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Fiber lasers and amplifiers

High power Fiber Lasers

Material processing, ...

Yb3+ - 1 µm
Tm3+ - 2 µm

Fiber Amplifiers

Telecoms

Er3+

1.5 µm

Rare-earth ions
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Er3+ fluorescence

« Spectroscopic properties of rare earths in optical materials », Liu & Jacquier (2005)
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Nanostructured optical fibers

silica

Luminescent ions

in the nanoparticles
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Rayleigh scattering
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Four requirements:

i) the particle size must be less than ~15 nm

ii) the distance between particles must be

comparable to the particle size

iii) the size distribution must be narrow

iv) the particles must not cluster together

And lower refractive index difference

P. Tick, Opt. Lett. (1998)
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Nanoparticles-doped fibers used as sensors

Refractive Index

Strain → 3D-shape

Opt. Lett. (2018), BioMed. Opt. Express (2019), Opt. Express (2019), J. Lightwave Technol. (2019) 

Temperature

Daniele Tosi, Carlo Molardi
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Outline

 Preparation of nanoparticles-doped fibers

 LaF3:Tm3+ doped fiber

 Mg2+ and Er3+ doped fiber
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MCVD – solution doping step

 

LaF3:Tm3+

Porous layer - SiO2-GeO2

M. Vermillac et al., Opt. Mat. (2017)
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Collapsing stage

preform
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Drawing stage
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Nanoparticles in optical fiber

M. Vermillac et al., Opt. Mat. (2017)
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X-ray nanotomography

M. Vermillac et al., Opt. Mat. (2018)

Core of a LaF3:Tm-based fiber

Daniel Borschneck
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FIB/SEM tomography of fiber core
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M. Vermillac et al., J. Am. Ceram. Soc. (2017)Martiane Cabie
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Deformation of a drop under shear flow 

J. Li & Y. Renardy, SIAM Rev. (2000)

Surface tension 

Ca=
viscous forces
surface tension

=
ηR ϵ̇
γ

Flow
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Deformation of a drop under shear flow 

Ca > CaC Breakup of the drop

J. Li & Y. Renardy, SIAM Rev. (2000)
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Nanoparticles in optical fiber

M. Vermillac et al., Opt. Mat. (2017)
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Thermal treatments
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F. Georgi

[La]measured = 1 at.% → [F]expected = 3 at.% 
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LaF3  La→ 2Si2O7 

LaF
3
: 4 at% Tm3+

SiO
2

P. R. Diamente et al., Adv. Funct. Mater. (2007)
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Zeiss NanoFab – Secondary Ion Mass Spectrometer (SIMS)

He+ probe size 0.5 nm
Ne+ probe size 1.9 nm

SIMS

Chemical composition: 
Spatial resolution < 15 nm 
with a 20 keV Neon beam

Particles ejected:
● Electrons
● Positive and negative secondary 

ions (SIs)
● Small molecular fragments and 

clusters
● Neutral species

Ne+
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Chemical composition of nanoparticles

28Si+139La+
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Chemical composition of nanoparticles

28Si+139La+[La] vs size
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Er, Mg-doped optical fiber

• Porous layer  :       

SiO2 + P2O5 + GeO2

• MgCl
2
 + ErCl

3
 (ethanol)
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Alkaline earth ions phase separation

SiO2 – MO (M=Mg, Ca, Sr) phase diagram
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Nanoparticles in optical fiber

[Mg]sol. = 0.1 mol/l Ømean: 50 nm

SEM

TEM SAED
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W. Blanc et al., J. Am. Ceram. Soc. (2011)
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Er3+ fluorescence vs Mg concentration

F. D'Acapito et al., J. of Non-Cryst. Solids (2014)
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Particles composition by nanosims 50

Mg-0.1

Mg-1

ErMgPSi

1 µm

1 µm

W. Blanc et al., Optical Materials Express (2012)

 Spatial resolution: 60 nm

 Exact composition unknown
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Atom Probe Tomography (APT)

Position-sensitive
Single-ion detector

Flight time
signal

Specimen
(cooled)

High voltage
(d.c.)

Field
evaporated
ions

z        x     y

Pulsed laser
(355 nm, 250 kHz)

Start time (t1) Stop time (t2)
m/n  (t2-t1)2
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5µm

Atom Probe Tomography

Tip prepared 
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Si O Mg
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W. Blanc et al., J. Phys. Chem. C (accepted)



         W. Blanc (INPHYNI, Nice, France) | Atelier Thermodynamique des verres, Bagnols-Sur-Cèze |  11 Octobre 2019

Transverse profile of nanoparticles

 Enrichment for P and Mg

 Clear uptake in Er

W. Blanc et al., J. Phys. Chem. C (accepted)
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Composition vs Radius

W. Blanc et al., J. Phys. Chem. C (accepted)
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Molecular dynamics simulations

0.89SiO2-0.10MgO-0.01ErO3/2

SiO2

MgO

ErO
3/2

Stéphane Chaussedent W. Blanc et al., J. Phys. Chem. C (accepted)
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Er3+ environment

NP volume

V (nm3)

Er3+ coordination:

O Si Mg Er

0.1<V<0.5 6.3 6.9 1.9 0.2

0.5<V<7 6.6 6.7 3.3 0.3

7<V<28 6.7 6.5 4.2 0.5

First shell Second shell

W. Blanc et al., J. Phys. Chem. C (accepted)
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Er3+ fluorescence vs Mg concentration

F. D'Acapito et al., J. of Non-Cryst. Solids (2014)

Er

Mg
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Classical Nucleation Theory (CNT) vs. Spinodal decomposition
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Composition vs Radius

MD Mulholland & DN Seidman, Acta Materialia (2011)

Cu in steel

JWP Schmelzer, J. Non-Cryst. Solids (2008)

CNT

La+

SIMS
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Conclusion

● Nanoparticles method allows to taylor RE luminescent properties

● APT and NanoSIMS allow to measure composition at nm-scale

● Nanoparticles composition depends on their sizes

→ Luminescence refractive index vs. size ?

→ Growth path: from amorphous to crystal
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