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The past, present, and future of the 
molten core method of fiber fabrication



▪ How did we get here? 

▪ Where’s here?

▪ No. No. No. Maybe. OK. Boom. Whoa. 

▪ What’s next?!?!
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The Past

Father of the laser

10 December 1964: Charles Townes and King Gustaf of Sweden

Father of optical fiber

Father of…

Exactly 45 years later!
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The Past

Images c/o Peter Schultz.

Necessary… but insufficient. 

Fathers of actual / useable fiber.

4 of 38



The Past… into… the Present

Images c/o Peter Schultz; Background graphic from vectorstock.com/18926506; distance data c/o Corning Incorporated (2018).
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▪ How did we get here? 

▪ Where’s here?

▪ No. No. No. Maybe. OK. Boom. Whoa. 

▪ What’s next?!?!



The Present

https://www.infrapedia.com/app, https://www.youris.com/energy/gallery/undersea-hvdc-cables-discovering-some-of-the-worlds-top-power-interconnections.kl 
https://www.thefoa.org/tech/ref/appln/datacenters.html

7 of 38



The Present… but…

▪ Always more… growing demand for ever-more sophisticated fibers and lasers.
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The Present… but…

▪ Two primary practical methods for making optical fibers.

▪ Both require the formation of a (core / clad) preform.

▪ Both force the glass to go through multiple thermal cycles, thus risking compositional flexibility, 
due to immiscibilities or glass forming limitations, hence performance limitations. 

G. Tao, H. Ebendorff-Heidepriem, A. M. Stolyarov, S. Danto, J. V. Badding, Y. Fink, J. Ballato, and A. F. Abouraddy, “Infrared fibers,” Advances in Optics and Photonics 7, 379-458 (2015). 9 of 38



▪ Fibers drawn from a preform; 
either consolidated or as 
rods / tubes. 

▪ In both cases, compositions 
are limited by glass-forming 
ranges, which depend on 
time and temperature.

▪ One really needs to pay 
attention to the underlying 
materials science to unleash 
the full potential of the 
periodic table on fiber 
properties and performance.

The Present… but…

S. H. Risbud and J. A. Pask, “Calculated thermodynamic data and metastable immiscibility in the system SiO2‐Al2O3,” Journal of the American Ceramic Society 60, 418-424 (1977); 

P. Dragic, M. Cavillon, and J. Ballato, “Materials for optical fiber lasers: A review,” Applied Physics Reviews 5, 041301 (2018). 10 of 38



▪ How did we get here? 

▪ Where’s here?

▪ No. No. No. Maybe. OK. Boom. Whoa. 

▪ What’s next?!?!



▪ Core phase melts at temperature where cladding glass draws (directly) into fiber.

▪ Originally… High quench rates permit unstable glasses to be directly fiberized. 

Advantages
▪ Straight-forward
▪ Industry-accepted manufacturing (fiber draw) used; no lathe deposition.

▪ Long lengths (> km)
▪ High speed manufacturing (> m/s)

▪ Low temperature (compared to CVD…)
▪ Can be reactive (liquid-phase chemistry), we’ll get to this…
▪ Amendable to very wide range of materials

Disadvantages (?)
▪ High temperature (diffusion/dissolution)
▪ Non-volatile cores, we’ll get to this…
▪ One must understand materials / glass science

J. Ballato and P. Dragic, “Rethinking Optical Fiber: New Demands, Old Glasses,” Journal of the American Ceramic Society 96, 2675 – 2692 (2013).

The molten core method 
aka “melt-in-tube,” “powder-in-tube,” 
granulated powder,” etc. methods.
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The Past… again (a quick walk down memory lane…)

J. Ballato and E. Snitzer, “Fabrication of fibers with high rare-earth concentrations for Faraday isolator applications,” Applied Optics 34, 6848-6854 (1995). 13 of 38



The Past… into… the Present (again)

J. Ballato and A. C. Peacock, “Perspective: Molten core optical fiber fabrication - A route to new materials and applications,” APL Photonics 3, 120903 (2018).

Examples…

1. Intrinsically low nonlinearity all-glass fibers

2. Crystalline semiconductor core fibers
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What’s new about the Al2O3 – SiO2 system?

▪ The addition of alumina (Al2O3) to silica (SiO2) glass 
is known to raise the refractive index and to 
“solubilize” active dopants into the glass.

▪ However, the doping of alumina in silica is limited 
for two reasons: 

1. CVD not as amenable to the addition of alumina as 
they are other dopants (e.g., vapor-phase GeO2).

2. Limitation in amount of alumina ( 10 wt. %) that 
can be added into silica prior to phase-separation.

S. Risbud and J. Pask, “Calculated thermodynamic data and metastable immiscibility in the system SiO2-Al2O3,” Journal of the American Ceramic Society 60, 418 - 424 (1977).

Draw 

temp Al2O3

Tm
SiO2

dissolution

Melt 

quenched 

as fiber 

cools
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P. Dragic, T. Hawkins, S. Morris, and J. Ballato, “Sapphire-derived all-glass optical fibers,” Nature Photonics 6, 627 – 633 (2012). 

▪ Measured BGC was  100 lower than commercial single mode fiber.

▪ Immensely useful: not just reduce… but completely eradicate SBS!

▪ Transverse photoelastic coefficients!

▪ Balance to greatly reduce Brillouin scattering; 
possibly negate completely!

𝐩𝟏𝟐
𝐀𝐥𝟐𝐎𝟑 < 𝟎 𝐩𝟏𝟐

𝐒𝐢𝐎𝟐 > 𝟎

What’s new about the Al2O3 – SiO2 system?

BGC =
2πn7𝐩𝟏𝟐

𝟐

cλ2ρVaΔνB

Typically allowable 
[Al2O3] range
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What’s new about the BaO – SiO2 system?

T. S. Seward, D. R. Uhlmann, and D. Turnbull, “Development of two‐phase structure in glasses, with special reference to the system BaO‐SiO2,” Journal of the American Ceramic Society 51, 634 – 642 (1968). 
P. Dragic, C. Kucera, J. Furtick, J. Guerrier, T. Hawkins, and J. Ballato, “Brillouin spectroscopy of a novel baria-doped silica glass optical fiber,” Optics Express 21, 10924 – 10941 (2013).

▪ Well… 𝐩𝟏𝟐
𝐁𝐚𝐎~ 𝟏𝟎 × 𝐩𝟏𝟐

𝐀𝐥𝟐𝐎𝟑… but

▪ Perfect for MCM since Tm
BaO < Tdraw

SiO2

▪ This compositional balancing of + / − p12 greatly 
reduced Brillouin scattering. But can be done to other 
(selected ) properties too!

▪ Counter-balancing thermo-acoustic and strain-acoustic 
coefficients yield athermal and atensic Brillouin fibers.
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▪ Li2O – Al2O3 – SiO2

▪ vacoustic
SiO2 increases with 

increasing temperature but
decreases with increasing 
pressure; SiO2 is anomalous.

▪ Large core CTE relative to 
cladding, restricts thermal 
expansion; equivalent to a 
positive pressure.

▪ Increasing T (increasing vA) 
increases pressure 
(decreasing velocity); which 
can cancel at the proper 
composition.

▪ Large CTE of Li2O used as design parameter for a 
Brillouin-athermal single mode optical fiber.

P. Dragic, C. Ryan, C. Kucera, M. Cavillon, M. Tuggle, R. Stolen, and J. Ballato, “Novel single- and few-moded optical fiber for athermal Brillouin strain sensing based on lithium aluminosilicates,” 
Optics Letters 40, 5030 – 5033 (2015).

a-“X”-ic (atenstic, athermal) fibers

▪ BaO – SiO2

▪ Al2O3 – SiO2
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▪ More compositions = more fun! 

▪ Exploration of novel 
phenomena, such as 
intrinsically low (< SiO2) 
multicomponent glass fibers. 

▪ Can make fiber perform in ways 
never thought possible or 
permissible by design alone. 

▪ But there’s more!!!

The Present…

P. Dragic, M. Cavillon, and J. Ballato, “Materials for optical fiber lasers: A review,” Applied Physics Reviews 5, 041301 (2018). 19 of 38



The Past… into… the Present (again)

J. Ballato and A. C. Peacock, “Perspective: Molten core optical fiber fabrication - A route to new materials and applications,” APL Photonics 3, 120903 (2018); H. Ren, L. Shen, A. F. J. Runge, 
T. W. Hawkins, J. Ballato, U. J. Gibson, and A. C. Peacock, “Low-loss silicon core fibre platform for mid-infrared nonlinear photonics,” (Nature) Light: Science & Applications 8, 105 (2019).

Examples…

1. Intrinsically low nonlinearity all-glass fibers

2. Crystalline semiconductor core fibers
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▪ Optical fibers are (normally) made of glass… why consider (equilibrium) phase diagrams?
▪ Phase diagrams can inform dopant / additive solubility limits AND glass forming compositions.

Young, David A. Phase diagrams of the elements. No. UCRL--51902. California Univ., 1975.
A. Peacock, U. Gibson, and J. Ballato, “Silicon Optical Fiber – Past, Present, and Future,” Advances in Physics: X (APX) 1, 114 – 127 (2016). 

The role of phase diagrams…

▪ For crystalline core fibers, they are invaluable…But not always appreciated… 

▪ Gen 0 (2008 – 2010): Unary, e.g., Si and Ge, and line compounds, e.g., InSb

and GaSb… phase diagrams inform melting points, phase transitions, and 

phases immediately off stoichiometry.
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▪ As drawn… highly crystalline!! But polycrystalline. Over longer distances (> cm) , the orientation is found to change 
along length of fiber so technically poly-crystalline but with large 

grain size in comparison to fiber dimensions (> 1000:1).

Gen 0: Unary phases and line compounds

▪ N.B.: Crystalline nature of cores implies equilibrium processes 

despite high draw speeds. In reality, kinetics of crystallization 

of semiconductors from melt extremely fast.
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▪ Gen 1 (2011)… used only for managing oxygen contamination.
▪ Understand the Si-O and Ge-O systems (did help realize zero oxide content Ge:SiO2 fibers)

▪ Taught oxygen gettering by reactive molten core: SiO2 + SiC → Si + SiOg + COg.

▪ MCM permits in-situ chemistry! Will be very important later...

S. Morris, T. Hawkins, P. Foy, C. McMillen, J. Fan, L. Zhu, R. Stolen, R. Rice, and J. Ballato, “Reactive molten core fabrication of silicon optical fiber,” 
Optical Materials Express 1, 1141 – 1149 (2011).

Gen 1: Reactive molten core
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▪ Gen 1.5 (2013)… still used only for managing oxygen contamination… but better…
▪ Interfacial modifiers… based on CaO – SiO2… silicon / slag literature…

▪ Critical advance in achieving long lengths of oxygen-free silicon core fibers.

E. F. Nordstrand, A. N. Dibbs, A. J. Eraker, and U. J. Gibson, “Alkaline oxide interface modifiers for silicon fiber production,” Optical Materials Express 3, 651 – 657 (2013).

Gen 1.5: Reactive (interfacial) molten core
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▪ Gen 2 (2016)… Two critical advances:

1. Isomorphic systems, e.g., Si-Ge.

D. Coucheron, M. Fokine, N. Patel, D. Breiby, O. Tore Buset, T. Hawkins, M. Jones, J. Ballato and U. J. Gibson, “Laser recrystallization and inscription of compositional 
microstructures in crystalline SiGe-core fibres,” Nature Communications 7, 13265 (2016).

Gen 2: Isomorphic molten core…

2. Laser post-processing to zone recrystallize / 

repurify and create in-fiber structures and tapers.
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Gen 2: Isomorphic molten core… and laser post-processing

Example 2: Si-Ge

▪ Ge-rich material accumulates in the high 
temperature region.

▪ Establish melt zone – translate through fiber. 
Competition between nucleation suppression 
and unstable growth front.

N. Healy, et al., “CO2 laser-induced directional recrystallization to produce single crystal silicon-core optical fibers with low loss,” Advanced Optical Materials 
4, 1004 – 1008 (2016); Y. Franz, et al., “Material properties of tapered crystalline silicon core fibers,” Optical Materials Express 7, 2055 – 2061 (2017).

2. Laser post-processing to zone recrystallize / repurify and create in-fiber structures and tapers.

Example 1: Si

▪ High speed translational annealing: establish 
melt zone, translate fiber.

▪ Nucleation suppressed, single crystalline over 
entire length and preferential segregation of 
impurities.

▪ Loss reduction, now routinely  0.1 dB/cm.
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▪ e.g., eutectic Si-Au system
▪ Draw homogeneous mixture in eutectic region, spatially

post-process below melting point of either end-member, 

and then transition (L + S) field to solidify desired phase.

▪ Facilities low temperature fabrication, less contamination, 

AND better zone refinement / recrystallization.

Gen 3: Eutectic molten core…

▪ Gen 3 (2018)… Eutectic systems

T. Sørgård, et al., “Broadband infrared and THz transmitting silicon core optical fiber,” Optical Materials Express 10, 2491 – 2499 (2020); T. Sørgård, et al., “All-optical high-speed modulation 
of THz transmission through silicon core optical fibers,” Optics Express 29, 3543 – 3552 (2021).

▪ Employed for high-speed all-optical modulation of 
broadband THz signals within a SCF with low levels of gold. 

Tm
Si

TMCM
SiO2

TMCM
Si:Au
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▪ Heterogeneous as-drawn fiber but with 
Si / GaSb phases co-aligned.

Gen 3: Eutectic molten core…

▪ Gen 3 (2018)… Eutectic systems

▪ e.g., Si and III-V core: GaSb as solvent ▪ Laser post-processing…

S. Song, et al., “Crystalline GaSb-core optical fibers with room-temperature photoluminescence,” Optical Materials Express 8, 1435 – 1440 (2018). 28 of 38



Gen 0
(2008)

Gen 1
(2011)

Gen 2
(2016)

Gen 3
(2018)

The role of phase diagrams… becoming more appreciated
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Gen 4
(2022…)
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▪ How did we get here? 

▪ Where’s here?

▪ No. No. No. Maybe. OK. Boom. Whoa. 

▪ What’s next?!?!



▪ Gen 4 (now!)
▪ Established that the molten core is 

limited to phases exhibiting low / no 

vapor pressure at the melting point... 

The Future … doing the impossible…

▪ But…
▪ Volatility depends on temperature, which 

can be greatly reduced using the now-

established flux approaches!

O. Pelevin, M. Milvidky, and B. Zherdev, “Phase diagram of the quasi-binary system GaAs-Sn,” Izvest Akad Nauk SSSR Neorg. Materialy 8, 446 (1972).
M. Panish “Ternary condensed phase systems of gallium and arsenic with Group lB elements,” Journal of the Electrochemical Society 114, 516 (1967). 32 of 38



▪ E.g., GaAs core optical fiber!

▪ Tm = 1245C… but very high VP…

▪ Use fluxes to reduce liquidus and apply 

MCM below where volatility is problematic.

T. Zaengle, U. J. Gibson, T. W. Hawkins, C. McMillen, B. Ghimire, A. M. Rao, and J. Ballato, “A novel route to fibers with incongruent and volatile crystalline semiconductor cores: GaAs,” 
ACS Photonics 9, 1058 – 1064 (2022).

▪ Gen 4 (2022)… Volatile and incongruent melting cores, e.g., GaAs.
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Gen 4: Flux molten core…
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▪ Gen 4 (2022)… Volatile and incongruent melting cores, e.g., GaAs.

1. Laser annealing and segregation. 2. Scalable: 100 m of the as-drawn, DURAN® 

glass-clad, crystalline 30GaAs-70Sn core fiber.

Gen 4: Flux molten core…

Supplementary Data to: T. Zaengle, U. J. Gibson, T. W. Hawkins, C. McMillen, B. Ghimire, A. M. Rao, and J. Ballato, “A novel route to fibers with incongruent and volatile crystalline 
semiconductor cores: GaAs,” ACS Photonics 9, 1058 – 1064 (2022).
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Conclusions… for now!

▪ The molten core method has opened the 
periodic table to advanced and multi-
functional fibers. 

▪ Commercially scalable; all sorts of fun, useful, 
and novel glass and crystal science!

▪ Only process that yields amorphous and 
crystalline core fibers (depending on material 
family) over long lengths at practical speeds.

▪ Employed globally (77 countries to-date) for 
the study and use of a wide range of novel in-
fiber photonic and opto-electronic devices.
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Collaborators and $ponsors
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Thank You !!

John Ballato
jballat@clemson.edu

mailto:jballat@clemson.edu

