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Abstract. We experimentally demonstrate the fabrication of
silicon optical fibers by using the powder-in-tube technique.
The fibers are drawn from a preform utilizing a custom-made
fiber drawing system. Silicon optical fibers having cladding
diameters in the range of 40 to 240 um, core diameters in
the range of 10 to 100 um, and an approximate overall
length of 7 cm have been fabricated. The powder-in-tube
technique is versatile and can be utilized to fabricate fibers

with different dimensions and core/cladding materials. © 2009
Society of Photo-Optical Instrumentation Engineers.
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1 Introduction

Optical fibers form the basis of modern telecommunica-
tions by their extraordinary abilities of manipulating pho-
tons over a long distance. On the other hand,
semiconductor-based optoelectronic devices, such as lasers,
amplifiers, and detectors, are the key elements to generate,
reshape, and capture photons. Conversion from photons to
electrons is needed in order to demodulate the optical sig-
nal. However, conversion between optical and electronic
signals not only increases the complexity of the overall
system, but also seriously degrades the transmission speed
and increases the total loss. Although silicon-waveguide-
based optoelectronic devices have been realized, such as a
Raman waveguide laser in the near-infrared (NIR) region1
and an image amphﬁer in the medium-wave-infrared
(MWIR) reg1on it is desirable to avoid such conversions
and maintain the photons within the fiber. Silicon-based
all-fiber optoelectronic devices are highly desired for the
future telecommunication networks. In addition, regular op-
tical fibers are made of fused silica with some special dop-
ants in the core, such as germanium. They cut off at a
wavelength of 2.2 um. In comparison, silicon allows low-
loss optical transmission to the MWIR region
(1.1 to 6.5 um). Particularly, most chemical and biological
agents have stronger and more unique signature absorptions
in the MWIR region as compared to the NIR region, which
can make silicon optical fibers ideal sensing devices. Sili-
con core optical fibers have been fabricated using hlgh-
pressure microfluidic chemical deposition technology

However, this technology experiences difficulties in order
to fabricate fibers at a longer length and in a large quantity.
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Fig. 1 lllustration of the fiber drawing system.

Recently, silicon optical fibers have also been fabricated by
the rod -in-tube technique using a traditional fiber draw
tower. Although suitable for regular optical fiber manufac-
turing in a large quantity, the fiber draw tower is not suit-
able for fabricating small quantities of special fibers that
are still in the development stage and that may require
many iterations to be performed quickly to determine the
proper processing parameters. Once all these parameters
are determined, a fiber draw tower might then be used to
make large quantities of the fiber at the predetermined con-
ditions. In Ref. 4, fibers were drawn from a preform that
had a silicon rod sleeved by silica tubes. These fibers
ranged in diameter from 1 to 2 mm, making them inflex-
ible. Thus, their functionalities as practical fibers are very
limited.

2 Experiment and Analysis

In this research, silicon optical fibers are made with the
powder-in-tube technique. The preform is made in such a
way that high-purity silicon metal powders are placed in-
side the optical-purity silica tube, with an outer diameter of
6 mm and an inner diameter of 3 mm. Silicon optical fibers
are fabricated from the preform by utilizing a custom-made
fiber drawing system, as illustrated in Fig. 1. This system is
specifically designed for specialty fiber drawing. The fiber
drawing system has two chucks, which are used to clamp
the silica preform and can spin together or separately at
precisely controlled speeds. The second chuck can also be
moved linearly, which draws the fiber from the preform
when heated and softened by a hydrogen-oxygen torch over
1600 °C.

The preform is clamped in one of the chucks, and an-
other silica tube is clamped in the second chuck, which
serves to support and allow mechanical force to be im-
parted on the molten preform. The preform is set to spin by
slowly rotating the two chucks at the same rate in order to
be heated uniformly. When the preform is heated by the
hydrogen-oxygen flame to a temperature over 1600 °C, the
silicon metal is melted and the silica tube is softened. Sili-
con optical fiber is produced by moving the second chuck
along the platform, which maintains linearity. A vacuum is
applied during the fabrication process in order to remove
air from the preform. The vacuum is maintained as the
preform is heated and during the fiber drawing. The fiber
drawing system has the ability to control parameters such
as the fiber diameter and the length, fiber drawing speed,
etc. The fabricated silicon optical fibers have cladding di-
ameters in the range of 40 to 240 wm and core diameters in
the range of 10 to 100 um and an approximate overall
length of 7 cm, as shown in Fig. 2.

The fiber end face was also analyzed by an optical mi-
croscope and a scanning electron microscope (SEM). The
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Fig. 2 An approximately 7-cm-long silicon optical fiber.

optical and the SEM micrographs of the silicon optical fiber
end face are shown in Fig. 3. In Fig. 3(a), a bright core can
be seen by illuminating the fiber with a white light source.
In Fig. 3(b), a silicon optical fiber with a cladding diameter
of 40 um and a core diameter of 15 um was imaged. The
silicon core and silica cladding have a clear phase differ-
ence, and the core/cladding boundary maintains uniformity
over the entire fiber length.

The optical transmission characteristics were also stud-
ied. In the experiment, the silicon fiber was mounted on an
optical stage and axially aligned with the lead-in and the
lead-out single-mode fibers, which were mounted on sepa-
rate three-dimensional (3-D) stages for precision alignment.
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Fig. 3 (a) Optical micrograph when the end face is illuminated by a
white light. (b) SEM micrograph of a silicon optical fiber with a core
diameter of 15 um and a cladding diameter of 40 um. The inset in
the lower-left corner shows a clear phase difference between the
silicon core and the silica cladding.
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Fig. 4 Optical transmission spectra of a well-cleaved MMF, a silicon
optical fiber, and an uncleaved MMF.

Light is delivered from the lead-in fiber into the silicon
fiber through free space. The transmitted light is collected
by the lead-out fiber, which transmits the signal into the
spectrum analyzer. The optical transmission is measured in
the wavelength range between 1520 nm and 1570 nm by a
Micron Optics CTS system (Model Number SI-720). The
transmission spectrum is shown in Fig. 4. The overall cou-
pling efficiency is highly dependent on the optical align-
ment and is very sensitive to changes in the environmental
conditions. Making an accurate numerical judgment of the
transmission loss is difficult at this time. A rough estimation
can be made by comparing the silicon optical fiber with a
regular multimode fiber (MMF) with similar coupling con-
ditions. The transmission spectrums of a well-cleaved
MMEF, a silicon optical fiber, and an uncleaved MMF are
shown in Fig. 4.

In addition to the coupling conditions, the following fac-
tors are considered as main reasons for the loss from the
fiber itself:

* Flatness of fiber end face. From Fig. 4, it can be seen
that even for the same MMF, an uncleaved end face
can easily induce 10 to 15 dB loss.

e Uniformity of the silicon core and the core/cladding
boundary. Because of the different thermal expansion
coefficients of silicon (2.6x107° K~ at 293 K) and
silica (0.42 X 107 K" at 293 K),’ there can be micro-
cracks in the core/cladding boundary, which will in-
crease the scattering loss.

e Silicon crystalline orientation. The silicon powder
used in the research is single crystalline silicon. How-
ever, after melting and solidification, it is not certain
whether the entire core is single crystal or not. A fiber
with a polycrystalline silicon core will increase the
scattering loss compared to a single crystal silicon
core. The amount of scattering will be dependent upon
the details of the number, size, and orientation of the
crystals present.

3 Conclusion
In this research, silicon optical fibers have been fabricated

by the powder-in-tube technique. These are the first such
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small-diameter flexible fibers to be reported by the direct
drawing technique. The fabricated fibers have been con-
firmed to have good physical and optical characteristics.

These fibers can be potentially developed into optical com- 3.

munication and sensing devices. The powder-in-tube tech-
nique is versatile, and it can be utilized to fabricate similar
devices with different dimensions and core/cladding mate-
rials, such as optical fibers with different dopants.
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