. Material Selection

The main requirements in the materials used in these fibers
are summarized as follows [17].

1) In general, materials should be glassy in order to be drawn
at reasonable speeds in the fiber-drawing process with
self-maintaining structural regularity. Thus, our materials
(or at the very least, the majority component) must not
simply be amorphous when deposited or made into a pre-
form, butmust remain amorphous and not crystallizewhen
cycled through softening and drawing temperatures.

2) The materials must be above their respective soften-
ing points at overlapping temperatures to enable fiber
codrawing.

3) The materials should exhibit compatible viscosities at the
processing temperatures of interest and should exhibit
good adhesion/wetting in the viscous and solid states with-
out cracking even when subjected to thermal quenching.

4) For the photonic bandgap fibers, the selected materials
should exhibit low optical absorption over a common
wavelength band. The penetration depth through multi-
layer structure must be smaller than the absorption length.

5) The metals should be molten at the drawing tempera-
ture during the fiber-drawing process. Even thoughmolten
metals have very small viscosities, the capillary drawing
confines the molten metals between high viscosity semi-
conducting and insulating interfaces.

Various high-refractive-index chalcogenide glasses, low-
refractive-index high-temperature thermoplastics, and low-
melting-point metals and alloys are identified as potential
candidates based on their optical and electrical properties, over-
lapping thermal softening regimes, and their amenability to film
processing. Chalcogenides [18], [19] are high-index inorganic
glasses that contain one or more of the chalcogen elements.
These glasses are typically made of arsenic, sulfur, selenium,
tellurium, germanium, tin, and gallium elements. Chalcogenide
glasses have been explored due to their unique optical proper-
ties such as high nonlinearity [20], wide transparency window
at near- and mid-infrared wavelengths (up to 25 µm or higher),
and high refractive indices (between 2.2 and 3.6). In particular,
As-based chalcogenide glasses have low softening temperatures
(between 100 ◦C and 300 ◦C), high refractive index, and infrared
transparency. Due to these unique properties, these glasses be-
come an important class of materials in multilayer PBG fiber
manufacture [3], [4], [7].

In selecting a low-refractive-index (n = 1.3–1.7) component
as the second material for these PBG fibers, it is of principal
concern to match the thermal properties of some of the
chalcogenide glasses. Thermoplastic polymers tend to have
lower softening temperatures than typical chalcogenide glasses;
however, a few candidates have been identified with thermal
properties that are comparable to chalcogenides. Disadvantages
of polymeric materials that may need to be addressed include
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TABLE I
THERMAL AND OPTICAL PROPERTIES OF GLASSES AND POLYMERS

their thermal stability and optical absorption. Nevertheless,
the wide variety of polymers available, the feasibility of
processing them in film form, and their excellent mechanical
toughness make these materials our principal candidates for
combination with chalcogenide glasses in composite PBG
fibers [17]. In general, we used three different polymers,
namely polyethersulfone (PES), polyetherimide (PEI), and
polysulfone (PS). These polymers have similar coefficient
thermal expansion (CTE) compared to that of As2Se3 and
As2S3 glasses. Table I shows the thermal and optical properties
of some of the chalcogenide glasses and polymers.

Many elemental metals, alloys, as well as eutectics, can be
incorporated with the above polymers and chalcogenide glasses;
for instance, Sn (TM = 232 ◦C), Bi (TM = 271 ◦C), In (TM =
157 ◦C), Sn (96%)–Ag (4%) (TM = 221 ◦C–229 ◦C), and Pb
(38%)–Sn (62%) (TM = 183 ◦C). Depending on the drawing
temperature, we choose a suitable candidate from the above.

B. Material Synthesis

The amorphous semiconductor glasses As–Se [22], As–Se–
Te–Sn [5], and Ge–As–Se–Te [23]–[25] are prepared from high-
purity Ge, As, Se, Te, and Sn elements using conventional
sealed-ampoule melt-quenching techniques. The materials were
weighed and placed into a quartz tube under a nitrogen atmo-
sphere. The tube was heated to 330 ◦C for an hour at a rate of
1 ◦C/min under vacuum to remove surface oxides, and cooled
to room temperature at the same rate. The ampoule was formed
by sealing the tube under vacuum (10−5 torr). Depending on the
actual composition, it was then heated to 800 ◦C [for As2Se3 and
As40Se50Te10Sn5 (AST-Sn)] or 900 ◦C [for Ge15As25 Se15Te45
(GAST)] at a rate of 2 ◦C/min in a rocking furnace, while held
vertical for 24 h, and then rocked for 12 h to increase mixing and
homogenization. The glass liquid was cooled to 600 ◦C (700 ◦C
for GAST) in the furnace, and then quenched in (cold for GAST)
water. Subsequently, it was annealed for half an hour near the
glass transition temperature before being cooled gradually to
room temperature. The As2Se3 glass used in supercontinuum
generation was further purified by distillation. Using this pro-
cedure, mechanically stable glass rods with diameters ranging
5–18 mm and lengths 10–18 cm were obtained.

Commercially available polymer films are purchased from
several suppliers: 25-, 50-, 75-, and 125-µm-thick PES from
Westlake Inc., Lititz, PA; 8-, 10-, 13-, and 25-µm-thick PEI

Fig. 2. Fabrication steps for nanostructured fibers and fiber devices. (a) An
amorphous glass is synthesized from elements in an evacuated quartz tube.
(b) The glass rod is assembled with an insulating polymer shell and four metal
electrodes. (c) A polymer sheet is rolled around the structure to confine the
metal conduits inside the polymer. (d) A high-refractive-index glass is thermally
evaporated on both sides of a meter-long thin polymer film uniformly. (e) The
evaporated film is rolled around the structure obtained in (c). The final structure
is then thermally consolidated in a vacuum oven in order to get a solid preform
rod. (f) The preform is thermally drawn to kilometer-long mesoscopic-scale
fibers containing micro- and nanostructures.

from Nagai, Japan; and 25-, 50-, and 75-µm-thick PS from
Ajedium, Newark, DE.

C. Fabrication Procedure

We now discuss the fabrication of a structured preform essen-
tially consisting of a semiconductor core (a chalcogenide glass),
metallic electrodes (tin), andmultiple alternating thin films (om-
nidirectional PBG structure) that are uniform and in intimate
contact with each other. Even though the fabrication procedure
varies for the different structures proposed in Fig. 1, we describe
the overall approach in our discussion of the spectrally tunable
fiber photodetecting device [Fig. 1(a)]. A schematic outline of
the steps involved in fabricating the preform is shown in Fig. 2,
and are as follows.

1) A semiconductor rod is synthesized from elemental
batch components in an evacuated quartz ampoule at
700 ◦C–900 ◦C in a rocking furnace [22] [Fig. 2(a)].

2) A polymer tube, obtained from a thin film by rolling on a
Teflon rod, is consolidated in a vacuum oven. Four slits
are opened, and the metallic electrodes are placed in these
openings [Fig. 2(b)]. Several layers of polymer film were
rolle in order to confine the metallic electrodes [Fig. 2(c)].
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Fig. 3. Examples of fibers and fiber devices produced by using the preform-to-
fiber technique. Hollow-core, all-dielectric omnidirectional PBG fibers to guide
laser light at different wavelengths. (a) 10.6 µm. (b) 1.06 µm. (c) Hexagonal
photonic crystal structure in fiber. A high-refractive-index glass (bright region)
is embedded in a low-index polymer matrix. (d) Kilometer-long amorphous
semiconducting nanowires in a polymeric fiber. (e) Integration of optical (PBG
multilayer mirror, left) and electrical (Sn microwire, right) elements in a fiber.
(f)–(h) Fiber-based MSM light or heat sensors. Successful thermal drawing of a
multimaterial preform yields the following. (g) Functional mesoscopic devices.
(h) Functional mesoscopic devices in large length scale.

3) The thin-film deposition technique that we settled on was
a thermal evaporation of the chalcogenide glass onto free-
standing, commercially obtained polymer films, allowing
us to deposit layers of the chalcogenide glass at high
deposition rates [Fig. 2(d)]. We deposited uniformly 1.5–
15-µm-thick chalcogenide glasses on both sides ofmeters-
long, 20-cm-wide, and 8–50-µm-thick polymer films.

4) After rolling several polymer cladding layers, the pre-
form was consolidated in a zone-defined horizontal vac-
uum oven while rotating the preform [Fig. 2(e)].

5) The preform was then thermally drawn into hundreds
of meters of fibers in a three-zone vertical tube furnace
[Fig. 2(f)]. The position of the PBG was measured by a
Fourier transform infrared (FTIR) spectrometer (Bruker,
Tensor 37) during the drawing process.

D. Examples

One class of fibers produced using the above-mentioned tech-
nique is wavelength scalable hollow-core omnidirectional PBG
fibers. Fig. 3(a) shows the scanning electron microscope (SEM)
micrograph of a fiber having 11 cylindrical bilayers of alter-
nating As2Se3 and PES with thicknesses of 1.07 and 1.96 µm,

respectively. This fiber has a fundamental bandgap centered at
10.6-µm wavelength, which was designed to transport a high-
power CO2 laser beam. At the preform level, a 13-µm-thick
As2Se3 film was uniformly deposited on both sides of a 45-µm-
thick, 22-cm-wide, and 1-m-long PES polymer film, and then
rolled onto a teflon tube. The initial geometry and layer thick-
ness ratio can be preserved during the fiber-drawing process if
suitable drawing conditions are chosen. Since the position of the
bandgap of a multilayer mirror scales with layer thickness, one
can obtain PBG guidance at shorter wavelengths by reducing the
fiber’s outer diameter. As shown in Fig. 3(b), the fiber can trans-
port Nd-YAG laser light centered around 1.06 µm with As2Se3
and PEI layer thicknesses of 101 and 160 nm, respectively.

The second class of fibers contains 2-D photonic crystal struc-
tures [Fig. 3(c) and (d)]. The preform of these fibers was pre-
pared by multiple thermal drawing as follows.

1) A chalcogenide glass (As2Se3) rod was synthesized.
2) The first preform with As2Se3 core and PES cladding

was constructed, and then subsequently drawn into
500–1000-µm-thick fibers.

3) 800-µm-thick fibers were cut into 20-cm pieces, and then
these fibers were used to construct the second preform
having a hexagonal photonic crystal structure.

4) The final perform was drawn into 100–900-µm-thick
fibers in a three zone tube furnace at 295 ◦C (middle zone).

At the end of two consecutive drawings, it was possible to reach
a reduction factor (initial preform feature size/final fiber feature
size) of the order of 5 × 105. The SEMmicrograph of kilometer-
long semiconducting nanowires with diameter around 200 nm
in a polymer matrix, is shown in Fig. 3(d). We expect that one
can reach an ultimate length scale less than 20 nm in such a
material system [17].

The third class of structures integrates optical and electrical
elements in the same fiber. As shown in Fig. 3(e), a cylindrical
multilayer optical mirror was combinedwith amicrometer-scale
wire, which ran along the fiber length. The fourth class inte-
grates fiber-based functional devices containing metallic, semi-
conducting, and insulating elements in a variety of geometries.
Fig. 3(f) shows a macroscopic preform rod containing MSM
devices that sense light or heat depending on the semiconduc-
tor core. The fiber device [Fig. 3(g)] is connected to external
circuitry through metallic electrodes running along meters-long
fiber [Fig. 3(f)]. Optical or thermal excitation on any point along
the fiber device changes the electrical conductivity.

III. MSM FIBER PHOTODETECTORS

Light detection on curved surfaces and large areas is a task
that has yet to be achieved in a convenient way.We present a new
methodology for light detection on large areas by using flexible,
low-cost, lightweight, mechanically tough, and arbitrarily long
one-dimensional (1-D) photodetectors [5], [6], [10]. Underlying
this approach is a new fiber structure that senses impinging light
along its entire length and generates an electrical signal.

The photodetecting fibers were obtained from a macroscopic
preform (33-mm-thick and 20-cm-long) consisting of a cylindri-
cal semiconductor chalcogenide glass core (AST-Sn), contacted
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Fig. 4. MSM fiber photodetectors. (a) SEM micrograph of the entire cross
section of an MSM device. The device is connected to the external circuitry
through four metallic electrodes running along the fiber length. (b) The I–V
characteristics of the MSM fiber photodetector in the dark and under illumi-
nation. (c) Measured photocurrent sweeping wavelength of tunable OPO while
keeping the optical power constant, and transmission spectrum of bulk Sn-doped
AST chalcogenide glass. (d) Tunability of the operation wavelength by chang-
ing the glass composition. (e) Temporal response of the fiber device. (f) A 2-D
fiber web can be used to track a point of illumination in real time.

by four Sn metal conduits that are encapsulated in a protec-
tive PES cladding. This highly photoconductive AST-Sn glass
is optimized subject to the following requirements: 1) large
photoconductivity in the spectral range of interest; 2) the vis-
cosity range should be compatible with the polymer; and 3) an
enhanced stability against crystallization during fiber drawing.
The preform was consolidated in a three-zone horizontal tube
furnace at 260 ◦C under vacuum (10−3 torr) while rotating the
preform along its axis, and was subsequently heated and drawn
into hundreds of meters of fiber. The preform geometry was
preserved throughout all thermal processes, i.e., consolidation
and drawing. The fiber exhibits both electrical and optical func-
tionalities that follow from the excellent contact and appropri-
ate element dimensions. Fig. 4(a) shows the cross section of a
980-µm-thick fiber, which is connected to an external circuit
though the metallic electrodes. The electrical conductance of
this fiber was found to increase dramatically upon illumination
by white light [by two orders of magnitude for 20-mW incident
power, see Fig. 4(b)]. The current–voltage (I–V ) curve reveals
clear ohmic response both in the dark and under illumination.

Next, we characterized the broadband photoconductive re-
sponse of the device fiber [Fig. 4(c)]. The fiber was illuminated
externally with a laser beam from a tunable, synchronously

pumped optical parametric oscillator (Mira OPO, Coherent).
The optical transmission of a bulk AST-Sn glass sample
(12-mm-diameter and 5-mm-length) was obtained via an FTIR
measurement [Fig. 4(c)]. A 50-V dc voltage was applied to the
fiber and the current was measured using a picoampere meter
(Yokogawa/Hewlett Packard 4140B). The spectral photocon-
ductive response is commensurate with the optical transmission
measurement. Note that changing the chemical composition of
the glass core can change the spectral characteristics of the
photoconductive response, as seen in Fig. 4(d), where the op-
tical transmission spectra corresponding to As2Se3, AST-Sn,
and GAST are plotted. The onset of optical transmission, and
hence the drop in the photoconductivity, is shifted by changing
the glass composition. Indeed, the photoconductive glass in the
core may be substituted with other families of glasses that are
sensitive to other physical quantities, such as temperature [9] or
chemical contaminants. An example of the temporal response
of the MSM device fiber is depicted in Fig. 4(e).

While the individual fiber behaves as a 1-D photodetector
with sensitivity to visible and infrared light at every point along
its entire length, it is the assembly of such fibers into 2-D grids
or photodetector fiber webs that enables the detection of an
illumination point. Moreover, this grid achieves N2 detection
resolution with only 2N elements. An example of such a fiber
web used to measure the coordinates of an illumination point
on a 30× 30 cm area consisting of 64 resolved points is shown
in Fig. 4(f). The web is made of 16 fibers arranged in an 8 × 8
grid. When light is incident on any of the fibers, a photocurrent
is generated, and the voltage on the fiber changes. Each fiber
is connected to an operational amplifier (in unity-gain config-
uration) that matches its impedance to that of a data acquisition
card placed in a PC. A computer program monitors the voltages
supplied (16 in total), which indicate the amount of light
incident on each fiber. The program first identifies the voltages
related to the horizontal and vertical fibers, and then identifies
the location of the light beam. When no light is incident on the
grid, the voltage drops on the fibers assume their “dark” values,
and the “virtual grid” on the computer screen is uniformly black.
The horizontal (vertical) fiber that undergoes the maximum
change in voltage determines the vertical (horizontal) coordi-
nate of the incident beam. A white spot is then placed on the
virtual grid at the location of the horizontal and vertical coor-
dinates thus determined. The voltage on the fibers is monitored
continuously, and the refresh rate is limited by the relaxation
time of the fibers and the speed of the data acquisition card.

IV. SPECTROMETRIC PHOTODETECTING FIBERS

One may integrate a PBG resonant structure with a photode-
tecting fiber to produce a narrow-band tunable fiber photode-
tector [Fig. 1(a)]. The PBG structure contains an optical cavity
and is introduced in the optical path shielding the photocon-
ducting core from ambient illumination sources. Upon external
illumination, when the wavelength of the radiation matches that
of the cavity resonance, one observes an electric response from
the fiber core thus establishing the spectroscopic functionality
of the fiber [5].
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Fig. 5. Integrated optoelectronic device fiber. (a) SEMmicrograph of the entire
cross section of a 650-µm-thick device fiber with 200-µm chalcogenide glass
core surrounded by a PES cladding. The core region is surrounded by a reso-
nant cavity structure. (b) A magnified micrograph showing the cavity structure.
(c) Spectrometric fiber mesh-grid. (d) Broadband FTIR spectra of device fibers
with different outer diameters. (e) Measured back-reflected light power from
the same three device fibers when illuminated with a tunable OPO laser beam.
(f) Simultaneously measured photocurrents through the device fibers.

The preform of this spectroscopic fiber consists of a photo-
conductive chalcogenide glass rod (AST-Sn), having diameter
12 mm and length 18 cm, contacted by four Sn conduits, and
surrounded by a quarter-wave As2Se3/PEI multilayer mirror
structure with a λ/2 PEI cavity and a protective PES cladding.
The preform was consolidated in a three-zone horizontal tube
furnace at 260 ◦C under vacuum (10−3 torr) while rotating the
preform along its axis. Subsequently, the preform was drawn
in a three-zone vertical tube furnace at a top zone tempera-
ture between 185 ◦C and 230 ◦C and a middle zone temperature
295 ◦C. A capstan speed of about 0.7–3 m/min produced a fiber
of a diameter between 1200 and 500 µm, and a length of several
hundred meters. Fig. 5(a) shows SEM micrographs of the spec-
troscopic fiber cross section. The resonant PBG structure encap-
sulating the MSM photodetecting devices is shown in Fig. 5(b).
For a 920-µm-thick fiber, the thicknesses of As2Se3 and PEI
layers are 117 and 204 nm, respectively. The photograph in
Fig. 5(c) is a spectrometric mesh-grid woven from fibers having
different outer diameters; each strand in the mesh-grid can de-
tect a specific wavelength that matches the resonance frequency
of its Fabry–Perot structure.

The resonancewavelength and the PBG are determined by the
fiber outer diameter. From the fabricated fibers of various diam-
eters, we selected three fibers of outer diameters 870, 890, and
920 µm. The reflectivity of the optical cavity structures were

measured with an FTIR spectrometer (Nicolet/SpectraTech,
NicPlan infrared microscope and FTIR [Magna 860]) and are
displayed in Fig. 5(d). The FTIR spectra agree well with the
calculated spectra when averaging over the range of angles ad-
mitted by the microscope objective (0 ◦ to 35 ◦) is taken into
consideration, leading to a reduction in the apparent quality fac-
tor of the cavity mode [26]. The primary bandgap of the mirror
structure extends from 1 to 1.6 µm.

In order to characterize the optoelectronic response of our
integrated device fiber, it is useful to measure both the elec-
trical photocurrent and the optical reflectivity simultaneously.
This can be achieved by externally illuminating the three afore-
mentioned fibers with a laser and measuring the back-reflected
light though a beam splitter, while simultaneously monitoring
the generated photocurrent in the photosensitive core. For op-
tical characterization, we used a Verdi10 (Coherent) to pump
a Ti–S femtosecond laser (Mira 900, Coherent) that was then
down-converted using a synchronously pumped optical para-
metric oscillator (OPO) (Mira OPO, Coherent). The OPO beam
was focused onto the outer surface of the fiber using a ×5
microscope objective (NA = 0.1), and the back-reflected light
from the fiber was directed through a beam splitter to an InGaAs
photodetector (Newport 818-IG). The optical power incident on
the fiber surface was maintained at 30 mW using a variable
optical attenuator, while the wavelength of the laser beam was
swept. For simultaneous electrical characterization, we mea-
sured the current flowing through the fiber electrodes using a
pico-amperemeter (Yokogawa/Hewlett Packard 4140B). The dc
voltage difference applied to the two fiber electrodes was 50 V.
At each wavelength, the incident optical power was adjusted,
the electrical current was recorded, and the back-reflected light
power measured.

Fig. 5(e) shows the measurement results of the back-reflected
light from these fibers as the wavelength of the laser (the tun-
able OPO) is swept. Concurrently, we plotted the results of
photocurrent measurements of these fibers [Fig. 5(f)]. At the res-
onance wavelength, the back-reflection is diminished, and the
light reaches the photoconductive core. Consequently, the cor-
responding photocurrent is enhanced. This integrated optoelec-
tronic fiber device functions as a narrowband photodetector,with
the detected wavelength tuned through the fiber outer diameter.

V. SELF-HEAT-MONITORING INTEGRATED FIBERS FOR

HIGH-POWER LASER BEAM DELIVERY

The ability to integrate optical transport and thermal
monitoring for failure prediction is of paramount importance if
high-power optical transmission lines [27]–[29] are to be oper-
ated safely and reliably in medical, industrial, and defense ap-
plications [30]. Recently, the use of hollow-core PBG fibers for
in vivo endoscopic surgery on human patients and canine
larynges has been successfully demonstrated [31]. However,
fibers used for laser surgery transport significant laser power
through their core and even a small defect nucleating within
such a high-power optical transmission line can result in
unintentional energy release with potentially detrimental or
catastrophic consequences.
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Fig. 6. SEM micrographs of the integrated self-heat-monitoring fiber.
(a) Entire cross section. (b) Cylindrical omnidirectional Bragg mirror. (c) MSM
heat sensor. (d) Calculated band diagram of the cylindrical multilayer PBG
structure and the corresponding measured broadband transmission spectrum
(solid line). (e) Thermal photograph of a fiber containing a single localized
defect, along with the measured (circles) and fitted (solid line) temperature dis-
tribution along the fiber. (f) Calculated current as a function of the maximum
temperature along the fiber for a constant dissipated power (solid line) and three
experimental points.

We designed and fabricated a fiber device structure [Fig. 6(a)],
which contains integrated optical, electrical and thermal ele-
ments for self-monitored optical transport [8]. This multima-
terial fiber comprised of a polymer insulator (PES), a binary
large bandgap semiconductor (As2Se3), a quaternary narrow
bandgap semiconductor (GAST), and metallic elements (Sn) is
drawn at high speeds from a single fiber preform to produce
extended lengths of optically and thermally functional fibers.
An optical transmission element, which is a hollow-core multi-
layer [Fig. 6(b)] cylindrical PBG structure [32], is designed to
guide high-power radiation at 10.6 µm along the fiber axis [4].
Multiple thermal-detection elements [Fig. 6(c)], are placed in
the vicinity of the hollow core for the purpose of temperature
monitoring along the entire fiber length. Metal wires bridged by
a temperature-sensitive semiconductor layer extend along the
length of the fiber and deliver an electrical response to the fiber
ends upon change in the fiber temperature.

The macroscopic preform rod, which shares the final fiber
geometry, was prepared by the following steps.

1) A 13-µm-thick film of As2Se3 was thermally evaporated
on both sides of a 50-µm-thick, 24-cm-wide, and 40-cm-
long PES film that was then rolled onto a 14.2-mm-thick
teflon FEP rod, which does not stick to the inner glass
layer during thermal processing steps.

2) The 10-µm-thick GAST film was then deposited by ther-
mal evaporation with a vacuum evaporator (Ladd Indus-

tries) on one side of a 50-µm-thick PES film. After rolling
a few-millimeters-thick buffer PES layer, the single GAST
layer was rolled.

3) This temperature-sensitive GAST layer was contacted by
six Sn (tin) metal conduits (0.8-mm-thick, 2.5-mm-wide,
and 15-cm-long) that are encapsulated in a protective PES
cladding.

4) The preform was consolidated for 70 min at 260 ◦C under
vacuum (10−3 torr) in a three-zone horizontal tube fur-
nace, and the teflon rod was removed from the core after
consolidation. The preform was annealed and then cooled
gradually to room temperature.

The preform was subsequently heated and drawn into tens
of meters of fiber in a draw tower (Heathway). Fibers were
drawn at the central zone of a three-zone vertical tube fur-
nace (Thermcraft) with the top-zone temperature of 190 ◦C and
the middle-zone temperature of 295 ◦C. The fiber diameter was
monitored with laser diameter monitors and the target fiber di-
ameter was determined by measuring broadband FTIR spectra
during drawing.

We first discuss the optical transport properties of this hy-
brid fiber. The fiber has a 1270-µm-thick outer diameter and a
560-µm diameter hollow core surrounded by a multilayer struc-
ture consisting of 13 bilayers of alternating As2Se3 and PES
having thicknesses of 1 and 1.9 µm, respectively [see Fig. 6(b)].
The calculated PBG diagram of the hybrid fiber is depicted in
Fig. 6(d), revealing an omnidirectional bandgap extending from
9.4 to 11.4 µm. The light gray areas represent guided modes
inside the core, while the dark gray areas correspond to regions
where light is not guided, but instead radiates through the mul-
tilayer structure. The transmission spectrum of a 1-m-long fiber
was measured by the FTIR spectrometer and is overlaid on the
band diagram in Fig. 6(d).

To demonstrate the delivery of high-power laser light through
the hybrid fiber while monitoring the temperature in the fiber, a
CO2 laser (GEM-25, Coherent-DEOS) at 10.6 µm was coupled
to the fiber and a 50-V dc voltage was applied to the device elec-
trodes. The input and output optical power as well as the current
through the electrodes were recorded. We measured the power
radiated from the fiber outer surface and also obtained thermal
images using an infrared (IR) camera (FLIR). The power escap-
ing from the surface of the fiber was found to be negligible with
respect to the overall power loss, suggesting that the difference
in power between the input and output dissipates in the fiber
cladding and converts into heat.

In order to investigate the self-fault-detection capabilities of
our fiber, we measured the current as a function of the dis-
sipated power for three 40-cm-long fibers: 1) a defect-free;
2) a bent defect-free; and 3) a single-defect-containing fiber.
The defect on the fiber was intentionally generated by burning a
small spot on the fiber with a CO2 laser beam. The temperature
distribution along the single-defect-containing fiber is shown in
Fig. 6(e).While indeed power is dissipated throughout the entire
fiber length, it is the localized defect site that undergoes themost
significant heating [Fig. 6(e)]. This heating, in turn, causes an
exponential increase in the semiconductor’s conductivity, which
results in an increase in the current flow [Fig. 6(f)]. The three
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experimental points shown in Fig. 6(f) correspond to a defect-
free straight fiber (circle), a bent fiber (square), and a single-
defect-containing straight fiber (diamond). The current exceeds
a threshold value Ic only for the defect case. Thus, the expo-
nential dependence on temperature of the electrical conductivity
of the semiconducting material allows for the discrimination—
in real time—between the normal transmission conditions and
those that are indicative of localized defect formation, enabling
for the first time a self-monitoring high-power optical transmis-
sion line for failure prediction and prevention.

Incorporating a thermal element [8], [9] with optical struc-
tures may potentially yield various optoelectronic devices such
as fiber-based tunablemid-infrared attenuators and thermo-optic
switches [33].We expect that flexible, thin, low-cost, large-area,
distributed, mechanically tough, and polymeric fiber-based heat
sensors might be used in medical, military, industrial, and space
applications.

VI. HYBRID ELECTRON–PHOTON TRANSPORT FIBERS

Conventional optical fibers guide light in a solid core via to-
tal internal reflection. This process has fundamental limitations
stemming from light absorption by electrons and phonons,mate-
rial dispersion, Rayleigh scattering, thermal lensing, end-point
reflections, and optical nonlinearities. These limitations have
motivated the study of light propagation through hollow cores
in metallic [27], [28], dielectric [34], microstructured silica [13]
and polymer [15], [16], and Bragg waveguides [3], [32], [35].
Hollow-core fibers promise high-energy laser delivery [4], [30],
atom or particle guiding [36], [37], chemical and biological
molecules sensing [38], and high harmonic generation [39].
Having electrical transmission lines in close contact with an
optical counterpart is critical for certain applications [40]. To
date, incorporation of optical and electrical functionalities in
micrometer-scale fibers has not been achieved. We present the
design and fabrication of a new hybrid fiber structure that allows
us to transmit electrons and photons simultaneously [5].

The macroscopic preform of hybrid fiber was assembled by
wrapping a PEI film (8-µm-thick, 20-cm-wide, and 1-m-long),
coated on both sides with a 2.6-µm-thick layer of As2Se3,
around a pyrex tube having 16-mm outer diameter. An array
of Sn strands were positioned around the outer surface of the
multilayer structure by using a polymer solution of 20% PES,
80% N,N -dimethylacetamide. The resulting preform was then
consolidated in a vertical rotating furnace at a temperature of
260 ◦C and a pressure of 10−3 torr. The preform longitudinal
axis is held vertically in the furnace and a zone-refining heating
process is carried out along the preform length. After consoli-
dation, the preform was immersed in a liquid HF bath for 3 h
to selectively etch away the pyrex tube in the center, leaving a
hollow core. The finalized preformwas then drawn under the fol-
lowing conditions: a temperature of 302 ◦C, a downfeed speed
of 0.003 mm/s, and a capstan speed of 1 m/min. The metal-
core polymer-cladded fiber strands used in the preform were
obtained by drawing a preform with 5-mm Sn (99.75% purity)
core and 7.5-mm PES cladding. The preform was consolidated
in a vacuum oven at 260 ◦C, and then drawn at −305 ◦C in

Fig. 7. Dual electron–photon transport fiber. (a) SEMmicrograph of the cross
section of the hybrid fiber with a 800-µm hollow core, omnidirectional mir-
ror layers, metallic filament array, and polymer cladding. (b) Magnified SEM
micrograph of eight pairs of quarter wave dielectric As2Se3/PEI multilayers
with submicrometer feature sizes and a metallic microwire. (c) Measured trans-
mission spectra of three fibers having different outer diameters exhibiting PBG
guidance through the air core. The primary and the second-order photonic
bandgaps are located at 1.62 and 0.8 µm for the 980-µm-thick fiber, and are
shifted to longer wavelengths as the fiber diameter increases. (d) Measured
electrical current along the 980-µm-thick, 15-cm-long fiber, as a function of
the applied bias voltage. (e) Schematics of the laser-assisted atom or particle
guidance through hollow-core hybrid fibers.

a vertical tube furnace. Both ends of the preform were sealed
with polymer to confine the metal during the consolidation and
drawing processes. Meters of metallic fibers with outer diame-
ters ranging from 500 µm to 1.2 mm were successfully drawn
and sectioned into strands.

The dual electron–photon fiber, shown in Fig. 7(a), is com-
prised of a hollow core, surrounded by a multilayer dielectric
mirror [7], [32] formed from eight pairs of alternating layers
of As2Se3 and PEI (layer thicknesses of 150 and 280 nm, re-
spectively). This multilayer structure provides the optical con-
finement to the low-index core. Immediately adjacent to this
omnidirectional mirror is a circular array of 60 Sn metal strands
with diameters of ∼8 µm each. The whole fiber is then sur-
rounded with a PES polymer cladding.

The optical transport characteristics of the fiber are deter-
mined by the positions of the photonic bandgaps. For example,
fibers having outer diameters of 980, 1030, and 1090 µm have
fundamental bandgaps centered at 1.62, 1.75, and 1.85 µm,
and second-order bandgaps around 0.80, 0.85, and 0.92 µm,
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respectively [see Fig. 7(c)]. Optical transmission spectra were
determined using an FTIR spectrometer (Bruker Tensor 37). In
order to examine the electrical properties of the fiber, however,
both ends of the fiber were coated with a thick layer of gold that
electrically connects all the Sn wires. The I–V characteristics
of the 980-µm-thick fiber are displayed in Fig. 7(d), showing
clear ohmic response.

We have performed a systematic investigation of the losses in-
curred upon propagation through simple (non metal containing)
hollow-core multilayer photonic bandgap fibers in [4] and [7].
The loss of such fibers for radiation at a wavelength of 10.6 µm
was found to be less than 1 dB/m [4]. More recently, we have
characterized such fibers at a wavelength of 1.5 µm, and mea-
sured the losses to be 2.0 dB/m. The loss mechanisms are found
to be: 1) radiation through the multilayers; 2) intrinsic mate-
rial absorption; 3) nonuniformity in the layer thicknesses; and
4) scattering due to internal surface roughness. Since light is
strongly confined within the hollow core by the cylindrical om-
nidirectional mirror, it is expected that the presence of additional
material components or structural complexity lying outside of
the cylindrical mirror will not significantly affect the losses
through this hollow fiber. Indeed, initial loss measurements on
the electron–photon transport fibers yield loss levels that are
comparable to the cylindrical photonic bandgap fibers of simi-
lar structural characteristics.

There has been widespread interest in guiding cold atoms,
particles, and bacteria in hollow-core optical fibers via radia-
tion pressure [36], [37] or magnetic quadrupole [41]. We expect
that the hybrid PBG optical fibers can improve mesoscale par-
ticle guidance in miniature transmission lines in many respects
[see Fig. 7(e)]: 1) Strong omnidirectional confinement yields
much longer transport length due to low loss. 2) Flexibility of
polymeric fibers and low-bending loss can enhance guiding ef-
ficiency through sharp corners. 3) Generating an electric field
by applying potential differences on electrodes allows the sep-
aration of charged particles from neutral ones. 4) Generating a
quadrupole at the center of fiber can further confine particles in
a very small region.

VII. SPECTRAL BROADENING IN MICROSTRUCTURED SOLID

GLASS/POLYMER FIBERS

Spectral broadening of laser pulses via self-phase-modulation
(SPM) [42] in single-mode chalcogenide optical fibers has re-
cently attracted much attention for supercontinuum genera-
tion [43]–[45]. Since chalcogenide glasses have a high nonlinear
index (n2) compared to silica (two to three orders of magni-
tude depending on composition), one may obtain significant
spectral broadening in very short fibers or even waveguides on
a chip. Here, we report on a new microstructured, all-solid,
glass/polymer fibers, and investigated the optical and nonlinear
properties of these fibers [11].

The small-core fibers were fabricated as follows.
1) 10-mm-thick As2Se3 rod was synthesized as explained in

Section II.
2) A 25-mm-thick cylindrical preform was obtained by

rolling 75-µm-thick PES film onto the rod.

Fig. 8. Nonlinear, microstructured, all-solid, small-core chalcogenide/
polymer fiber. (a) SEM micrograph of the cross section of a small-core
fiber. (b) Magnified SEM shows 9-µm glass core (As2Se3) and four rings
of glass/polymer nanostructured cladding. (c) Microscopic image of light com-
ing out from a small-core fiber at 1.6-µm wavelength. (d) Broadband FTIR
transmission spectrum for a bulk-glass disk and a large-core (300-µm) fiber.
(e) Material dispersion for bulk As2Se3 glass obtained from ellipsometric mea-
surements. (f) Output spectra for 1.7-mW average input power. (g) Spectral
broadening at 56-mW input power.

3) The preform was consolidated in a vacuum oven and sub-
sequently drawn into 750-µm-thick fibers.

4) Some of these fibers were cut into 20-cm-long pieces,
and placed around 9-mm-thick As2Se3 rod in order to
construct four rings.

5) After rolling some PES as a protective cladding; 23-mm-
thick preform was consolidated and drawn into fibers.

6) A 20-cm-long and 830-µm-thick fiber was placed inside
a previously drawn hollow PES fiber (core and outer di-
ameters are around 830 µm and 3.1 mm, respectively).

7) A 33-mm-thick preform was obtained by rolling some
PES film onto this thick PES fiber, and then consolidated;
subsequently drawn into fibers having diameters between
400 and 900 µm.

Fig. 8(a) shows the SEM micrograph of an 880-µm-thick
fiber having 9-µm-thick As2Se3 core surrounded by four
nanostructured rings [Fig. 8(b)]. A laser beam at 1.6-µm
wavelength was coupled to a 15-cm-long fiber, and the output
beam profile measured by using a high-resolution detector
(Sensor Unlimited). As shown in Fig. 8(c), the output beam
profile is Gaussian and single mode.

The broadband transmission spectra of a bulk sample
(9 mm in diameter and 3-mm-thick) and a large-core fiber
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(10-cm-long and 300-µm-thick core) were measured by using
an FTIR (Bruker, Tensor 37). Both sides of the disk and
fiber were polished by using 10, 3, 1, and 0.3 µm aluminum
oxide films (South Bay Technology) in order to get optical
surfaces. As shown in Fig. 8(d), the bulk As2Se3 glass has a
wide transparency window starting 0.8 µm up to 16 µm while
large-core fiber transmits light between 0.9 and 13.5 µm. The
absorption related to H–Se (λ = 4.25µm) impurities could be
removed after further distillation [46].

The refractive index of the bulk As2Se3 glass was mea-
sured by using a spectroscopic ellipsometer (Sopra GES5 UV-
Vis-IR), and fitted to the Cauchy formula: n(λ) = A + B/
λ2 + C/λ4, with parameters A = 2.7391, B = 0.0599, and
C = 0.0443. The material dispersion was determined from
D = −λ/c d2n/dλ2, where c is the speed of light. As shown
in Fig. 8(e), the dispersion is negative and large around the
telecommunications wavelength, and gets smaller for longer
wavelengths. We estimated D = −552 ps/nm-km at 1.55 µm,
which is very close to the value reported in [43].

In order to demonstrate the spectral broadening via SPM
in our small-core microstructured fibers, we coupled an OPO
laser (Mira, Coherent) beam by using a ×20 microscope
objective to 3-cm-long and 6.3-µm-core fiber. The output light
was collected with ×100 microscope objective and sent to an
optical spectrum analyzer (Ando) via a multimode silica fiber.
While the spectrum is identical with input spectrum for low
power (1.7 mW), there is a significant spectral broadening at
high powers. We observed a spectrum broadening of about
150% for 56-mW input power compared to the input spectrum
[Fig. 8(g)]. Modification of the nanostructure around the solid
core allows tailoring the total dispersion.

VIII. CONCLUSION

We have introduced multimaterial composite fibers and fiber-
based devices having optical, electrical, and thermal function-
alities at nanometer feature sizes and kilometer-length scales,
enabled by innovative fabrication approaches that allows for
the use of new materials and geometries that have not been,
hitherto, associated with fibers. By combining materials and ex-
ploring novel geometries, conventional functionalities can be
enhanced and new ones introduced. Thus, a large repertoire of
structures and devices with electronic, photonic, and thermal
properties by design may indeed be processed by the familiar
thermal drawing of macroscopic preforms.
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