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same effective potential is used to calculate the fusion probability,
see below). Approximations had to be introduced: the two neutrons
are treated as one cluster, and the model space had to be limited,
preventing a calculation at the lowest energy. However, the agree-
ment of the predicted distributions with experimental data (see
Fig. 3b) further supports the identification of the transfer process.

The experimental cross-sections for the events in Fig. 3 were
calculated as in the case of fission. The detection efficiency depends
on the angular distributions, which are not known in the case of the
transfer process for such an exotic system. We have used a set of
theoretical angular distributions from DWBA calculations in a
reduction procedure (fitting the experimental data) to extract the
efficiency of each detector, taking into account their geometry. The
fusion cross-sections were then calculated as the difference between
the total fission and the transfer fission. The resulting data are
shown in Fig. 4; the large uncertainty is mainly due to the procedure
for the evaluation of the efficiency.

At energies below the barrier, we find experimentally that there is
no substantial enhancement of the fusion cross-section for the halo
nucleus ®He. The large observed yield for fission is entirely due to a
direct process, the two-neutron transfer to the target nucleus. Other
direct processes may also be present, though not detected owing to
the fission signature we required. The coupling to these degrees of
freedom, as well as the effect of the halo in ®He, is not sufficient to
promote an enhancement of the sub-barrier fusion cross-section.

Breakup has been accounted for by using the effective optical
potential derived in the CDCC model of the °He breakup. The
fusion cross-section (solid line in Fig. 4) was then obtained by
employing a short-range imaginary potential to reproduce the
incoming-wave boundary condition' (the inset in Fig. 4 shows
the same for the *He + 2*%U system). At the same time, the DWBA
calculations provide an estimate of the magnitude of the two-
neutron transfer process to excited states in **°U (dotted line).
Whereas the agreement for the transfer process suffers from the
rough approximations used, the fusion cross-section is well repro-
duced, corroborating our picture for the processes with the halo
nucleus “He at energies around the barrier. Still, the grounds for
such picture are primarily in the experimental results presented
here: a large reaction cross-section, due to direct processes rather
than to an enhancement of fusion. O
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The combination of conductors, semiconductors and insulators
with well-defined geometries and at prescribed length scales,
while forming intimate interfaces, is essential in most functional
electronic and optoelectronic devices. These are typically pro-
duced using a variety of elaborate wafer-based processes, which
allow for small features, but are restricted to planar geometries
and limited coverage area'. In contrast, the technique of
fibre drawing from a preformed reel or tube is simpler and yields
extended lengths of highly uniform fibres with well-controlled
geometries and good optical transport characteristics®. So far,
this technique has been restricted to particular materials®” and
larger features®'>. Here we report on the design, fabrication and
characterization of fibres made of conducting, semiconducting
and insulating materials in intimate contact and in a variety of
geometries. We demonstrate that this approach can be used to
construct a tunable fibre photodetector comprising an amor-
phous semiconductor core contacted by metallic microwires, and
surrounded by a cylindrical-shell resonant optical cavity. Such a
fibre is sensitive to illumination along its entire length (tens of
meters), thus forming a photodetecting element of dimension-
ality one. We also construct a grid of such fibres that can identify
the location of an illumination point. The advantage of this
type of photodetector array is that it needs a number of elements
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of only order N, in contrast to the conventional order N? for
detector arrays made of photodetecting elements of dimension-
ality zero.

Our approach entails the drawing of extended fibre lengths
fabricated by arranging a low-melting-temperature crystalline con-
ductor (Sn), amorphous semiconductors (As—Se-Te-Sn and
As,Se;), and high glass-transition-temperature polymeric insula-
tors (polyetherimide, PEI, and polyethersulphone, PES) into a
preform which shares the final fibre geometry but lacks function-
ality owing to the absence of intimate contact and proper element
dimensions. The preform is subsequently heated and drawn into a
fibre that preserves the initial geometry while forming intimate
interfaces and feature sizes down to below 100nm. This
process has led to the creation of two prototypical functional fibre
structures that we discuss in detail here: (1) a fibre designed for dual
electron-photon transport, and (2) a tunable, narrow-band fibre
photodetector.

The fibre for dual electron-photon transport is comprised of
a hollow air core, surrounded by an omnidirectional dielectric
mirror'>™" formed from eight pairs of alternating layers of As,Se;
and PEI (layer thicknesses of 150 and 280 nm, respectively). The
refractive indices of As,Se; and PEI are 2.83 and 1.65 respectively at
1.5pm, as measured by using a Sopra GES5 ultraviolet-visible-
infrared spectroscopic ellipsometer (see http://mit-pbg.mit.edu/
Pages/Ellipsometry.html). This multilayer structure provides the
optical confinement to the low-index core. Immediately adjacent to
this omnidirectional mirror is a circular array of 60 Sn metal strands
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Figure 1 Dual electron-photon fibre (hybrid fibre). a, SEM micrograph of the cross-section
of the hybrid fibre with 800-pm hollow core, omnidirectional mirror layers, metallic
filament array and polymer cladding. The inset shows eight pairs of quarter-wave
As,Ses/PEI multilayers and one of the metallic, Sn filaments in the ring that is surrounding
the mirror layers. b, Photograph of a 1-mm-thick, 1-m-long hybrid fibre. The fibre
appears green to the eye by virtue of reflection from the third-order photonic band gap of
the omnidirectional mirror, located at 550 nm. ¢, Normalized transmission spectra of
three different fibres, having outer diameters of 980, 1,030 and 1,090 wm. The
primary and second-order photonic bandgaps are located at 1.62 and 0.8 wm for the
980-pm-thick fibre, and are shifted to longer wavelengths as the fibre diameter
increases. d, Measured electrical current along the 980-wm-thick, 15-cm-long fibre as a
function of applied bias voltage.
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with diameters of ~8 um each (see ‘Preform preparation and fibre
drawing’ in Methods). The whole fibre is then surrounded with a
PES polymer cladding. An SEM micrograph of the fibre cross-
section is shown in Fig. la. The optical transport characteristics of
the fibre are determined by the positions of the photonic bandgaps.
For example, fibres having outer diameters of 980, 1,030 and
1,090 pm have fundamental bandgaps centred at 1.62, 1.75 and
1.85-pm wavelengths, respectively (see Fig. 1c). Optical trans-
mission spectra were determined using a Fourier transform
infrared (FTIR) spectrometer (Bruker Tensor 37). The fibre
shown in Fig. 1b (1-mm outer diameter) appears green to the eye
because of reflection from the third-order bandgap.

We have performed a systematic investigation of the losses
incurred upon propagation through simple (non-metal-contain-
ing) hollow-core multilayer photonic bandgap fibres in refs 15 and
17. The loss of such fibres for radiation at a wavelength of 10.6 um
was found to be less than 1dB m ™! (ref. 17). More recently, we have
characterized such fibres at a wavelength of 1.5 pm, and measured
losses to be approximately 5.5dBm™" (ref. 15). The loss mecha-
nisms are found to be (1) radiation through the multilayers, (2)
intrinsic materials absorption, (3) nonuniformity in the layer
thicknesses, and (4) scattering due to internal surface roughness.
Because the light in the electron-photon fibre is very strongly
confined within the hollow core by the cylindrical omnidirectional
mirror, it is expected that the presence of additional material
components or structural complexity lying outside the cylindrical
mirror will not significantly affect the losses through this hollow
fibre. Indeed, initial loss measurements on the electron-photon
transport fibres yield loss levels that are comparable to the cylind-
rical photonic bandgap fibres of similar structural characteristics. In
particular, broad-band FTIR cut-back measurements on electron-
photon fibres of 1 m length and core size 800 pm with eight bilayers
yielded a transmission loss value of 4.9 dBm ™', and a bending loss
0f 0.9 dB for a 90° degree bend with a bending radius of 6 cm. These
losses, although higher than those for silica-based holey fibres, are
among the lowest reported values for hollow polymer fibres. To
examine the electrical properties of the fibre, on the other hand,
both ends of the fibre were coated with a thick layer of gold that
electrically connects all the Sn wires. The current—voltage charac-
teristics of the 980-pm-thick fibre are displayed in Fig. 1d, showing
clear ohmic response.

Whereas the above fibre exhibits both electrical and optical
transmission properties, these are spatially separated and indepen-

Figure 2 Integrated optoelectronic device fibre. a, SEM micrograph of the entire cross-
section of a 650-pm-thick device fibre with a 200-wm chalcogenide glass core
surrounded by a PES cladding. The core region is surrounded by a resonant cavity
structure (eight pairs of A4 As,Ses/PEI multilayers, with a A/2 resonant cavity in the
middle). The bright regions on the polymer—glass interface are the Sn metal electrodes,
18-um thick and 30-p.m wide, which are continuous along the whole fibre length. b, A
magnified micrograph showing the resonant optical cavity structure. ¢, A magnified
micrograph demonstrating the excellent quality of the semiconductor—metal interface.
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dent; that is, the propagating electrons and photons do not interact.
In our second fibre, we specifically introduce an optoelectronic
interaction. This is realized by forming, in the core of the fibre,
a photoconductive chalcogenide cylinder contacted with metal
electrodes that produces current upon illumination under bias
conditions. A single (radial) mode cylindrical-shell optical cavity
is introduced in the optical path shielding the photoconducting core
from ambient illumination sources. Upon external illumination,
when the wavelength of the radiation matches that of the cavity
resonance, we observe an electric response from the fibre core, thus
establishing the spectroscopic functionality of the fibre.

Figure 2 shows SEM micrographs of the spectroscopic fibre cross-
section. The fibre core is As4SesoTe;oSns (AST-Sn), a highly photo-
conductive glass, optimized subject to the following requirements
(see ‘Glass synthesis’ in Methods): (1) large photoconductivity in
the wavelength range of interest; (2) viscosity range compatible with
the polymer; and (3) enhanced stability against crystallization
during fibre drawing. The core is contacted by four Sn electrodes
to form the photodetecting element. An enlargement of the metal—
semiconductor interface demonstrating the intimate contact is
shown in Fig. 2a. A resonant optical cavity structure is formed by
a multilayer made of As,Se; and PEI with a A/2 defect layer; an
enlargement of the resonant cavity structure is shown in Fig. 2b.
The micrograph shown in Fig. 2c demonstrates excellent
contact between the semiconducting core and a metal electrode
(see ‘Preform preparation and fibre drawing’ in Methods).

To confirm the fidelity of the metal-semiconductor contact and
characterize its photoconductive properties, we measured the
broad-band photoconductive response of a two-electrode fibre
without a multilayer structure (the red curve in Fig. 3a). A 50-V
direct current (d.c.) voltage was applied to the fibre and the current
was measured using a pico-ampere meter/d.c. voltage source
(Yokogawa/Hewlett Packard 4140B). The fibre is illuminated exter-
nally with a laser beam from a tunable Optical Parametric Oscillator
(OPO). Optical transmission of bulk glass (12-mm diameter and
5-mm length) was determined by an FTIR measurement (blue curve
in Fig. 3a). The spectral photoconductive response is commensurate
with the optical transmission measurement.
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Figure 3 Results of optical and electrical measurements performed on the device fibres.
a, The red curve is the normalized electrical current measured when illuminating a
890-pm two-electrode fibre, not equipped with a multilayer structure. The horizontal red
line indicates the dark current level. The illumination was derived from a tunable OPO
(coherent) and the wavelength was swept while keeping the optical power constant.
The blue curve shows the normalized transmission of a bulk AST-Sn glass sample.
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The resonance wavelength and photonic bandgap are both
determined by the outer diameter of the device fibre. We fabricated
three fibres of outer diameters 870, 890 and 920 um, which have
calculated resonance wavelengths of 1.26, 1.29 and 1.33 pm, respect-
ively. In these fibres, the multilayer structure was situated at the fibre
outer surface. The multilayer structure in the three fibres consists of
three bilayers, As,Se; and PEL, a A/2 PEI cavity, followed by three
more bilayers. For the 920-pm fibre, for example, the thicknesses of
As,Se; and PEI layers are 117 and 204 nm, respectively. The
reflectivity of the optical cavity structure was measured for single
fibres having these diameters with an FTIR spectrometer and
microscope (Nicolet/SpectraTech NicPlan infrared microscope
and Magna 860 FTIR spectrometer), and are displayed in Fig. 3b.
The FTIR spectra agree well with the calculated spectra. The
microscope objective admits a range of angles that vary from
normal incidence to 35° so the observed dip in the reflection
spectra is wider and shallower. The cavity resonance shifts slightly
in wavelength when the angle of incidence changes. Such a large
angular cone, as determined by the microscope objective numerical
aperture (NA) of 0.58, leads to an averaging effect that reduces the
apparent quality factor of the cavity mode.

To characterize the optoelectronic response of our integrated
device fibre, it is useful to measure both the electrical photocurrent
and the optical reflectivity simultaneously. We externally illumi-
nated the three aforementioned two-electrode device fibres with the
OPO laser beam and measured the back-reflected light through a
beam splitter, while simultaneously monitoring the generated
photocurrent (see ‘Optical characterization of device fibre’ in
Methods).

In Fig. 3¢, we display the measurement results of the back-
reflected light from three different fibres as wavelength of the laser
beam is swept. Concurrently, in Fig. 3d we plot the results of
photocurrent measurements of these fibres. At the resonance
wavelength, the back-reflection is diminished, and the light reaches
the photoconductive core. Consequently, the corresponding photo-
current is enhanced.

These novel fibre structures offer a unique possibility for con-
structing an optoelectronic functional fabric because the fibres are
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b, FTIR-measured spectra of device fibres with 870, 890 and 920-um outer diameter.
¢, Measured back-reflected light power from the same three device fibres when
illuminated with a tunable OPO laser beam. d, Simultaneously measured photocurrent
through the device fibre. Note that at the location of the resonance, the back-reflection is
diminished (light is admitted into the fibre and reaches the photoconductive core) while
the corresponding photocurrent, consequently, is enhanced.
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Figure 4 A woven spectrometric fabric. The fabric consists of interleaved threads, 400 to
500-pm-thick, chosen from our device fibres. The visual appearance of the fabric,
specifically the range of exhibited colours, is a result of the tight control exerted over the
optical properties of the produced fibres.

both flexible and mechanically tough, and can thus be woven, as
shown in Fig. 4. The fibres chosen to be used in this fabric are of
slightly different diameters (400-500 p.m), and hence exhibit differ-
ent bandgap positions, and resonant cavity wavelengths, manifested
in their colours (corresponding to primary photonic bandgaps).
Furthermore, interesting device applications follow not only from
the ability to engineer the single-fibre properties, but also from the
specifics of fibre arrangements into larger assemblies. For example,
in constructing a two-dimensional optical detector array, a desired
resolution of N X N pixels per unit area would require N? point
(dimensionality zero) detection elements. A woven fabric, on the
other hand, provides a grid structure, out of linear (dimensionality
one) fibres, which in turn can be used to localize an illumination
point on a surface—but with detection elements of only order N.
Moreover, by overlapping layers of this fabric, one could even
ascertain the direction of incoming illumination. These fibres
hence enable the realization of large-area optoelectronic functional
surfaces. Thus, with the ability to interface materials with widely
disparate electrical and optical properties in a fibre, achieve s-
ubmicrometre features and realize arbitrary geometries over
extended fibre lengths, we present the opportunity to deliver
novel semiconductor device functionalities at fibre-optic length
scales and cost.

Methods

Glass synthesis

The amorphous semiconductor glass, As,oSesoTe;oSns, is prepared from high-purity As,
Se, Te and Sn elements using sealed-ampoule melt-quenching techniques. The materials
were weighed and placed into a quartz tube under a nitrogen atmosphere. The tube was
heated to 330 °C for an hour at a rate of 1°Cmin~ " under vacuum to remove surface
oxides, and cooled to room temperature (23 °C) at the same rate. The ampoule was formed
by sealing the tube under vacuum (~10""torr). It was then heated to 800 °C at a rate of
2°Cmin~ " in a rocking furnace, while being held vertical, for 24 h and then rocked for 6 h
to increase mixing and homogenization. The glass liquid was cooled to 600 °C in the
furnace, and then quenched in water. Subsequently, it was annealed for 30 min near the
glass transition temperature, T, = 180 °C, before being cooled gradually to room
temperature. Using this procedure, mechanically stable glass rods with diameter 12 mm
and length 18 cm were obtained.

Preform preparation and fibre drawing

The metal-core polymer-cladded fibre strands were obtained by drawing a preform with a
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 a vertical tube furnace. Both
ends of the preform were sealed with polymer to confine the metal during the
consolidation and drawing processes. Metres of uniform metallic fibres with outer
diameters from 500 pm to 1.2 mm were successfully drawn and sectioned into strands.
Sixty of these Sn strands were used in the construction of a macroscopic preform that
yields the current hybrid fibre after drawing.
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The dual electron-photon transport fibre preform was then assembled by wrapping a
PEI film, coated on both sides with a layer of As,Ses, around a pyrex tube having 16-mm
outer diameter. Specifically, a 2.6-pm-thick layer of As,Se; was evaporated uniformly onto
both sides of a 20-cm-wide, 8-um-thick, 1-m-long PEI film. 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> torr. In the furnace, the preform longitudinal axis is held vertically and a zone-
refining heating process is carried out along the preform length. After consolidation, the
preform was immersed in a liquid HF bath for 3 h to selectively etch away the pyrex tube in
the centre, leaving a hollow core. The finalized preform was then drawn under the
following conditions: a temperature of 302 °C, a downfeed speed of 0.003 mms~ ! and a
capstan speed of I mmin ™.

The spectroscopic fibre preform consists of an AssoSesoTe;oSns rod, having diameter
12 mm and length 18 cm, contacted by four Sn conduits, and surrounded by a quarter-
wave As,Ses/PEI multilayer mirror structure with a A/2 PEI cavity and a protective PES
cladding. The preform, 20 mm in diameter and 30 cm in length, was consolidated in a
three-zone horizontal tube furnace while rotating the preform along its axis. Subsequently,
the preform was drawn in a three-zone vertical tube furnace at a top zone temperature
between 185 and 230 °C and a middle zone temperature of 295 °C with a tension of 500 g. A
capstan speed of 0.7-3 mmin ™' produces a fibre of a diameter between about 1,200 and
500 pm and a length of several hundred metres.

Optical characterization

For optical characterization, we used a Verdil0 (Coherent) laser to pump a Ti-S
femtosecond laser (Mira 900, Coherent). The femtosecond laser beam was then down-
converted using an OPO (Mira OPO, Coherent). The OPO beam size was adjusted using a
pinhole before passing through a beam splitter to allow collection of back-reflected light
from the fibre. The beam emerging from the beam splitter was focused onto the outer
surface of the fibre using a X 5 microscope objective (NA = 0.1). The optical power
incident on the fibre surface was maintained at 30 mW, using a variable optical attenuator,
while the wavelength of the laser beam was swept. Back-reflected light through the beam
splitter was detected using a Newport InGaAs photodetector (model 818-1G). For
simultaneous electrical characterization, we measured the current flowing through the
fibre electrodes using a pico-ampere meter/d.c. voltage source (Yokogawa/Hewlett
Packard 4140B). The d.c. voltage difference applied to the two fibre 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.
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