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Abstract
Semiconductor-core fibers are improved by removal of grain boundaries. We use a CO; laser to process silicon-based
cores; an alloying element reduces both the temperature and speed required for formation of a single crystal.
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I. Introduction

Optical and potential THz applications of semiconductor-core fibers rely on low transmission losses, to which grain
boundaries are significant contributors, as demonstrated by Healy, et al' and Coucheron, et al>. Grain boundaries act as
sinks for impurities (including deposits of the interface modifiers that reduce core oxidation), but can be eliminated by
laser or other thermal treatment? after fiber drawing. With elemental cores, a multiplicity of nucleation sites promote the
formation of polycrystalline cores if there are local temperature variations and recrystallization of elemental core glass
fibers is sensitive to a temperature gradient at the solidification front*. For smaller fiber cores a temperature gradient in
the radial direction can be negligible, but because we heat the semiconductor core by conduction from the glass cladding,
at larger diameters or faster scanning speed the temperature gradient in the radial direction can become significant.
Especially for larger core materials such as those suitable for Thz applications, the thermal mass sets an upper limit on
the translation rate at which a melt zone can be maintained. Making fibers small does not necessarily solve this problem,
as it reduces the cross-section available for laser radiation absorption; extra glass is often added for studies of small
cores. Fiber translation velocities of mm/s were required to establish single crystals for 12 um Si core fiber, and that
speed was insufficient to crystallize larger pure silicon cores. However, with an alloying element, small variations in the
local temperature can be accommodated by changes in the local composition, which can be thermodynamically favorable
to nucleating a new crystal. Thus alloys can be used to reduce the required melt zone velocity needed for single crystal
growth. However, with an alloy system, the composition variation must be limited to avoid undue scattering, which can
set an upper limit on the translation speed during recrystallization.

With a steep temperature gradient and a constant cooling rate (fixed power of the laser and constant velocity of the
fiber), the effects of constitutional undercooling can be minimized in a solid solution such as SiGe?. The effects of
capillarity, thermal gradient and concentration effects have been modelled by Tiller® and Mullins and Sekerka®, giving:
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where v, is the critical velocity, D is the diffusion coefficient in the liquid, & is the segregation coefficient, V®, is the
temperature gradient in the liquid, V77 is the slope of the liquidus, and x is the Ge composition in the liquid. With an
alloy, speeds of hundreds of microns per second permit the formation of single crystal cores with diameters up to 100
microns, of interest for solar energy and THz transmission. In this paper, we discuss the use of alloying components for
the crystallization of silicon cores using solid solutions of Si and Ge.

II. Experimental

We present results on fibers with cores that are pure Si (single crystal as drawn) and with Ge concentrations of 6 at%
and 0.8 at% in silicon, used to promote crystallization of the core. Fibers were drawn at Clemson University, as
described in Healy’s work!. Fibers were translated at fixed velocities (144 pm/s for 0.8%) using an LCS004 DTI
piezoelectric motor with optical encoder, through the path of a 25 W Synrad CO; laser operated at power levels chosen to
create a melt zone of width 900 um, and an intensity chosen to avoid damage to the cladding during the anneal.
Additional experiments were performed using a scanning laser system suitable for treating longer fibers (BRM 4060,
80W CO»,100 um/s for SosGeos). In the larger system, a cylindrical lens and substantial defocus was used. Optical
measurements were made using butt coupling of a fiber coupled diode laser and a Watec 902H2 camera, and X-ray
characterization was performed as described in a recent article’. The TEM sample was prepared via in-situ lift out using a
Zeiss 1540XB focused ion beam-scanning electron microscope (FIB-SEM), with final thinning done at 30 kV. Scanning
transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDS) mapping were carried out on
an FEI Tecnai F20ST TEM/STEM operating at 200 kV.

III. Results and Discussion

Figure 1 shows a) an STEM-EDS map which reveals a Ca-rich inclusion at a grain boundary in a SiGe fiber before
annealing, b) the optical transmission of a section of pure silicon-core cane that was (111) single crystal over more than
lcm, and c) the optical transmission of a 6% Ge in silicon material after laser annealing. The alloy core was opaque prior
to annealing. While both samples are highly crystalline, the mode structure of the SiGe is clearly randomized by internal
scattering. Oven annealing after the laser treatment shows some promise for reducing loss® as it can promote Ge diffusion
when slight variations exist. Reduction of inhomogeneity should both reduce loss and allow simpler mode structures.

Silicon Calcium

Figure 1. a) Calcium rich inclusion at an as-drawn fiber grain boundary, and optical transmission through b)

single crystal silicon and ¢) bicrystal Si.o4Ge.o6.
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The importance of establishing a single crystal core, to remove impurities and reduce scattering suggests using lower
Ge concentration alloys. The liquidus slope approaches zero as the concentration of silicon increases, increasing the
critical velocity so that the refractive index variations due to Ge concentration variation should be reduced. To test
whether low concentrations would be adequate for single crystal growth, we drew fibers with 0.8 at% Ge, using
commercial single crystal wafers (MTI) of this composition as the source material for the core. The cane, as drawn, was
inhomogeneous, but after a single pass recrystallization, the core was seen to be single crystal and confirmed to be
homogeneous using EDS mapping. XRD results for fibers are shown in Fig. 2; scans shown in a) and b) are for the
fibers with optical results above. The intensity vs phi scan is an unusual presentation of the data, but gives an indication
of whether a fiber has a single crystal core (and yields the axial orientation after analysis’). Figure 2a is a single crysta,]
pure Si-core fiber, with [111] oriented along the axis (hence the 6-fold symmetry in phi), 2b is a laser annealed 0.6% Ge
fiber showing a small second grain, and 2c¢ is a scan of 0.8% Ge in Si after annealing, and is a single crystal. The brackets
indicate which Bragg peak is presented for each fiber. The SiGe wafer used for these initial tests had a high conductivity,
which limited IR transmission. Future work will include optimization of the preparation including higher resistivity
starting materials, and/or an additional oven annealing process. In addition to solid solution forming alloys, eutectic
systems may be used for recrystallizing the core, as demonstrated in reference [7].
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Fig. 2 XRD results on fibers a) pure silicon single crystal core fiber, b) annealed Si.o4Ge.os with small secondary

crystal and c) single crystal annealed Si.992Ge.o0s. The {hkl} indicate the Bragg peak for each phi scan.
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