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About the Fiber Modelling and
FabricationTechnical Group

Our technical group focuses on all aspects related to the Fiber Design,
Modelling, Fabrication, and Applications of fibers.

Our mission is to connect the 900+ members of our community through
technical events, webinars, networking events, and social media.

Our past activities have included:
Webinars, Campfire sessions, poster session at CLEO US, Special Talk at
FIO US, and Networking event at NLO Hawaii.




Connect with our Technical Group

Join our online community to stay up to date on our group’s activities. You also
can share your ideas for technical group events or let us know if you’re
interested in presenting your research.

Ways to connect with us:
* Qur website at https://www.osa.org/FF
* On LinkedIn at https://www.linkedin.com/groups/8302193/
* On Facebook at
https://www.facebook.com/groups/OSAfibermodelingandfabrication/
* Email us at TGactivities@osa.org or contact group chair at deepakjain9060@gmail.com
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Today’s Speaker

Prof. Heike Ebendorff-Heidepriem
Deputy Director of the Institute for Photonics
and Advanced Sensing, University of
Adelaide, Australia

Short Bio:

Ph.D. degree in chemistry from the University of Jena, Germany, in 1994. During 2001-2004, she was
with the Optoelectronics Research Centre at the University of Southampton, U.K. Since 2005, she has
been with the University of Adelaide, Australia.

Research Interests: Novel optical glasses, specialty optical fibers, hybrid glasses and fibers, surface
functionalization and sensing approaches.

Director of the Adelaide University Optofab Hub of the Australian National Fabrication Facility (ANFF)
and Senior Investigator of the ARC Centre of Excellence for Nanoscale BioPhotonics (CNBP).

Recipient of Weyl International Glass Science Award and prestigious Marie-Curie Fellowship.



Soft Glass Fibres:
Properties, Fabrication, and Applications
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Australian National Fabrication Facility (ANFF) — Optofab Adelaide

OSA Webinar, 13 May 2021

OSA Webinar May 2021: Soft Glasses and Fibres

KX THE UNIVERSITY

o ADELAIDE

B IPAS

> Institute for Photonics
and Advanced Sensing

1 of 39



XYY THE UNIVERSITY
of ADELAIDE

Outline [ E=
€ g 24 E| ok ervamesen Siabily ::)o  nemciosto oad slen
i B [ b IPAS
. g g 27 @@ o’. Institute for Photonics
1. Glass types and properties Y o ey & and Advanced Seasing
22)0 3'00 460 ::0.0n":o:nmr;n' e::o 1:2:-, , u;oo n‘oo

therm. [ mach. [ corrosion stability ————»

“——— IR transmission

Glass Preform Fibre
Bulk — Macroscopic - Nano/Micro

2. Fabrication technologies | Structure Structure
- dehydration
- nanocrystal doping S
- preform k
1 laser l
3. Applications microwave W
. - objective "
: oana, ||
tube lens

OSA Webinar May 2021: Soft Glasses and Fibres 2 of 39



Outline

2. Fabrication technologies S Structure

- dehydration

- nanocrystal doping

- preform

3. Applications

THE UNIVERSITY
of ADELAIDE

T T e Aucode
284 %0y relurte
Iﬂ e e
€ ; 24 < high crystallization stabiity Zio}mmm
«hi sarth WAL La-Alaicete
i - o‘o IPAS
£ %20 Pb-GeO; . :
g g [1e0: [Pooeo:] ’. Institute for Photonics
[Pes0: ] [5a] “  and Advanced Sensing
151 [fwor |
200 30 400 500 600 700 00 90 1000 1100
glass transition P Tg(*C)

therm. [ mach. [ corrosion stability ————»

“——— IR transmission

Glass Preform Fibre
Bulk — Macroscopic - Nano/Micro

|
l laser l
microwave
antenna
= objective
> ° ,
. —an pLE
L2ha, 2
tube lens

OSA Webinar May 2021: Soft Glasses and Fibres 3 of 39



Glass Composition

Network Former Cation

ﬁ Network Former Anion N 0 F
. Al S P Ar
Sc| Ti| V [CriMnFelColNi|CulZnGa r
I Y MC TC RURth Ag Cd II'I 1 I x oxide vs chalcogenide'
Hf|Ta|W|RelOs| Ir |Pt|AuHg| TP Bi BBALRA| sc0.ve As:se:
Rf|Db|Sg|BhHs|Mthur oy telluritetellaride &

La Ce|Pr [NdPmSmEUKad| ThDy|Ho|Er [TmYb|tu

Ac|Th|Pa| U [NplPulAmCmBk |Cf |Es|FmMd|No|Lr | 2ctive (luminescent) )

rare earth ions

Silica (Quartz glass): SiO,

used for the majority of fibres

superior thermal, mechanical and

corrosion stability
low refractive index

transmission window (0.2-2.1um)

o

Multicomponent Glasses

= oxide (B,O3, Al,O3, Ga,03, SiO,, GeO,, P,0Os5, TeO,)
fluoride (ZrF4, InF3)

chalcogenide (As,S3, As,Ses, GeSy)

soft glasses (heavy metal oxide, fluoride, chalcogenide)
wide range of properties (index, transmission)
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high
nonlinearity,

e.g. broadband
supercontinuum

optical noninearity — >

Glass Properties

@ chalc: chalcogenide
fluor: fluoride
2.8 - TeO,: tellurite
chalc /" heavy metal oxide glasses N\ Pb'G,eOZ: Iead-ggrmanate
- low temp processing Pb-SiO,: lead-silicate

> 24 - - high crystallization stability B-SiO,: borosilicate and silicate
'8 ' - high rare earth solubility SAL: La-Al-silicate
'é - high index: 1.6 / 2.0 SiO,: silica
S 2.0 TeO; (| pb-GeO,
£
2 @ Pb-SiO,

fluor

-
(6]
]

in the mid-IR

y, SAL .
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B-SiO;

SiO;

high
power

high power laser / 200 300 / 400 500

new sensing
concepts

| | | | |
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. glass transition temperature Tg (°C) ———>
easy processin
/ yP g therm. / mech. / corrosion stability ———>

melting temperature —
mid-IR transmission | <—— |R transmission

H. Ebendorff-Heidepriem, ECOC, London, Sep2013
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Glass Fabrication Techniques

Technique Application area Features Examples IPAS

Institute for Photonics
and Advanced Sensing

most widely used window panes,

- I . ny sh nd siz
melt quenChmg used at Optofab Adelaide any shape and size household and lab glass ware
chem/p_h ys. vapour high purity applications limited thickness silica fibre preforms
deposition
nanonarticle sinterin hiah purity apolications some thickness limitation silica fibre preforms
P 9 gh purity app more flexibility than deposition 3D printed items
sol-qel low temperature processing limited thickness glass coating
9 unusual glass compositions - films nanoparticle fabrication
1. > 2. > 3. > 4,
batching = mixture of | | heating of raw materials || casting into mould annealing and slow
powdered crystalline within crucible to form into a shape cooling to room temp.
raw materials - fusion of raw materials

= liquid formation

Annealing Furnace

w

Preheated
Mould

Crucible
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Fabrication 2 Loss, Properties

B 1PAS
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chemical/physical vapour deposition

= silica

= ultra-low loss: 0.0002dB/m at 1.5um (close to theoretical loss)
BUT only few compounds available (Si, Ge, B, P)

=> limitation in glass composition = properties

melt-quench technique
» multicomponent glasses

» higher losses: 0.1-10 dB/m, depending on solid raw material purity
(4-7 order of magnitude higher than theoretical loss)

= lower losses only via in-house purification
BUT raw materials can be easily mixed in any proportion
= huge range of glass compositions = property tailoring
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Glass Melting

Y3 THE UNIVERSITY

mJofADE LAIDE
ambient atmosphere controlled atmosphere
. : e.g. furnace in or attached to glovebox o“ ”_),AS -
* easy, cheap —>ideal for testing > iusiute for Phatonics
new ideas: « dry atmosphere = low OH content in glass e
»>when OH content in glass does » reducing or oxidising conditions
not matter, e.g. applications in —> control of redox state of polyvalent ions
the visible lass t Ited in glovebox at IPAS
> air atmosphere (N,/O,) ? taTls };pfe: ge ez Ig : lc\:jveoox : '
sufficient for redox state, e.qg. eliurite. 1€, = 2nt = Nay
oxide glasses without HMOs * germanate: GeO, - PbO — Ga;0; - Na,0
« ZBLAN: ZrF, - BaF, — LaF; - AlF; - NaF
* InF; glass: InF; — ZnF, - SrF, - BaF,
germanate glass doped tellurite glass fluoride glasses:
ZrF4- and InFs-based
1'20 i %
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Tellurite Glass Dehydration

Impact of melting conditions on OH peak

melting conditions
- temperature

- time

- number of swirls
- with/without lid

1000 S
- - )
E o .2
o) 5 =
T 800 T =

o =2

@ - o
o v £
600 =

S T

= O

Y

400 - §, o)

k7

200

0
2.0 25

open air

dry air

3.0 3.5

=(1) open air/ 9000C / 30g / 1.0h / 2x swirl
~==(2) dry air /9000C /50g /0.5h / 1x swirl
=(3) dry air /9000C / 30g /0.5h / 1x swirl
===(4) dry air /9000C /50g / 0.5h / 3x swirl
=(5) dry air /9000C / 30g / 1.0h / 2x swirl
(6) dry air /8500C /50g/1.0h/no lid
=(7) dry air /9000C / 50g / 2.0h / 3x swirl
——(8) dry air /8500C /50qg /2.0h / no lid
=(9) dry air /9000C / 50g / 2.0h / 9x swirl
(10) dry air / 8500C / 50g / 5.0h / no lid

4.0 45 5.0 55
wavelength (um)

H. Ebendorff-Heidepriem, et al., Opt. Mater. Express 2, 432 (2012)

6.0
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Review of tellurite
glasses purification
issues for mid-IR optical
fiber applications

F. Desevedavy, et al.,
J. Am. Cer. Soc. 103, 4017 (2020)
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Lead-Germanate Glass: Gas Type and Amount ADELAIDE
-> Dehydration
Gas type Gas amount 15% O, B IPAS
O2,Ny, Ar: dry [ 1.6;4;10; 16 L/min 75% N, nstitute :::e';h;:::ii;;
N,*: ultra-dry | ~10 vol% 10% N,* '
O, super-dry | 4 mol% Na,O as NaNO; A
90% O,
10% N,*
100% O, 20% 0,4 0% O,
0% N, 80% N, 100% N,
L A A
100 (b))
80
€
g 60 -
3
S 404
XL
o <
20
0

2

Gas type

0, O,*N, 024'-N* 02+N2+N* N, N+O*

Pengfei Wang, et al., "Development of low-loss lead-germanate glass for mid-infrared fiber optics”, Part | and I, J. Am. Cer. Soc. 104, 833 and 860 (2021)

OSA Webinar May 2021: Soft Glasses and Fibres

11 of 39



Lead-Germanate Glass:

Gas type Gas amount
O,,N,, Ar: dry [ 1.6;4;10; 16 L/min N,, Ar:
N,*: ultra-dry | ~10 vol%
O,*: super-dry | 4 mol% Na,O as NaNO; O,:
Gas flow rate (L/min)
160 119 1 15
1(a)
140 1
__ 120+
s 100] "N o
g | e o,
o 804 @ Ar
3 Linear (N,)
T 60- N,, Ar
o g
40-
. y=100.88x+3.1694
20 R*=0.9961
0 Ll % Ll Ll v, 1
0.0 0.2 0.4 0.6 0.8

Square root of 1/(gas flow rate),

water'pressure
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Gas Type and Amount
- Dehydration
. ‘o Ilnl:ijttffor Photonics

phyS|Ca| |y d |SSO|Ved ' and Advanced Sensing

chemically dissolved

=>» facilitates H,O dissolution:
Pb2* + 0.5 O, + H,O - Pb* + 2 OH-

100

(b)
s0-
60:
40:
20:
0 | .

o: 02+Nz 02+N* 02""N2+N* Nz N{"O’r
Gas type

OH loss (dB/m)

Pengfei Wang, et al., "Development of low-loss lead-germanate glass for mid-infrared fiber optics”, Part | and I, J. Am. Cer. Soc. 104, 833 and 860 (2021)
OSA Webinar May 2021: Soft Glasses and Fibres 12 of 39
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Challenges of doping nanocrystals (NCs) into glass melit ofADELAIDE
Balancing NC LiYF,:Yb,Er in TZN tellurite glass b5 IPAS
dispersion and dissolution ™ tnsitute for Photonics

and Advanced Sensing

through doping

. dissolution
temperature and time
comparison of luminescence of 10 . :
\ np _ _ dispersion
3 min hypersensitive Er3* in NC powder and in glass
= NC doped glass shows features of both 30 3D confocal
=> NC size reduced from 70nm to 50nm upconversion
microscopy
N 2 >0 > |
_ arge volume
5 min 4&—”\ _CL'YF‘*:Yb’ErNCS M imaged
R 70
3 M (P1: NCs-doped TZ
°J{’q? N : : ~
= o = 90
\ ) S ) : P2: NCs-doped TZN
2o 2 o ® ° ’ — e e . -
10min =~ -+ .. - o Q <
Acaar N o P3: NCs-doped TZ 110
: D BR300 [Tt T
) o o
< s (Er3+-doped TZN ) 130
- 510 540 600 630 660
at 577°C Wavelength (nm) 150
J. Zhao, et al., Adv. Opt. Mater. 4, 1507 (2016) MM
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Fibre Types o/ ADELAIDE

Drawing
b : IPAS

o
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solid core solid core hollow core

Preform step-index microstructured microstructured

=

B Thickness Gauge
Folymer coating \Fibre
die e

".-’

| Polymer curing
! oven

G. Preform Fabrication (10-20mm diameter) macroscopic)

Tzs’:ggf 2. Drawing of Preform into Fibre (120-300um)  microscopic
Speed
comrol{}_“()
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Preform Fabrication Techniques

casting (step-index, microstructured fibres)

stacking (microstructured fibres)

drilling (microstructured fibres)

extrusion (microstructured fibres)

= 3D printing (microstructured fibres)

OSA Webinar May 2021: Soft Glasses and Fibres

T THE UNIVERSITY

o ADELAIDE

B IPAS

»’ Institute for Photonics
and Advanced Sensing

15 of 39



core/clad preform
rotational casting
fluoride; tellurite

-\\ A O\‘l

\ AN

| SAN Ny
@-i‘,::?" NG 1%

NG | A
\ YA |77
ZR \.‘r*\j |2z

ng ylass Upsotting Jacheting tube

Y. Ohishi, J. Lightwave Tech. 2, 593 (1984)
A. Mori, J. Cer. Soc. Jpn. 116, 1040 (2008)

core/clad preform
built-in casting
HMO: Zn-Ba-tellurite

Q..

preheated
brass mould

hole

/ on plate

(@ (b) (c)

H. Shi, Opt. Mat. Expr. 6, 3967 (2016)

Casting

= directly step-index preform via rotational or built-in

= rods and tubes for preform assemblies;

- rod-in-tube for core/clad prefo

- stacking for microstructured fibres

THE UNIVERSITY
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’) ~ " Institute for Photonics
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- special-shaped rod for microstructured fibres

microstructured preform
casting and assembly
HMO: Zn-Bi-Li-tellurite

DR g

@ ol
.

A

M. Liao, Opt. Expr. 18, 9089 (2010)

OSA Webinar May 2021: Soft Glasses and Fibres
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» surface treatment (smooth,
no contamination)

* low viscosity
= |imited structures
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Stacking
ilica Tube . . s [PAS
Capillary ::::*::: - eStabIIShed methOd for SI|IC8 y ‘. Institute for Photon.ics
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advantage: very complex structure, many large holes

few soft glass fibres demonstrated
(b) -

challenges: - labour-intensive, skilled operator
- scratching of soft glass capillaries = loss
- additional step of making capillaries (cf. extrusion, drilling)

(c)

Jacketed Cane

(d) -10 mm

Y. Wang, High Power Laser
Science and Engineering 1, 17 (2013)

A. Kosolapov,
Nat. Photon. 19, 133 (2015) Opt. Mater. 35, 1587 (2013) Opt. Express 19, 25723 (2011)

OSA Webinar May 2021: Soft Glasses and Fibres 17 of 39
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Drilling ADELAIDE
= well suited for silica (robust, fire-polishes well during drawing) B 1PAS
= few examples for soft glass (fragile, less degree of fire-polishing) < and Advanced Sening
tellurite: TeO,-Zn0O-Na,0O adh\_’a: tages: " . h "
preform igh geometric precision (shape, position)

fibre

S2o R

challenges:
* limited hole size and shape, and preform length
» rough surface

=

chalcogenide: As,0;

=
e
2
o

N lossat2.1uym _

oA material: 0.1dB/m @ Lo ! lossatioum:

4 MOE: 1.9dB/m S y AT - material: 0.1dB/m
2o0um @ | 20 S Y O MOF: 0.35-0.7dB/m
P. McNamara, J. Non-Cryst. Sol. 355, 1461 (2009) M. EI-Amraoui, Opt. Expr. 18, 265 (2010)
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= otonics
e L‘."iensing

advantages
pressure
n - 0 (p epegs .
broad range of polymers and glasses (100-1000°C) « flexibilities in tubes for
= almost unlimited range of structures rod-in-tube preform assemblies
= = = small features (0.2mm holes, webs) —> nanoscale cores and holes
o o
< Tk = = |arge aspect ratios (20/0.5)
(®]
glass || < iro. ichi i i
b = fire-polishing during extrusion challenge
die = use of 3D printed dies = die> preform deformations
| - new die designs - new preform structures
C. Kalnins, et al., J. Appl. Glass Science 10, 172 (2019) H. Ebendorff-Heidepriem, Opt. Letters 33, 2861 (2008)
H. Ebendorff-Heidepriem, et al., Opt. Mater. Express 4, 1494 (2014) Y. Ruan, Opt. Express 18, 26018 (2008)
H. Ebendorff-Heidepriem, et al., Opt. Mater. Express 2, 304 (2012) W. Zhang, Opt. Express 19, 21135 (2011)
H. Ebendorff-Heidepriem, et al., Opt. Express 15, 15086 (2007) G. Tsiminis, Opt. Express 24, 5911 (2016)
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die
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fibre
( A \
preform preform 5 mBar 14 mBar

S

=

=

2

fibre
A

0 mbar 35 mbar 40 mbar 45 mbar \ o
... | E
c

Q

(o)

O

o

©

£

o

R. Gattass, Opt. Express 24, 25697 (2016) A. Ventura, Opt. Express 28, 16542 (2020)

J. Hayashi, ICTON conference (2020)
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Extrusion — high temperature

Preform #1

Preform #2

D. Litzkendorf, Opt. Mat. Express 11, 142 (2021)

SiO,-Al,03-La,O5 glass
high temperatures: T,=860°C, extrusion=1000°C

Nicrofer as die material
ambient atmosphere as for HMO glasses
suspended core as model geometry to study core surface

Cane #1

/ N
e A | g——
‘ \ \/
'I ‘ | e
! /
\ /
.“ ‘/ \/
J
) ,

loss at 1.2um
material; 2-5 dB/m
MOF: 50-90 dB/m

Jacket #1 Fiber #1
ppriaaregy Preform #1
J"/ “.‘\ N
| ® :' — \/
‘.‘\\ ,'/"'
Jacket #2 Fiber #2

K¥J THE UNIVERSITY
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and Advanced Sensing

Letbniz 1pht ()

LEIBNIZ-INSTITUT fur
PHOTONISCHE TECHNOLOGIEN

surface crystallization !!

Preform #2

Cane #2
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chalcogenide

Extrusion — multi-glass structures
horizontally stacked billets o

» large core/clad ratio
= limited length of consistent core/clad ratio
» interface quality depends on billet endface quality

S. Savage, J. Non-Cryst. Sol. 354, 3418 (2008)

Die(stainless steel)

Tube(carbon)

Punch(stainiess steel)

core/clad preform: fluoride

L}
g
o
e . &
8 : &
= 5 f
= 9
) £ o
2 = F
‘_@ : g S o--- Clad diameter
) - L.
E g 2F ~——e— Core diameter
” 3
[5) = F
A ]
- 'n.l--A.]..‘l..A
3 % 700 200 300 400
[+

core/clad fibre: 0.01dB/m at 2.5um  C—

Y

K. Itoh, J. Non-Cryst. Sol. 167, 122 (1994)
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1D MOF preform: lead-silicate

applied high
pressure

\{ e - heating

eement .
fibre

extrusion
die

high-index

preform with coaxial &)
! COre

muitiiple nngs

10pm
X. Feng, Appl. Phys. Lett. 87, 081110 (2005)
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Extrusion — multi-glass structures
concentrically assembled billets

chalcogenide

K¥J| THE UNIVERSITY
L)) o ADELAIDE

&/

s IPAS
0:. Institute for Photonics

and Advanced Sensing

core/clad/jacket preform core/clad/clad preform

(b) Experimental

» :
B -l - peel-of extrusion
—
4 -> removal of oxidized surface layer

core cladding core+ jacket extrusion
cladding billet

(c) Multimaterial preform coextrusion

. P— ——1
l piston
sleeve E
&
billet
; 10 mm
extrusion schematic extruded rod drawn preform

<1dB/m at 7.4-9.7um

fibre

G. Tao, Opt. Letters 39, 4009 (2014) K. Jiao, Opt. Express 27, 2036 (2019)
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Preform Fabrication Techniques: 3D printing
B 1PAS

. ’. Institute for Photonics
method and results challenge: and Advanced Sensing
» Te-As-Se glass = porosity due to incomplete
= filament: 3mm diameter rods of 0.5m length fusion of the layers = loss
= adapted commercial polymer printer opportunity:
= glass Tg — 137°C, nozzle — 300°C, build plate — 140°C " structures that cannot be

made in any other way

» loss: before printing 8dB/m, after printing 28dB/m

J. Carcreff, et al., Opt. Express 11, 198 (2020)
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Lead-Germanate Glass: Extrusion and Drawing

20% O,
80% N,

0% 0, 20% O, 100-90% O,
100% N, 80% N, 0-10% N,
—_ I
Melting atmosphere and conditions
S0- S0- SO- P5- N10- P5- N10-
A2- A2- A2- B2- A3- B2- C2-
Heat treatment conditions N4 ON¢4 04 04 04 \(])42 241
as for extrusion 0
H 20% 100% 100% 100% 90% 90%
and drawing None o o, o) o o, o,
100% 80% . ~10% ~10%
Temperature . N, N, None None None N, N,
and time Atmosphere N N N 5% 10% 5% 10%
one o€ | O ] pbCl, | NaCl | PbCL | NaCl
-o | (| | | D558
B | SR | e | A N | ,
465°C . ‘ ~_ o™ '
s e | O DD
100%N; m , < ) r , F\_
L \\J | | 4 g.J L J
— Qe arLen
h_J M| | § |
518°C o ™ h - A
(l h) 80% N:*.U Yoy \ . tacgf
| . / ___‘\J | - j \ A
L1l il
o - o L,_.l k! a4 4

O, — high amount (>50%) during melting necessary to avoid metallic Pb nanoparticles

Pengfei Wang, et al., "Development of low-loss lead-germanate glass for mid-infrared fiber optics”, Part I, J. Am. Cer. Soc. 104, 860 (2021)

90% O,
10% N,*

4 4
—

EOE
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Lead-Germanate Glass: Fibre Loss - minimum

all fibres drawin in 90% N,, 10% O, b IPAS

¢ for Photonics

0‘50 vanced Sensing
: () ——F3
- | 0.45 ——F4
l ' ]
— ’A
I
EE: :g 0.40 -
T 2
2 | 2
(@) | (o] 0.35 |
- I -
l I
l 0.30-
w | |
01— — 25—
900 1100 1300 1500/ 1700 1100 1200 1300 1400 500 ! 1600
/
Wavelength (nm) ," Wavelength (nm), J
| 4 / II
. . preform postanneal in ambient » !
0.3 dB/m — lowest minimum loss - surface crystallization during drawing !
preform postanneal in 100% N,

for lead-germanate glass
P. Wang, et al., "Development of low-loss lead-germanate glass for mid-infrared fiber optics”, Part Il, J. Am. Cer. Soc. 104, 860 (2021) - smooth fibre surface
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Lead-Germanate Glass: Fibre Loss - OH ADELAIDE
melting atmosphere: OH loss at 3.1um A . . S
7 0'50 ¢ for Photonics
g (a) — F1 I (b) —_— F3 vanced Sensing
6 - " I —
. i I 0451 r
__ 51 s— 13 L
E —F /| IE 0.40-
g 4 - ambient: 1220 dB/m | g '
w | o
g 3- [ & 0.354
e ] ;=
2 I
NaCl ] 100% O,: 290 dB/m I 0.30 -
90% O, {X | e,
10% N,* | 24 dB/m; 27 dB/m |
0 T v T v T v T v T —_— 0.25 ’ T X T . T ¥ T %
9200 1100 1300 1500 1700 1100 1200 1300 1400 1500 1600

Wavelength (nm) Wavelength (nm)
* melting atmosphere is most important:  extrusion: O, atmosphere is recommended
O, rich atmosphere to avoid metallic Pb - drawing: N, rich atmosphere to avoid surface oxidation
ultradry gas via recirculation

P. Wang, et al., "Development of low-loss lead-germanate glass for mid-infrared fiber optics”, Part I, J. Am. Cer. Soc. 104, 860 (2021)
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Outline i® =il
f = B (-
I = p: IPAS
. g g e @E ’. Institute for Photonics
1. Glass types and properties Y o ey & and Advanced Seasing

therm. [ mach. [ corrosion stability ————»

“——— IR transmission

Preform Fibre
Macroscopic - Nano/Micro

2. Fabrication technologies Structure Structure

- dehydration

- nanocrystal doping S

- preform k
l laser l
X n = objective J

: oana, ||
tube lens
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Application areas
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e.g. broadband
supercontinuum

optical noninearity — >
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refractive index ———
N
o
|

LAt

chalc f heavy metal oxide Iasses\

- low temp processing

- high crystallization stability
- high rare earth solubility

- high index: 1.6 / 2.0

TeO; (| ppb-GeO,

chalc: chalcogenide

fluor: fluoride

TeO.,: tellurite

Pb-GeO,: lead-germanate
Pb-SiO,: lead-silicate

B-SiO,: borosilicate and silicate
SAL: La-Al-silicate

SiO,: silica

-
(&)}
|

Pb-SiO,
| B-SiO,

SAL
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high
power

in the mid-IR

high power laser /

/\flljiI

200 300

| T T
/ 400 500 600

new sensing

/ easy processing

concepts

therm. / mech. / corrosion stability ———

T
800 900 1000 1100
glass transition temperature Tg (°C) ——>

high power laser
in the near-IR

high durability

melting temperature —>

| mid-IR transmission | <—— IR transmission
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Application areas

@ chalc: chalcogenide
fluor: fluoride
28 TeO,: tellurite . ‘ s [PAS
chalc /heav metal oxide glasses \ Pb-GfaOZ.' Iead-ggrmanate >» Institute for Pholon'ics
hiah 2 % - low temp processing Pb-sloz.‘ lead-.s‘l//cate ) and Advanced Sensing
. g . & © 24 - high crystallization stability B-SiO,: borosilicate and silicate
HORiROakIty: e B - high rare earth solubility SAL: La-Al-silicate
e.g. broadband 'g 'é - high index: 1.6 / 2.0 SiO,: silica
supercontinuum | € 5 5 A TeO i}
3 8 Pb-GeO,
s @ -
g = U N Pb-SiO, SAL g
4 fluor B-SiO, high
- T T | T T T T | | T
h'?r:‘t';":":iz'_?;er 00 300 / 400 500 600 700 800 900 1000 1100 high power laser
glass transition temperature Tg (°C) ——> in the near-IR
easy processing . B - —
new sensing / therm. / mech. / corrosion stability ——— | high durability
Sl melting temperature —>

| mid-IR transmission | <—— IR transmission

supercontinuum generation

» demonstrated for huge range of soft glass fibres

= index variation, fibre structure - dispersion control
= transmission window beyond silica - UV, mid-IR
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in the mid-IR

high power laser / 200 300/

new sensing
concepts

/ easy processing

|
400

| T T | | |
500 600 700 800 900 1000

glass transition temperature Tg (°C) ——>
therm. / mech. / corrosion stability ——
melting temperature —>

| mid-IR transmission | <—— IR transmission

1100

@ chalc: chalcogenide
fluor: fluoride
o
28 ToOs tellrts B IPAS
chalc / heavy metal oxide glasses \ Pb-GgOz.' Iead-ggrmanate ) Institute for l’hoton'lcs
- low temp processing Pb-SiO,: lead-silicate and Advanced Sensing
3 2.4 - - high crystallization stability B-SiO,: borosilicate and silicate
'2 - high rare earth solubility SAL: La-Al-silicate
°© - high index: 1.6 / 2.0 SiO,: silica
2
£ 201 =
g
(=
£ { N Pb-Si0, SAL g
i high
1.5 fluor B-SiO, -
/ m power
T I T

high power laser
in the near-IR

high durability

mid-IR fibre lasers

» dominated by fluoride step-index fibres (commercially available)
= high power, compact, robust: germanate step-index fibres

= other examples: tellurite, nanocrystal-in-glass, ...

= chalcogenide: challenging

mid-IR high power delivery
= recent trend: hollow core fibres
(chalcogenide, tellurite)
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high power laser
in the mid-IR e 300/
easy processing
new sensing /
concepts

|
400

T T T T | |
500 600 700 800 900 1000

glass transition temperature Tg (°C) ——>
therm. / mech. / corrosion stability ——
melting temperature —>

| mid-IR transmission | <—— IR transmission

new sensing and imaging concepts
" easy processing
» nanocrystal doping = new properties

Examples:

1100

@ chalc: chalcogenide
fluor: fluoride ‘
o
2.8 TeO,: tellurite 5 lP AS
chalc /" heavy metal oxide Iasses\ Pb-GeO,: lead-germanate » Institute for Photonics
: 2 - low temp processing Pb-SiO,: lead-silicate and Advanced Sensing
I"Ilgh - 'E > 2.4 - high crystallization stability B-SiO,: borosilicate and silicate
HORiROakIty: e B - high rare earth solubility SAL: La-Al-silicate
e.g. broadband 'g 'é - high index: 1.6 / 2.0 SiO,: silica
supercontinuum | € £ 5 Pb-GeO,
T ©
L &
gt U N Pb-SiO, SAL g
i high
1.5 - fluor B-SiO, -
/ m power
T T T

high power laser
in the near-IR

high durability

» magnetic field sensing

" in-vivo temperature sensing

= prototyping
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Magnetic Field Sensitive Fibre: First Results # RMIT

UNIVERSITY

w7 THE UNIVERSITY OF
-

BY. MELBOURNE B 1PAS

Institute for Photonics
and Advanced Sensing

by embedding NV:Diamond in fibre

magnetic sensitive fibre

Tellurite Glass:
- visible transmission = NV excitation and emission

- low temperature (600-900°C) - diamond survival

side pumping

| 1aser | longitudinal collection

microwave
antenna j//]
°

objective
NV:diamond + glass melt = NV:diamond T ibe IE
nanoparticlge embedded in glass
T — . |sensitivity 1 pTl\/Hzl

g

- 1
3. Experimental data Fitted data :
© e OmT —() M
0% . et —(I)SInT :
£ o omi —25mT |
Z * 37m7 w37 mT :
= e $0.96 4 1
S year — S Prate
. optimi . °
of diamong Ptimizatiop 8
SuerVa’ ® 0.84
) and ’OW ﬁbre | E
M. Henderson, et al., Advanced Mater. 23, 2806 (2011) X Oss g

H. Ebendorff-H., et al., Opt. Mater. Express 4, 2608 (2014) . _ , o
Y. Ruan, et al., Opt. Mater. Express 5, 73 (2015) ‘

o
o]
N

2.7 2.8 2.9 3.0
Y. Ruan, et al., Sci. Rep. 8, 1268 (2018) Microwave frequency (GHz)
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Magnetic Field Sensitive Fibre: Enhanced Sensitivity 4 RMIT

Nano-diamond

in Volume of Tellurite

Nanodiamond

doped Rod
. - © . © <
. ° L
R G
LI ° oA .
° © ° .

Fibre

" 2Q im ..

(a)

Excitation C
3\

Micro-diamond

‘ at Interface of Silicate

Y. Ruan, Sci. Rep. 8, 1268 (2018)

Microdiamond

doped Cane

' T——— |
(_)j”J 04 06 08
Million counts per second

# s
z .

Excitation § | Fluorescence collection
20 cm
. 2 A & n . B Fluorescence collection
. . e

Magnet = [\ MW

A

v

50 cm
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20x higher sensitivity !

due to Micro-diamond
and Localisation

Exprimental data
Lorentzian fit

Normalized PL intensity (a.u.)

W
| sensitivity 0.65 pT/VHz

275 280 285 290 295
Mircrowave frequency (GHz)

3.00

Dongbi Bai, APL Materials (2020)
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in-vivo Temperature Sensor (1) /ADELAIDE
Temperature-sensitive P IPAS
Er** fluorescence f\ B> it Tront

excited via upconversion @giass Requirements

Dip coating

" ypconversion emission
- transmission Vis-NIR
9 IOW phonon energy Immcrsc 10 secs Cool and
- high Yb:Er concentration '? remove
= silica fibre dip coating , [ |
- low melt temperature | “ |
Rare Earth doped molten glass

Optical fibres

500

—
510

T
520

——
530

540
Wavelength (nm)

—
550

]
560

* high rare earth solubility

e U E. Schartner, et al., Sensors 14, 21693 (2014)

Tellurite glass: TeO, — ZnO — Na,0 - La,0,
» transmission 350nm — 4 ym 1al(atlin
/"; ,{i{. M

* low melting temperature of 700-900°C

' 4 o
b l

4 l
L~ ! * ‘

M. Oermann, et al., Opt. Express 17, 15578 (2009)
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in-vivo Temperature Sensor (2) ADELAIDE

Calibration Brain imaging + sensing B IPAS
0.40 - 8
| O Fluorescence Ratio ’ Institute for Photonics
Linear Fit and Advanced Sensing
0.39 O
] 1 e
© 038+ E. Schartner, et al., g bl EnERERET—o
5 | Sensors 14, 21693 (2014) & & -
w 0.37 4 g (on
2 g .= 5
3 ® o 454
2 0.36 g
= 1 = <
= 035 - sensitivity of 0.0046 K-’ _ 5 0
- over 27-39 °C, : 5
034 no hysteresis s = 3 35
. g 9
033 T v T T v T v T v T bl T N T N I N ! 3 %
296 298 300 302 304 306 308 310 312 314 - © 230
24 - :
Reference Temperature (K) 20 =
: ggllig e
Brain Temperature “3___.| § 0 10 2 50 @
L . @ Time (mins)
\
_/:/__________\\
S. Musolino, et al., Biomed. 4i130pni:>

high index of tellurite
- enhanced backreflection
=» enhanced OCT signal

Opt. Express 7, 3069 (2016)

— |

Jiawen Li, et al., Optics Letters (2018)
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New Sensing and Imaging Fibre Concepts ofADELAIDE
using lead-silicate glass

evanescent field based sensing

.9&

* detection limit: single nanoparticle
» selectivity and specificity via surface functionalisation

$: IPAS

Institute for Photonics
and Advanced Sensing

multi-core imaging

J. Zhao, et al., Nature Nanotech. 8, 729 (2013) ex osed core fibre conce t . _
S. Warren-Smith, et al., Langmuir 27, 11 (2011) p p 0'72“m core-core

E. Schartner, et al., Nanoscale 4, 7448 (2012) * 50% glass fill factor
« 2500 pixels in 125 ym OD fibre possible
S. Warren-Smith, et al., Optics Express 26, 33604 (2018)
S. Warren-Smith, et al., Optics Express 17, 18533 (2009)

Y. Ruan, et al., Opt. Express 16, 18514 (2008)

* easy access to the core
« distributed sensing




Conclusions 550,

B IPAS

%~ Institute for Photonics
and Advanced Sensing

Soft Glass Highlights \1

» |arge variety in composition
—> properties (refractive index, transmission window)

» range of preform fabrication techniques

=» range of fibre structures - fibre property tailoring

.

Real-world applications

challenges:- high purity - low loss
- reproducible loss and structure

Rapid Prototyping
of New Fibre Concepts
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