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Nanowire synthesis has been dominated by bottom-up
approaches such as vapor�liquid�solid (VLS) growth from

a catalytic droplet,1,2 solution�liquid�solid growth processes,3,4 and
laser-ablation-assisted VLS5 (see refs 6�9 for reviews). Nanowires
produced in this fashion have found a wide range of applications in
nanoelectronics,10 energy harvesting,11 photonic devices,12 sensing,13

and interfacing electronics with live cells.14

A seemingly unrelated fabrication technology is the top-down
process of thermal fiber drawing (TFD) from a macroscopic
preform.15 Typically a centimeter-scale cylindrical preform is
heated to the viscous state and drawn into a long length of
smaller-diameter fiber while maintaining the cross-sectional
geometry. Although these two techniques—bottom-up nano-
wire synthesis and top-down TFD—initially appear unrelated,
they share the form factor of the resulting structure: a large-
aspect-ratio wire. The wires produced by these distinct routes
differ, however, in size and materials used. Nanowire diameters
are smaller than those of optical fibers (1�100 nm for nanowires,
∼10�1000 μm for typical fiber cores), have much smaller
lengths (tens of micrometers for nanowires, kilometers for
fibers), and are made of semiconductors16 or metals,17 while
optical fibers are made of glassy insulators (such as silica glass18,19

or polymers20).
An early prescient report21 demonstrated the feasibility of

using TFD to produce suspended silica microwires. Subsequent
advances in photonic crystals22,23 led to the development of
photonic crystal fibers24�28 in which the cladding consists of
nanoscale-diameter filaments suspended in air and connected by

a network of thin webs. This demonstrates that TFD is capable of
producing extremely long lengths (hundreds of meters) of
uniform and ordered nanofilaments, albeit from glassy insulating
materials. The gap in diameters between nanowires and TFD-
based structures has thus narrowed considerably.29�31 In a
parallel development, new materials not typically associated with
TFD have been recently used to produce multimaterial fibers.32

Examples include photonic band gap fibers containing nanoscale
multilayer structures,33,34 metal�semiconductor�insulating fibers35

that provide unique in-fiber optoelectronic functionality,36 and TFD
of crystalline silicon,37 germanium,38 and III�V semiconductor39

cores in a silica-glass cladding.40 Other approaches have produced
fibers containing well-ordered arrays of microwires and nanowires of
metals (500 nm diameter),41 glasses,42 and chalcogenides (200 nm
diameter).32,43 Large-length arrays of globally oriented semiconduct-
ing nanowires (200 nm diameter)44,45 and filaments (100 nm wide,
10 nm thick)44 have also been produced utilizing fluid instabilities46

in a thin film embedded in the preform during TFD. A recent
report47 demonstrated nanowire and nanotube arrays produced by
TFD with diameters approaching 20 nm and confirmed their
continuity using the photoconductivity-measurement approach de-
veloped in ref 45.

In light of these developments in scale reduction of new
materials used in TFD, an important question arises: what is the
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ABSTRACT: We investigate the lower limit of nanowire diameters stably produced by the
process of thermal fiber drawing and fiber tapering. A centimeter-scale macroscopic cylindrical
preform containing the nanowire material in the core encased in a polymer scaffold cladding is
thermally drawn in the viscous state to a fiber. By cascading several iterations of the process,
continuous reduction of the diameter of an amorphous semiconducting chalcogenide glass is
demonstrated. Starting from a 10-mm-diameter rod we thermally draw hundreds of meters of
continuous sub-5-nm-diameter nanowires. Using this approach, we produce macroscopic
lengths of high-density, well-ordered, globally oriented nanowire arrays.
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lower limit of a feature’s transverse size that may be reached by
TFD while remaining axially continuous? In this paper we
investigate this question in a model fiber consisting of amor-
phous semiconducting cores embedded in a polymer cladding.
Using consecutive TFD steps, in addition to fiber tapering,48,49

we successfully reduce the diameter of a semiconductor rod from
10 mm to sub-5 nm while maintaining axial continuity demon-
strated by direct imaging of the nanowires after dissolving the
cladding. Furthermore, we demonstrate that TFDmay be used to
produce globally ordered high-density arrays of nanowires
extending the length of the drawn fiber. This unique approach
thus imparts to nanowires the length characteristics usually
associated with optical fibers. While there are several physical
mechanisms that are expected to set the lower limit on axially

stable transverse feature sizes, notably fluid dynamic instabi-
lities,46,50 we have not observed the expected axial breakup in the
drawn or tapered nanowires. This possibly suggests that at these
nanometer scales the continuum fluid model is no longer
applicable.

The fabrication of nanowires by TFD requires multiple steps
of preform preparation and fiber drawing. First, we fabricate a
40-mm-diameter 10-cm-long macroscopic cylindrical preform
(Figure 1a) consisting of a 10-mm-diameter amorphous semi-
conducting chalcogenide glass core As2Se3 surrounded by a
thermoplastic polymer cladding (polyethersulfone, PES). The
two materials are thermally compatible and can be codrawn
stably.29 The core material is chosen from the well-known family
of chalcogenide glasses that have many useful electronic32,35,36

Figure 1. Producing in-fiber microwires and nanowires by thermal fiber drawing (TFD). (a) A first preform (the polymer is red, the glass is black), core
diameter 10 mm, is drawn into a fiber; SEMmicrographs of (b) a cross section (core diameter 650 μm) and (c) an exposed core (diameter 200 μm). (d)
A second preform, containing a previously drawn fiber (from (b)) as core, is in turn drawn into a fiber; SEMmicrographs of (e) a fiber cross section (core
diameter 20 μm) and (f) an exposed core (diameter 1 μm). (g) In-fiber nanowire array produced by TFD containing an array of eight predrawn fibers.
(h) SEMmicrograph of a cross section. Each core (500 nm diameter) is surrounded by a black dashed circle to guide the eye. Inset shows an individual
core. (i) SEM micrographs of nanowire arrays with individual diameters 200 nm (left) and 50 nm (right).
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and optical properties,51 especially for mid-infrared applica-
tions,52 nonlinear optics,53 and phase-change memory devices.54

While we demonstrate here TFD of amorphous sub-5-nm-
diameter nanowires, our previous work established that post-
TFD crystallization of the cores is possible via thermal
treatment44,45 or localized laser irradiation.45 Furthermore, alter-
native glass compositions possess properties that allow for more
controllable crystallization.55

Cascading two TFD steps, we produce a microwire embedded
in a fiber. The initial 10-mm-diameter As2Se3 rod is prepared by
melt-quenching,56 and the cladding is formed by rolling a 75 μm
thick PES film followed by thermal consolidation.32 The preform
is then drawn in a home-built fiber draw tower (the drawing
temperature is 330 �C and the drawing speed is 1 m/min) into a
fiber whose length depends on the preform dimensions and the
draw-down ratio (10�50 here). The typical fiber length was 100
m in our experiments. In order to examine the continuity of the
semiconducting core directly, we section a length of drawn fiber
and dissolve the cladding with dimethylacetamide (DMAC).44

The fiber is held vertically in the solvent for 6 h to guarantee the
complete removal of the polymer and release of the semicon-
ducting core. Two core sizes produced by changing the draw-
down ratio are shown in panels b and c of Figure 1 with diameters
650 and 200 μm, respectively. To further reduce the core
diameter, we perform a second TFD step by placing a section
of a drawn fiber in a new preform that is in turn drawn into a fiber
(Figure 1d). Two cores produced in this fashion from different
fibers are shown in panels e and f of Figure 1 (20 and 2 μm
diameters, respectively). We thus directly confirm the continuity,
stability, and uniformity of the fiber core at the microscale.

We continue to reduce the core diameter to produce nano-
wires using the stack-and-draw approach,32,43,57 which further
yields high-density nanowire arrays. Multiple identical drawn
fiber sections (eight in this case) are stacked in a new preform
(Figure 1g) that is drawn into a fiber (cross section shown in
Figure 1h). We span the diameter range of the individual cores
from 1 μm to 50 nm (see Figure S3, Supporting Information)
and show examples of bundles of eight 200-nm- and 50-nm-
diameter nanowires in Figure 1i demonstrating their continuity.
Although the cores in the fiber are well separated (core-to-core
separation is >�30 the core diameter; Figure 1h), the eight
exposed cores adhere to each other upon removal from the
DMAC solvent in an extremely orderly fashion. This sponta-
neously organized structure extends for the whole length of the
exposed cores (several millimeters). We hypothesize that van der
Waals forces are responsible for this adhesion which is initially
driven by the drying of the dissolved polymer and solvent
between the strands. The effect is repeatable, reproducible, and
quite robust. The smallest-diameter bundle (individual core
diameter ∼50 nm, Figure 1i) is helically twisted along its whole
length, which we do not readily observe in the larger-diameter
bundles. The twisting appears to occur after removing the
nanowires from the solvent, likely due to transverse perturbing
forces.

Several advantageous features are provided by TFD when
viewed as a top-down approach to nanowire fabrication. First, the
process is scalable, i.e., a large number of cores may be produced
simultaneously in a single fiber through the stack-and-draw
process. For example, a 1-mm-diameter fiber may potentially
include 107 100-nm-diameter nanowires. Second, TFD produces
extremely long nanowires that are limited, in principle, by the
drawn fiber length. Third, global order and orientation are

imposed on the fabricated nanowire array at the preform level
during the stacking process. The polymer scaffold offers mechani-
cal support to the nanowire array and provides electrical insula-
tion between the individual nanowires. In comparison to previous
work on top-down nanowire fabrication, such as lithographic
templates58 or pattern transfer,59 TFD allows for simpler produc-
tion of extremely long well-ordered nanowire arrays.

These features are all demonstrated in Figure 2. A large
number of fibers (∼330), each containing 12 20-μm-core-
diameter fibers, are stacked in a preform and drawn into a fiber
containing∼4000 500-nm-diameter cores (Figure 2a; see Figure
S2 in the Supporting Information). The array of stacked fibers
retains its arrangement in the newly drawn fiber, and the 12 cores
in each lattice site also retain their pre-TFD arrangement.
Another preform was produced by stacking ∼330 fibers each
containing 80 7-μm-diameter cores and was then drawn into a
fiber. By dissolving the cladding, we expose a 10 cm long bundle
of ∼27000 (∼80 � 330) 200-nm-diameter wires (Figure 2b)
demonstrating the macroscopic stability and continuity of the
nanowire array. This is further confirmed by SEM micrographs
taken along the exposed bundle (Figure 3 panels c�e). We
demonstrate the control over nanowire size in panels a�c of
Figure 3 where we produce high-density, globally oriented arrays

Figure 2. High-density arrays of 500-nm and 200-nm-diameter wires.
(a) SEM image of a well-ordered array of∼330 nanowire bundles, each
bundle consisting of 12 500-nm-diameter semiconducting glass cores
embedded in a polymer cladding. Top-right inset is an SEM of the full
fiber cross section, and bottom-left inset is an SEM of a single bundle.
For preform fabrication, see Supporting Information (Figure S1). (b) A
photograph of an exposed 10 cm long bundle of ∼27000 200-nm-
diameter nanowires emerging from the fiber tip after dissolving the
polymer cladding. (c) SEMmicrograph of the dashed box in (b). (d) and
(e) show SEM micrographs taken along the bundle in (c) at the
locations marked by dashed white vertical lines. The scale bars in (d)
and (e) are both 20 μm.
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with nanowire diameters of 570, 200, and 100 nm, respectively.
An energy-dispersive X-ray spectroscopy (EDX) measurement
of the 200-nm-diameter nanowire bundle (Figure 3d) is compa-
tible with the hypothesis that the bundle consists solely of As2Se3
with almost complete elimination of the polymer. We compare
the EDX of the nanowires with that of the bulk glass in Figure 3d
and observe no change in the composition of the glass in the two
forms (bulk and nanowires). Note that the sulfur peak in the
nanowires (due to remnant polymer PES which contains sulfur)
is not observed in the case of the bulk glass (which does not
contain sulfur). We do not observe here any signs of breakup,
irregularities, or discontinuities in all of the above examples of
nanowires produced by TFD or tapering in Figures 1�3, with
diameters extending from 650 μm to 50 nm.

In order to investigate the lower limit of this process, we use
another stack-and-draw step that reduces the nanowire diameters
to 20 nm and, subsequently, use fiber tapering to reach 5 and
2.5 nm. We stack 80 fibers each containing ∼4000 500-nm-
diameter cores in a preform drawn into a fiber. After dissolving
the cladding, we are left with continuous cores as shown in
Figure 4a. By isolating single strands of the exposed cores, we
confirm the continuity of the 20 nm nanowires using both SEM
(Figure 4b) and TEM (Figure 4c) imaging (JEOL JEM-1011
TEM). Note that a thin polymer film remains connecting pairs of
nanowires. Since we did not observe any signs of nanowire
disintegration, we further reduce the core sizes.

Further size reduction is achieved by fiber tapering48,49

(Figure 5a). In the tapering procedure, the fiber temperature is

locally elevated in a heating zone (length∼7.5 mm, the tapering
temperature is 291 �C, and the tapering speed is 2�3 mm/s) to
reduce the material viscosity. The fiber is then pulled symme-
trically from both ends thus controllably reducing the diameter in
the heating zone. We first reduce this fiber diameter by a factor of
4, such that the resulting individual nanowires are expected to
have∼5 nm diameter. Figure 5b highlights the continuity of the
exposed nanowire bundle after dissolving the polymer cladding.
High-resolution SEM imaging (Figure 5c�e) confirms the
continuity of the core nanowires and the global orientation of
the exposed nanowire bundle. Tapering the fiber in Figure 4 by a
factor of 8 produces ∼2.5-nm-diameter nanowires, and the
continuity of the cores is also confirmed after dissolving the
cladding (see Figure S4 in the Supporting Information). Note
that the material viscosity during fiber tapering is lower than
during TFD (because of the smaller volume of the fiber
compared to the preform) and hence capillary instability is more
likely to initiate during tapering.59 Since the sub-5-nm-diameter
nanowires survive the tapering procedure, they are also highly
likely to survive TFD.

We accurately determine the diameter of the nanowires
produced by tapering by TEM imaging. We section a thin slice
of the fiber tip (without dissolving the cladding, Figure 5f-i) using
a microtome (Leica EM UC7 Ultramicrotome, diamond blade).
The polymer slice is less than 200 nm thick, has ∼250-μm
diameter (after tapering a 1-mm-outer-diameter fiber by a factor
of 4), and contains well-separated nanowire bundles, each bundle
containing 12 nanowires embedded in the polymer matrix. The
slice is placed on a TEM grid (Figure 5f-ii) and immersed in
DMAC to dissolve the polymer. The grid is removed from the
solution after 2 h and is allowed to dry in air before being used in
the TEM (Figure 5f-iii). We find on the grid multiple separated
bundles of short nanowire sections as expected from the original
fabricated fiber structure (Figure 3a) used in the subsequent
stack-and-draw steps. A typical bundle is shown in Figure 5g and
the TEM image confirms the sub-5-nm diameters expected from
the tapering ratio. An EDXmeasurement of the nanowire bundle
obtained while it is still encased in the polymer slice (Figure 5f-ii)
using a high-resolution TEM (FEI Technai F30 TEM) confirms
that As2Se3 is present in the bundle (Figure 5h). The elemental

Figure 3. (a�c) SEM micrographs of ordered nanowire arrays after
removal of the polymer cladding. The nanowire diameters are (a) 570,
(b) 200, and (c) 100 nm. (d) EDX of the nanowire bundle (continuous
blue line) and the bulk glass (dashed red line) obtained in the SEM showing
an elemental decomposition compatible with the material As2Se3. The
sulfur peak in the nanowire EDX is due to remnant PES polymer.

Figure 4. High-density array of 20-nm-diameter nanowires. (a) SEM
micrograph of the fiber tip showing the nanowire bundle after removing
the polymer. The inset shows a higher-resolution SEM micrograph
revealing the nanowires in the bundle. (b) SEM micrograph of a pair of
20-nm-diameter nanowires, isolated from the inset in (a), connected by
a thin polymer web not removed by the solvent. (c) TEMmicrograph of
the nanowire pair in (b) allowing accurate measurement of the nanowire
diameter.
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composition of PES is also observed in Figure 5h since the
polymer was not dissolved, compared to Figure 3d where the
polymer was completely removed before the EDXmeasurement.
The outer diameter of the tapered fiber containing 2.5-nm-
diameter nanowires was too small for the preparation of a thin
slice using the microtome and TEM imaging was consequently
not performed.

We have thus confirmed that the nanowires produced by TFD
and tapering to sub-5-nm diameters are axially continuous for
macroscopic lengths. This result is remarkable in light of the
various breakupmechanisms that are expected to limit transverse
feature sizes that remain axially continuous. Paramount among
these factors is capillary fluid instabilities.46,50 During TFD and
tapering processes, the cores are melted into a viscous fluid
surrounded by the viscous polymer matrix. The wires are thus
subject to the classical Plateau�Rayleigh capillary instability50

and are consequently anticipated to break up into droplets which

we have previously observed at the microscale under well-
controlled conditions.60 As the core diameter is further reduced
to 5 nm, the capillary instability time becomes smaller and the
nanowires are more susceptible to instability according to the
classical Tomotika model.61 However, we find that the wires are
unexpectedly stable during tapering (at temperature 291 �C,
tapering time∼2 s, and tapering speed 3�4mm/s) to sub-3-nm-
diameter. This stability, and the apparent suppression of capillary
instabilities, is not yet fully understood. There are several
potential hypotheses for the discrepancy between the expected
breakup and the observed continuity of the nanowires. First, at
these nanometer scales the continuum limit that is a prerequisite
for the validity of fluid dynamic models may no longer apply.
Second, the close proximity of the nanowires in the polymer
matrix may result in coupling between adjacent nanowires that
suppresses the growth of capillary instabilities. This is a departure
from the Tomotika model61 (and earlier Rayleigh models62) that
assumes an infinite fluid cladding surrounding the inner fluid.
Furthermore, the complicated TFD process may give rise to
other factors, beyond the scope of this paper, that may contribute
to the stability of these extremely long nanowires.46

In conclusion, we have demonstrated that thermal fiber
drawing and fiber tapering may be used to draw amorphous
semiconducting nanowires to sub-5-nm diameters while main-
taining axial continuity during TFD or subsequent tapering
processes. Extremely long lengths of high-density, globally
oriented and ordered arrays of these nanowires are combined
in a single fiber. Such nanowire arrays are expected to find
applications in nanosensing, nanoimaging using nanowire tips,
and energy harvesting. The robustness of the nanowire bundles
and their encasement in a polymer matrix scaffold further suggest
important applications in live cell bioprobing.
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