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All-silica optical fiber bonding
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Abstract: In this work, we demonstrate a spot-welding method for fabrication of all-silica fiber
components. A CO, laser was used to locally sinter sub-micron silica powders, enabling rigid
bonding of optical fiber to glass substrates. The bonding was achieved without inducing any fiber
transmission losses. The components showed no sign of deterioration or structural change when
heated up to 1100 °C. These single material assemblies are therefore well suited for use in harsh
environments where high stability and robustness is required.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Assembly and mounting of silica based optical fibers used in harsh conditions, such as corrosive
environment, high temperature sensing or high-power laser applications is a challenge when it
comes to bonding materials [1,2]. Common solutions used for optical communication, sensing
and medical systems are mostly based on fibers mounted in ferrules or silicon V-groove chips
using polymer adhesives, metal soldering, or laser welding [3—11]. Device failure is typically
linked to difference in thermal expansion coefficient, polymer degradation, uneven curing, or
low melting temperature of the adhesive [5]. The ideal case would be a single material structure
thereby circumventing problems arising from the mismatch in material properties of substrate,
fiber, and bonding material. For optical fibers this would mean direct bonding of the fibers
to a silica substrate. Direct fusion of optical fibers, using for example laser heating or plasma
discharge, may however lead to deformation of the fibers with subsequent loss in performance.

In this work, we demonstrate spot-welding of optical fibers using CO, laser radiation in
combination with glass powder injection. The resulting formation of silica beads form a strong
permanent bond with high-temperature resistance. By placing the beads at the junction between
fiber and substrate, damage to the fiber can be avoided maintaining the optical properties, while
providing sufficient mechanical bonding. The mechanical integrity of the spot-welded fibers was
maintained even after heat-treatment up to 1100 °C.

2. Design and methods
2.1. Experimental setup and preparation

The experimental setup used in this work was previously developed for use in additive manufac-
turing of transparent silica glass using sub-micron powders [12,13]. Using a long wavelength
laser together with sub-micron silica powder reduces energy scattering and minimizes substrate
shadowing [14] resulting in homogeneous substrate irradiation and stable processing temperature.

The setup is shown in Fig. 1. The CO, laser (ULR-50, Universal Laser Systems) beam was
focused onto the substrate using a ZnSe spherical lens with a focal length of 40 mm. The lens
was integrated into the print head which included three powder nozzles. It was mounted onto a
motorized stage to allow for adjustment of the spot size on the sample. The nozzles were aligned
so that the powder jets intersected with the laser beam at the substrate. Substrate translation
perpendicular to the laser beam was performed using CNC stages. A computer-controlled
mechanical shutter was used to control the deposited energy during powder sintering. The
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laser exposure conditions were optimized experimentally to obtain sufficient sintering for strong
fiber-to-substrate bonding, while at the same time avoiding deformation of the fiber.
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Fig. 1. Sketch of the experimental setup for fiber welding.

2.2. Spot-welding

In these experiments, we welded standard silica fibers (SMF-28, Corning Inc.), with the polymer
coating removed, onto the 1 mm thick quartz glass substrates (25 x 25 x 1 mm?, PlanOptik AG).
Figure 2 shows the main fabrication steps. A high-speed rotational saw (Disco Corp.) equipped
with a diamond blade was used to cut the guiding trenches in the substrates for placement of
the fibers. Two welding configurations were investigated using different trench width. In the
first configuration 100 um wide trenches were cut into the substrate. The 125 um diameter fibers
therefore rested on two contact points, similarly to how typical silicon V-grooves are used [3-5].
In the second configuration, 200 um wide and 200 um deep trenches were made. In this case
the fibers were placed at the bottom of the trenches being embedded under the surface of the
substrate. The edge-to-edge separation between trenches was 200 pm. Prior to spot-welding
the fibers were temporarily fixed in the trenches using wax at each end of the substrate (see
Fig. 2(b)). During welding, the substrate was stationary with the powder sintered into a single
weld bead. Each bead was formed by exposing a 1.2 mm diameter laser spot having a power of
P=14.5 W for a duration of 0.1 s. Simultaneously fumed silica powder (Alpha Aesar, feed rate,
0.5 g/min) was injected using the three powder jets. The welding parameters were developed
experimentally. Each fiber was bonded to the substrate using 40 consecutive weld points, 20 on
each side of the fiber (Fig. 2(c)). Once the welding was complete the wax was removed from
the assembly by ultrasonic cleaning using toluene followed by acetone, and methanol. Finally,
a flat parallel end-face was obtained by dicing the assembly perpendicular to the fibers using
the high-speed dicing saw, see Fig. 2(d). By using the high-speed dicing saw, and optimized
dicing parameters, smooth end-faces with high surface quality were achieved [15—-17]. This was
confirmed by optical inspection of the cross-section.
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Fig. 2. Processing steps including: (a) cutting of the trenches, (b) fiber mounting, (c)
powder sintering, and (d) end-face dicing.

2.3. Sample evaluation

Three tests were performed to evaluate the assembly. To check if the spot-welding affected the
throughput of light a fiber-coupled laser diode at A = 1550 nm was launched through the fiber.
The transmitted signal was then measured during the welding process to assess heat induced
losses. The tensile strength of the welded fibers was tested by fixing the assemblies on an
aluminum breadboard and pulling the fibers with a tension sensor (Hans Schmidt, FSL-500). To
evaluate the mechanical stability of these single-material assemblies, samples were heat treated
up to 1100 °C for a duration of several minutes with subsequent visual inspection to identify any
delamination, detachment, or cracks.

3. Experimental results

First, the assemblies with 100 um trenches were investigated. The weld bead layout used is
shown in Fig. 3(a). It has been optimized experimentally to achieve a layer of weld beads that
fully cover the fiber. Welding with sparser layout was less rigid, while denser layout did not
improve bonding strength. The diameter of a single weld bead corresponds to the laser-induced
hot zone, which was approximately 1.2 mm. The consecutive weld beads were overlapping each
other, creating an undulating, printed layer on top of the substrate with the fiber underneath.
After end-face dicing, the cladding of the fiber was found chipped however, the fiber’s core was
undamaged. The test sample is shown in the photograph in Fig. 3(b).

The second type of assemblies, with the fibers embedded in the 200 um wide trenches, is
sketched in Fig. 4(a), while Fig. 4(b, c) shows photographs of the end-face and the corresponding
top view of such an assembly with three parallel fibers.

During spot-welding, the transmitted power was measured in-situ on each of the three fibers
(see Fig. 4(a)). The transmitted signal was normalized to the initial power level as shown in Fig. 5.
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Fig. 3. Sketch (a) of weld bead pattern used in the experiments as seen from the top, and
(b) photograph of a typical end-face of bonded fiber. Bottom-illumination was used.
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Fig. 4. Schematic (a) of the test assembly, and (b) photographs of the diced end-face
(top-illumination), and (c) a top view of it.
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Data for the three measurements are offset for clarity. The induced loss during spot-welding was
up to =~ 4%. After welding the transmitted signal returned to its initial value within measurement

resolution.
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Fig. 5. Normalized transmission through three subsequent fibers during spot-welding (offset
for clarity).

During the tensile strength test all assemblies withstood an axial load (pulling along the axis
of the fiber) exceeding 1.50 N. The failure points were all located at the edge of the first weld
bead, with the remaining fiber still being welded to the substrate.

4. Discussion

Although transparent glass can be printed using this technique [12], the weld beads made in this
work were non-transparent with a partly sintered and porous structure. Printing of fully sintered
glass requires higher energy, and it could risk damaging the fiber. In this work we focused on
obtaining a sufficiently strong bond while maintaining the transmission properties of the fibers.
A small reduction of transmitted power was measured during spot-welding, see Fig. 5. This
effect is ascribed to large temperature gradients across the fiber, which are typical for CO, laser
processing [18,19]. Once the welding was complete and the assemblies had cooled down, the
transmission returned to its initial value.

The tensile strength test showed that the bonding to the substrate was strong, and the failure
point was always located at the outer edge of the weld beads corresponding to the maximum
stress point. Any angular misalignment of the pulling force would further increase the risk of
cleaving the fiber.

A single material structure, which is demonstrated here, should have superior thermal stability.
To evaluate the robustness the assembly was placed in a furnace and the temperature was increased
up to 1100 °C. Even after processing at these extreme temperatures no structural change of the
assemblies was observed, and the weld beads were intact. The test performed on our samples at
1100 °C should be viewed as an extreme form of accelerated ageing, and not an upper limit of
use.

By comparing the two welding configurations we found that the two-point contact configuration
(100 pm trench) provided higher accuracy in fiber positioning, but it was more prone to damage.
As there was an air gap below the fiber, i.e., no bonding, this unsupported section tended to chip
off during the final end-face dicing, see Fig. 3. Potentially this can lead to significant damage
to the fiber and corresponding performance decrease, depending on the amount of chipping.
The embedded fiber configuration (200 um trench) resulted in a more robust bonding without
chipping when diced, but with a lower precision in positioning.
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The trench size was determined by the width of the diamond blade. In this work we were
limited to blades with widths of 100 um and 200 um. To improve the positioning in the embedded
configuration a trench width slightly larger than the diameter of the fiber should be used.

5. Conclusion

In this work a novel method for bonding of optical fibers onto glass substrates using silica
powder has been demonstrated, representing a single material assembly suitable for use in harsh
environments where high stability and robustness is required.

Spot-welding was performed using a CO; laser to locally sinter sub-micron silica powders,
resulting in strong bonding between fiber and substrate. By using suitable laser welding parameters
bonding was achieved without any induced fiber transmission losses. The test assemblies showed
high stability and robustness without any structural change even when heated to temperatures as
high as 1100 °C.
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