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ABSTRACT: Polycrystalline silicon core optical fibers have
been fabricated by modified thermal annealing of amorphous
silicon chemically deposited at high pressure. The resulting
fibers have small-diameter cores, a geometry advantageous for
optical guidance. Moreover, the combination of chemical
deposition and annealing avoids difficulties associated with
undesired transfer of oxygen impurities to the silicon core from
the molten cladding during the drawing process. The high
aspect ratio of the amorphous silicon core and the presence of
the silica cladding surrounding make the design rules for
annealing to optimize their polycrystalline structure different from those of conventional amorphous silicon films. We find that
optimization of the annealing allows for an increase in the polycrystalline grain size and decrease in the defects in the silicon core.
A low optical loss of less than 1 dB/cm at a wavelength of 2.2 μm is thus realized, much lower than that reported for small core
size (<10 μm) crystalline silicon fibers and comparable to the loss in many planar semiconductor waveguides. This loss is just
below the threshold of 1 dB/cm often considered necessary for many photonic and optoelectronic applications at near to mid-
infrared wavelengths in areas such as nonlinear photonics, lasers, and in-fiber photodetectors. Further reduction in optical losses
as deposition and annealing techniques are improved can be anticipated.
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Conventional silica optical fibers have had a large range of
scientific and technological impacts.1 A new class of fibers

with crystalline semiconductor cores is now emerging.2−5

Fabrication of these fibers is motivated by the advantageous
photonic and electronic properties of crystalline semiconduc-
tors for many applications. Depending on the semiconductor,
these advantages include transparency over a wide range of
wavelengths into the mid- and far-infrared, large nonlinear
optical coefficients, and high damage thresholds.4 Silica fibers
have high optical losses at mid-infrared wavelengths longer than
2.5 μm, while soft glass infrared chalcogenide fibers generally
can guide only modest optical powers.6,7 Crystalline semi-
conductor optical fibers may allow for the guidance of high
optical powers with low optical losses at wavelengths well into
the far-infrared, a capability desirable for many industrial,
scientific, and medical applications.7 In-fiber semiconductor
electronic junctions for applications such as high-speed in-fiber
detectors and flexible and permeable woven solar fabrics have
been demonstrated.4,8 Light-emitting devices based on these
junctions that share the advantageous thermal and gain
properties of fiber lasers may ultimately be possible.8−12 The
challenge of realizing low optical loss for small-diameter cores

fabricated from the technologically important unary semi-
conductors has largely not yet been met. Small core diameters
on the order of a few micrometers or less have the important
property of allowing for low-order or single-mode guidance of
light, depending on the refractive index of the chosen cladding.
Several different approaches toward the fabrication of silicon

fibers have been reported. The first was high-pressure chemical
vapor deposition (HPCVD), which employs high pressures of
silane (MPa to tens of MPa) to deposit layers and wires of
silicon into small silica capillaries and microstructured optical
fiber (MOF) templates.13−15 The silicon fiber cores fabricated
in this way can be near atomically smooth16 and void-free and
have diameters in the range of hundreds of nanometers to tens
of micrometers.17 HPCVD can deposit hydrogen-free amor-
phous silicon that can be annealed to form a crystalline
core.16,18 Powder-in-tube19 and molten core drawing ap-
proaches20 to the fabrication of crystalline silicon core fibers
have also been reported. These techniques require the silicon
core to be molten while the silica cladding softens during
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fabrication. Oxygen can thus be incorporated into the silicon
core from the silica cladding, which has driven the development
of gettering techniques.21 An alkaline earth oxide interface layer
between the silicon core and silica cladding has also been used
for scavenging the oxygen from the core.22 Using this technique
10 μm diameter silicon core fibers have been fabricated, but low
optical loss has been reported only in cores larger than 65 μm.
Small lengths of silicon nanofibers have been made by repeated
drawing of large-core fibers,23 and fibers with micrometer-sized
silicon cores have also been fabricated by using aluminum to
reduce silica into silicon during the drawing process,24 but
optical transmission has not been demonstrated in either of
these fibers. Furthermore, a pressure-assisted melt filling
technique has been used to infiltrate hollow pores inside fibers
with different materials such as germanium25 and arsenic
sulfide26,27 for applications in near-field scanning optical
microscope tips, supercontinuum generation, etc. However,
this approach is challenging to apply to silicon owing to its
relatively high melting temperature.
Here we report that a properly designed annealing strategy

can reduce the optical loss at mid-infrared wavelengths of small-
core silicon optical fibers deposited by HPCVD to below 1 dB/
cm, which is often considered a threshold for practical
application of semiconductor planar waveguides. Although
annealing techniques have been widely studied in silicon films,
much less effort has been focused on their application to the
cylindrical optical fiber geometry. The unique one-dimensional
geometry of optical fibers and the presence of a silica cladding
that completely surrounds the silicon core (in contrast to the
typical presence of silica on only one side of a film) make
annealing of silicon fibers potentially different from that of
silicon films. The dominant loss mechanism in annealed
polycrystalline fibers is scattering from grain boundaries. Thus,
increases in grain size arising from optimized annealing
approaches have considerable potential to decrease optical
loss. Further development of the techniques reported here may
allow for large single crystals, millimeters in length or more, in
silicon fiber cores deposited by HPCVD that allow for even
lower optical losses.
Chemical vapor deposition in the two-dimensional planar

geometry is much more common than in the one-dimensional
fiber geometry. Deposition of amorphous planar silicon films
followed by crystallization has been reported to be a better
strategy to realize low optical losses and good material quality
than direct deposition of polycrystalline films.28 For this reason
polycrystalline silicon made by this technique is generally
deposited in amorphous form and then annealed.29 Several
different techniques can be used to deposit amorphous silicon
films including low-pressure chemical vapor deposition
(LPCVD),30 atmospheric pressure chemical vapor deposition
(APCVD),31 plasma-enhanced chemical vapor deposition
(PECVD),32 and others. LPCVD silicon, used in many
technological applications, is typically deposited amorphous at
540−550 °C, as it deposits crystalline films at temperatures
higher than 580 °C.33 The temperature at which crystalline
domains nucleate in these LPCVD amorphous films varies
depending on experimental parameters such as thickness and
deposition conditions, but is usually between 550 and 600 °C.34

At 550 °C incipient small crystallites form in LPCVD films,
whose number increases with further increase in temper-
ature.34−36 As annealing progresses, these crystallites serve as
nuclei for crystal growth that gradually consumes the
amorphous material surrounding them. This process continues

until the growing crystals merge.33 Lower annealing temper-
atures increase the mean grain size at the expense of slower
grain growth.34

Many planar silicon films are deposited on silica, and thus the
impact of the interface between the substrate and the film must
also be considered. The interface is a preferred site for
nucleation.29,37 Stress can accumulate at this interface because
of the volume contraction associated with the crystallization of
silicon and hindered mobility of silicon atoms bound to SiO2 at
the interface. Stress-induced defects are formed such as
microtwins and dislocations. These defects can be eliminated
by heating above 750 °C.38 Recrystallization of grains, which is
advantageous to further increase their size, does not happen
appreciably at temperatures below 1000 °C and accelerates as
the temperature increases above 1200 °C.39,40 Fortunately, in
contrast to most planar electronic devices, HPCVD-grown
amorphous silicon optical fibers can withstand temperature as
high as 1300 °C for ∼10 min without deformation of the silica
cladding. Thus, it seems a two-step annealing process should be
best for the formation of large grains in these fibers.
Appropriate low-temperature annealing should ideally lead to
the nucleation of a few grains that grow in size and merge as the
temperature is increased. A subsequent high-temperature
annealing should allow for further increase in size via
recrystallization.
Several silicon fiber cores were deposited via HPCVD inside

5.6 μm diameter silica capillaries (Figure 1). To determine the

temperature at which silicon crystallizes, it was deposited at
temperatures ranging from 361 to 665 °C. Raman spectra
collected with 633 nm excitation reveal that the silicon fiber
core is amorphous until the deposition temperature is raised to
519 °C (Figure 2). Thus, for crystallization experiments the
deposition temperature was kept in the range of 480−500 °C,
low enough to deposit amorphous silicon but high enough to
avoid incorporation of hydrogen. Hydrogenated amorphous
silicon shrinks more than amorphous silicon during annealing
and thus can separate from the silica cladding. This
crystallization temperature of 519 °C is considerably lower
than that (>550 °C) of amorphous LPCVD silicon films.
Ascertaining the details of the origin of this lower crystallization
temperature will likely require further investigation. Stress,33

surface physics and chemistry,33 and the cylindrical fiber
geometry may all play a role. Raman spectroscopic inves-
tigations reveal that stresses of a few tenths of a GPa to a GPa
or more consistently arise as a result of the volume contraction
of amorphous silicon upon crystallization inside a fiber template
and also as a result of thermal expansion mismatch between the
silica cladding and the silicon core.13,41,42 The high-purity silica

Figure 1. (a) Field emission scanning electron microscope (FESEM)
image of a 5.6 μm silicon core optical fiber. (b) FESEM image of the
polycrystalline silicon core. The silica cladding has been partially
etched out from the sides with hydrofluoric acid to reveal the silicon
core Scale bars: (a) 20 μm; (b) 1 μm.
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of the fiber template may have fewer hydroxyl groups than most
silica planar substrates, which can impact surface chemistry.
Furthermore, the silica fiber template surrounds the silicon core
such that nuclei that facilitate crystallization should completely
surround it.33

To investigate the hypothesis that a two-step annealing
process will give the largest and most defect-free grain growth,
two identical amorphous silicon fibers were annealed for 3 days
at temperatures of 530 and 560 °C, respectively (slightly and
somewhat above the onset temperature for crystallization).
These two fibers were then annealed at 1300 °C for 10 min to
remove defects and allow for recrystallization. A third control
sample was annealed only at 1300 °C for 10 min. Raman
spectra of these three samples collected using an excitation
wavelength of 633 nm are shown in Figure 3. The first-order
A1g Raman peaks at 520 cm−1, characteristic of crystalline
silicon, were fit with a Voigt profile to separate the Lorentzian
Raman component from the Gaussian instrument component.
A silicon single-crystal reference was found to have a Lorentzian
fwhm of 2.6 cm−1 at ambient temperature, in good agreement

with previous reports.43 The control sample annealed at only
1300 °C has a fwhm of 3.3 cm−1, the sample annealed at 560
and 1300 °C has a smaller fwhm of 3.1 cm−1, and the one
annealed at 530 and 1300 °C has the smallest fwhm, 3.0 cm−1.
This peak width for the latter sample is closest to that of the
single-crystal reference, indicating that it likely has the largest
and most defect-free crystalline domains.
To gain further insight into the grain structure and crystal

growth of the silicon core during annealing, TEM (transmission
electron microscopy) images were collected on a sample
annealed first at 530 °C. Small crystals and a few large crystals
are observed (Figure 4a), along with many dislocation defects

(Figure 4b) that are thought to arise to relieve stress that
appears at the Si−SiO2 interface. TEM images of this sample
collected after the second high-temperature annealing at 1300
°C exhibit many fewer dislocation defects (Figure 4c). The
silicon fiber core is now composed of large grains of silicon;
some of these grains are micrometers in size, consistent with
the small fwhm observed in the Raman spectra collected on this
sample. High-resolution TEM images of this high-temperature-
annealed sample reveal crystalline lattice planes (Figure 4d).
Thus, TEM analysis supports the hypothesis that a 530 °C low-
temperature anneal followed by a 1300 °C high-temperature
anneal is advantageous in producing large-size grains with few
defects.
Silicon has a band gap of 1.1 eV and low optical loss at

wavelengths from 1.2 to 6 μm. At 1.55 μm wavelength the
refractive indices of crystalline silicon and silica are 3.48 and
1.44, respectively. For a 5.6 μm diameter fiber core the
numerical aperture (NA) is high, 3.17, and the V number is 36
such that the fiber can support a few hundred modes. However,
it is straightforward to optimize coupling to preferentially
launch into the fundamental mode.44 Optical transmission
losses are of paramount importance to the performance of
silicon core optical fibers and are also a good measure of the

Figure 2. Raman spectra of silicon fiber cores after deposition at
different temperatures. Crystallization begins at 519 °C. The positions
of the crystalline silicon Raman modes are downshifted from a silicon
reference by 1.5 to 2 cm−1. This downshift can be attributed to tensile
stress arising from the difference in the thermal expansion coefficients
between silica and silicon (see ref 13).

Figure 3. Raman spectra of polycrystalline silicon cores after annealing
at different temperatures and a single-crystal silicon reference wafer.
The fwhm’s of the Lorentzian Raman component of the peaks are
shown. The experimental data are plotted as dots, and the fits are
shown as solid lines. Downshifts in the Raman peak position from a
reference wafer were small, ranging from 0.3 to 0.9 cm−1, again
associated with tensile stress but smaller in magnitude than is found
for crystalline silicon fibers deposited directly at lower temperatures.

Figure 4. (a) TEM image of a section of polycrystalline Si core
annealed to crystallize it at 530 °C, revealing relatively small grains. (b)
Many defects such as dislocations are in a single grain of this same
fiber core. (c) TEM image of the same Si fiber core after high
-temperature annealing at 1300 °C, revealing growth of much larger
grains and a reduction in defect density. (d) HRTEM image of a grain
in the sample after high-temperature anneal revealing a (111) lattice
plane. Scale bars: (a) 250 nm; (b) 100 nm; (c) 250 nm; (d) 2 nm.
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silicon material quality. Losses were measured at 1.55 μm by a
standard cutback technique. Fibers annealed solely at 530 °C
exhibit losses of 27 dB/cm, which decrease to 13 dB/cm for
those annealed solely at 560 °C. High loss values are expected
for these fibers because they have small grain sizes, many
defects, and amorphous regions. However, after the second
anneal of the 530 °C fiber at 1300 °C, the optical loss decreases
to 5.2 dB/cm, the lowest value yet reported for a small-core
crystalline silicon fiber. This lower loss is consistent with the
large grain size and small defect density observed in TEM
images. The second anneal at 1300 °C for the 560 °C fiber
improves the loss to only 11 dB/cm. Finally, the loss for a fiber
annealed solely at 1300 °C with no prior low-temperature
anneal is 10 dB/cm. This value offers a slight improvement over
the loss measured for the fiber annealed at 560 °C and that
measured when this fiber is annealed a second time at 1300 °C.
We conclude that the two-step annealing process is most useful
when the low-temperature anneal is performed close to the
lowest crystallization temperature of 519 °C. This observation
supports the hypothesis that appropriate low-temperature
annealing should lead to the nucleation of a few grains that
grow in size and merge as the temperature is increased to give
the lowest optical loss. The optical losses observed at 1.55 μm
upon using different annealing strategies are summarized in
Table 1.

The optical loss at different wavelengths was measured on
the sample annealed at 530 and then 1300 °C, which gave the
lowest optical loss at 1.55 μm. It could be fit by a function that
varied as λ−3.6 (Figure 5). A λ−4 functional dependence is

characteristic of Rayleigh scattering. Thus, the major source of
optical loss in this fiber appears to arise from scattering at the
grain boundaries. Although some of the grains are micrometers
in size, it can be expected that defects near the grain boundaries
are much smaller than the wavelengths used in this study,
giving rise to Rayleigh scattering as observed.45 The lowest
measured optical loss is 0.99 dB/cm at 2.2 μm wavelength, the

lowest value reported for a small-core polycrystalline silicon
fiber. Thus, this fiber has potential application as a waveguide in
near- and mid-infrared regions.
The annealed silicon fibers can also be used in the fabrication

of in-fiber devices for optoelectronic applications. For example,
a 1 cm long polycrystalline silicon fiber that has been annealed
at 530 and 1300 °C can be used as a field effect transistor
(FET). The silica at the two ends of the fiber was etched away
to reveal the silicon for source and drain contacts, respectively.
The coaxial silica cladding was configured as a gate. With zero
gate voltage, Vg = 0, the measurement corresponds to a two-
terminal Idrain−Vsource sweep, showing the silicon core is
continuous and electrically active, with an electrical con-
ductivity of 1.41 × 10−2 S cm−1. As Vg is varied from −100 to
+100 V, the gradient of the Idrain−Vsource curve increases, as
shown in Figure 6, indicating that the carriers in the silicon core

are n type. The effect of Vg on the conductance gives an
estimation of the free-carrier concentration of 1.7 × 1016 cm−3.
The silicon fiber is also photoconductive, as the conductivity
increases when illuminated with 488 nm light (Figure 7).

The low optical loss observed for these electrically active
polycrystalline silicon fibers annealed in a two-step process
should improve their performance in nonlinear applications,
allowing for the development of compact all-optical modu-
lators, switches, and Raman amplifiers that can operate well
into the mid-infrared wavelength regime. Several of these
applications have already been demonstrated in silicon
waveguides with micrometer-sized dimensions, both in planar46

and fiber geometries.47 Infrared fiberscopes capable of imaging
in the infrared with high spatial resolution will also benefit from

Table 1. Optical Loss Values of Silicon Fibers Annealed at
Different Temperatures

annealing temperature (°C) optical loss at 1.55 μm (dB/cm)

530 27
560 13
1300 10
560 followed by 1300 11
530 followed by 1300 5.2

Figure 5. Optical loss vs wavelength for the sample annealed at 530 °C
and then 1300 °C fit to λ−3.6. Inset shows the output mode at 1.55 μm.
Scale bar: 10 μm.

Figure 6. Three-terminal electrical measurement on the annealed Si
fiber. The current voltage characteristics of the FET show the effect of
bias applied at the gate. The left inset shows an optical image of an
etched end of the silicon fiber. Scale bar: 50 μm. Right inset shows
schematic of the FET.

Figure 7. Photoconductance characteristic of the silicon fiber. The
current increases when illuminated with 488 nm light.
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these reduced optical losses. There is also much interest in
improving the performance of polycrystalline junction-based in-
fiber detectors and solar fabrics, which should be facilitated by
the improved silicon materials quality enabled by two-step
annealing.

■ METHODS

High-Pressure Chemical Vapor Deposition. Silane
(SiH4) was used as a precursor and helium as a carrier. This
mixture under a total pressure of 35 MPa is introduced into a
hollow core silica fiber (core size of 5.6 μm diameter) that is
kept at a temperature of 480−500 °C. Under these conditions
silane undergoes several coupled reactions to finally decompose
into amorphous silicon. The silicon is deposited as a smooth
conformal film in the silica capillary to form a fully filled step
index fiber.
Characterization. Field emission electron microscope

images were collected using a FEI Nova NanoSEM 630
FESEM. Raman spectra of the fibers were collected with a
Renishaw Invia Raman microscope. For TEM characterization
the silica cladding of the fiber was etched away with
hydrofluoric acid, and the remaining silicon core was thinned
with a FEI Quanta 200 3D Dual Beam focused ion beam
system. The fiber was then imaged using a Philips (FEI)
EM420T transmission electron microscope. High-resolution
TEM images were collected with a JEOL EM-2010 microscope.
To measure optical loss, the samples were mounted in larger
capillaries and polished on both ends. The optical transmission
was then measured using the cut-back technique over a range of
wavelengths from the near-infrared to mid-infrared regime.
Three laser sources including a supercontinuum (Fianium SC-
400), a pigtailed laser diode, and a continuous wave tunable
Cr2+:ZnSe laser were used to access wavelengths of 1.3−1.8,
1.55, and 2−2.2 μm. The output power of the supercontinuum
source was kept very low to minimize the nonlinear effects in
the polycrystalline Si core fiber. The light was launched into the
fiber core via free space coupling using a 40× magnification
microscope objective lens, and a second 40× objective was used
to capture the transmitted light and focus it onto a germanium
photodiode or lead selenide (PbSe) detector depending on the
wavelength.
For electrical and photoconductivity experiments a 1 cm long

polycrystalline silicon fiber annealed at 530 and 1300 °C was
used. The ends of the fiber were etched away with hydrofluoric
acid to expose the bare silicon core. These ends were then
coated with aluminum to make contacts. In−Ga eutectic
droplets were used to increase the contact area of the two fiber
ends, which were connected to a Keithley 6430 source meter
through a probe station. These ends acted as the source and
drain, respectively. For photoconductivity measurement an
argon ion laser emitting at 488 nm was used to illuminate the
fiber while performing a two-terminal Idrain−Vsource sweep. In
the FET measurement, another In−Ga droplet about 1 mm in
size was used as the gate contact and connected to another
source meter to apply gate voltages.
Calculations.

μ

= − =n n

Numerical aperture (NA) of the fiber at 1.55 m

( ) 3.17core
2

cladding
2 1/2

where the refractive index of silica (ncladding) = 1.44 and the
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