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Abstract. Single and multi-core preforms doped with Bi and Er are fabricated using additive
manufacture and drawing into optical fibre. We observe an increasing trend towards shape
distortion with increasing number of cores. This is explained by noting that the composite
effective softening point falls as the number of doped cores rises. The use of a silica cladding
tube elevates the drawing temperature unnecessarily.

1. Introduction

Additive manufacture of application specific optical preforms [1-11], and even directly into fibres [12]
to enable a vision of desktop optical fibre manufacture accessible to all [5,6], will disrupt traditional
fabrication using chemical vapour deposition (CVD) whether on the inside (using modified CVD or
MCVD) or on the outside (outside vapour deposition or OVD). Fabrication is potentially customisable
in unprecedented ways through choice of 3D printing methods and materials, thermal and optical (fused
deposition modelling FDM, direct light projection DLP, stereolithography SLA which relies on a UV
laser, selective laser sintering SLS and so on — each has their own advantages and disadvantages which
can favour some parameters over others). Complex designs such as structured optical fibres including
low loss single-material structured fibres [13,14], metamaterial Fresnel fibres [15,16], photonic crystal
fibres [17,18] and antiresonant fibres [19] benefit. Perhaps the biggest impact will be in conventional
optical step-index optical fibre fabrication because current commercial CVD processes are constrained
by a lathe that spins a tube into which material is sprayed and consolidated in various forms, producing
single and centred core preforms from which standard optical fibres are drawn. This constraint does
have important advantages. The highly uniform radial symmetry in temperature and pressure during
manufacture, gives rise to high structural symmetry critical for low loss scattering and generating
degenerate polarisation states within an optical fibre. That also benefits some application specific fibres
more than others — for structured optical fibres, for example, high radial preform symmetry permits
simple radial analytical relationships describing pressure and uniformity within holes that can be
integrated into a drawing process to control their size and wall thicknesses [20]. To fabricate multicore
preforms, however, multiple single core preforms are fabricated, the cores etched and then assembled
into the desired layout. This is a highly time consuming and laborious process. Given the increasing
desire for multi-core fibres playing a role in extending optical bandwidth in communications and data
transfer [21], it will not be tolerated longer-term. Consequently, the removal of this centre constraint in
preform manufacture is a necessary requirement even though this will be accompanied by other
challenges. This is where additive manufacture can come into its own by removing this constraint
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altogether — the successful fabrication of multicore, multi dopant active fibres directly from 3D printed
preforms demonstrates the comparative simplification of optical fibre manufacture possible [11]. The
results suffer from some significant distortion in core shape, a problem that appears unique to additive
manufacture in part because it does not involve the spinning of a CVD lathe, the very property that
makes multi-core fabrication by traditional means complicated. Although the preform manufacture
involved direct light project (DLP) printing and there were some resolution limits in feature shapes and
size, the bulk of the core distortion and diffusion was observed after fibre drawing. The induced non-
adiabatic asymmetry within otherwise reasonable single mode cores, gives rise to scattering losses
accounting for the bulk of the observed losses [4,7]. In all other respects, the fibre production was
excellent with scope for future progress and improvement. Promisingly, there is little evidence that
additive manufacturing cannot compete with CVD methods if the source of this asymmetry arising
during drawing can be identified. In that work, several practical issues arose which forms the subject of
this work — the use of various dopants has provided some insight on the nature of the problems arising
during preform drawing, offering simple solutions to resolve these matters.

(a)‘(b)’(d‘

Figure 1. Single (a), dual (b) and seven (c) core fibres are
designed (top), fabricated and drawn (middle). The lower
image row is for the projected optical light (incoherent
white light) transmitted through the fibre. The complex
core profiles are illustrated by the 1:1 reproduction of the
core profile on the projected far-field image. Image is
modified from Figure 1 ref [11].

2. Review of previous results

The previous results [11] on fabricating single and multicore silicate preforms doped with various
dopants and then drawing into optical fibre are reproduced in Figures 1 and 2. The intention of the
doping in that work was focused on improving gain of rare earth ions combined with Bi moieties [22].
The combination of two species can potentially expand and flatten further the near IR gain spectra to
cover all bands. To increase the refractive index, both germanate and titanate was incorporated into the
glass matrix. Interestingly, the former is a strong glass softener whilst the latter is a glass hardener — the
terms reflect the changes in glass transition of the mixed glass system. Table 1 summarise the properties
of the pure oxides of each dopant.
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Table 1. Properties of the oxides (derived from various online sources

Si0; [23] GeO; TiO;
m.p. (°C) 1600 1115 1843
p (g/cm?®) ~2.65 ~3.66 [24] ~4.23
a (x 10 “5/K) 0.55 7.5 8.0 [25,26] -10.4 [27]
n @1550 nm ~1.45 ~1.65 ~2.45

3. Fabrication details

These fibres are drawn directly on a modified chemical vapour deposition (MCVD) draw tower
from preforms fabricated by additive manufacture. The specific printing approach involves direct
light projection (DLP) imaging where the preforms are built upwards using vertically stepped 2D
layer by layer through exposure to near UV (A ~ 385 nm). The preforms are assembled from a mix
of nanoparticles so that a solid capillary tube with a hole for a core is printed first. The bulk of the
composition is [SiOz] ~ 37.4 wt%, a monomer [2-hydroxyethyl methacrylate] ~ 36.9 wt%,
monomer solvent [2-phenoxyethanol] ~ 19 wt%, a cross-linker [2-phenoxyethanol] ~ 6.4 wt% and
trace amounts of photo-initiator [diphenyl(2,4,6- trimethylbenzoyl) phosphine oxide] ~ 0.2 wt%
that polymerise these components are added. An inhibiter ([hydroquinone] ~ 0.1 wt%) is also
present to prevent any polymerisation taking place prior to manufacture. The dopant mixture
making up the core is similar ([SiO2] ~ 32.2 wt%, [2-hydroxyethyl methacrylate] ~ 38.6 wt%, [2-
phenoxyethanol] ~ 19.9 wt%, [2-phenoxyethanol] ~ 6.7 wt%, [diphenyl(2,4,6- trimethylbenzoyl)
phosphine oxide] ~ 0.2 wt%) but with added dopants ([GeO:] ~ 1.2 wt%, [TiO2] ~ 0.8 wt%,
[Bi2(ALO4)3s] ~ 0.1 wt%, [ErCls] ~ 0.014 wt % and an added initiator [2,2-azobis(2-
methylpropionitrile] ~ 0.25 wt%). Again, with annealing moisture and organic components can be
removed, leaving behind the higher temperature materials. The core material was poured into the
channels of the printed cladding preform and cured at 7 = 60 and 90 °C for times of =2 and 0.5
hrs, respectively. Various stages of annealing, from 200 to 1200 °C, were carried out ensuring
removal of both moisture and organic materials prior to drawing.

The next stage of fibre production is to draw these preforms on a draw tower. In the work reported,
the conditions were very close to normal MCVD fibre drawing, made possible by using an outer
Heraeus tubing around the 3D printed preform. Although this was not desirable, it was done
because the tubing greatly relaxed the handling and placement of the preform in the draw tower. It
also elevates the temperature required for drawing, making it comparable to standard MCVD
drawing albeit a little lower at 7= 1850 °C under a drawing pressure of 50 mbar. This is something
we shall see has likely played a crucial role in determining the quality of the final fibre. Details of
fabrication can be found in the earlier works. Three preforms containing one, two and seven cores
were printed and drawn.
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(a) (b)

Figure 2. These images show elemental analysis of the seven-core fibre using an electron
microprobe and wavelength dispersive analysis of the generated x-rays to identify the elements.
(a) shows the SEM image the presence of a surface impurity, either an air channel drawn from a
bubble or an aggregation of soot particulate impurity that was unable to diffuse, (b) Si distribution,
(c) Ge distribution and (d) Ti distribution. Al, Bi and Er were not profiles as their concentrations
were too low to detect clearly. The scale bar is 10 um. Image is reproduced from Figure 2 ref: [11].

4. Results
Figure 1 shows the fabricated optical fibre core profiles both through optical microscopy images and
through optical project of light traveling through the fabricated fibres. Within optical resolution the single
core shows relatively good symmetry and a round profile. Adding additional cores deteriorates this profile
— in the two-core case, there appears to be diffusion of the core structure into the cladding. This gets
significantly worse in the seven-core fibre where the cores diffuse into spiral structures.
A closer examination of the composition of the seven-core fibre through electron microprobe analysis,
shown in Figure 2, shows that diffusion of both germanium and titanium oxides has indeed occurred. This
can also be observed in the micrograph, consistent with a change in index associated with those glasses,
which from Table 1 is expected to increase. Despite substantially different melting points, expansion
coefficients and densities (Table 1), they both follow a similar diffusion profile although the titanium oxide
has spread further. The measured Si in this region appears to also follow the dopants. There is Si left in the
central region after both Ge and Ti have moved away. The separation of the materials may be partially
explained by their coordination mismatch and by examining the differences in thermal expansion
coefficients — for the amounts of GeO; and TiO; present, they are close to cancelling their impact on silica.
The thermal expansion coefficient is increased adding germanium but decreased adding titanium and for
the amounts used in these preforms, the expansion changes are close to offsetting each other. Both will
phase separate from the silica because of the bond angle mismatch arising from six coordinate lattice
mismatch between GeO; and silica and more rigid, denser four-coordinate metallic bonding with TiO; (this
bonding is responsible for the reduced thermal dependence of expansion and the increased brittleness
observed in titanate doped silica fibres).
In the optical image in Figure 2 (a), a strong impurity channel is observed — it correlates with a strong
depletion of Si seen in Figure 2 (b), suggesting an air bubble or other immiscible material such as carbon
build-up from residue that was not extracted during annealing. This defect is not observed elsewhere in the
cross-section although in Figure (c) and (d) both Ge and Ti are depleted from the centre of most of the cores
as diffusion occurs.
The diffusion of the dopants as they spread outwards is important — for substantial diffusion of this nature,
both the core and cladding must be soft, even liquid, expected at the drawing temperature used (Table 1).
All three major constituents melt at the drawing temperature, with GeO, more volatile with a higher
expansion coefficient driving the tensile stress frozen into the fibres upon cooling. The high expansion
coefficient along with liquid behaviour suggests flow so the GeO, can initially expand and push outwards
but also flow back inwards. Contrastingly, the more viscous TiO despite little expansion is pushed
outwards by the GeO; even as the latter flows back in. This difference in melting point, density and
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expansion coefficient may explain the origin of what appears to be turbulent flow especially if any
asymmetry is present — local asymmetry at each core can arise just from the distribution of cores across the
fibre. These complex fluid dynamics reflect the local variations arising as a result of having different glassy
materials and this will scale with the number of cores present. In the single core case the diffusion is least,
in part contained by symmetry and an effective lower melting point since there is less dopant. With two
cores, radial variations arise between them and this drives a linear-like diffusion along the core axis. The
situation is more complex with seven cores where materials literally spiral around their centre as they
diffuse outwards. From a simple superposition assumption, the more cores equate to more material that
reduces the amount of silica and therefore creates a greater drop in net melting temperatures relative to the
drawing temperatures used. It is interesting to note that beyond a general trend, the superposition principle
often used to assess mechanical properties in the solid state offers little additional insight once melting and
material separation occurs.

Whilst the complex details of the processes at very high temperature need further investigation,
they do highlight a potentially tractable problem with the fabrication method — the drawing
temperature is simply too high determined not by the preform composition but by the high
temperature silica Heraeus tubing. The silica cladding is made up of silica nanoparticles which
generally, through a larger surface area exacerbated by out diffusion of resin materials during
fabrication, tend to melt at lower temperatures, closer to 7'~ 1600 “C. The temperature difference
with drawing is substantial and leads to a highly softened, if not liquid, internal preform structure
that accounts for all the observations made. Further, the effective melting point, and therefore
diffusion of the glass system, will increase with more cores because the net dopant material
increases. The immediate solution is to replace the Heracus tubing with a lower temperature glass
tube such as borosilicate.

5. Conclusions

Finally, in conclusion a critical assessment of recent work in terms of glassy material properties
can explain the origin of complex dynamic behaviour during fabrication. Too high drawing
temperature leads to fluid-like flow and evidence of complex vortex formation is observed. This is
explained by noting local surrounding variation around each core differ and so stresses and forces
also differ. These lead to dopants unevenly spreading outwards and in the multi-core fibres doing
so in a spiral manner. Existing asymmetries exacerbate the situation. This problem will apply to all
optical fibres with reduced tolerance found with increasing cores as the net percentage of dopants
increases and silica decreases. It is not limited to additive manufacture but has featured prominently
because conventional manufacturing uses the Heraeus tubing as the cladding and does not have the
porous structure arising from printing. As the number of cores increases, the drawing temperature
must be adjusted accordingly depending on the number, the compositions and the tolerances in
drawing. Surrounding asymmetry can further complicate this — this may be the shape of the
preform, the position of the cores or simply the method of drawing. In the work analysed here, an
outer higher temperature silica tube was used to fix the 3D printed preform and simplify mounting.
However, this has led to constraints and the need for higher drawing temperatures relative to the
melting point of the core materials. This can be overcome by replacing the tube with a lower melting
point glass and reducing the drawing temperature. Alternatively, the use of a supporting tube can
be avoided. Critical analysis has identified common drawing problems that can be avoided
irrespective of the preform manufacturing process — there is little reason why optical fibre produced
by additive manufacture cannot eventually compete with conventional manufacturing.
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