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Crystalline GaSbh-core optical fibers with
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Abstract: Glass-clad, GaSb-core fibers were drawn and subsequently laser annealed. The as-
drawn fibers were found to be polycrystalline, possess Sb inclusions, and have oxide
contamination concentrations of less than 3 at%. Melting and resolidifying regions in the
cores using 10.6 um CO, laser radiation yielded single crystalline zones with enhanced
photoluminescence (PL), including the first observation of strong room temperature PL from
a crystalline core fiber. Annealed fibers show low values of tensile strain and a bandgap close
to that of bulk GaSb.
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1. Introduction

Crystalline semiconductor cores in glass optical fibers are of great interest due to their large
non-linear optical coefficients and their potential for use in devices incorporating both optical
and electronic functionality. The literature on Group IV semiconductor-core glass fibers is
now significant [1-5], including processing improvements [6—8] and device demonstrations
[9-17]. There are also reports on both SiGe alloy and II-VI core fibers [18-23], one including
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low temperature photoluminescence [21]. However, there is limited information on III-V
semiconductor-core fibers [26—28] manufactured by either CVD or molten-core techniques.
InSb [24] and GaSb [25] fibers have been drawn using the molten-core approach, with
crystallographic and compositional properties reported. Oxidation was significant in both
studies, and optical properties, other than low transmission, were not described. III-V
materials are of particular interest because of their direct bandgap and potential utility as light
sources, rather than as waveguides. Accordingly, further investigation of these materials is
warranted, focused on emission rather than transparency.

Based on results with Group IV alloy-core fibers [7], laser annealing is a promising
approach for improving the structure of III-V compound cores. GaSb, which exhibits rapid
oxidation, even at room temperature [27] but should be stabilized by encapsulation in glass, is
of particular interest. In this paper, we report on the structure of, and photoluminescence
from, GaSb-core fibers with relatively low oxygen content, both as-drawn and after CO, laser
annealing. Post-fabrication treatment creates single crystal regions, improves purity, and
increases the photoluminescence intensity.

2. Experimental

The molten-core approach was used for the fabrication of the fibers; 99.9% pure GaSb pellets
were loaded into Duran glass tubes of 7-8 mm outer diameter (0.d.) and 3-4mm inner
diameter (i.d.). These preforms were torch-heated until the semiconductor melted and the
glass softened. GaSb has a melting point of 712°C and a thermal expansion coefficient of
7.75 x 107%K, a volume increase of ~7-8% results upon solidification. Two types of cladding
glass, with softening temperatures close to the melting point of the core, were used to test the
influence of the preform mechanical properties during the drawing process. The softening
point of Duran is about 825 and the thermal expansion coefficient is 3.3 x 10~%K. Fibers also
were drawn with an AR-glas cladding (5 mm o.d, 3mm i.d.), which has a softening
temperature of 720°C and a thermal expansion coefficient of 9 x 107%K. The AR-glas was
expected to better accommodate the volume changes of the core than the Duran, both during
solidification and afterwards. However, Duran proved to be a better host for annealing, as the
walls of the AR-glas tubing deformed during the heating and drawing process. All fibers in
this initial study were hand-drawn, with core sizes ranging from 80 to 150pum.

Annealing was performed using a 25W RF-excited CO, laser operated with a wavelength
of 10.6um and a pulse-width modulated supply to vary the power. This led to melting of and
visible thermal emission from the core, which was observed in real time using a ThorLabs
CCD camera and a 10x microscope objective. For structural studies, the CO, laser was
scanned longitudinally along the sample for a distance of 3-4 mm at a speed of 0.01 mm/s,
using a laser power between 15 and 25W. For the photoluminescence studies, localized (spot)
annealing was used to make samples with annealed and as-drawn material in immediately
adjacent areas. The laser power was increased slowly until the core material melted (as
indicated by a change in emissivity) over a region ~300 um in length along the fiber, then the
power was reduced over 60 seconds to minimize stress in the annealed regions. The AR-glas
clad fibers were not annealed.

Raman characterization was made with a Renshaw InVia system with a wavelength of
785 nm. Photoluminescence was measured using a Horiba LabRAM system with 1064 nm
excitation delivered through the 50x objective used for emitted light collection.

X-ray diffraction was performed at the Diamond Light Source synchrotron, in Didcot,
Oxfordshire (UK). The instrument was operated at 16.8 keV in transmission mode.

Scanning electron microscopy (SEM) and elemental studies were performed using a FEI
Quanta FEG600 with Energy Dispersive X-ray spectroscopy (EDS).
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3. Results and discussion

3.1 Electron microscopy

Selected samples were cleaved and polished to better image and analyze the cross-sectional
structure. Figure 1 provides a SEM image of part of the core and an EDS line-scan across the
core/clad interface of an as-drawn fiber. The dashed circle in Fig. 1(a) contains a feature with
a slightly higher brightness in the backscattered imaging mode, indicative of a higher atomic
number (Z) material. It was identified as segregated Sb, confirmed by Raman measurements
(inset). The line-scan in Fig. 1(b) demonstrates that there is relatively low (~3%) oxygen
inclusion in the core. Interestingly, there is a gallium deficit in the vicinity of the interface;
this may be due to oxidation of the gallium, with subsequent segregation of the oxide to the
interface. Formation of gallium oxides would be consistent with the observation of elemental
Sb inclusions in the core and suggests that compositionally improved fibers may result either
with a suitable interface modifier, or if excess Ga is added into the preform prior to molten
core fiber fabrication.
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Fig. 1. a) Scanning electron micrograph of the core of a GaSb fiber. The brighter diagonal
stripe within the dashed circle is elemental Sb, as shown by the intensity of the Sb Raman line
at 150 cm™ (inset). b) Overview of EDS linescan area; the brittle core leads to some texture. c)
EDS linescan (counts) across the glass-core interface, showing segregation of Ga.

3.2 Raman spectroscopy
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Fig. 2. a) Optical microscopy image of the Raman-excitation laser spot on the fiber core,
showing as-drawn material with Sb striations near the image bottom, and uniform material
after laser annealing, above. b) Raman spectrum of as-drawn (black) and annealed (red)
regions of GaSb in Duran glass cladding. ¢) Raman scan from as-drawn to annealed region.

Raman results show that the GaSb material is crystalline and validate the SEM observation of
excess antimony. Figure 2(a) provides a photographic image of a sample with an 80pm core,
taken using the Raman microscope. The bottom ~30% of the sample shown in Fig. 2(a) was
not annealed, and exhibits striations associated with the polycrystalline nature and excess Sb.
The upper (as shown in the image) part of the sample was recrystallized by scanning the CO,
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laser along the fiber. Figure 2(b) provides the Raman spectrum for each of these regions. The
peak at 150 cm™' (as-drawn fiber) is associated with elemental Sb, while the main peak at 223
cm™ is from the transverse optical (TO) mode for GaSb, and the shoulder at ~235 cm™ is
from the longitudinal optical (LO) mode. After annealing, the peak at 150 cm™ is no longer
present; the CO, laser has drawn excess Sb to the last-heated region, similar to the formation
of Ge-rich regions in SiGe [20]. The LO mode also disappears, due to a change in the
crystallographic orientation of the core. This change is observed for all annealed fibers,
suggesting a strong preferential crystallographic orientation of the GaSb material in the core
after laser treatment.

The GaSb TO peak position indicates different strain levels for the cladding glasses used,
and after laser treatment. For a wafer or a polished pellet of the source GaSb material, and for
AR-glas clad fibers sampled at 35 points, the peak position was 225.6 cm™'. For Duran, the
TO peak of the as-drawn material has an average shift of 225.84 ¢cm™ indicating slight
compression, and a change to a tensile value of 224.98 cm™ was observed for the annealed
fibers. Figure 2(c) shows the peak position, scanning from the as-drawn to annealed core
regions. While the strain induced shifts are significantly smaller than those observed for
annealed silicon-core glass fibers [28], the data supports the observation [29] that controlled
cooling rate can alter the residual strain in crystalline core fibers.

3.3 X-ray diffraction

Although Raman spectroscopy is an excellent tool for initial studies of the material structure,
it is less sensitive to the degree of crystallinity, as peak widths are only slightly affected by
grain size. X-ray diffraction was used to study the as-drawn and longitudinally annealed
samples with the results shown in Fig. 3. Prior to annealing, Fig. 3(a) shows the core phase is
polycrystalline with elemental Sb also present. After annealing, as seen in Fig. 3(b), the
elemental Sb is absent, and for the GaSb, only one set of planes can be observed at any fiber
rotational position. The inset shows the deviation of the azimuthal angle of the diffraction
spot on the detector as the fiber is translated, with variations less than = 0.04 degrees from the
average position. A single orientation was observed for the entire 2-3 mm annealed region of
the fiber suggesting that larger single crystals could be produced [7, 20] with a longer fiber.
The annealed core material exhibited minimal strain and the clean, strong diffraction spot
indicated that the crystal is of good quality.
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Fig. 3. X-ray diffractogram from a) as-drawn and b) annealed regions of a GaSb fiber, showing
formation of single crystal GaSb. Inset shows the change in azimuthal angle (A¢) for a given
diffraction spot when translating along the annealed fiber. Index-only labels are for GaSb.

3.4 Photoluminescence

Figure 4 shows room temperature photoluminescence (PL) spectra for as-drawn and annealed
regions of Duran-clad GaSb fibers; the periodic structure is an artifact of the data acquisition
program. Two Lorentzian curves were fit to each of the PL spectra to accommodate the
observed asymmetry with a minimum of fitting parameters. The longer wavelength (lower
energy) peak, associated with band-edge emission, shifted slightly during annealing. For the
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as-drawn material, the center wavelength was at 1724 nm (0.719 eV), while the peak for the
annealed material was centered at 1710 nm (0.725 eV).

The significantly increased yield and slightly higher energy emission observed for the
annealed material is attributed to the improvement in crystal structure and stoichiometry of
the samples with annealing, rather than stress, because the Raman spectra show only minor
shifts. Stress-induced changes in the bandgap have been observed for single crystals grown by
liquid phase epitaxy [30], but the stress levels in these fibers are small, and the tensile stress
indicated by Raman would be expected to produce a redshift, based on both bulk and strained
layer thin-film studies [31].
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Fig. 4. Room temperature photoluminescence (PL) of as-drawn and annealed portions of the
GaSb-core fiber. The as-drawn data is scaled up by a factor of 10 and has the background
subtracted to ease comparison of curve shapes.

4. Conclusion

The molten-core drawing technique was used to fabricate glass-clad GaSb fibers with core
diameters of 80-150 pm. As-drawn material had metallic Sb inclusions in the solidified core,
due to gallium either lost to evaporation or incorporated as oxides at the interface. Laser
annealing was used to draw the excess Sb away from the region of interest and to recrystallize
the core. As Sb solidifies last, translation of the melt zone, or gradual cooling of the core is
akin to liquid phase epitaxy of GaSb in a Sb-rich solution, and the solidifying material forms
a single crystal. After annealing, the GaSb cores of annealed fibers luminesce at the
wavelength predicted by a fit to temperature-dependent data on bulk samples [32], suggesting
that the molten-core fiber drawing technique, with suitable post-fabrication treatment, may
soon be usable for the production of infrared sources.
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