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Abstract: CO; laser annealing of SiGe core, glass-clad optical fibers is a powerful technique
for the production of single-crystal cores with spatially varying Ge concentrations. Laser power,
laser scan speed and cooling air flow alter the Ge distribution during annealing. In this work,
near-single crystal fibers exhibiting a central axial feature with peak Ge concentration ~15 at%
higher than the exterior of the semiconductor core have been prepared. Preferential transmission
of near infrared radiation through the Ge-rich region, and spectral data confirm its role as
a waveguide within the semiconductor core. This proof-of-concept step toward crystalline
double-clad structures is an important advancement in semiconductor core optical fibers made
using the scalable molten core method.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Semiconductor-core optical fibers have numerous potential applications that arise from the fiber’s
infrared transparency, optoelectronic and nonlinear optical properties [1-5]. These fibers can be
made by high pressure chemical vapor deposition within a glass cladding [6,7], or fabrication with
the molten core method [8] which is scalable over long lengths and can be used for bulk production
[9] of these materials. Silicon core fibers exhibit extraordinary nonlinear optical properties
[10-12], and Ge core fibers and compound materials [13,14] are also under development [15-19].

Post fiber-draw processing of the core is of increasing interest. In particular, oven annealing
[20], CO, laser treatment [7,9,21], and laser-induced tapering [22] have been used to improve
the optical transmission for silicon core fiber, and recent results on Ge core material are also
promising. Laser treatment of SiGe core fibers has been used to reduce losses [23], to produce
single-crystal cores [24], and promote the formation of Janus particles [14]. Thermomigration
gathers Ge in the higher temperature region [24,25], and variations in the power and translation
velocity of the laser can be used to vary the local composition of the core material, as preferential
segregation of the silicon occurs during crystallization. To date, most attention has been placed
on variations along the fiber length.

If the temperature gradient can be made radially symmetric, the same process can lead to the
formation of compositional features with higher Ge concentration, and thus a higher refractive
index, in the center of the core. An elevated concentration of Ge has been observed at the center
of SiGe droplets made by rapid solidification processing [26], suggesting that in a cylindrical
geometry it should be possible to concentrate Ge along the core axis of this alloy. A Ge-rich
region in the center of a graded SiGe rib waveguide has been observed to have lower losses in
the near infrared (NIR) [27], making comparable fibers of interest. This is particularly true for
applications at wavelengths greater than ~4um, where the absorption of silica increases rapidly
and the cladding could degrade performance of the fiber.
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In this paper, we demonstrate, for the first time to our knowledge, radial compositional
structuring of crystalline SiGe fibers and the resultant optical effects, using a commercial 80
W CO; laser engraver to form the structures. This is a first step towards scalable fabrication of
all-semiconductor, gradient-index cores for long wavelength applications. Although optimal
processing has not yet been achieved, these preliminary results demonstrate the potential of laser
treatment to create radial gradient structures in alloy fiber with the potential for in-fiber junction
and double-clad configurations.

2. Experimental
2.1. Sample preparation

Molten core fabrication [1] of fibers using a conventional draw tower, from a 30 mm outer x 3 mm
inner diameter silica preform loaded with high resistivity (>103 kQ-cm) Si and Ge (p >50 Q-cm)
produced fiber with cores of 120-150 um diameter and composition 94 at% Si and 6 at% Ge in
an SiO; cladding. An alkaline oxide coating between core and silica [28] was used to reduce
the interfacial interactions that occur between the core melt and the cladding during drawing
at temperatures around 1950 °C, and during subsequent laser annealing. A BRM commercial
CO; laser engraver with 10.6 um primary wavelength was used for fiber treatment, as shown in
Fig. 1. The fiber was placed at the focal distance (63.5 mm) of the ZnSe lens. Cooling air was
directed towards the irradiated surface using a 0.7 mm nozzle, located 3-4 mm from the laser
incidence position. The airflow balanced some of the heat load provided by the laser, making the
cooling more radially symmetric, and with a tightly focused laser, some removal of cladding
material was observed. A series of growth experiments probed the effects of the air pressure and
flow, the laser scan velocity and laser power. Samples were polished by hand, placing them in a
thick-walled capillary and proceeding through abrasives with 15-0.3 micron grits. In cases where
the capillary inner diameter was a poor match to the sample, and the sample short, the endface
was polished at an angle to the normal, making the core appear elliptical. Cracks in the core are
polishing artifacts, while those in the glass are associated with the fiber drawing process.

CO: laser
scan direction
ZnS lens —_—
gas nozzle

recrystallized  melt zone untreated

Fig. 1. Fiber annealing setup.

2.2. Optical characterization

Characterization of the optical transmission in the near infrared was made using a 20 mW,
1.55 ym diode laser from QPhotonics that was coupled into the sample using a lensed single
mode fiber (SMF) from Oz Optics. The SMF fiber had a nominal working distance of 26 um for
the minimum spot size of 2.5 um but was used with ~150-200 pm separation from the fiber face
to allow complete illumination of the core. An infinity corrected 20x NIR microscope objective
from Mitutoyo and a Watec 902H2 NIR camera were placed on the output side of fiber to record
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the image of the transmitted near infrared radiation. A corresponding visible image was obtained
by illuminating the exit face of the fiber with white light and using a flip-down mirror to redirect
the image (through the same optics) to a conventional USB camera. This permitted determination
of the location within the core at which transmission features were observed, for comparison
with SEM images. Spectra were acquired with an Energetiq EQ-99 laser driven plasma lamp
coupled in through the lensed fiber and out through a 600um core collection fiber connected to a
StellarNet Dwarf-Star spectrometer. Full scale reference values were taken through the silica
cladding for determination of the absorption edge of the core.

2.3. Structural and compositional characterization

The fibers were characterized using a scanning electron microscope (Hitachi TM3000) in
the backscattered electron mode (BSE) and energy dispersive x-ray spectroscopy (EDS) was
performed in a JEOL JSM-840 at 20 kV. A ZEISS ULTRA 55 was used for Electron Backscattered
Diffraction (EBSD). X-ray computed tomography (XCT) using a Nikon XT H225STCT allowed
imaging of the 3-dimensional compositional structure and visualization of the axial arrangement
of the Si and Ge. In both XCT and BSE, heavier elements (in this case Ge) give higher intensity
values in images. X-ray diffraction (XRD) was performed using a Bruker DaVinci powder
c}iffractometer with a 15 mm diameter beam from a Mo K, 2 X-ray source (1=0.7093 A, 0.7139
A).

Although it did not give quantitative Ge composition, a histogram of a BSE image used with a
threshold function could be used to characterize the relative inhomogeneity of the samples. This
method yielded plots with better signal-to-noise than the EDS maps (where a thresholding process
has already been applied) and had higher spatial resolution, because of the smaller excitation
volume for BSE compared to that for EDS. GIMP software was used to create a histogram of
the intensity values of the BSE images of the fiber cores, and to determine the number of pixels
with values above that of the uniform Ge concentration background in each sample. Thresholds
were typically 115-130 for an 8-bit gray scale. As each pixel is the same size, the percentage of
pixels over the threshold intensity gives an area determination of the material with enhanced Ge
concentration. Reproducibility of the method was on the order of +0.5% of the sample area.

3. Results and discussion

The as-drawn fibers showed significant segregation of Ge as seen by others [24] due to
constitutional undercooling, but with geometrically oriented features associated with a higher
degree of as-drawn crystallinity than previously reported [29]. While the lateral composition has
significant structure, the overall composition is uniform averaged over either the cross section or
along the length of the fiber. Small variations should be homogenized in the melt zone (~400 um
long) during laser processing. Figure 2(a) is a BSE image of the as-drawn fiber (Table 1, #1), and
Fig. 2(b)-(d) are EDS maps for Si, Ge, and O, respectively. Figure 2(e) compares the (unscaled)
BSE image brightness to the EDS map intensity values, showing that the analysis of the BSE
images is well-correlated with the Ge concentration, but with improved spatial resolution.

3.1. Laser treatment and resultant Ge concentration distribution

Laser treatment experiments were performed to determine the parameters for formation of homo-
geneous cores as well as those with gradients in the Ge concentration, during the recrystallization
process. Table 1 shows test condition for the samples presented here. The effect of air flow, laser
scan speed and laser power during the annealing process were studied. The gas flow was varied
from O to 0.046 L/s, the laser scan speed from 0.3 mm/s to 1.1 mm/s, and the power level was
varied between 13.5 and 15.5 W. It was found that laser illumination of 15 W with 0.7 mm/s scan
speed, accompanied by gas cooling of 0.041 L/s air flow led to the formation of Ge-rich cores
within the SiGe.
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Fig. 2. a) BSE cross-sectional image from an as-drawn fiber. EDX compositional mapping
images of: b) Si, ¢) Ge, and d) O. Scale bar is 50 um. e) Comparison of BSE brightness
(black) vs Ge concentration from EDS map (red), in a narrow rectangle that crosses the
center of the fiber from left to right.

Table 1. Annealing conditions for samples

Sample # air flow (L/s) laser scan velocity (mm/s) laser power (W)
1 As drawn

2 0 0.7 14.5
3 0.034 0.7 14.5
4 0.046 0.7 14.5
5 0.041 0.3 14.5
6 0.041 0.5 14.5
7 0.041 0.9 14.5
8 0.041 1.1 14.5
9 0.041 0.7 13.5
10 0.041 0.7 14
11 0.041 0.7 15
12 0.041 0.7 15.5
15 0.041 0.7 14.5
16 0.041 0.7 14.5

3.1.1. Laser power

Figure 3 shows BSE images of fibers annealed for fixed translation speed and airflow, with
different laser powers. For 13.5 W (Fig. 3(a)) and 14 W (Fig. 3(b)), the laser power was too low to
melt the entire core, and a Ge composition gradient was formed, with a peak on the laser-heated
side. The gradient forms due to thermomigration of Ge-rich droplets to the highest temperature,
under the influence of the lateral temperature difference. During cooling of this partial-core
laser-induced melting, Si-rich material precipitated first at the distal side of the liquid (partway
through the core), and Ge-rich melt, with a lower melting point, solidified last, on the side where
the laser was incident (red arrows) [24,30]. For the higher power annealing in Figs. 3(c) and 3(d),
the entire core was melted, and the Ge-rich features of the as-drawn fiber were modified. For 15
W (Fig. 3(c)), there was a slightly elevated Ge content away from the edges, and for the highest
power, the fiber core was homogeneous. At this power, the airflow cooling was insufficient to
maintain a radial thermal gradient.

EDS data in Fig. 3(e) confirmed the presence of the Ge-rich surface feature and showed
that in the vicinity of the position value 100 um there were elevated Ge concentrations. These
features are attributed to the solidification proceeding from the outside to the inside of the core.
Figure 3(f) (14 W) shows that the intensity values of the image, while not calibrated, can be
used for an assessment of high Ge concentration with higher resolution than EDS. Further Ge
inhomogeneity studies in this paper used BSE images.
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Fig. 3. SEM images of cross-sections of cores for fibers annealed with laser power of a)
13.5 W (#9), b) 14 W (#10), ¢) 15 W (#11) and d) 15.5 W (#12). The Ge 8 at% and 4 at%
boundaries are marked with white and yellow arcs in a) and b) and the red arrows show the
laser incidence position. e) Line scan of Ge concentration along the diameter from the laser
incidence point, and f) pixel intensity along the path characterized by EDS for the 14 W
scan.

3.1.2. Laser scan speed

The scanning speed of the laser beam is a factor in solidification stability of alloys where
constitutional undercooling can occur [24], and can also affect elemental distribution [31]. For
slow laser scan rates (and hence solidification speed), and large thermal gradients [32], the
solidification front is stable. If the speed exceeds a critical value, non-planar growth results. For
aradially dominated cooling process, a high transverse scan speed can lead to the formation of a
concave crystallization front in a cylindrical geometry [33, 34] and the large surface-to-volume
ratio of a fiber may be expected to enhance this effect. BSE images in Fig. 4(a)-(d) show the
elemental segregation as the scan speed is increased from 0.3 to 1.1 mm/s. At the lowest speed,
the fiber is homogeneous. For Fig. 4(b) (0.5 mm/s), there is a slight increase in the Ge content
towards the middle of the fiber, suggesting radial cooling. For Figs. 4(c) and 4(d), the growth
front becomes unstable, as it is for the as-drawn fibers. At all speeds, USB camera images showed
that the full core diameter was melted. Figure 4(e), based on the image brightness, indicates that
the Ge content becomes more inhomogeneous at higher laser scan speeds, as expected for SiGe
alloys [24,35].

3.1.3. Air flow

Air flow incident on the fiber in the laser heated region both increases gas transport of thermal
energy and removes vaporized silica, two mechanisms that can balance the directional heating of
the laser. BSE images in Fig. 5(a-c) show the effect of air flow during SiGe fiber annealing. At
intermediate values, the airflow cooling balanced the directional heating provided by the laser
and increased the radial temperature gradient sufficiently to form Ge-rich regions within the core,
rather than at the surface. For 0.034 L/s (Fig. 5(b)), there is a region of concentrated Ge, while in
Fig. 5(c), there is a slightly elevated Ge concentration in the central part of the fiber, similar to
that observed for the scan speed of 0.5 mm/s. The homogeneous material around the periphery of
the fiber has a low Ge content and suggests radial cooling. The low Ge content in this region is
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Fig. 4. SEM images of cross-sections of fibers annealed with laser scan speeds of a) 0.3
mm/s (#5), b) 0.5 mm/s (#6), ¢c) 0.9 mm/s (#7), and d) 1.1 mm/s (#8). e) Area of above
average intensity in BSE image as a function of scan speed.

consistent with Scheil-Gulliver modeling [36], where the first-to-solidify material is deficient in
the component with the lower melting point. Figure 5(d) is a plot of the number of above average
intensity pixels in the image of the fiber, and shows that for higher airflow, high Ge concentrations
are limited to a small area of the fiber cross-section. Figures 5(e) and 5(f) are top and side view
photomicrographs of fibers annealed without (upper) and with airflow. The hazy surface of the
(upper) fiber made without air assist is redeposited silica; with airflow, this material is removed.

6

pixel area (%)

Fig. 5. SEM images of cross-sections of fibers annealed with various air flow values (a)
sample # 2 (0 L/s) (b) sample #3 (0.034 L/s) (c) sample #4 (0.046 L/s) (d) area of Ge-rich
regions as a function of air pressure. Scale bars 100, 50, 50 um. Microscope images for
sample #2 (above) and #15 (0.041 L/s) below; top (e) and side views (f) are shown. Scale
bar 650 pm. .

3.1.4. Ge-rich central features

If the cooling of the fiber is radially symmetric (or nearly so), the preferential solidification of
silicon on the exterior surface can result in high-concentration Ge-rich filaments along the axis
of the silicon core. Figure 6(a) is a BSE cross-sectional image of sample #15, made with 14.5
W of laser power, 0.7 mm/s scan speed and 0.041 L/s of airflow. With these conditions, we
observe an axial high Ge content region, slightly offset from the center of the core (image contrast
adjusted to make the core feature more prominent). Figure 6(b) is an XCT cross-sectional image
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of the fiber, showing partial removal of the glass, and bright central region within the core, also
indicating a high Ge content. Figure 6(c) is a transverse XCT scan that shows that the Ge-rich
filament extends along the core through the entire annealed length. Considering the complicated
compositional distribution of the as-drawn fiber, imperfections in the structure formed are not
unexpected. Figure 6(d) is an XCT image of a fiber made with pulsed airflow, confirming the
role of the airflow in balancing the heating and cooling processes.

Fig. 6. Ge-rich core samples (a) BSE image of fiber #15 (cracks from end-face polishing
and stress at the margins of the glass modified by the interface layer) (b) XCT cross section
and (c) side view. Fiber #16: (d) XCT of fiber showing features resulting from the periodic
variations in airflow with a compressor.

Figure 7 shows analysis results for another fiber (#16) made under the same conditions as
sample #15; Fig. 7(a) is a BSE image showing a similar Ge-rich core. Some Ge-rich liquid
fails to reach the center of the fiber resulting in Ge “tendrils”. However, the Ge content in these
regions is typically only 2% above the background concentration according to EDS line scans, or
an eighth of the difference observed for the Ge-rich core. Figure 7(b) is an EBSD map of the
cross section of fiber showing two slightly different crystal orientations indicating a low-angle
grain boundary. As shown in Fig. 7(c), the EDS-reported concentration of the in the Ge-rich
region is ~22 at%, and the EDS- determined diameter of the Ge-rich region is approximately
3 um. It should be noted that this is close to the resolution limit for EDS in this instrument, and
the actual radius may be less (with a correspondingly higher concentration). The full width at
half maximum (FWHM) of the feature in the BSE image is 1.5 um, suggesting almost pure Ge in
the core. Figure 7(d) is XRD data for as-drawn and annealed fibers, showing the high degree of
crystalline order induced by the annealing process, indicated by the reduced number of Bragg
peaks observable [31].

A Ge concentration of 22 at% in the Ge-rich region and 7 at% in the surrounding core would
give an index difference of approximately 0.06 at 1.55 um [37], forming a waveguide within
the silicon core. The transmission of sample #15, with length of 7 mm, was characterized, and
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Fig. 7. SEM and EBSD images of cross-sections of Ge-rich core fiber #16. (a) BSE SEM
image of the fiber (b) EBSD map of the silicon showing a single low-angle grain boundary
(inset: orientation map) (c) EDS line scan of the Ge concentration. d) X-ray diffraction of
an as-drawn and laser-annealed fiber from the same production run.

shows preferred transmission in the high index, high Ge region. Figure 8(a) is an IR camera
image with the illumination fiber drawn back from the fiber core to highlight defects in the glass
cladding (to assist with image alignment), and Fig. 8(b) shows a visible image of the output
face, confirming the outline of the semiconductor core. The input fiber was then positioned to
illuminate the full core, but not the glass cladding. The image from the NIR camera (threshold
used to reduce noise) in Fig. 8(c) shows preferential transmission of the 1.55um laser diode
through the Ge-rich area of the core. Figure 8(d) is the BSE image of the exit face, with intensity
indicating higher Ge concentration; the high transmission features of the NIR camera image are
clearly associated with the location of the Ge-rich material. In order to confirm the waveguiding
role of the Ge-rich material, spectral data was acquired with a broadband source illuminating
the core. The spectrum transmitted through the 9 mm long Ge-rich core sample (#15) is shown
with normalized transmission values for a silicon core fiber (5 mm long) and a homogeneous,
annealed SiGe core fiber (8.5 mm long) in Fig. 8(e). In each case, the full diameter of the core
was illuminated. The longer wavelength absorption edge of sample #15 confirms that the Ge-rich
filament guides the light preferentially within the SiGe core. Signal levels for the Ge core sample
were lower than for the other fibers, presumably due to the imperfection of the core, and inefficient
coupling.

—— i core fver
e $iGe annealed

15 ——Ge-ich core
s

3

900 1000 1100 1200
wavelength. nm

Fig. 8. Images of a) off-axis illuminated cladding, highlighting glass cracks, b) visible image
of exit face of fiber, ¢) 1.55 um illumination of the core showing preferential transmission
through the Ge-rich region and d) contrast enhanced SEM micrograph showing the location
of the high-Ge region. e) The spectrum transmitted through the fibers. White dashed circles
show outline of the core; scale bar 60 pm.

4. Modeling

There are three stages during directional solidification of SiGe alloy samples in the absence of
convection and when limited diffusion prevents formation of a homogeneous material; an initial
transient with a lower concentration of Ge, a steady state, and a final Ge-enriched transient. At
the start of the solidification process, Si solidifies preferentially, and excess Ge is rejected into the
melt. There is then a steady-state growth where the excess Ge at the solidification front results in
material with average alloy composition [24]. The approximate width of the Ge-rich liquid at
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the front is given by 6= D/V, where D is the diffusion coefficient and V is the velocity of the
solidification front. When the relative motion of the fiber and heat source ceases, a terminal
transient is formed as the excess Ge solidifies [38] at a lower temperature than for the other
regions due to the lower melting point of the Ge. More detailed modeling of the fibers including
radial and axial temperature gradients predict that the Ge rich region should have a radius on the
order of 1 um; a simplified limiting case is presented here.

For purely radial cooling of a cylindrical sample, the initial preferential Si solidification would
move Ge from the surface and deposit this excess at the center of the sample. An upper bound on
the Ge-rich core for this case can be made by assuming that the excess Ge gathered in the initial
transient is all deposited in the center of the fiber in the final transient, as pure Ge. The initial
transient will contribute 27RIAC, where AC is the excess Ge at the liquid interface; R is the
outer radius of the core, and ¢ is the width of the transient, given by D/V, with D the diffusion
coefficient (1x 10~ cm?/s [39, 40]), and V the velocity of the phase front (0.7 mm/s). The value
of AC was approximated as [(Cy/k)-Cyp], where Cy is the initial concentration (6%), and k=0.23 is
the equilibrium partition coefficient [41]. If this material forms a terminal transient as a cylinder
of pure Ge at the center of the core, the radius of the Ge region will be

e ,/”%%c (1)

With the fiber core radius (R=75 um), we get a value of ~20 um as the maximum (pure) Ge
core diameter. This is an overestimate in several regards; the distance to reach equilibrium in a
traveling melt zone is generally taken to be 4D/(Vk), which is comparable to the core diameter,
and the gradients are not purely radial. For a translating fiber, there will be both axial and radial
temperature gradients, and central features are only expected if a concave growth front can be
established. If the translation speed is too low (making the axial gradient dominant), the heating
is uneven, or the diffusion is limited due to a low temperature, a smaller Ge-rich region will be
expected. The exact dynamics are complicated, because the thermal conductivity, the diffusion
and solidification temperatures will all be affected by local concentration of Ge. However, the
order of magnitude agreement of this simple model is encouraging.

5. Conclusion

Production of a Ge-rich central feature within a SiGe crystalline-core optical fiber, and the
potential for improved optical performance based on this structure have been demonstrated.
Formation of coaxial concentration gradient requires that fiber cooling should be predominantly
radial, and rapid enough to promote significant segregation, but not so rapid that the critical
velocity is exceeded [25,35]. The airflow used in conjunction with the CO; laser in these
experiments increased the cooling rate, and with an appropriate balance of airflow, power and
translational velocity, provided the necessary radial cooling. The power value was set to melt
the entire core without overwhelming the cooling effect of the airflow, and the translation was
balanced between the requirements of high speed to promote a concave growth front, and low
speed to assure that the critical velocity was not exceeded. Limited experiments utilizing systems
with symmetric CO, beams, but without airflow, have not yet resulted in the observation of core
features, suggesting the importance of forced convection. Large cores make it easier to establish a
radial thermal gradient large enough to drive segregation of the Ge; for small core fibers, a higher
translation velocity, and faster surface cooling will be needed to form the conical solidification
front believed to be responsible for the observations here.

Optical transmission measurements on these structured SiGe fibers show preferential trans-
mission of a 1.55um diode laser through the Ge-rich filament due to the local refractive index
gradient. The spectrum from a broadband source transmitted through the fiber supports this
observation; the Ge-rich region is acting as the core of a semiconductor-clad region. Such fibers
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could reduce waveguide losses for IR applications beyond 4 microns, where silica cladding is
absorptive. Similar structures in SiGe fibers with higher Ge compositions should allow extension
of the IR transmission range; further research to find the optimum processing conditions is
warranted.
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