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Abstract

Microstructured optical fibers (MOFs), and specifically suspended-core optical fibers
based on chalcogenide glasses, have been studied intensively due to their great potential
for applications to nonlinear optical devices. However, the chalcogenide glasses which
have been widely used for microstructured optical fiber, such as As2 S3 and As2 Se3 ,
contain highly toxic arsenic. Moreover, the fabrication of chalcogenide MOFs with
required geometries remains a challenge, especially with suspended-core fibers which
have small cores and even thinner supporting structure.
The thesis starts with a review of MOFs based on different guidance mechanisms, as
well as an introduction of supercontinuum generation based on MOFs. Recent research
interests in MOFs has focused on fabricating MOFs based on infrared glasses, such as
fluoride glasses, tellurite glasses, and chalcognide glasses, to expand the applications into
the infrared especially the mid-infrared range. The applications of these infrared glasses
in MOFs are reviewed, and the Ge28 Sb12 Se60 atom.% chalcogenide glass was selected
from these candidates to fabricate MOF in this thesis, due to its thermal stability and the
potential of being drawn into optical fibers. To manufacture MOFs, many methods have
been developed during the last decades, and a review of these fabrication technologies is
given. However, the fragility and relatively poor mechanical proprieties of Ge28 Sb12 Se60
chalcogenide glass require the conventional stack-and-draw method to be improved.
The main innovation presented in this thesis is the demonstration, based on thorough
analysis, that Ge28 Sb12 Se60 glass can be drawn into MOFs without obvious crystallization, and a suspended-core structure can be achieved. This opens the opportunity for
applications such as supercontinuum generation and wire array metamaterials fibers for
the mid-infrared region, with this arsenic-free and commercially available chalcogenide
glass.
This significant result is built upon the following important novel contributions.

The material properties, particularly the thermal properties and optical properties of the
Ge28 Sb12 Se60 glass, are firstly studied, and then the criteria for drawing optical fiber
with this glass has been worked out based on these properties. The surface tension
of Ge28 Sb12 Se60 glass is measured, then the effects of the surface tension, as well as
the introduced pressure in MOFs drawing process are simulated based on two models.
To verify these models, experiments of drawing Ge28 Sb12 Se60 glass single hole tube
and three-holes microstructured cane with stack-and-draw method are performed. A
normalized air fraction is introduced to facilitate the application of simulations to draw
suspended-core fibers, and particularly identified a target normalized air fraction for
successful drawing. Different geometries of Ge28 Sb12 Se60 glass suspended-core fibers
are successfully fabricated based on the prediction of simulations, and supercontinuum
generation in the MIR region is modeled with the obtained fibers. Furthermore, the
compatibility of Ge28 Sb12 Se60 glass with metal tin is tested, which lays the foundation
for fabricating fiber-drawn MIR metamaterials based on Ge28 Sb12 Se60 glass.
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NIR - Near infrared
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DSC - Differential scanning calorimetry
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Aeff: Effective area
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A0: Cross section area of the preform excluding the air fraction
b: The peak temperature position
c: Curve distribution parameter
C: Effective capacitance per unit length
cp: Heat capacity
cl: The speed of light in vacuum
dcore: The diameter of the core
D: Drawing ratio
Dg: Group velocity dispersion
dtube: Inner diameter of the tube
d: Wall thickness
Dz: The macroscopic displacement field
E: Electric field
G: The gravitational acceleration
h1L: Inner diameter of the fiber
h2L: Outer diameter of the fiber
h10: Inner diameter of the preform
h20: Outer diameter of the preform
H: Magnetic field
I: The intensity of light
Iz: The current in the wires
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jω: angular frequency of the plane wave
Jz: The macroscopic polarization current
kt: Thermal conductivity
k: Wave constant
Lc: The total net coupling loss
Leff: The effective length
LFR: The total Fresnel reflection loss of both ends
Li: The total insertion loss
L: length of the hot zone
Lm: The loss due to the mode mismatch
Lossf: The loss due to the Fresnel reflection
Lossm: The loss due to the material absorption
Losst: The taotal loss
Lp: The propagation loss
Ls: The total scattering loss at the both ends
l: The length of the neck-down region
m: The mass
𝑚̇in: Mass flow rate into the hot zone
𝑚̇out: Mass flow rate out the hot zone
ncl: Refractive indx of the cladding
nco: Refractive index of the core
neff: Effactive index
nl: The linear refractive index
nnl: The nonlinear refractive index
nnumber: The number of the tubes
n: refractive index
pa: Ambient pressure
ph: Hole pressure
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Pin: The input power
Pout: The output power
P: Polarization
p: Pressure
q: The velocity of the molten glass
r*: The effective radius of the fiber
R(t): The nonlinear response function
R: The radius of the outer boundaries of the preform
r: The radius of the outer boundaries of the fiber
Rf: The reflectivity
Ta: Ambient temperature
Tc: Glass crystallization temperature
Tg: Glass transition temperature
Tm: Glass melting temperature
T: Temperature
t: Time
Ud: Drawing speed
Uf: Feeding speed
U(z; t): The electric field envelope
α: Coefficient of attenuation
αL: Final geometry of the fiber
α(ω): The frequency-dependent fiber loss
βk: The dispersion coefficients at the center frequency
β: Propagation constant
γ:Surface tension
δ(t): The instantaneous electron response
εh: The permittivity of the host medium
ε0: Permittivity of vacuum

xvii
ζ: Mass conserved parameter
θ: The angle between the incident light at the propagating direction and the
normal of propagation interface
λ: Wavelength
V: Dynamic velocity
μ0: Leading order axial fluid velocity
μ: Viscosity
η: Stefan-Boltzmann constant
ρ0: The ratio of the inner and the outer radii of the preform
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Chapter 1
Introduction
1.1

Background
Microstructured optical fibers based on chalcogenide glasses have attracted much

interest, because of their great potential in the area of nonlinear optical devices working in
the MIR region. One specific kind of microstructured optical fibers are the suspended-core
fibers, which have small suspended cores supported by thin strands. The small central core
structure provides tight confinement of light, and high nonlinearity [1]. Combined with
chalcogenide glasses, which have high transmission in the infrared region up to 20 µm,
depending on the composition (nothe the cut-off long wavelength depends on pathlength),
and large nonlinearity (1000 times that of silica) [2], suspended-core fibers have been
used to realize cascaded Raman shifts [3], highly efficient four-wave mixing [4] and
especially to generate supercontinuum in the mid-infrared region [5, 6]. One of the most
important advantages of suspended-core fiber to be used for generating supercontinuum is
that it can shift the zero-dispersion wavelength to lower values, permitting pumping by a
commercially available laser source [7,8]. To achieve this, a suitable geometry with small
suspended-core size and thin bridges is required. Conventional fabrication methods such
as extrusion [9], ultrasonic drilling [10], casting [11], or stack-and-draw [12] have been
used to produce suspended-core fiber preforms. Normally, pressurization is introduced
in the final step of the fiber drawing process to expand hole sizes and reduce bridge
thicknesses. Inevitably, a certain amount of empirical ‘trial and error’ is necessary to
determine the amount of required pressurization. However, the high cost and limited
availability of the chalcogenide glasses provides strong motivation to investigate the
dynamics of the viscous glass during the drawing process before starting fabrication.
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1.2

Research Objectives
The aims of the project are to:
i. Conduct studies of the materials properties of the Ge28 Sb12 Se60 atom.% (at. %)
chalcognenide glass, including the thermal properties and the optical properties, to
assess the possibility of drawing this glass into optical fibers;

ii. Applying the Fitt’s asymptotic simulations and the Stokes’ mathematical model to
analyze the effects of surface tension and pressurization in the optical fiber drawing
process, based on the material properties of the Ge28 Sb12 Se60 at.% chalcognenide
glass;
iii. Fabrication of Ge28 Sb12 Se60 at.% chalcognenide glass microstructured optical
fibers with required geometries, with the help of the Fitt’s and Stokes’ theoretical
models;
iv. Simulations of supercontinuum generation in the MIR region based on the parameters of the fabricated Ge28 Sb12 Se60 at.% chalcognenide glass microstructured
optical fibers;
v. Assessment of the possibility of some other optical applications with Ge28 Sb12 Se60
at.% chalcognenide glass microstructured optical fibers, such as fabrication of wirearray metamaterials fibers, for subdiffraction imaging in the MIR region.

1.3

Thesis organization
This thesis is organized as follows:
• Chapter 2: This chapter starts from the review of the progress with microstructured
optical fibers and their applications. The mechanism of supercontinuum generation
is introduced, followed by a review of some widely used infrared glasses.
• Chapter 3: This chapter is a review of the methodologies for fabricating microstructured optical fibers in stage, according to the flow of the manufacturing process from
preparing glass rod, to the final fiber drawing process.
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• Chapter 4: In this chapter, the material properties including the thermal properties
and the optical properties of the Ge28 Sb12 Se60 at.% chalcognenide glass are studied.
Specifically, the crystallization mechanism of the Ge28 Sb12 Se60 at.% chalcognenide
glass is investigated theoretically and experimentally.
• Chapter 5: In this chapter, two theoretical models – Fitts asymptotic model
and Stokes mathematical model – are used to study the effects of pressurization
and surface tension. A normalized air fraction is defined to predict the suitable
introduced pressurization in the fiber drawing process, to obtain MOFs with
required structure.
• Chapter 6: This chapter describes the fabrication of the Ge28 Sb12 Se60 at.%
chalcognenide glass micostructured optical fibers step-by-step, with the help of the
theoretical models, and the quality of the fabricated optical fibers is assessed. The
optical properties of the drawn fibers are measured by the cut-back method.
• Chapter 7: In this chapter, two potential optical applications in the MIR region
based on the fabricated Ge28 Sb12 Se60 at.% glass MOFs are presented: supercontinuum generation and wire-array metamaterials. Simulations of supercontinuum
generation in the MIR region based on the fabricated Ge28 Sb12 Se60 at.% chalcognenide glass suspended-core fibers are performed. In addition, the mathematical
model of wire-array metamaterials is described briefly, and some initial experiments
exploring the possibility to co-draw the Ge28 Sb12 Se60 at.% glass with selected
metal into fiber dimensions are presented.
• Chapter 8: This chapters includes the concluding remarks and the main achievements demonstrated in this thesis, as well as a discussion of the possible directions
to continue and improve this study in the future.
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Chapter 2
Microstructured optical fibers
This Chapter is a review of the progress of the Microstructured optical fibers (MOFs)
and their applications. To introduce MOFs clearly, they are divided into hollow-core
MOFs (HC-MOFs) and solid-core MOFs (SC-MOFs), based on their structures, and
they are further classified depended on their light guiding mechanisms. MOFs have
been widely used in nonlinear optical applications, due to some unique properties that
conventional fibers cannot offer. The physics of some nonlinear effects in MOFs are
introduced, to provide the link between theory and practical structures of MOFs for
nonlinear applications. Combining with infrared (IR) glasses, MOFs have gained much
interest in optical applications at the IR range, so the commonly used IR glasses in MOFs
are reviewed.

2.1

Introduction of microstructured optical fibers
The first MOF was fabricated successfully by J.C.Knight in 1996, when he demon-

strated to extend the two-dimensional photonic crystal into a three-dimensional structure,
by introducing air holes arranged in a hexagonal pattern to the silica fiber [13]. The
support of only a single mode in the MOF also opens oportunities such as to study
the nonlinear optical processes. Since than, MOFs have attracted lots of attention, and
they have been developed with different structures for specific applications, including
gas sensor [14, 15], atom and particle guidance [16, 17], and supercontinuum generation
[6, 18–22]. Generally speaking, microstructured optical fibers can be classified into two
categories based on their structures: HC-MOFs and SC-MOFs, and these categories can
be further subdivided based on their light guidance mechanisms.
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2.1.1

Hollow-core microstructured optical fibers (HC-MOFs)

To understand the guidance mechanism of the HC-MOFs, and compared to the
standard optical fibers, a simplest, ray model of a conventional fiber can be used as a
start. The light propagating mechanism is determined by the propagation constant β ,
which is the wave vector component along the waveguide. In the waveguide
β = kn cos θ

(2.1)

where k is the vacuum wave constant, θ is the angle between the incident light at the
propagating direction and the normal of propagation interface, n is the refractive index of
the waveguide material. If β < kn, light will propagate with angle of θ , while light will
be evanescent if β > kn, and in this case θ is imaginary [23]. Conventional optical fibers
guide light by the total internal reflection (TIR) effect [24], where the refractive index n1
of the core is larger than the cladding (n2 ), so there will be a range of β only if the angle
θ is larger than the critical angle of θc , thus light will propagate in the core while being
evanescent in the cladding, as shown in Fig. 2.1 [25].

Figure 2.1 : Schematic diagram of Total Intern Reflection, where black rays are the incident light
with the incident angle θ larger than the critical angle θc , and the red or yellow rays are the incident
light with a critical angle or smaller than the critical angle [25].

However, the HC-MOFs have a different light guidance mechanism. By careful design
of the structure, the periodic wavelength-scale lattice in the HC-MOFs can prevent the
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leakage of light in the transverse direction, by the photonic bandgap or the anti-resonant
effect, to realize light propagation in the air hole along the fiber, even though the refractive
index of air is less than the surrounding materials [16, 26–30]. This guiding light in a
low refractive index region idea was firstly proposed by P.Yeh in 1978, with a form of
one dimensional Bragg fiber, which has a multiannulus cladding with higher refractive
index than the core [31]. The concept was then extended into a two dimensional photonic
crystal fiber structure in 1992 by Russell [32], and Cregan et al. demonstrated the first
practical HC-MOFs in 1999, in which he identified the photonic bandgap in two regimes –
Frustrated tunnelling photonic bandgap guidance and Bragg photonic bandgap guidance,
as shown in Fig. 2.2 [23].
(a)

(b)

Figure 2.2 : Schematic of the photonic bandgap regimes: (a) Frustrated tunnelling guidance, (b)
Bragg photonic bandgap guidance [23].

Compared to the conventional fibers, HC-MOFs can guide more than 99.8% of the
light in air [33]. In the optical fibers, information is carried by the light, and light has
the highest transmitted speed in the vacuum, so MOFs can be used as ultimate lowlatency waveguide. Furthermore, due to the effect of the material’s absorption during
the propagation, MOFs can provide much lower nonlinearity than conventional all-solid
fibers, which makes them a potential medium in high-capacity optical communication
systems [33–35]. Nowadays, there are two kinds of hollow-core optical fibers: bandgap
guiding hollow-core fibers, including Bragg fibers and photonic bandgap fibers, and the
anti-resonant fibers, also known as ARROW guiding fibers. Fig. 2.3 shows the typical
schematic cross-section structure of these fibers.
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(a)

(b)

(c)

Figure 2.3 : Schematic cross-section image of hollow-core fibers: (a) one dimensional Bragg
fiber [30], (b) photonic bandgap fiber [36], and (c) anti-resonant fiber [37].

(a) Bandgap guiding hollow-core fibers (BG-HCFs)
The light can be guided in the air core of the photonic bandgap fiber because the
wavelength-scale photonic crystal structures have the ‘stop bands’ where the incident
light is reflected by these bands. For the materials with photonic bandgap, these ‘stop
bands’ can prevent the propagation of light in every direction, and suppress the optical
vibrations within the range of the photonic bandgap. Therefore, the light can be trapped
in a hollow-core by the holey photonic crystal cladding of the bandgap guiding hollowcore fibers [16]. This can be realized by introducing a defect at the core of fiber, through
removing several capillaries in the center of the fiber cross-section. Thus it is very
important to find out what is the best lattice and core defect arrangement to generate
wide bandgaps in BG-HCFs to support air-guided modes. Early theoretical studies of
BG-HCFs were based on solid-state physics to calculate unit cell’s frequency bands, with
the periodic Bloch boundary conditions as a function of wavevector direction [38–42],
and the conclusion is that the triangular-based BG-HCFs have stronger air guidance than
the honeycomb-based BG-HCFs. These researches are important though they are only
suitable for perfectly symmetric and infinitely extended lattices structures, so they are
not suitable for analyzing the defect modes of the fibers. To overcome these limits and
study the realistic BG-HCFs with core defects and finite periodic lattice structures, some
alternative methods have been applied, such as combining multipole and Bloch methods
to determine the reflective properties of the cladding for the modal calculations [43],
full-vectorial finite-difference scheme method to analyze the modes of photonic bandgap
fibers [44], and finite element method to analyze the leakage loss and group velocity
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dispersion of the wavelength and structural dependence [45]. The general finding in these
studies is that the bandgap broadens with the increases of the air-filling fraction, and the
bandwidth also increases with the air-filling fraction exponentially, while other parameters
of the structure in BG-HCFs, such as the hole diameter or the hole pitch (center-to-center
distance between the holes) have less impact to leakage losses [41, 45].
Based on these theoretical studies, BG-HCFs with different structures have been
designed and fabricated for specific applications. The first application of BG-HCFs was as
a gas sensor, and it was proposed as early as the first BG-HCFs were demonstrated [23].
In 2005, Hoo et al. firstly reported the use of BG-HCFs to measure the gas diffusion
coefficient with absorption spectroscopy [46], and then BG-HCFs have been widely used
for detection different gases, including CO2 , O2 , C2 H2 , CH4 , C2 H6 and NH3 , due to their
highly efficient exploitation of the micro- or nanoliter gas sample volume [47–55].
As well as the gas sensing, BG-HCFs also have been used in other sensing applications. Firstly, the unique feature of BG-HCFs that the fundamental mode travels in
air, makes the BG-HCFs much less susceptible to temperature. This low temperature
dependence property offers potential benefits to interferometric sensing which requires a
stable environment, such as pressure, strain and acoustic field measurement applications
[56–58]. Secondly, BG-HCFs’ hollow-core structure can be filled with liquid or polymers
to modify some properties of the fiber, and to realize some new type sensor. For example,
in 2017, Yan et al. has demonstrated using an elaborated BG-HCFs which was filled
with water to obtain highly sensitive broadband Raman sensing. By filling liquid (the
liquid used here is water) into the central hollow-core of the HC-PCF (Fig. 2.4 (a)), the
refractive index of central water-filled core can be higher than the effective index of the
hollow cladding structure, to achieve step-index guidance in the HC-PCF, which provide
a strong Raman signal enhancements in a broadband spectral range, as shown in Fig. 2.4
(b) [59].
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(a)

(b)
liquid filled core
micro
structured
cladding

Figure 2.4 : (a) Schematic drawing of the BG-HCFs with liquid filled central core, (b) comparison
of the fiber-enhanced Raman spectrum (red) with the conventional Raman spectrum (black) of
20 µm with the excitation wavelength at 532 nm [59].

The fact that the light is guided in air in BG-HCFs also makes them an ideal medium
for delivery of laser beams, especially for continuous wave (CW), nanosecond and subpicosecond laser beams, since they can overcome the limitations of the low damage
threshold of material, and greatly reduce the nonlinearity [60], as well as minimize the
attenuation due to the material absorption [61]. As mentioned above, the light is trapped
in the air core due to the cladding photonic bandgap in the BG-HCFs, so within this
bandgap, the guided modes are localized within the core, however, the attenuation of the
fiber is high outside of the bandgap [62]. It has been pointed that the minimum attenuation
is determined by the scattering loss, which is caused by the imperfections in the fiber
and by coupling to other confined modes. [63–65]. It has been proved that increasing
the central core size is an effective method to reduce the scattering loss [66], which can
be realized by omitting several central capillaries from the ‘stacking structure’ of the
preform. However, the core diameter is found to be approximately equal to a multiple of
the lattice constant of the cladding due to the ‘stack-and-draw’ fabrication method [67],
so normally 3, 7, or 19 capillaries are omitted from the preform, which correspond to
3-cell, 7- cell and 19-cell, respectively. An example of the 3-cell, 7-cell and 19-cell BGHCFs’ scanning electron micrographs as well as their calculated optical properties are
shown in Fig. 2.5 [67], and the key properties of these BG-HCFs are summarized in table
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2.1 [66]. For some applications in industry and medicine which require to deliver narrow
linewidth laser, such as multi-photon microscopy and skin treatment, the BG-HCFs have
shown great potential in these systems. For example, A.Urich demonstrated the delivery
of a high energy pulses up to 14 mJ at 2.94 µm, from an Er:YAG laser source with a 7-cell
silica BG-HCF, which can be used for the minimally-invasive surgical procedures [68],
and the delivery of nanosecond pulses (65 ns pulse width) from a high-repetition-rate (up
to 100 kHz) Q-switched Nd:YAG laser at 1064 nm was realized by a 19-cell BG-HCF,
which has potential use for micromachining of metals [69].

Figure 2.5 : (Top row) Scanning electron micrographs of the 3-cell (left), 7-cell (center) and 19cell BG-HCFs, (middle row) calculated confinement loss of these BG-HCFs, (bottom row) surface
scattering coefficient (F-factor) [67].
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Table 2.1 : Key properties of BG-HCFs with different core cells [66]

Properties

3-cells

7-cells

19-cells

Mode field overlap with glass

2 - 3%

∼ 1%

0.2 - 0.4%

Theoretical minimum loss at 2 µm (dB/km)

15

1.8

0.4

Lowest achieved loss (dB/km)

180 [67]

9.5 [70]

1.2 [71]

Number of air-guided vector modes

1-5

10 - 12

∼40

(b) ARROW guiding hollow-core fiber
BG-HCFs use the photonic bandgap or forbidden gap with a periodic cladding
structure to confine the light in the central air hole, which has a low refractive index,
but this is not the only method to realize trapping of the light in a lower refractive
index region. In 1986, Duguay et al. firstly reported to use antiresonant reflecting
layers to realize low loss propagation on a high index substrate of a one-dimensional slab
waveguide, without using the total internal reflection mechanism [72], which provided an
idea to apply this antiresonant reflection mechanism to hollow-core fibers. The concept
of antiresonant reflection optical waveguide (ARROW) was then used to design the inner
core boundary of hollow-core fibers with different structures. ARROW guiding hollowcore fibers include Kagome fibers, which replace the hexagonal lattice cladding of the
conventional BG-HCF to a Kagome lattice with the repeating units of the ‘Star of David’
[73], and square-lattice hollow-core fibers [74]. These studies then led to a new kind of
hollow-core fiber—negative curvature hollow-core fibers (NC-HCFs). Compared to the
BG-HCFs which have been discussed above, the NC-HCFs have their unique advantages
such as simultaneously possessing broad transmission bandwidth, and high laser damage
threshold. More importantly, in theory it is possible to achieve light guidance at an
arbitrary wavelength through scaling the diameter of the NC-HCFs, to controlling the
thickness of the antiresonant layers [75], so the NC-HCFs have been intensely studied
recently [26–28, 71, 76–78]. Unlike the the bandgap type hollow-core fibers, NC-HCFs
propagate light with a leaky mode, and these fibers exibit spectral regions with a lower
photonic density of states than that of the vacuum [79]. This is the reason why the
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development of the NC-HCFs was much slower before 2010, because it was considered
that this kind of fiber was lossier than BG-HCFs [80, 81]. However, in 2011, Wang et
al. demonstrated a low loss broadband transmission Kagome structure fiber with the
attenuation reduced from 1000 dB/km to 100 dB/km at 1550 nm wavelength, by changing
the circle core shape into hypocycloid [77]. Then Yu et al. further reported a simple
structure with only one ring of capillaries, to achieve a low loss of 34 dB/km at 3.05 µm
wavelength, which has greatly boosted the enthusiasm of the research on the Kagome
structure fibers or NC-HCFs [78].
There are many theoretical models to study the optical effects and the physical
insights in NC-HCFs, including Marcatli and Schmeltzer’s formula [82], density of
states calculation [83], tube lattice fiber model [84], and inhibited coupling analogy [60],
but the ARROW model is considered the easiest way to describe the propagation of
light in NC-HCFs, for the case where the glass layer thickness is much larger than
the wavelength [85]. To understand the main principle of the ARROW waveguide, an
example of two beams with different wavelengths can be used, resonance wavelength and
antiresonance wavelength, propagating in the center core of a waveguide formed by a
low index core (n1 ), surrounded by a high (n2 ) and a low index cladding layers. Here
resonant wavelengths and antiresonant wavelengths are used to represent the wavelength
corresponding to the minimum and maximum of the transmission coefficient of the
spectrum respectively, as shown in Fig. 2.6 [86]. In this model, the high refractive index
layer of the waveguide can be considered as a Fabry-Perot resonator, and light will pass
through the high refractive index layer if its wavelength is close to a resonant wavelength.
However, the light is internally reflected when its wavelength is far away from a resonant
wavelength, i.e., propagating with an antiresonant wavelength, and confined in the low
refractive index air core of the fiber as the guided core mode [87], as shown in Fig. 2.7
[88]. The resonant wavelength λr can be expressed by:
q
2d n22 − n21
λr =
m

(2.2)

and the antiresonant wavelength is:
4d
λa =

q
n22 − n21
2m + 1

(2.3)
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where m is the positive integer beginning with 1, and d is the layer thickness. The
longitudinal wave vector kL and the transverse wave vector kT in the layer can be
approximated by [74]:
q
kL = n1 k0, kT = k0 (n22 − n21 )

(2.4)

where k0 is the the wave vector in air:
k0 = 2π/λ

(2.5)

Figure 2.6 : Schematic of (a) ARROW structure, (b) transmission spectrum of the ARROW
structure [86].

Resonance
Wavelength λr

Antiresonance
Wavelength λa

Resonance condition:

Antiresonance condition:

n2

d

n1

n2

d

Figure 2.7 : Guiding mechanism in the ARROW structure, and the resonant and antiresonant
conditions [88].
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This ARROW guiding mechanism was then applied in the design of the antiresonant
waveguide from an annular core waveguide to the NC-HCFs, to realize light propagation
in the low refractive index air core. An example of the schematic geometry, as well as
the normalized electric field intensity of the fundamental core mode are shown in Fig.
2.8 [74]. For the NC-HCFs, the wall thickness of the tubes, d, the inner diameter of the
tube, dtube , the number of tubes, nnumber , and the diameter of the core, dcore , are related
by [74, 89]
dcore =

(dtube + 2d)
− (dtube + 2d)
sin(π/nnumber )

(b)

(a)
d

(2.6)

dtube

d
dcore

n2
n1
(c)

(d)

Figure 2.8 : Schematic geometry of an annular core waveguide (a) and a NC-HCF (b), as well as
their normalized electric field intensity of the fundamental core mode: (c) and (d) [74].

(c) Comparison of the BG-HCFs and the NC-HCFs
As discussed above, the guiding mechanism of the BG-HCFs are based on the bandgap
or forbidden gap model, which confines the light in the low refractive index central air
core by the surrounding periodic cladding structure. According to the scaling law for a
BG-HCF with a simple circular silica glass rod in air, this kind of fiber typically only
supports one photonic bandgap, and guides the frequencies which satisfy the V parameter
is within the range of 1≤V≤2, and V can be expressed by:
√
2πr n2 − 1
V=
λ

(2.7)
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where r is the radius of the glass rod, n is the glass refractive index. Thus to shift the
operation wavelength while satisfy the V parameter range above, scaling down the entire
microstructure is a practical method to keep the r/λ constant [66]. Meanwhile, it is pointed
out that the main loss of the BG-HCFs is the confinement loss, which can be reduced by
a large number of rings of arrays of air holes [90], so the leakage loss can be reduced for
the BG-HCFs by adding more rings to the bandgap structure [74]. As shown in Table 2.1
above, the transmission loss for BG-HCFs can be down to around 1.2 dB/km at 1620 nm,
while the losses which have been demonstrated in silica NC-HCFs are from 7.7 dB/km to
50 dB/km at the operation wavelength range from 750 nm to 3390 nm [91–95], and until
very recently it is demonstrated to a record of 2 dB/km at 1512 nm [96]. It has been shown
that it is impractical to reduce the loss by simply adding more rings of tubes in NC-HCFs,
as is done in BG-HCFs, due to the interconnecting struts or nodes, and arranging the
antiresonant membranes to realize coherent light reflection in the radial direction is also
difficult [74, 97, 98]. Some possible solutions for this problem such as to have a double
antiresonant structure or a nested structure have been demonstrated recently [98–101], but
these solutions surely increase the difficulty of the fabrication.
However, compared to the BG-HCFs, NC-HCFs can possibly realize lower surface
scattering, and higher damage threshold. This is because in a BG-HCFs, the light
scattering in the bandgap region is constructively confining the light in the defect core,
which make the oscillatory light traps in the glass region [74, 102]. On the contrary, in a
NC-HCF, the antiresonant glass layers can be a ‘mirror’ to reflect the light back into the
central core region, and cancel the outgoing light at the boundary of the core [74]. These
properties are suitable for applications such as micromachining, and surgical procedures.
For example, P.Jaworski presented the delivery of high average power picosecond and
nanosecond pulses at 1030 nm and 1064 nm wavelengths with a single cladding layer of
NC-HCF shown in Fig. 2.9 (a), and transmitted picosecond pulses with average power
above 36 W and energies of 92 µJ through this fiber. More interestingly, the nanosecond
pulses can be also delivered by this NC-HCF for micromachining, and titanium was
marked excellently by the nanosecond pules laser, as shown in Fig. 2.9 (b) [103]. For
the nonlinearity optical applications with the NC-HCFs, an extreme ultraviolet coherent
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pulsed radiation was generated numerically by a tapered Ne-filled NC-HCF, based on
the soliton dispersive wave dynamics. By pumping a pulse 800 nm wavelength, 30 fs
and 10 µJ energy, this tapered NC-HCF allows the up-conversion of the far-ultraviolet
dispersive waves to the extreme-ultraviolet dispersive wave in the 90 - 120 nm region
[104]. To further lower the attenuation and improve the confinement of light in NC-HCF,
a double nested structure of NC-HCF was fabricated successfully by Kosolapove et al.,
realizing a low loss of 75 dB/km at 1850 nm wavelegnth, due to the design of using a
nested capillaries in the reflective cladding, as shown in Fig. 2.10 [105].
(a)

(b)

Figure 2.9 : (a) SEM image of the cross-section of the NC-HCF used for delivering high energy
picosecond and nanosecond pulses, (b) examples of nanosecond marking in titanum: source
bitmaps (left) and machined patterns (right) [103].

Figure 2.10 : Photographs of the fabrication steps of a NC-HCF with nested structures: (a) double
nested capillary preform, (b) assembled preform, (c) intermediate drawn preform. (d) Microscope
image of the NC-HCF with nested structure [105].
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2.1.2

Solid-core fibers

It has been shown that the BG-HCFs can guide the light in the air hole by the photonic
bandgaps, but the very first idea to have a single mode over a broad wavelength range with
the photonic bandgap in the MOFs was using a solid core fiber in 1996. However, people
than realized the holes in that fiber were too small to have a photonic bandgap. Thus the
first ‘PCF’ was actually guiding the light by the midfield total internal reflection. In this
section, solid-core fibers, including suspended-core fibers will be introduced, and similar
to the hollow-core fibers, solid-core fibers, will be also divided into solid-core photonic
bandgap fibers (SC-PBGFs) and solid-core midfield total internal reflection fibers (SCTIRFs), based on their guidance mechanisms.
(a) Solid-core MOFs based on photonic bandgap
The light guidance mechanism of the SC-PBGFs is very similar to the BG-HCFs,
which use the photonic bandgap or forbidden band effect to trap the light in the central
core, except the central core is a solid core, instead of a hollow air core. The first
SC-PBGF was reported by Knight in 1998 [106], and the bandgap effect was realized
by introducing a ‘defect’ into the crystal structure, which is a localized region with
optical properties different from fully periodic structure region, and an extra air hole was
introduced into the center to ensure there is no waveguiding by the total internal reflection.
Compared to the BG-HCFs, SC-PBGFs normally suffer from high material absorption
and large background signal in spectroscopy, due to the light propagates in the solid core.
However, the background signal of the solid core can be effectively used in some specific
applications. For example, in Raman-based sensing and measurements. D.Pristinski
demonstrated a platform with a SC-PBGF for Raman spectroscopy, and showed that
the background Raman signal from the solid silica core can be utilized as an internal
reference by scaling linearly with fiber length and laser power [107]. Besides, SC-PBGFs
are interesting as host for rare earths, and have the potential to build lasers, due to the
possibilities of eliminating the unwanted transition, and realizing short pulsed laser in the
soliton regime [108, 109]. More interestingly, the central solid core of the SC-PBGF can
be a low refractive index region, by filling a high refractive index fluid into the holes,
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as shown in Fig. 2.12. The properties of this SC-PBGF can be modified by changing
the fluid inside the fibers, to realize applications such as spectral filters, delay lines and
tunable non-linear pulse prorogation experiments [110].

Figure 2.11 : Schematic of a fluid-filled SC-PBGF [110].

(b) Solid-core MOFs based on modifield total internal reflection
A two-dimensional photonic crystal can be used as a fiber cladding, and by choosing
a core material with a higher refractive index, the refractive index of the cladding can be
effectively lower than that of the core. In this case, light can be guided through a form
of total internal reflection, which is called modified total internal reflection [111]. One of
the examples of this kind structure is the photonic crystal fiber (PCF), which has a high
index solid core surrounded by a lattice of air holes’ structure. The name of ‘PCF’ comes
from the idea but is correspond for solid-core MOFs. There was discussion as to whether
the first generation of the MOFs would act as a waveguide, because though the average
refractive index was lower outside the central core, which resembles a conventional fiber,
light could still escape from the solid core in the region between the holes [16]. This
was confirmed by the first PCF in 1996, which showed a strong single mode no matter
how short the operating wavelength [13], thus PCFs were accepted as waveguides which
can support a single mode over a broad wavelength range. This intriguing concept of
‘endlessly single-mode’ can be explained by an example of a schematic of a PCF with an
array of holes surrounding the central solid core, which is shown in referenc of [16].
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The array of holes acts as a modal filter or ‘sieve’, which can block the escape of
the fundamental mode, while letting the higher order modes slip across the silica gaps
(between the air holes encircling the core). This is because the field of the fundamental
mode fits into the central core with a single lobe of diameter, and this diameter is larger
than the silica gap, hence the the fundamental mode is confined within the core. However,
for the higher modes the lobe dimensions are smaller then the gaps, so they can slip
through the gaps, as shown in Fig. 2.12 [16]. If a higher mode is required in the PCF,
one can achieve this by careful design of the geometry to have a larger ratio of ‘hole
diameter/hole space’.

Figure 2.12 : The modal sieve of a SC-PBGF: (a) the fundamental model is trapped by the air
holes, (b) and (c) the higher order modes can slip from the gaps of the holes [16].

One of the most important features of the solid-core fibers based on modified internal
reflection is to control the light dispersion within the fiber. In a dispersive medium,
the lights with different frequencies tend to travel with different group velocities, due
to the group velocity dispersion (GVD), also known as chromatic dispersion. This is a
crucial factor for designing telecommunications’ systems, as well as nonlinear optical
experiments [16, 112]. In single mode PCFs, GVD can be controlled as a function of
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wavelength. For the solid-core PCFs, the core is supported by the strands, and when
the holes get larger, the core becomes more and more isolated, until it resembles a
suspended-core connected by the thin webs of glass strands, and the zero dispersion
wavelength (ZDW) can be shifted to a shorter wavelength, due to the compensation of
the waveguide dispersion and the material dispersion. These ‘rod in air’ structures of
solid-core mirostructured optical fibers are known as the suspended-core fibers.
(c) Suspended-core fibers (SCFs)
SCFs are a simple version of the solid-core MOFs, but with the structures between
the conventional solid-core structure, to the extreme condition of ‘rod in air’. The first
SCF was reported by Kiang et al. in 2002 with silicate glass, to produce tight modal
confinement for nonlinearity applications [113], then the SCFs based on tellurite glass
and lead silica glass were demonstrated by Kumar et al. and Petropoulos respectively
[114, 115] in 2003. The motivation for fabricating SCFs was firstly to obtain MOFs with
small core dimensions and high numerical apertures (NAs). Large NA is highly required
for high nonlinear coefficient, because a higher NA can produce a smaller near field rms
(root-mean-square) mode field diameter, which is essential to maximize the nonlinear
coefficient [31, 116]. Here the NA is defined as:
q
NA = (n2co − n2cl )

(2.8)

where nco is the refractive index of the core, and ncl is the effective refractive index of
the cladding, thus a larger air filling factor is needed. This is because the largest NA is
obtained with the lowest ncl . Furthermore, S.Afshar demonstrated experimentally that the
effective nonlinear coefficient in a small core bismuth SCF is even larger than expected,
which agrees with the calculated result by a new vectorially based expression [117].
The second motivation for studying SCFs is to realize a minimum zero dispersion
wavelength in fibers. As discussed above, light tends to disperse in the medium, and
anomalous waveguide dispersion is required to cancel the material dispersion in the short
wavelength region for some nonlinear optical processes. This is because the ZDW of
some material such as chalcogenide glasses can be longer than the wavelength of the
input pulse. In other words, the larger the anomalous waveguide dispersion, the shorter
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ZDW in the system.
Many optical applications, especially nonlinear optical applications, have been
demonstrated by the use of SCFs. For example, nonlinear frequency conversion based
on the degenerate four-wave mixing (FWM) was proposed numerically with an As2 S3
chalcogenide glass SCF by Szpulak et al. [118]. FWM is a nonlinear optical process
where two photons at the pump frequency are converted into signal and idler photons at
the signal frequency and the idler frequency [119]. For instance, an idler wave at 1.3
µm and a signal wave at 4.5 µm can be achieved by pumping at 1.92 µm with this SCF,
when the core diameter is reduced to 2.2 µm. Recently, this study was further confirmed
experimentally with an As2 S5 SCF, which had a geometry with core size of 3.25 µm,
and ZDW at 2.12 µm, as shown in Fig. 2.13 (a) and (b). By pumping at 1.96 µm,
this four-hole SCF generated a signal and idler wave at 1.27 and 4.27 µm respectively,
and detuning frequency of over 80 THz was observed, Fig. 2.13 (c), which indicated
the potential for building a fiber optical parametric oscillator in the mid-infrared range
based on a chalcogenide glass SCF [119]. Another widely studied nonlinear process in
SCF is the stimulated Raman scattering (SRS), which can transfer a portion of power
from one optical field to another, and downshift the frequency by the vibrational modes
of the medium [120]. Cascaded SRS effect can be realized when the Raman gain of
the optical fiber is high and a sufficient pump power is coupled into it. A three-hole
As38 Se62 at.% SCF with the Raman gain coefficient of (1.6 ± 0.5) × 10−11 at 2 µm,
which is approximately 350 times larger than silica fiber, was demonstrated by M.Duhant
in 2011, and a cascaded Raman wavelength shifting up to the fourth order was observed
(Fig 2.14) [3].
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Figure 2.13 : (a) Cross-section image of the As2 S5 SCF, (b) chromatic dispersion curve of the
As2 S5 at.% SCF, (c) experimental observation of FWM with the As2 S5 SCF when pumping at
1.958 µm [119].

Figure 2.14 : Output spectra of the cascaded Raman peaks for different injected peak power in a
AsSe SCF [3].

Supercontinuum is a narrow-band field experience largely continuous spectral broadening in a nonlinear medium. SCFs have great potential to be used for ultra-broad
supercontinuum generation, as they have the capabilities of both high nonlinearity and
tunable dispersion. With the broadband and high brightness of the supercontinuum
spectrum, all sorts of spectroscopy can benefit from it, and measurements that need to
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take hours and involve counting individual photons can be achieved in less than a second
[16]. Using SCF for supercontinuum generation was first demonstrated numerically and
experimentally with a silica SCF by Dong et al. [116] and Fu et al. in 2008 [121], and
the first SCF used for supercontinuum generation and its generated spectra with different
pump power at 1045 nm are shown in Fig. 2.15. After that, a large number of studies were
performed on generating supercontinuum spectra with SCFs aiming to achieve broadband
spectra from the visible to the near-infrared, low input power, and large intensity of the
output spectra [5, 8, 122–129]. SCFs with different holes mumber and geometries are
shown in Fig. 2.16 (a) to (d) [125, 128, 130, 131]. SCFs made of infrared glasses such as
tellurite glass, fluoride glass and chalcogenide glass, show great potential for generating
supercontinuum into the mid-infrared range, and an ultra broad supercontinuum spanning
from 1.7 µm to 11.3 µm was achieved with a tellurium-based chalcogenide SCF, as shown
in Fig. 2.16 (e) [7].

Figure 2.15 : (a) cross section image of the silica SCF used for supercontinuum generation, (b)
supercontinuum generation spectra in the SCF with the different powers at 1045 nm, each curve is
displaced by 20 dB [121].

24

Figure 2.16 : (a) to (d) Cross section images of the SCF with two, three, four, and six holes
[125, 128, 130, 131], (e) experimental supercontinuum spectrum up to the mid-infrared range in
the tellurium-based chalcogenide SCF, pumped with 25 mW power at 5 µm [7].

2.2

Physics of nonlinearity in MOFs
MOFs have been widely used for nonlinear optical applications. In this section, the

basics of nonlinear effects are introduced, based on the approach of Singh et al. [132],
followed by a discussion on fiber dispersion. One of the most important nonlinear
optical applications of MOFs is supercontinuum generation, which is also the main
application of the chalcogenide glass MOFs‘ fabrication in this thesis. Thus the nonlinear
process for generating supercontinuum such as Self-Phase Modulation (SPM), CrossPhase Modulation (CPM) and Four-Wave Mixing (FWM) are also introduced, followed
by a brief description of the mechanism of supercontinuum generation.
2.2.1

Basics of nonlinearity in optical fiber

In optics, the change of refractive index of the material is induced by the optical field.
Based on the type of input signal, the Kerr-nonlinearity shows three different effects,
such as Self-Phase Modulation (SPM), Cross-Phase Modulation (XPM) and Four-Wave
Mixing (FWM). SPM and XPM only affect the phase of signals, which can cause spectral
broadening.
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(a) Polarization in nonlinear medium
For an intense electromagnetic field, any dielectric medium will behave as a nonlinear
medium. The total polarization P induced by electric dipoles will be written as [132]:
P = ε0 χ (1) E + ε0 χ (2) E 2 + ε0 χ (3) E 3 + ...
where ε0 is the permittivity of of vacuum and χ (k) (k=1,2,...)

(2.9)
is the k-th order

susceptibility. The linear susceptibility χ (1) provides the dominant contribution to P,
while χ (2) is responsible for second harmonic generation and sum-frequency generation.
For a medium which has a symmetric molecule structure, such as isotropic silica glass,
χ (2) vanishes (though the electric-quadrupole and magnetic-dipole moments can generate
week second order nonlinear effects). In some circumstances, defects and color centers
inside the fiber core can also contribute to second harmonic generation. Thus, χ (3) is
responsible for the lowest-order nonlinear effects in fibers. For the case of χ (3) effect,
the three fields can interact with each other, and produce a polarization of the material
at the sum and difference frequencies, or at multiples of the input frequencies when the
frequencies of fields are different
(b) Effective susceptibility and effective refractive index
The effective susceptibility χe f f of the medium is defined as [132]:
χe f f =

P
3 χ (3)
= χ (1) +
I
ε0 E
2 cε0 nl

(2.10)

where c is the speed of light, nl is the nonlinear refractive index, and I is the intensity.
Thus the effective refractive index ne f f can be written as:
1

ne f f = (1 + χe f f ) 2

(2.11)

or
ne f f = (1 + χ (1) +

3 χ (3) 1
I) 2
2 cε0 nl

(2.12)

The last term is usually very small, so the equation above for ne f f can be approximated
with Taylor’s series expansion into:
ne f f

3 χ (3)
= nl +
I
4 cε0 n2l

(2.13)
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or
ne f f = nl + nnl I
1

where nl = (1 + χ (1) ) 2 is the linear refractive index, and nnl =

(2.14)
3 χ (3)
4 cε0 n2

is the nonlinear

l

refractive index. Higher order terms are generally not significant, so they are neglected.
(c) Effective transmission length
Understanding the effective transmission length in optical fibers is very important,
because the nonlinear effects depend on transmission length. Generally speaking, the
longer the fiber length, the more the light interaction and greater the nonlinear effect. In
practice, a simple model can be used to understand this effect of nonentities, by assuming
the power is approximately constant after an effective length Le f f [133]. The optical
power at a distance z along the fiber is:
P(z) = Pin exp(−αz)

(2.15)

where Pin is the input power, and α is coefficient of attenuation. For an actual length (L),
the effective length is defined as:
ZL

Pin Le f f =

P(z)dz

(2.16)

z=0

with equation (2.15) and (2.16), the effective length Le f f is obtained:
Le f f =

(1 − exp(−αz))
α

(2.17)

(d) Effective cross-sectional area
The nonlinear effects are related to the intensity in the fiber, and the intensity is
inversely proportional to the area of the field. Because the power is not uniformly
distributed within the cross-section of the fiber, an effective area Ae f f is used, which
is defined as: [132, 133]:
r θ

|F(r, θ ))|2 rdrdθ ]2

r θ

|F(r, θ ))|4 rdrdθ

R R

[

Ae f f = R R

(2.18)

where F(r,θ ) is the cross-sectional electric field distribution of the fundamental mode, r
and θ denote the polar coordinates.
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2.2.2

Fiber nonlinear coefficient

The fiber nonlinearity is normally expressed by the nonlinear parameter γ, which is
defined as [134, 135]:
γ=

2π nnl
λ Ae f f

(2.19)

where λ is the light wavelength. From the equation above, when the wavelength is fixed,
the most practical method to increase the nonlinear parameter γ is to reduce the effective
cross-section area Ae f f , since nnl is dependent on the fiber material. Alternatively, doping
some elements into the material to change the nnl also has been reported [136].
2.2.3

Dispersion

Chromatic dispersion is existent if the propagation constant β of a wave varies
nonlinearly with frequency [134]. Light with different frequencies has different group
velocities due to chromatic dispersion. In practice, the group velocity dispersion is
characterized with a group delay parameter, Dg . Dg is in the unit of [ps/(nm km)], and it
related to β2 and the effective index ne f f with:
2πcβ2
λ d 2 ne f f
Dg = − 2 = −
λ
c dλ 2

(2.20)

In the normal dispersion regime where Dg <0, lights with higher frequencies travel faster
than the lights with lower frequencies, while higher frequencies travel slower than the
lower frequencies in the anomalous dispersion regime (Dg >0). Thus dispersion tends
to separate the spectral components of the input pulses, which reduce the efficiency of
the nonlinear effects. Therefore, it is important to pump close to the zero dispersion
wavelength (ZDW). In addition, pumping close to the ZDW is also important for the
effect of soliton fission, which is introduced later in this chapter. The fiber dispersion is
approximately the mathematical sum of the material dispersion and waveguide dispersion.
The material dispersion depends on the material property, which is related to the rate of
variation of the group index with wavelength, while the waveguide dispersion depends on
the parameters of waveguide, such as the core radius and the index difference between the
core and the cladding. Thus by carefully designing the geometry of MOFs, one can shift
the ZDW from material ZDW to an appropriate wavelength which is close to the input
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laser wavelength. This also allows the intrinsic phase matching condition for parametric
processes for the generation of supercontinuum, as explained in the following section.
2.2.4

Supercontinuum generation

The supercontinuum generation is described as extremely wide spectrum that propagates in a nonlinear medium [134], and is generally due to a combination of nonlinear
and linear effects, such as Self-phase modulation, Cross-phase modulation, Four-wave
mixing, and solitons.
(a) Self-phase modulation (SPM)
In an intensity-dependent refractive index medium, time varying signal intensity
produces a time varying refractive index [132]. This temporally varying index change
leads to a temporally varying phase change. This nonlinear phenomenon responsible is
called self-phase modulation (SPM), because it is self induced. Different parts of the pulse
experience different phase shift due to the intensity dependence of phase fluctuations,
which results in frequency chirping. During the propagation of a pulse, the rising edge
of the pulse undergoes frequency shift to the high frequency side, while the trailing edge
experiences shift in the low frequency side. Hence the the spectrum of the pulse can be
broadened by the SPM [137].
(b) Cross-phase modulation (XPM)
When two or more optical pulses propagate simultaneously, XPM will occur and is
accompanied by SPM, this is because the nonlinear refractive index seen by an pulse
is dependent on both the intensity of the pulse, and the intensity of the other propagating
pulses [138]. XPM may lead to asymmetric spectral broadening and distortion of the pulse
shape [132]. The relationship of effective refractive index ne f f of a nonlinear medium and
the input power pin is [134]:
ne f f = nl + nnl

pin
Ae f f

(2.21)
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(c) Four-wave mixing (FWM)
FWM is a nonlinear process where four photons interact with each other, because
of the third-order nonlinearity χ (3) , and this nonlinear effect gives rise to signals at new
telecom frequencies. FWM strongly dependents on the phase matching conditions, as
well as other conditions such as fiber length and chromatic dispersion.
In general, the number of possible mixing products of frequencies N f is given by
[139]:
1
N f = M 2 (M − 1)
2

(2.22)

where M is the number of frequencies coupled into the fiber. In the case of two photons
with frequencies ω1 and ω2 being converted to two photons with frequencies ω3 and ω4 ,
their relationship due to the conservation of energy and momentum is given by:
ω1 + ω2 = ω3 + ω4

(2.23)

(d) Soliton dynamics
Other than the Kerr nonlinear effects that has been discussed above, there are some
other factors that affect the characteristics of the generated supercontinuum spectrum,
including soliton perturbation, Raman scattering, and dispersive waves, which can be
classed as ‘soliton dynamics’. In optics, a soliton is defined as an optical field which
remains the same during propagation, due to the cancellation of the nonlinear and
dispersive effects in the medium [140]. For supercontinuum generation in optical fibers,
the injected high-power pulse in the anomalous dispersion region is normally related with
a soliton number larger than one, and the initial stage of evolution can be similar to the
evolution of a higher order soliton, which results in spectral broadening and temporal
compression of the initial phase [141]. However, higher-order solitons are unstable and
readily tend to ‘decay’ or ‘break up’ into a series of lower amplitude sub-pulses, which
is called soliton fission. This is mainly caused by the Raman scattering, and higher-order
dispersion.
Besides, to generate additional bandwidth beyond the initial broadening phase of the
injected pulse, there are two effects in addition to the soliton fission. First, when a soliton
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is propagating close to the ZDW, it can transfer part of its energy to the normal group
velocity dispersion regime, and generate the ‘dispersive wave’. This is another reason why
for pumping close to the ZDW region to generate a surpercontinuum. Second, solitons
may experience a continuous displacement to a longer wavelengths, due to the ’soliton
self-frequency shift’. This is because the Raman gain is overlapped by the bandwidths of
the individual solitons [141].
(e) Modulation instability
In many nonlinear optical systems, the interplay between the effects of dispersion and
nonlinearity leads to an instability, which results in a modulation of the steady state. This
phenomenon is know as ‘modulation instability’ [142]. For optical fibers, modulation
instability usually happens in the anomalous dispersion regime, and reveals itself as a
break up of the continuous wave or quasi-continuous wave radiation into a train of ultra
short pulses. The widths of those pulses vary over a wide range because of inherent
noise [143].
For supercontinuum generation, modulation instability can generate extremely broad
spectra, and this effect can be enhanced in the vicinity of the ZDW [144]. Thus pumping
close to the ZDW is required for efficiently broadening the spectra. Specifically, when
inputting pulses with picosecond-nanosecond duration, or in the case of pumping with
continuous wave, the spectra broadening mechanism is dominated by the modulation
instability/Four-wave mixing processes [141].
(f) Simulating the supercontinuum
The propagation of an optical beam along a dispersion-managed medium can be
characterized by the nonlinear Schrödinger equation (NLSE). To simulate the supercontinuum, a generalized NLSE with higher order dispersion effects, and intrapulse Raman
scattering can be used, and such equation is given by [134]:



Z +t
0
0 2
0
∂U
ik βk ∂ kU α(ω)
i ∂
−i ∑
+
U = iγ 1 +
U(z,t)
R(t ) U(z,t − t ) dt
k
∂z
2
ω0 ∂t
−∞
k≥2 k! ∂ τ
(2.24)
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where βk are the dispersion coefficients at the center frequency, and α(ω) is the
frequency-dependent fiber loss, U(z,t) is the electric field envelope. R(t) is the nonlinear
response function, and is given by [135]:
R(t) = (1 − fR )δ (t) + fR h(t)

(2.25)

where the δ (t) is the instantaneous electron response, which is responsible for the Kerr
effect. h(t) is the delayed ionic response due to the Raman scattering, and the fR is
the fractional contribution of the delayed Raman response, because of the nonlinear
polarization. This equation can be solved numerically by the method of ‘split-step
Fourier’, with the software Matlab [134]. In this thesis, the simulations of supercontinuum
spectra are performed by D.D.Hudson (Macquarie University) with the parameters of the
fabricated chalcogenide glass MOFs.

2.3

Infrared glasses in microstructured optical fibers
Infrared (IR) light is electromagnetic radiation with wavelength from the upper edge

of visible light at around 700 nm, to around 1 mm [145, 146], and it can be further
divided into three ranges based on the wavelength: the near-infrared (NIR, 0.78 µm
to 3 µm), the mid-infrared (MIR, 3 µm to 50 µm), and the far-infrared (FIR, 50 µm
to 1 mm) [145]. Recently, IR especially MIR has attracted more and more interests,
because it covers many fundamental molecules’ characteristic vibrational bands, as well
as the two important atmospheric transmission windows (3-5 µm and 8-13 µm) [147].
Thus researchers are trying to expand many optical applications from visible into the
MIR range, such as fluorescence microscopy [148], optical coherence tomography and
spectroscopy [141, 149], optical biopsy in-vivo [150], and supercontinuum generation
[19, 20, 151–155]. However, conventional MOFs are made out of silica glass, which
has high material absorption beyond 2 µm [156]. Thus several non-silica materials that
transmit light into the MIR, i.e. IR glasses, have been developed for manufacturing
MOFs. Generally speaking, these IR glasses can be divided into three groups based
on their key elements: heavy-metal oxides glasses (including tellurite glasses and leadgermanate glasses), fluoride glasses (including ZBLAN glass and fluoroindate glass), and
chalcogenide glasses [145]. A summary of important properties for optical applications
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of these selected IR glasses is shown in Table 2.2 [145, 157–161]. In this section, heavymetal oxide glasses, fluoride glasses and chalcogenide glasses are introduced.
Table 2.2 : Optical properties of several fiber materials [145, 157–161]

Silica

tellurite

fluoride

As2 Se3 ChG

TR /(µm)

0.2-2.1

0.4-5.5

0.3-8.0

1.0-15

nl at 1.55µm

1.46

2.03

1.49

2.9

nnl (×10−20 m2 /W )

2.5

20-50

2-3

1500

RGC at 1.064 µm (×10−11 cm/W)

0.93

32

1.1

510 (at 1.55 µm)

RS /(cm−1 )

440

650-750

550

240

ZDW /(µm)

1.3

2

1.7

7.5

Note: ChG-chalcogenide glass, TR-transparency range, nl -linear refractive index, nnl -nonlinear
refractive index, RGC-Raman gain coefficient, RS-Raman shift, ZDW-zero dispersion wavelength.
The transmission ranges were obtained by glass samples with thickness of around 1 cm

2.3.1

Heavy-metal oxide glasses

Heavy-metal oxides glasses are the glasses that have network former components with
heavy metals and oxygen, such as TeO2 and GeO2 . Comparing to silica glass, heavymetal oxides glasses have a wide transmission region up to 6 µm, low phonon energies,
and relatively large nonlinearities [145, 162]. Single mode optical fibers based on these
glasses are commercially available now [163].
(a) Tellurite glasses
Tellurite glasses are glasses based on TeO2 , and they were discovered in 1952 by
Stanworth et al. [164]. The optical properties of tellurite glasses were firstly reported in
1994 by Wang et al., in which they demonstrated the first tellurite glass optical fiber [165].
After that, tellurite glass fibers have attracted interest in NIR optical applications, due to
their ability to transmit light into the NIR region, and as a host material for doping with
rare earth ion [166]. tellurite glasses have one order higher nonlinear refractive index
than silica and fluoride glass, thus it is an ideal fiber material for nonlinear processes
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in the 2-5 µm range, such as supercontinuum generation region [167, 168], and Raman
scattering [169].
However, tellurite glasses, like all other oxide glasses, suffer from a strong water
absorption in this 2-5 µm range, see for example the transmittance of a 4-mm thick bulk
tellurite glass sample under dry and romm atmosphere conditions, shown in Fig. 2.17
[123]. This is because of the O-H pollution, which caused by the reaction between the
atmospheric moisture and the glass batch during glass fabrication process. To reduce the
O-H content in tellurite glasses, several methods have been developed, including melting
raw material in a dry atmosphere [170, 171], dehydrating the raw material, and combing
with fluoride or chloride raw materials to reduce the O-H content [172,173]. Furthermore,
Churbanov et al. reported that content of OH-groups in tellurite glasses is proportional
to the square root of water vapor pressure during the melt process, and the longer the
melting time and the higher the melting temperature, the less content of H2 O in the glass,
when glass is under very low external partial pressure of water [170]. Unfortunately, the
tellurite glass may melt itself and undergo unwanted evaporation if the time in the molten
state is too long, or the temperature molten is too high.

Figure 2.17 : Transmittance of the 4-mm thick tellurite bulk glass sample in the IR region, the
red line represents the glass casted under room atmosphere, and the blue line represents the glass
casted under dry atmosphere [123].
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(b) Lead-germanate glasses
Lead-germanate glasses are also in the heavy-metal oxide glasses family and contain
germanate (Typically GeO2 -PbO-La2 O3 -Na2 O). Compared to tellurite glasses, leadgermanate glasses have similar phonon energies and MIR transmission properties, while
having a higher glass transition temperature (Tg ). For example, the oxide-only germanate
glasses have Tg up to 680°C, resulting in better mechanical properties [174]. Moreover,
the higher Tg can provide also a higher laser-damage threshold of Lead-germanate
glasses, so lead-germanate glass fibers have been widely used for laser applications in
IR region.
2.3.2

Fluoride glasses

Fluoride glasses, also known as halide glasses, were first discovered by M.Poulain
in 1975 [175], when he was studying zirconium fluoride glass. Compared to silica
glass, typical fluoride glasses have much lower Tg , larger transmission range from UV
(300 nm) to MIR (4-6 µm), while smaller fiber drawing range. Hence in the early stage
these glasses were considered not ideal glasses for fiber drawing [174]. Fortunately,
many efforts have been made to improve the properties of fluoride glasses by combing
multi elements, to fabricate multicomponent fluoride glasses. The most common fluoride
glasses for fiber drawing nowadays are the ZBLAN glass (ZrF4 -BaF2 -LaF3 -AlF3 -NaF)
and the Fluoroindate glass.
(a) ZBLAN glass
In the fluoride glasses family, ZBLAN glass has relatively low crystallization, which
enables it to be a suitable glass for low-loss fiber fabrication [176]. Moreover, the
refractive index of ZBLAN glass is around 1.5 [177], which is much lower than other
IR glasses such as chalcogenide glasses and tellurite glasses, resulting in the lowest
nonlinearity in IR glasses. Thus in some optical fields where nonlinear effects are
undesirable, such as high-power delivery and laser applications, ZBLAN glass can be
widely used. For instance, a MIR laser emission at 3.22 µm was obtained with a Ho3+
doped ZBLAN laser [178], and violet and blue upconversion-emission was obtained from
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a Er3+ doped ZBLAN fiber [179]. However, the ZBLAN glass fibers used in these
researches are step-index fibers.
H.Ebendorff-Heidepriem firstly demonstrated the fabrication of MOFs based on
ZBLAN glass with the extrusion method, and the loss of the extruded ZBLAN MOF is
down to 1.1 dB/m at 4 µm, which indicates the potential of ZBLAN MOF for applications
in the MIR [180]. Combining with other properties such as large transmission window
from UV to MIR, material zero dispersion at 1.6 µm which is close to some commercially
available laser sources, ZBLAN glass has attracted much attention for supercontinuum
generation from UV to MIR, though it has a low nonlinearity. For example, Jiang et al.
reported a solid-core MOF based on ZBLAN to generate supercontinuum spectra more
than three octaves in the spectral range 200-2500 nm, as shown in Fig. 2.18 [181].
The theoretically lowest loss of ZBLAN at 2-3 µm is 0.01 dB/km, which is much
lower than silica in the same wavelength range [182]. To obtain ZBLAN glass with low
loss as close as to the theoretical value, high purity raw materials are required, but they are
not commercially available. An alternative method to reduce the loss of ZBLAN fiber is
to melt the raw materials at high temperature, and increase the fiber tension and drawing
speed as much as possible in the fiber drawing process [183].
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Figure 2.18 : (a)-(c) Scanning electron microscope (SEM) images of the cross-section of a
ZBLAN MOF, (d) supercontinuum spectrum generated by the ZBLAN MOF with different
launched pulse energies. Insert is the SEM image of the used junction and the calculated mode
intensity profile [181].

(b) Fluoroindate glass
Recently, another kind of fluoride glasses with high content of indium have attracted
much attention, which are called fluoroindate glasses. For example, the BIZYbT glass
(30BaF2 -30InF3 -20ZnF2 -10YbF3 -10ThF4 ), and it can be the alternative choice to the
ZBLAN glass in IR applications. Compared to ZBLAN glass, fluoroindate glass has an
extended transmission up to 8 µm, due to the lower phonon energy, and a better stability
in atmospheric conditions [184]. Furthermore, the loss of the fluoroindate glass is much
lower than ZBLAN glass at the wavelengths beyond 4 µm, as shown in Fig. 2.19 [185]. To
date, there is no report of MOFs based on fluoroindate glass, while the fluoroindate glass
step-index fiber is commercially available now. J.C.Gauthier demonstrated the use of the
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standard commercially available fluoroindate glass fiber to generate MIR supercontinuum
from 2.4 to 5.4 µm, by pumping with an Er3+ doped fluoride fiber laser amplifier at
2.75 µm [186].

Figure 2.19 : Attenuation spectrum of the fluoroindate fiber and the ZBLAN fiber [185].

To fabricate fluoroindate glass fiber with low loss, the extrusion method is suggested,
because the extruded preform has a better surface finish and less bubbles, and 322 °C is
a suitable temperature to extrude the rod while avoiding crystallization [184]. Though
fluoroindate glass has gained more and more interests recently, the difficulty of obtaining
highly purred raw material for fabricating the glass prevents it to be used more widely in
MOFs.
2.3.3

Chalcogenide glass

The discussion above has introduced two kinds of IR glasses that have been used
in MOFs: heavy-metal oxide glasses and fluoride glasses, while chalcogenide glasses
have the furthest transparency range in the IR region, up to the FIR. Chalcogenide
glasses are optical photonic materials, which are formed by the chemical elements in
the group VIA of the Periodic Table, especially based on the elements of sulfur (S),
selenium (Se), and germanium (Ge), but except oxygen [145, 187]. The first report to
study chalcogenide glass in the application of optical fiber may be traced back to 1963,
where the As2 S3 glass was used as fiber bundle glass [188]. It has been reported that
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the intrinsic absorption of the chalcogenide materials is mainly due to their multiphonon
absorption, Thus the chalcogenide materials’ maximum longitudinal vibration frequency
(i.e, the cut-off wavelength in the IR region) is determined by the multiple harmonics
of the fundamental longitudinal acoustic, and transverse optical phonon modes of their
formed elements [189].

Figure 2.20 : Typical transmission of silica, fluorides, S-ChG, Se-ChG, and Te-ChG bulk
materials with thickness of 10 mm in the IR region [190].

Generally speaking, chalcogenide glasses can be grouped into three groups based on
their key elements: S-ChG, Se-ChG, Te-ChG, and their typical transmission region with
sample thickness of 10 mm are shown in Fig. 2.20 [190]. As seen in Fig 2.20, the TeChG has the largest transparency region up to the FIR. Furthermore, chalcogenide glasses
have the highest 3rd-order nonlinear refractive indices among all the IR glasses, which
makes them the ideal basic materials for the nonlinear optical applications in the IR region
[145]. Besides, A.G.Steventon found that chalcogenide glasses have a memory-switch
phenomena which is not found in other IR glasses [191]. These particular properties and
advantages make chalcogenide glasses adopted not only in the optical fibers, but also in
many other optical applications, such as waveguides, sensing, laser amplifiers, etc,. For
example, Petersen et al. demonstrated to use an ultra-high NA chalcogenide step-index
fiber to generate the supercontinuum spectrum with wavelength of 1.4 µm to 13.3 µm,
which covers the whole molecular fingerprint region [147]. A ZnSe rib waveguide
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fabricated on silicon with paper-based fluidics for the MIR absorption spectroscopy was
reported by V.Mittal recently, which offers the opportunities of combining the low-cost
paper-based fluidices and intergrated photonic technologies [192].
Nowadays, plenty of chalcogenide glasses have been used for optical fibers. However,
there are several problems that need to be considered when using chalcogenide glasses
in optical applications. Firstly, chalcogenide glasses are suffering from relatively high
loss, which prevents them to be used in the some applications where long lengths are
needed. For example, the theoretical loss for some chalcogenide glasses such as As2 S3
and As2 Se3 are 0.008 dB/km at 5.0 µm and 6.1 µm respectively [193], while the lowest
loss in optical fibers achieved to date for As2 S3 and As2 Se3 glasses are 14 dB/km [194] at
4.8 µm, and 100 dB/km at 4.1 µm, respectively [195]. Secondly, though a great number of
chalcogenide glasses based on the different elements have been reported, most of them are
fabricated in labs, and only a few chalcogenide glasses with high purity are commercially
available. This narrowed the range of the potential chalcogenide glasses to be chosen
in the applications where mass fabrication is needed. Last but not the least, the widely
used chalcogenide glasses such as As-S and Ge-As-Se contain arsenic, which is highly
dangerous and toxic, so recent research based on chalcogenide glasses tend to use nonarsenic chalcogenide glasses, for example the Ge-Sb-Se chalcogenide glasses [196–199].
However, literature shows that Ge-Sb-Se glasses seem to crystallize quite easy, and are
difficult to be drawn into optical fibers [200–202].
In this thesis, the Ge28 Sb12 Se60 at.% (IG5, IRradiance Glass Inc.) glass is selected,
which is a commercially available and arsenic-free chalcogenide glass. The material
properties including the crystallization properties of the IG5 glass are measured and
studied in chapter 4. The obtained results show that the IG5 glass has a good thermal
stability, and great potential to be used for fabricating MOFs.

2.4

Summary
The progress of the Microstructured optical fibers (MOFs) including hollow-core

MOFs and solid-core MOFs and their applications are reviewed, based on their structures.
MOFs have been widely used in nonlinear optical applications, due to some unique
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properties that conventional fibers cannot offer. The physics of some nonlinear effects
in MOFs are introduced, to provide the link between theory and practical structures of
MOFs for nonlinear applications. Supercontinuum generation based on the MOFs are
also introduced briefly. Combining with infrared (IR) glasses, MOFs have gained much
interest in optical applications at the IR range, so the commonly used IR glasses in MOFs
such as tellurite glasses and fluoride glasses are reviewed.
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Chapter 3
Fabrication of MOFs
Methodologies for fabricating MOFs have been developed over the past decades, and
the conventional method of manufacturing MOFs usually includes two main stages:
fabrication of a fiber preform, and then drawing this preform into fiber dimensions with
a thermal furnace in a fiber drawing tower. Nowadays, these two steps for silica-based
MOFs are considered very mature, due to the innovations and expertise of researchers in
the past years. In this thesis, the fabrication of the chalcogenide glass MOFs is based on
the stack-and-draw method, and in our case it includes the following main stages:
i. Preparation of the glass billet or rod;
ii. Fabrication of the glass tube;
iii. Fabrication of the intermediate preform;
iv. Drawing the intermediate preform into fiber dimensions.
In this chapter, the alternative techniques of the each stage are introduced, according to
the flow of the manufacturing process from preparing glass rod, to the final fiber drawing
process.

3.1

Preparation of glass rod
To fabricate a MOF with the preform-based method, preparing either a glass rod or a

glass tube with suitable size can be considered in the first step. In this thesis the fabrication
of chalcogenide glass MOFs starts from a glass rod, due to the difficulty of obtaining a
chalcogenide glass tube with required geometry. In addition, solid rods can be used to
fill the small gaps, or as the central solid core for manufacturing some kinds of MOFs.
Therefore, we starts from introducing the preparation of glass rod.
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3.1.1

Thermal-drawing from larger preform

Drawing the glass rod with the required size from a pre-existing larger preform might
be the most direct way, as long as this thermal-drawing process does not introduce
significant contamination to the material [145].

The drawing process is normally

performed in a high-temperature furnace of a drawing tower, as shown in Fig. 3.1, and
the glass rod with the required size can be obtained by controlling the drawing parameters
such as the drawing ratio and the drawing temperature. The large preform can be obtained
by the casting, extrusion, or hot-push methods, which are introduced in the following
sections.

Figure 3.1 : A schematic of drawing a large preform into a solid rod with the furnace.

3.1.2

Melt-casting from raw materials

In practice, the large preform is not always easily obtained, or the fabricated MOF is
not based on the standard drawing materials, then manufacturing of the glass rod can start
from the selected raw materials with certain strategies, for example, with the melt-casting
method. In this method, the raw materials are first put in a pre-heated and closed mould
(in some cases, raw materials with low vapor pressure thus do not react with oxygen, an
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open mould can be used [145]). After that, the mould is overturned carefully to let the
molten materials flow into the rod-shaped part of the mould, and cast to a glass rod, as
shown in Fig 3.2 (a). By careful design the geometry of the mould, this melt-casting
method can be used to fabricate not only the glass rod, but also a glass tube or even a
glass microstructured preform, which is introduced in the following sections.
The melt-casting method has been widely used to fabricate rods from different
materials, especially for the IR glasses. For example, Fluoroindate glass was melted in
a mould, and then cast into a rod. This cast rod was directly used as a preform, see the
picture of real fluoroindate glass rod in Fig. 3.2 (b) [184].

Figure 3.2 : (a) Schematic of the melt-casting process, (b) a picture of the cast rod of fluoroindate
glass [184].

3.1.3

Extrusion from bulk material

Extrusion is widely used for manufacturing plastic and metal products in industry
[203], and it was first proposed in processing glass in 1971 by E.Roeder [204]. There
are two main methods of extrusion: direct extrusion and inverted extrusion. In the direct
extrusion process, the bulk material (also named billet) is put within a container, which
is normally a high-temperature furnace. Then the temperature of furnace is increased to
soften the bulk material. After that, a punch is used to force the bulk material to flow
through a die, and extrude the bulk material into a glass rod, which has a much smaller
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cross-section area compared to the initial bulk material. The inverted extrusion process
has a similar set up, but with a hollow punch below the die to press against the soften bulk
material, and the extruded rod moves opposite to the hollow punch. Due to the difficulty
of making the hollow punch, the inverted extrusion method is only used for some special
cases [204]. The schematics of these two extrusion methods are shown in Fig. 3.3.
Compared to other approaches for preparing the rod, such as drawing from the
preform or melt-casting from the raw materials, extrusion has remarkable advantages:
firstly, the required viscosity of extrusion is higher than the drawing or melting methods,
so the working temperature of extrusion can be much lower than the melting and
drawing. Thanks to the low working temperature, the material bulk has smaller risk
of crystallization and devitrification, which are highly undesirable for optical fibers.
Furthermore, the lower required temperature for extrusion also allows the process of
extrusion to be controlled in a more convenient and maybe commercially suitable way.
Secondly, as pointed out in chapter 2, the extrusion technique can produce preforms
with lower loss, due to the better surface and less bubbles in the extruded rod [184].
These advantages make the extrusion process quite suitable for the following kinds of
glasses: glasses with a steep viscosity-temperature curve, such as fluoride glasses and
chalcogenide glasses, and glasses that easily crystallize or devitrify, which is often found
in chalcogenide glasses [200, 202, 205–208]. Thus extrusion has been widely used in
fabrication of fibers based on the IR-transmitting glasses. For example, a Ga-La-S glass
rod with a diameter of 5 mm was extruded with a graphite lined die, and this rod has an
as-polished appearance, which can be used in the rod-in-tube drawing process (Fig 3.2
(c) [209]). To obtain an extruded rod with arsenic-free chalcogenide glass, a Ge-Sb-Se
chalcogenide glass rod was extruded with a circular die (Fig. 3.2 (d) [210]).
Another merit of extrusion for fabrication of MOFs is the diversification of the
structure of the extruded results. Glass tubes or even glass preforms with different
required microstructures can be achieved by the different design of the die. Using
extrusion to obtain glass tubes and preforms is introduced later in this chapter.
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Figure 3.3 : (a) Schematic of the direct extrusion and (b) the inverted extrusion methods. Extruded
rod of (c) Ga-La-S glass [209] and (d) Ge-Sb-Se glass [210]

3.1.4

Hot-pushing of powder materials

Similar to the extrusion method, pushing the raw materials in powder form at a suitable
temperature, to compress the powders into a solid rod, is also an alternative approach.
This method is commonly used to manufacture semiconductors and general glasses [211].
The schematic of the hot-pushing process is shown in Fig. 3.4.

Figure 3.4 : Schematic of the hot-pushing process
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3.2

Preparation of glass tubes
Preparation of glass tubes is another important step in fabricating MOFs, especially

for the stack-and-draw method, since glass tubes not only can be used as a jacket, but also
is essential to produce glass capillaries by scaling down with the drawing process.
3.2.1

Drilling from glass rod

Drilling might be the most straightforward approach to obtain glass tube or a complex
holey structure, so the first SC-PBGF was realized by drilling a hole of 16-mm diameter
down the length of a 30-mm-diameter silica rod [13]. Generally speaking, for glass, there
are two methods of drilling: mechanical drilling and sonic/ultrasonic drilling. Mechanical
drilling is easy to understand, it consist in the use of a high-hardness head to work on the
glass rod to drill a hole by rotating the head with a high speed, as shown in Fig. 3.5 (a).
Sonic drilling has a similar set-up to the conventional mechanical drilling, but with a
different and complex drill head. The drill head contains some mechanical devices such
as a driving motor for rotary motion, and an oscillator to create a high frequency force
that is superimposed on the drill stroke. Then the drill tool (e.g., a diamond tool) has three
distinct but combined movements: being pushed down, vibrating up and down, as well as
rotating. A schematic of the 3D rotary ultrasonic spindle is shown in Fig. 3.5 (b) [212].
For drilling glass, the most difficult part is to deal with the fragile property of glasses,
since glass is easily broken by any tiny crack in the radial direction during drilling process.
Thus the conventional mechanical drilling is considered not a suitable method to drill
glassy materials. Sonic/ultrasonic drilling seems able to deal with this problem, because
the friction and pressure between the drill and glass are much weaker, due to the sonic
and/or ultrasonic vibrations [213]. Drilling as a straightforward approach to manufacture
hollow tube for fabricating MOFs has been used till now, and preforms with more complex
structures can be obtained with the ultrasonic drilling method, as well as the improved
mechanical drilling method, which is introduced in the preparation of preform section.
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Figure 3.5 : (a) Schematic of the mechanical drilling to fabricate a glass tube from a glass rod,
and (b) schematic of the 3D rotary ultrasonic spindle [212].

3.2.2

Melt-casting of raw material

The mechanism of manufacturing glass hollow tubes with the melt-casting method is
similar to the preparation of a solid glass rod, which is also to melt the raw materials firstly,
and then cast them in a mould. However, the process of casting is different. To prepare a
glass tube with the melt-casting method, raw materials are melted and poured into an open
container, which is kept at a relatively low temperature. In this case, the outer part of the
molten glass which contacts with the mould is cooled down and solidified firstly, while
the central part of the melted glass is still in liquid state. The mould is then overturned to
pour out the inner liquid glass, and leave the solidified part of the glass in the mould, so
that a hollow glass tube can be obtained. The schematic of melt-casting to obtain glass
tubes is shown in Fig. 3.6.
Compared to drilling, the melt-casting approach allow obtain a cylindrical tube with
a smooth inner surface without the need to post-polish it. This method has been used for
some glasses with low vapor pressure in the liquid state, such as fluoride glass [214], but
cannot be used for chalcogenide glasses, due to their high vapor pressure [145, 215]. This
is bacause for the liquid, the higher vapor pressure, the larger evaporation rate, while the
mould is open.
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Figure 3.6 : Schematic of the melt-casting to fabricate glass tube process: (a) transferring the
liquid glass from one mould to a low-temperature mould, (b) pouring the central liquid glass while
leaving the solidified outer surrounding glass, (c) demolding the glass tube from the mould.

3.2.3

Extrusion from glass billet

As mentioned above, a glass tube can be extruded from a solid billet by modifying
the structure of the die. By carefully controlling the ram force, ram speed and billet
temperature, the extrusion can be used for various kinds of materials from glasses to
polymers [9]. For example, V.V.Ravi reported producing jacketing tubes with 1 mm
internal diameter and 4 mm outer diameter with the commercial glass SF6 by the extrusion
method [216]. Compared to other methods of preparing tubes, extrusion provides great
advantages since it does not introduce cracks or defects into the glasses, and works at a
relatively low temperature, so it is especially suitable for IR glasses such as chalcogenide
glasses.
3.2.4

Rotational casting with raw material

The use of rotational casting with raw materials to obtain a glass tube for making
optical fibers was first reported by D.C.Tran with fluoride glass in 1982 [217]. In this
method, the raw components of the glass are melted and poured into a cylindrical mould,
which is preheated at the glass transition temperature. Then this mould is sealed and
overturned to horizontal position. To form a hollow tube, this horizontal mould is rotated
at a high speed of ≥ 1000 rev/min. Alternatively, such glass tube can be obtained by
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melting directly in the mould rotating at the high speed within a furnace, where the furnace
is already horizontal, then quenching to the glass transition temperature, and following by
the final annealing process [217]. The inner diameter of the glass tube is controlled by the
initial volume of the glass raw materials. A schematic of the rotational casting process is
shown in Fig. 3.7. With this method it is also possible to manufacture a core-clad preform
by turning upright the mould again and pouring the molten core glass into the mould, after
the cladding tube is formed in the mould [218].
Compared to drilling, rotational casting can produce tubes or preforms with much
smoother surfaces and longer length, however, it requires a complex facility of lathemounted mould with a high temperature. Thus rotational casting method is not widely
used in fabrication of MOFs nowadays [219].

Figure 3.7 : Schematic of the rotational casting for fabricating tube.

3.3

Preparation of glass preform
For MOFs with complex structures, preparation of the performs is essential in the

fabrication process, and the final structure of the MOFs is mainly determined by the initial
structure of the preforms. By careful design of the preform, MOFs with required geometry
can be obtained by drawing with suitable parameters, such as drawing ratio and introduced
pressure.
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3.3.1

Drilling from glass billet

A glass tube can be obtained by drilling a hole in a glass rod, while a glass preform
can be achieved by drilling several holes in a glass billet. To precisely control the holes’
position, the size, and even the angle of the holes in the preform, the mechanical lathe
and a micrometer are normally used [213]. Ultrasonic drilling method was firstly widely
used to fabricate the preforms of MOFs with different structures and materials, including
silica, fluoride glass and chalcogenide glass [213, 220–222], since it is possible to solve
the problem of the frangibility of glasses due to the vibration of the sonic drill. However,
a recent report shows that the mechanical drilling can be also used for manufacturing
glass preforms, by carefully adjusting the rotation speed, and introducing a water cooling
system to eliminate the heat during the drilling to avoid embrittlement of the glass. An
example of this improved mechanical drilling system, as well as the drilled chalcogenide
glass preforms are shown in Fig. 3.8 [223].
Compared to other preparation methods of preform , drilling requires a low human
labor involvement, and is particularly suitable for precise structures. However, it needs a
long working time (sometimes more than ten hours), and some post-processes are usually
necessary after the drilling, such as polishing, to obtain good interfaces. Besides, it is also
limited by the drilling depth, which is depended on the length of the drilling head, and the
size of the holes.

Figure 3.8 : (a) Schematic of the improved mechanical drilling system for fabricating MOFs
preform, (b)-(e) the obtained preforms with different structures in chalcogenide glass [223].
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3.3.2

Casting from glass rod

Casting has been shown as an effective way to produce preforms for MOFs with low
loss, because it does not create interstitial holes or bubbles within the lattice, which
have a great effect to the final scattering loss of MOFs [224, 225]. To fabricate the
microstructured preform with the casting method, a mould with silica or metal capillaries
threading in structured guides in the bottom is used. The glass rod is placed above the
mould which is in horizontal position, and heated to soften. Then the mould is overturned
to let the softened rod flow into the bottom part. The mould stays in the vertical position
to quench the rod, followed by annealing with a relative lower temperature. To obtain
a preform with clear interfaces, solvents can be used. For example, the stuck silica
capillaries in a chalcogenide preform prepared by this method can be removed by using a
hydrofluoric acid bath, and drying with an argon purge [226]. The casting method as well
as an example of the obtained preform is shown in Fig. 3.9.
In this method, the most difficult part is to chose suitable size mould capillaries and
the working temperature during flowing process. This is because if the capillaries are too
thin, they can easy break during the flowing process, while if they are too thick, there is
mechanical stress, due to the difference in thermal expansion between the moulded glass
and the mould capillaries’ material. As for the choice of temperature, the viscosity of the
glass must be low enough to be able to flow into the mould, but the temperature cannot
to be to high, otherwise it might lead to too high vapor pressure in the sealed mould. It
might favour crystallization on the material.

Figure 3.9 : Schematic of preparation of the preform by casting, with an example of a cast preform
[226].
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3.3.3

Extrusion from glass billet

Fabrication of a MOF preform with the extrusion method was first reported by
K.M.Kiang in 2002 [113]. H.Ebendorff-Heidepriem improved the extrusion method
significantly by introducing a new die design concept: the extrusion die involves ‘feed
holes’ that are used to feed material through the die, and elements that stop the flow of
material. With this new design concept, the material strands emerge from the feed holes,
and fuse together to form a single body, while the holes in the preform are formed by
obstructing the flow with the blocking elements, so that a MOF preform with complex
transverse structure can be obtained [9].
Compared to other preparation methods of preform, extrusion can produce MOF
preforms with good interfaces, despite the complexity of the structure, in a single step,
and without intensive labor. Therefore, it has been widely used recently for manufacturing
MOF preforms with different structures based on IR-transmitting glasses. For example, an
extruded suspended-core structure preform with four holes based on chalcogenide glass
was demonstrated by X.Zugang [227], and an extruded anti-resonant structure preform
based on chalcogenide glass was reported by R.R.Gattass [228]. Furthermore, extrusion
can also realize a multi-material MOF preform to improve the mechanical properties of
the fiber, by co-extruding a specific polymer with the selected glass. For instance, a
multi-material hollow-core Bragg fiber was achieved by M.M.Zhu through co-extruding
polyetherimide with chalcogenide glass [229]. The schematic of the extrusion process for
MOF preform, and examples of extruded preforms with various structures are shown in
Fig. 3.10. However, it is difficult to precisely control the concentricity of the preform
with clad-and-core structures, when the cladding and core materials are co-extruded in
the machine.
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Figure 3.10 : (a) Schematic of preparation of preform with extrusion process [9], and the crosssection images of the extruded preform with different structures and materials: (b) photonic-crystal
stricture based on polymer [9], (c) suspended-core structure based on chalcogenide glass [227], (d)
anti-resonant structure based on chalcogenide glass [228], (e) multi-material Bragg fiber preform
based on chalcogenide glass and polyetherimide [229].

3.3.4

Stack-and-draw

The stack-and-draw method has been widely and extensively used in preparing MOF
preforms, and it was first demonstrated to fabricate an optical fiber by P.Kaiser in 1974
[230]. In this method, hollow tubes, rods, or plates are first prepared, and then stacked
into a macroscopic mosaic preform. The parameters of the preform (the type of lattice,
hole/spacing ratio, distribution of capillaries, rods, etc.) will have a great effect on the
properties of the final MOF, so the structure of the preform should be carefully designed
based on the purpose in this stage [231]. After stacking, the capillaries and rods can
be fused together during an intermediate drawing process, where the mosaic preform is
drawn with an outside jacket tube into the preform canes. The schematic of the stackand-draw process is shown in Fig. 3.11. The canes can be repeatedly drawn with jacket
tubes until the required diameter is achieved. Alternatively, a large number of such canes
can be produced to develop and optimize the later drawing of MOFs to their final required
geometries. Of course, this stacking process may produce some interstitial holes between
the different capillaries or rods, but they can be eliminated during the initial fusion and/or
drawing processes [12].
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In principle, this method can produce many different preform structures by stacking
the rods and tubes with the same outer dimensions, and the complex stacking structure
can be realized with a suitable stacking pattern. Compared to other approaches introduced
above, the stack-and-draw technique is a clean, low-cost, flexible method to prepare MOF
preforms. Furthermore, it has the largest error-tolerant space in the preparation stage,
because one can always adjust the structure of the preform during the stacking, while it
is very difficult to change the structure of the preform during the preparation process in
the other methods such as casting and extrusion. Recently, the stack-and-draw method
has been further developed to fabricate wire-array metamaterials fiber, which opens the
opportunity to make mass-produced stacked or woven metamaterials, for the applications
such as obtaining sub-diffraction images in the THz region [232–234]. However, the
drawback of the stacking-and-draw method is that it requires a lot of labor and it is a time
consuming process.

Figure 3.11 : Schematic of the stack-and-draw process.

3.4

Drawing MOF with the prepared preform
To obtain the MOFs with required size (typically several hundreds of micrometers

in diameter), the commonly used method is to draw down the prepared microstructured
preform or cane into the fiber dimension within a high-temperature furnace. However,
M.A.Van Eijkelenborg experimentally observed that the hole diameter to hole spacing
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in the final MOF is reduced compared to the preform structure [235], and S.C.Xue
demonstrated numerically that the structure of the MOF can be different to the initial
preform [236]. Therefore, it is difficult to maintain the initial cross-section hole structure
by simply drawing down the preform. Indeed, during the drawing process, several
deformations of the holes may happen: hole collapse, hole expansion (relative to the fiber
outer diameter), hole enlargement (relative to its original size), and hole shape changes
[237]. As discussed above, the optical properties of the MOFs are mainly determined by
the final structures, so such deformations of holes may result in a significant change of
the fiber’s optical properties, such as the operation wavelength, the confinement loss, and
the guided properties, etc. In this case, it is necessary to understand the mechanisms of
the holes’ deformations, as well as the effects of different parameters that are involved in
the process, so that it is possible to predict and even control the deformations of the holes.
Some theoretical studies have been demonstrated to analyze the holes’ deformations
during the drawing of MOFs. For example, S.C.Xue investigated some illustrative hole
arrangements with a scaling analysis for both transient and continuous drawing process,
and confirmed that dramatic hole deformations can occur in drawn MOFs [236]. He
further pointed out that with the same preform hole pattern, different hole shape changes
can be produced when drawn with different materials and drawing conditions, and these
changes can be characterized by three dimensionless parameters, i.e, capillary number,
draw ratio, and aspect ratio [237]. As for the effects of different parameters, including
the material properties and drawing conditions, A.D.Fitt and G.Luzi provide valuable
predictions of how the surface tension force, drawing ratio, drawing tension, and internal
active pressurization affect the hole’s size after the drawing process [238–240]. However,
these studies are mostly based on silica or polymer materials, and do not involve much
discussion on the interaction force of the nearby holes. There are few papers on modeling
the holes’ deformations in MOFs based on IR materials, or which consider the overall
change of whole transverse cross-section structure [241, 242].
From the fabrication point of view, the main challenge in this final drawing process is
to maintain the regular hole pattern of the preform all the way down to fiber dimensions,
or even change the hole size or shape according to the special purpose. Fig. 3.12 (a) is
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a picture showing how the outer dimension is reduced from a preform to a MOF [12]. It
has been proved that the interplay among the surface tension force, viscous stress, and
pressure differentials can lead to the air hole collapse [238]. To overcome the collapse,
overpressure is often introduced to the inside of the holes during the drawing process, and
the hole size can be further changed with different introduced pressures. For example,
M.Liao demonstrated that the diameter ratio of holey region to core of the tellurite MOF
can be adjusted by introducing different pressures, as shown in Fig. 3.12 (b) [243].
Alternatively, a vacuum can be applied in the central gap of the stacked capillaries
to realize the pressure difference [244]. During the drawing process, several drawing
parameters can be also adjusted, such as the drawing tension, the drawing temperature,
and the drawing ratio, to obtain the final required structure.

Figure 3.12 : (a) Picture showing the outer diameter of the preform is reduced to a fiber dimension
[12], (b) tellurite MOF with different diameter ratio of holey region to core when pumping with
different pressures in the final drawing process, SHF, MHF, and LHF represent small hole fiber,
moderate hole fiber, and large hole fiber, respectively [243].

In this thesis, MOFs based on the selected Ge28 Sb12 Se60 at.% chalcognenide glass are
fabricated with a improved stack-and-draw method. To draw the Ge28 Sb12 Se60 at.% glass
into optical fibers properly, the material properties of the Ge28 Sb12 Se60 at.% glass were
studied intensively, which are presented in the following chapter.
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3.5

Summary
In conclusion, methodologies for fabricating MOFs have been introduced in this

chapter, based on the fabrication procedure used in this thesis. The main stages of the
procedure include preparation of glass billet or rod, fabrication of the glass tube and
preform, and drawing of the fiber from the preform. The alternative techniques of the
each stage are introduced, and their advantages and disadvantages are compared.
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Chapter 4
Ge28Sb12Se60 at.% chalcognenide glass
As discussed in Chapter 2, chalcogenide glasses have the furthest transparency range in
the IR region, up to the FIR, and the Ge28 Sb12 Se60 at.% (IG5) chalcognenide glass is
selected for the fabrication of MOFs in this thesis. This chapter starts from measuring
the optical properties of the IG5 glass. To fabricate MOFs with the IG5 glass, thermal
properties as well as the crystallization properties of the IG5 glass are studied. The effect
of surface tension plays an important role in the fiber drawing process, thus the surface
tension of the IG5 glass is also measured in this chapter.

4.1

Thermal properties of the IG5 glass
Thermal properties are the most fundamentally required information to study the

glass materials, especially for evaluating the ability of the glass to be drawn into optical
fibers. For chalcogenide glasses with different compositions, their thermal behavior and
response are quite different due to their differences in chemistry [187]. In this section,
the differential scanning calorimetry (DSC) and the thermogravimetric analysis (TGA)
are used to study the thermal properties of the IG5 glass. These analyzing results provide
some fundamental information about the IG5 glass, and its behavior in heat treatment
process.
4.1.1

Differential scanning calorimetry

The differential scanning calorimetry (DSC) is a thermal analysis method to study the
thermal properties of materials, especially for glass-system materials. DSC can provide
information on the thermodynamic transition such as the glass transition, crystallization
and melting, by measuring the heat flow out (exothermic process) or into (endothermic
process) the sample, as a function of temperature. It is a quite useful technique, and it
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has been widely used for thermal analysis, because it is not only easy to carry out, but
also has a high sensitivity. Furthermore, DSC requires a very small amount of sample,
usually several milligrams are enough [245]. A simple DSC evaluation was performed
on powdered samples. An IG5 glass sample was ground into powder and put into an
aluminium sample pan. The heat up procedures are done by heating up at 10 °C/min to
450 °C, and then cooling to RT at 10 °C/min. Tg is taken as the extrapolated onset. The
uncertainty of the DSC experiments in this thesis is ± 2 °C. (More rigorous results might
be achieved using chunks rather than powder, since the surface crystallization dominates
the DSC curve, and the heat up procedures can repeat several times to reduce effects
of thermal history). The heat flux from the sample is compared to a nearby reference
empty pan, and the phase transition information is obtained by the comparison of heat
flow supplied to the sample and the reference pan. Fig. 4.1 shows a typical DSC trace of
a glass material, which indicates three possible phase transition points: glass transition
temperature (Tg ), crystallization temperature (Tc ), and melting temperature (Tm ) [246].
For drawing optical fibers with glass materials, the most interesting results from the DSC
test are the Tg and Tc temperatures. Tg represents the temperature where the material
begins to show the response of a supercooled liquid, and ready for thermal-forming
applications, while Tc defines the temperature where the amorphous material begin to
crystallize. To draw optical fibers with chalcogenide glasses, the drawing temperature
must be between Tg and Tc , so that the glass is soft enough to flow, while retaining
amorphous and crystal-free condition to maintain the optical proprieties and shaping
ability. In other words, the larger distance between Tg and Tc , the larger drawing
temperature window of the selected glass, and an empirical suggestion is a minimum
of 100 °C for IR-transmitting glasses should exist for a sufficient temperature window for
the fiber drawing process [187].
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Figure 4.1 : Typical DSC trace of a glass material [246].

Typically, DSC test is done under the nitrogen protecting environment, however,
R.Svoboda pointed out that oxygen has an obvious influence on some chalcogenide
glasses when they were heated, accelerating their crystallization [202]. In this thesis,
the fiber drawing processes are performed in the open atmosphere environment, so the
environmental atmosphere needs to be taken into account in the DSC tests.
To perform the DSC test, an IG5 glass bulk sample was ground into powder, and
sealed in an aluminum pan. The DSC tests were performed under both air atmosphere
and nitrogen conditions, with the heating rate of 10 °C/min. DSC results of the IG5
glass under air and nitrogen conditions are shown in Fig. 4.2, which shows that the DSC
traces are very similar in both with air and nitrogen cases. The measured Tg temperatures
are all at around 280 °C, which is very close to the theoretical value of 285 °C in
Table 2.4, though the Tg in air seems slightly larger than in nitrogen. Furthermore, there
are no obvious crystallization peaks up to 450 °C, indicating that the IG5 glass has a
large drawing temperature window, and is a potentially suitable chalcogenide glass for
fabrication of optical fibers.
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Figure 4.2 : DSC results of the IG5 glass with air and N2 conditions.

4.1.2

Thermogravimetric analysis

Drawing optical fibers with glass materials is usually performed in a high-temperature
furnace, so it is very important to know the material’s upper working temperature, which
can be ensured to work safely below this temperature, especially with chalcogenide
glasses. This temperature can be found by thermogravimetric analysis, which measures
the remaining mass of a sample, as a function of temperature. When the material is heated
to a high temperature, several phenomena may happen, including melting, decomposition,
chemical reaction, etc., thus the material is no long suitable for fiber drawing, and possible
out-gassing may be dangerous. Some phenomena will result in mass change, and the TGA
can determine the temperature of onset of mass change with ultra-high precision.
To study the stability of the IG5 glass in high temperature, and the safe working region
with this glass, an IG5 glass sample was used in the TGA. The glass sample was ground
into powder and put into a platinum pan, and heated from room temperature to 1000 °C
with heating rate of 5 °C/min. The heating and cooling procedures were performed
under N2 atmosphere, so water and oxygen were excluded, otherwise the sample may be
oxidized, and there may be not much weight change with this reaction. The result is shown
in Fig. 4.3, which shows that there is no obvious mass loss before 600 °C. The safely upper
working temperature of the IG5 glass can be found by defining a maximum tolerable mass
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loss, say 0.2 wt.%, so the maximum safe working temperature of IG5 is around 600 °C in
this case. The comparison of the safe working temperature region of several commercially
available chalcogenide glasses is shown in Table 4.1. It is obvious to find that IG5 glass
has the largest safe working temperature range among these chalcogenide glasses. Note
this critical value of 0.2 wt% is only a reference number to evaluate the safe working
temperature region, and the crystallization may happen before reaching this value.
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Figure 4.3 : TGA result of the IG5 glass in air.

Table 4.1 : Comparison of the Tg temperature and 0.2 wt% loss temperature of some commercially
available chalcogenide glasses [187]

Ge33 As12 Se55

As2 Se3

Ge30 As13 Se32 Te25

Ge28 Sb12 Se60 at.%

Tg /(°C)

368

185

275

280

T0.2.wt% /(°C)

453

348

479

600

Safe working range /(°C)

85

199

204

320

63

4.2

Viscosity of the IG5 glass
Knowing the viscosity of the selected material is one of the most important concerns

in the hot-forming process. The viscosity is a property that characterizes resistance to flow
in the fluid material, which describes the internal friction of a moving fluid [247], and it
determines how easily a fluid will flow. For example, a low-viscosity fluid can flow easily.
For glass materials, viscosity determines the time and the temperature that needed to be
applied in the hot-forming processes, including extrusion and fiber drawing. An overview
of the suitable viscosity regions for the hot-forming applications based on chaclcogenide
glasses is shown in Fig. 4.4 [187]. This viscosity as a function of temperature curve is
known as the viscosity-temperature relationship, which has siginificant value in not only
technological applications, but also the fundamental understanding of the connections
between the atomic structure of glasses.

Figure 4.4 : Overview of the suitable viscosity range for different hot-forming process based on
the chalcogenide glass [187].

To obtain the viscosity of the chalcogenide glass, some technical approaches have
been applied to measure the viscosity. For instance, P.J.Webber demonstrated measure-
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ment of the viscosity of some chacogenide glasses successfully by the parallel plate
technique [248]. In some cases of hot-forming applications, such as extrusion and fiber
drawing, the viscosity data can be described for these applications by a two-parameter
Arrhenius equation [249]:
log µ = A + B/(T + 273.15).

(4.1)

where µ is the viscosity (Pa.s), T is the temperature in °C. A and B are empirical constants,
which can be calculated by fitting two pairs of viscosity-temperature values. Hence
the viscosity-temperature relationship for the selected glass can be obtained once the
empirical constants A and B are determined. For IG5 glass, the measured glass transition
temperature (Tg ) and the Littleton softening temperature are 280 °C and 348 °C [250],
where the viscosities at these two temperatures are 1012 Pa.s and 106.6 Pa.s respectively.
Introducing these two groups of viscosity-temperature values into the equation (4.1), the
two-parameter Arrhenius equation for the IG5 glass becomes:

log µ = −41.2 + 29702/(T + 273.15).

(4.2)
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Figure 4.5 : The viscosity-temperature relationship curve of the IG5 glass.

The accuracy of this relationship relies on the exact values of these two temperatures.
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However, there is a few degrees uncertainty on both of them. This translates into a large
potential viscosity error range for temperatures far from those used for the fit. In this
thesis the simulations and the drawing experiments are mostly performed at a temperature
of 345 ° C, therefore the error in viscosity is limited and it is anyway taken into account
in the calculations. The viscosity-temperature relationship of the IG5 glass is shown
in Fig. 4.5, in which the suitable temperature for some hot-forming processes based
on the IG5 glass can be found. For example, drawing chalcogenide glass optical fiber
can be performed in the range from viscosity lower than the viscosity of the softening
temperature, to the viscosity at around 105 Pa.s [187]. Hence the suitable fiber drawing
temperature window for the IG5 glass can be calculated by the equation (4.2) to be 348 °C
- 370 °C, as shown in Fig. 4.5. This provides valuable and practical information for the
following experiments of drawing IG5 glass into optical fibers, and we further found that
the lowest drawing temperature for IG5 glass is down to 325 °C, when drawing with small
capillaries (1 mm outer diameter). This indicates a relatively large drawing temperature
range of IG5 glass.

4.3

Optical property of the IG5 glass
As a potential material for fabrication of MOFs working in the MIR region, some

of the most important optical properties of the IG5 glass are the transmittance and the
loss in the MIR region. In this section, an IG5 glass billet from the IRradiance Glass
Inc. was used to measure the transmittance in the MIR region by the Ultravioletvisible spectroscopy (UV-Vis) and the Fourier-transform infrared spectroscopy (FTIR).
The theoretical loss in the MIR region includes the material absorption loss, and the
Fresnel reflection loss, is calculated, based on the measured transmittance as well as the
refractive index values provide by the the IRradiance Glass Glass Inc.
4.3.1

Measuring the transmittance of the IG5 glass billet

An IG5 glass billet with thickness of 13.5 mm and unpolished surface was used to
measure the transmittance in the region of 1 - 3 µm and 3 - 15 µm by the UV-Vis and
FTIR, respectively. Note there will be some diffuse scattering losses at both interfaces due
to the lack of polishing, and both input and output surfaces were cut as flat and parallel
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as possible, to avoid part of the input beam being deflected away from the detector. The
picture of the IG5 glass billet and the measured transmittance is shown in Fig. 4.6. As seen
in the Fig. 4.6, the transmittance of this IG5 glass billet is around 45% in the region of 1.5
- 11 µm, which indicates that the selected IG5 glass has a relatively large transmittance
in the MIR region. The large absorption at the wavelength of around 12.5 µm is due to
the strong absorption band of Ge-O, which may be caused by oxygen impurity of the
glass [251].
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Figure 4.6 : The measured transmittance in the MIR region of the IG5 glass billet with 13.5 mm
thickness, insert is the picture of the used IG5 glass billet.

4.3.2

Calculating the loss of the IG5 glass

For optical applications with optical fibers, the output power from the fiber (pout ) is
always smaller than the input power of the fiber (pin ), due to the loss within the whole
system. In general, loss can be defined by [252]:
Loss = −10 × log10 (pout /pin )

(4.3)

where the unit of the loss and the power is dB and W, respectively. In a generic
optical system, the total loss includes the loss due to optical fiber and the measurement
loss.

Optical fiber loss includes absorption loss (intrinsic material absorption and

extrinsic impurity ions absorption), scattering loss, macrobending loss, and interface
inhomogeneities loss. Hence, knowing the material loss at the working wavelength can
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be informative about the loss within the fiber, though the total loss of the MOFs are also
dependent on their structure.

Figure 4.7 : A simple model to express the light transmitted and reflected in a glass billet.

To understand the loss due to material absorption, simple geometry of a glass billet
with perfect interfaces (without surface scattering) is used to explain it, as shown in
Fig. 4.7, and the Fabry-Perot effect (multiple reflection interference) within the billet is
also ignored here. An input light with an intensity of I0 is coupled at normal incidence
into this glass billet, and transmitted from the exit surface with an intensity of I3 . For
chalcogenide glass, the refractive index in the MIR region is usually very large (2.4 - 2.8),
so the loss due to the Fresnel reflection must be taken into account. Assuming in this
system the total loss is caused by the material absorption and the Fresnel reflection, we
start from analyzing the Fresnel reflection without material absorption. The intensity of
the reflected light at the entrance surface I1 is:
I1 = I0 × R,

(4.4)

where R = [(n − 1)/(n + 1)]2 is the reflectivity, n is the refractive index. Then the intensity
of the transmitted light I2 within the billet is:
I2 = I0 × (1 − R).

(4.5)

The transmitted light from the exit surface I3 is:
I3 = I2 × (1 − R) = I0 × (1 − R)2 .

(4.6)

Thus the intensity of the reflected light within the billet I4 is:
I4 = I2 × R = I0 × (1 − R) × R

(4.7)
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When the multiple reflection within the glass billet is ignored, the intensity of the Fresnel
reflection is the sum of I1 and I4 :
I f = I1 + I4 = I0 × R × (2 − R).

(4.8)

Therefore, the transmitted light intensity It which is calculated from the Fresnel reflection
is:
It = I0 − I f = I0 (1 − R)2 ,

(4.9)

which is consistent to the equation of I3 . Now, if the material absorption is taken into
account, then in this system the total loss is:
Losst = −10 × log10 (t) = Lossm + Loss f

(4.10)

Where t is the measured transmittance, Lossm is the loss due to the material absorption,
Loss f is the loss due to the Fresnel reflection. When the multiple reflection within the
glass billet is taken into account, the intensity of the transmitted light It is approximated
by [253]:
It ≈ I0 ×

(1 − R)2
2n
.
= I0 × 2
2
1−R
n +1

(4.11)

To determine the effect of the multiple reflection, It will be calculated with both equations
(4.9) and (4.11) for comparison. Thus the background absorption due to Fresnel reflection
is:
Loss f = −10 × log10 (I0 /It )

(4.12)

Substituting equation (4.9) or (4.11) into (4.12), then the Loss f becomes:
Loss f = −10 × log10 [1/(1 − R)2 ].

(4.13)

Loss f = −10 × log10 [(n2 + 1)/2n].

(4.14)

or

Thus the loss due to the material absorption within this simple model can be obtained by:
Lossm = Losst − Loss f .

(4.15)

So, with the knowledge of the measured transmittance and the refractive index of the
material as a function of wavelength, the loss due to the Fresnel reflection and material
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absorption can be calculated by (4.13) or (4.14), and (4.15), respectively. The refractive
index as a function of the wavelength can be approximated by a second-order Sellmeier
equation [254]
n = A+

Bλ 2
Dλ 2
+
λ 2 −C λ 2 − E

(4.16)

where A, B, C, D, and E are the Sellmeier coefficients, λ (µm) is the wavelength. For IG5
glass, the Sellmeier coefficients are listed in Table 4.2.

Table 4.2 : The Sellmeier coefficients for the IG5 glass [255]

value

A

B

C

D

E

1.95373

0.66472

0.14192

0.27483

1779.52351

Therefore, the material absorption of the IG5 glass billet with thickness of 13.5 mm
can be calculated by substituting the measured transmittance. The loss as a function of
wavelength of this IG5 glass billet is shown in Fig. 4.8 (a), and the material loss of the
IG5 glass is about 1.8 dB/cm in the wavelength range of 1 - 11 µm, as seen in Fig. 4.8 (b).
The small difference of the calculated loss based on equation (4.9) or (4.11) indicates that
the multiple reflection effect may be not obvious within the IG5 glass billet.

(b)

(a)

/

/

Figure 4.8 : (a) The total loss and the material loss as a function of wavelength of the 13.5 mmthickness IG5 glass billet, (b) the material loss per centimeter of the IG5 glass.
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Loss based on the measured transmittance from IRradiance Glass Inc.
As mentioned above, the transmittance is measured with an unpolished IG5 glass
billet, so a lower loss is expected if the transmittance is measured with an IG5 glass
billet with better surfaces. The measured transmittance of a 10 mm-thick IG5 glass billet
with polished surfaces and without anti-reflective coating from the IRradiance Glass Inc.
is shown in Fig. 4.9 (a), and the total loss as well as the material loss based on this
transmittance are also calculated in Fig. 4.9 (b), which shows the material loss of the IG5
glass can be down to around 0.5 dB/cm.
These results provide a rough loss value of the IG5 glass in the MIR region, but they
are based on the simple model which has ignored some losses (surface scattering loss,
components coupling loss, etc.). To obtain an accurate loss result in a more practical
condition, as well as to compare the loss before and after the drawing process, the cutback method will be used once the IG5 glass is drawn into fiber dimensions.
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Figure 4.9 : (a) The transmittance of a 10 mm-thick IG5 glass billet measured by IRradiance
Glass Inc. [255], (b) the total loss and the material loss of the 10 mm-thick IG5 glass billet based
on the measured transmittance from IRradiance Glass Inc.

4.4

Crystallization properties of the IG5 glass
Chalcogenide glasses, like other glasses, are by nature amorphous solids in the

metastable state, and have the tendency to come back to the equilibrium state by
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crystallization [256]. This property of glass is very useful in some material science
applications. For example, a new class of materials – glass ceramics, can be obtained
by carefully controlling the crystallization in the glass, which have unique thermal and
mechanical properties [257, 258]. However, for some optical applications, especially for
optical fiber applications, this tendency of crystallization of glass is highly unwanted,
since the crystals inside a glass matrix give rise to optical loss due to scattering.
An example of the crystallization effects on the optical properties of GeS2 -Ga2 S3 LiI
chalcogenide glass in the visible and the NIR region are shown in Fig. 4.10 [259], which
indicates that crystallization has decreased the transmittance of the chalcogenide glass.
Furthermore, the crystallized glass may also have a worse drawing ability, due to the
hard ’skin-like’ crystallized surface on the glass. It has been shown that the growth rate
of crystal can be exponential to the increase of the temperature when the temperature is
higher than the glass transition temperature [260], so it is important to know the thermal
stability and the crystallization property of the selected material in the fiber drawing
process.

Figure 4.10 : (a) The photograph of the GeS2 -Ga2 S3 LiI chalcogenide glass crystallized at 403°C
for different duration, (b) the transmission spectra of the GeS2 -Ga2 S3 LiI chalcogenide glass in
Vis-NIR region for crystallizing with different durations [259].

Literature indicates that the Ge-Se-Sb chalcogenide glass family seems easy to
crystallize and difficult to be drawn into optical fibers [202, 208, 261]. This is the main
reason hindering the application of this kind of chalcogenide glasses to fabrication of
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optical fibers. However, the crystallization property is not only strongly dependent on the
composition of the glass [262], but also dependent on the heating or cooling process. Thus
the IG5 glass may have a different crystallization resistant behavior in the fiber drawing
process, and it is worth studying the crystallization properties of the IG5 glass, especially
considering its good thermal stability and optical properties that have been shown above.
In this section, the crystallization property of the IG5 glass is studied theoretically and
experimentally, to provide an overview information of crystallization during the fiber
drawing process.
4.4.1

Experiments

Crystallizing the IG5 glass with high temperature
To study the crystallization property of the IG5 glass, an initial step can be to try to
crystallize the glass, and to observe the morphology of the crystals. The DSC test results
in Fig. 4.2 show no crystallization peak before 450 °C, so a higher temperature and/or
longer time of heat treatment should be applied to crystallize the IG5 glass. To crystallize
the IG5 glass, as well as determine the temperature dependence of crystallization, two
pieces of the IG5 bulk glasses were heated within a bench furnace to 470 °C and 490 °C
respectively (marked as sample No.1 and No.2), with the heating rate of 10 °C/min,
and then held for two hours. After that, the glass pieces were cooled down slowly to
room temperature over eight hours. As a comparison, another IG5 glass bulk piece was
heated to the fiber drawing temperature of 345 °C, with the same heating and cooling
process, to determine whether crystallization may happen during the drawing process.
These IG5 glass pieces were sealed in soda-lime glass tubes to avoid risk arising from
any out-gassing during the experiments, despite it should be safe to heat the glass up to
600 °C. However, it is difficult to distinguish whether the crystallization happened during
the hold at high temperature or during the cooling (a more normal heat treatment with
rapid quenching is recommended for future work).
Figure 4.11 presents the pictures of the IG5 glass pieces before and after the heating
treatment. It is clear that the surface of the IG5 glass became dark, and no longer glassy
and shiny after heating to 470 °C and 490 °C. This devitrification may be caused by
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the crystallization or oxidation, while the glass piece heated to 345°C seems to keep the
vitreous luster. Observations are verified by microscopy of the glass samples, as shown
in Fig. 4.12, where many crystals were found in the surface of samples No.1 and No.2.
However, only a few crystals or defects were found in sample No.3. The crystallization
experiments show that crystallization can happen on the surface of IG5 glass, when it
is exposed to a high temperature and cooled down slowly for a long time, while only
a few crystals or defects appear on the surface at the drawing temperature, and these
crystals never form a ’skin-like’ crystallization layer. Note that the Na+ of the soda-lime
tube can be transferred into the chalcogenide glasses where they touched, which may
contribute to the surface darkening observed and might have catalysed devitrification of
the chalcogenide glasses.
However, these experiments were performed with a very long cool down duration
to nucleate and let the crystals to grow, but the fiber drawing process has a very quick
cooling process, where the drawn fiber can be cooled down to the room temperature within
several minutes. Thus a further experiment, which has a similar working temperature to
the drawing temperature, and short cooling duration, should be performed and examined,
such as the extrusion and its result.
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Figure 4.11 : Photographs of the IG5 bulk materials before and after the heating process, No.1, 2,
3 represents the target temperatures of 450 °C, 470 °C, and 345 °C, respectively.

Figure 4.12 : The microscope images of the outer surface of the IG5 bulk glass samples when
heated to different temperatures: (a) 450 °C, (b) 470 °C, and (c) 345 °C.

Microscopy imaging and X-ray diffraction of the extruded IG5 glass piece
The working temperature to extrude the IG5 glass is 335 °C, and the cool down
duration is about two hours, which is much shorter than the previous experiments.
Furthermore, in this thesis, the jacket tubes and the capillaries were all drawn from
extruded tube. Thus it is important to know whether the extruded tube had undergone
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crystallization after the extrusion process. The detailed description of the extrusion of
IG5 glass tube process will be introduced in Chapter 6, here a first look is taken at the
extruded result. The picture of the extruded tube, as well as the microscopy image of the
outer surface of the extruded tube are shown in Fig 4.13, which shows a shiny and clear
surface of the extruded IG5 glass tube, and no obvious crystals can be found.

Figure 4.13 : (a) The picture of the extruded IG5 glass tube, (b) a micrsocope image of the outer
face of the extruded IG5 glass tube.

A further verification of the condition of the extruded IG5 glass tube was performed
by X-ray diffraction (XRD). As seen in Fig 4.14 (a), there is no crystallization peak in
the XRD pattern, which indicates that the extruded IG5 glass tube is still in amorphous
condition.

As a comparison, a GeSe2 peak was found in the XRD pattern of a

Ge25 Sb10 Se65 at. % chalcogenide glass extruded preform, as shown in Fig. 4.14 (b) [208].
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Figure 4.14 : (a) The XRD pattern of the extruded IG5 glass tube sample, (b) the XRD pattern with
a GeSe2 peak of the Ge25 Sb10 Se65 chalcogenide glass extruded preform from the literature [208].
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The extrusion result shows that the IG5 glass has a good crystallization resistance.
However, obvious crystallization was found in the samples which were heated to high
temperatures. To have a deeper understand of the crystallization property of the IG5
glass, some further theoretical studies are performed.
4.4.2

Theoretical analysis

One of the methods to study the glass material property especially the crystallization
property is to study the glass-forming ability, based on its composition. The ternary
diagram of Ge-Sb-Se glass system as well as the glass-forming region is shown in
Fig. 4.15 [263], and the location of the IG5 glass is marked in the glass-forming region.
As a comparison, the positions of Ge20 Sb10 Se70 and Ge25 Sb10 Se65 chalcogenide glasses,
which have been proved to have high crystallization resistance and low crystallization
resistance, respectively [208], are also marked in the ternary diagram. As seen in
Fig. 4.15, the Ge25 Sb10 Se65 at. % glass locates more close to the edge of the glassforming reion, compared to the Ge20 Sb10 Se70 at. % glass. Generally speaking, if the
glass composition is near to the edge, then it is partially crystalline, and the more close
to the edge of the glass forming region, the large tendency to crystallize [264]. Hence, it
is easy to understand why Ge25 Sb10 Se65 at. % glass has a low crystallization resistance.
Interestingly, IG5 glass is located in a position even closer to the edge of the glass-forming
region, compared to the other two glasses compositions, suggesting that IG5 glass should
very easily crystallize, from the point of view of the glass-forming ability. This may
explain why crystallization happens easily in IG5 glass bulk heating experiments.
Another approach to evaluate the physical property of the ternary chalcogenide
glasses is the mean coordination number (MCN), which is defined as a sum of the each
elemental concentrations times their covalent coordination number [206]. For the Ge-SbSe chalcogenide glass, MCN can be caculated by [265]:
MCN =

4 × NGe + 3 × NSb + 2 × NSe
100

(4.17)

where N is the respective elemental concentrations of each composition. The calculated
MCN of the Ge20 Sb10 Se70 glass, Ge25 Sb10 Se65 glass, as well as the IG5 glass is listed in
Table 4.3. K.Tanaka found two topological thresholds where the glass network changes
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from a ’floppy’ state to a ’rigid’ state, when the MCN value changes from 2.4 to 2.67
[266]. In this case the IG5 glass should have a very rigid structure among these three
compositions, since the MCN value of the IG5 glass is 2.68. Wei et al. investigated
the relationship between the MCN and crystallization activation energy, glass transition
temperature, thermal stability and glass forming ability of the Ge-Sb-Se glass, as shown in
Fig. 4.16 [206].The values of Tm - Tg of these three chalcongenide glasses are also listed
in Table 4.3, which indicates that the IG5 glass has the smallest temperature window
of Tm - Tg among these chalcogenide glasses. The Tm temperature of the IG5 glass is
calculated by an empirical ’two-third rule’ (Tg /Tm = 2/3) [206], where the temperature is
in Kelvin (K). Hence the IG5 glass may have a slower growth rate of the crystallization
among these glasses.

Figure 4.15 : The ternary diagram of Ge-Sb-Se chalcogenide glass with glass-forming region
(orange curve) [263]. Black, red, and blue circles represent the locations of Ge20 Sb10 Se70 ,
Ge25 Sb10 Se65 , and IG5 glass, respectively.

Table 4.3 : MCN and Tm - Tg values of some chalcogenide glasses [208]

IG5

Ge20 Sb10 Se70

Ge25 Sb10 Se65

MCN

2.68

2.5

2.6

Tm − Tg (K)

276

300

294
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Figure 4.16 : The crystallization activation energy, glass transition temperature, thermal stability
and glass forming ability as a function of the MCN of the Ge-Sb-Se chalcogenide glasses [206].

These experimental and theoretical studies indicate that only few crystals or defects
appear on the surface of the IG5 glass at the drawing temperature, and the crystals never
grow through the whole volume of the glass, possibly due to their slow growth rate. This
suggests that the IG5 glass has a relatively good thermal stability, and is a potentially
suitable material for optical fiber drawing, since the heating and cooling duration in
the draw process is much shorter than that in the crystallizition experiments. To avoid
crystallization during the drawing process, a low drawing temperature and a large drawing
speed (to cool down quickly) should be applied.

4.5

Surface tension of the IG5 glass
Surface tension is an important factor for glass fabrication and processing, especially

in manufacturing glass MOFs, because it controls the degree of how the capillaries
collapse or expand. Understanding how the surface tension affects the capillaries of MOFs
can help control the final geometry of MOFs. There are many methods to date to measure
the surface tension of glass melts, such as bubble pressure [267] or fiber elongation [268].
A method of heating a single-material glass optical fiber to measure the glass surface
tension has been demonstrated by K.Boyd [269], which uses a scanning CO2 laser to heat
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the glass fiber to form a microsphere due to surface tension. In this thesis, this method is
simplified by using the drawing furnace instead of a CO2 laser as the heating source. This
fiber drawing furnace is a resistance furnace, which will be introduced in chapter 6. The
bottom of an IG5 glass cane with a radius r was positioned in the furnace at the location
of highest temperature, and it was fed into the furnace slowly to increase the volume of
the heated part. The heated volume is expected to be pulled upwards into a sphere, when
the downward weight force is smaller than the upward surface tension force. When these
two forces are in equilibrium, the surface tension can be calculated as [269]:
γ=

mg
πr

(4.18)

where m is the mass of glass from bottom to the heated position, and g is the gravitational
acceleration. As the rod is slowly fed into the hot zone it should neck and drop when
the weight of the glass below the softened region just exceeds the surface tension. Such
technique is chosen because of the narrow length of hot zone of the furnace, and to ensure
that enough material is softened while not having extra weight below the hot zone. The
schematic of measuring the surface tension is shown in Fig. 4.17.
An IG5 glass rod with uniform outer diameter was used to measure the surface tension,
and the furnace temperature was set to be 380 ◦ C (i.e., viscosity at 104.2±0.2 Pa.s), to
ensure the glass can deform by its own weight. The glass rod was fed into the furnace
with a speed of 0.2 mm/min, until the heated part dropped. The dropped part was collected
and then weighed with a digital balance within ±0.1 mg. This process was repeated five
times, with different outer diameters varied from 0.55 mm to 0.95 mm. A typical picture
of the dropped piece of the IG5 glass cane is shown in Fig. 4.18 (a). It is common to find
a long elongation part at the top of the dropped piece, and some spherical bulbs along the
bottom of the piece. However, the bottom part does not form a spherical bulb as expected.
A possible explanation to this is that the viscosity of the glass surface is different to the
inner region due to the crystallization, since the canes were exposed to a high temperature
for a long duration (it normally takes four to five hours before dropping). As discussed
above, IG5 glass is very easy to nucleate on the surface, especially when it is exposed in a
high temperature condition for a long time. During the experiment, the outer surface of the
bottom part of IG5 glass cane became harder, stronger, and resisted to form a microsphere,
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because of the crystallization on the surface. As the cane is fed into the furnace slowly,
a neck down will be formed when the weight of the bottom part just exceed the surface
tension force. However, the surface tension will pull up the glass to form a spherical blob,
due to the continual feeding of the cane. This will happen repeatedly until the point where,
when the weight force exceeds the upward forces including surface tension and the tensile
force of the crystallized outer layer, result to an obvious taper part and a series of spherical
blobs, as seen in Fig. 4.18 (a). Thus the calculated surface tension may be a little larger
than the real surface tension. Besides, compared to the literature which used CO2 laser to
heat the sample, there was a 1 cm long isothermal region with the highest temperature in
the furnace. The isothermal region was determined as the length of the hot zone with a
temperature difference from the maximum measured temperature (which will be shown in
chapter 6) within the precision of the thermocouple used for the measurement, i.e. 0.5 ◦ C.
The surface tension measurement results are shown in Fig. 4.18 (b), and the mean
value is 0.54 ± 0.10 N/m. The relatively large errors are caused by the 1 cm long
isothermal region in the furnace, so the surface tension errors were calculated from the
uncertainty given by the weight of this 1cm length of the rods. Considering this and
the crystallization effect which leads to an extra tensile force, the weight of the dropped
part might be larger than expected. Thus the surface tension of IG5 glass in practice is
unlikely to be in the lower half of the uncertainty range. To check the validity of this
method the same experiment was performed with soda-lime glass cane using exactly the
same procedure, at the temperature of 780 ◦ C. The dropped piece of the soda-lime cane
is shown in Fig. 4.19, and a spherical bulb was formed in the bottom, due to the absence
of crystallization. The slightly larger result of 0.38±0.05 N/m compared to the reference
value of 0.31 N/m [268] supports the expectation that slightly larger values for surface
tension are obtained with this method using our furnace with a relatively long hot zone.
However, the error of surface tension for IG5 glass may be larger than the soda-lime glass
case, due to drop happened after forming the series of blobs.

81

Figure 4.17 : Schematic of the progress for measuring IG5 glass surface tension within the
furnace: (a) the glass cane is fed into the glass furnace slowly, and the bottom part is heated
at the highest temperature region of the furnace. (b) A spherical bulb is formed if the upward force
due to the surface tension larger than the downward force due to weight. (c) The cane is elongated
if the upward force due to the surface tension smaller than the downward force due to weight.
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Figure 4.18 : (a) Picture of a typical dropped piece of the IG5 glass cane, a series of quasispherical blobs formed due to the surface tension and crystallization effects. (b) Results of the
surface tension measurements with IG5 glass canes of various sizes.

82

Figure 4.19 : Picture of a dropped piece of a soda-lime cane, a spherical bulb is formed due to
surface tension, and without crystallization.

The calculated result of the IG5 glass surface tension by this method with our furnace
may not have a high accuracy, due to the crystallization on the surface and the isothermal
region of the furnace. However, the results are in reasonable agreement with the expected
magnitude, and the soda-lime experiment indicates that an acceptable result can be
obtained by this method, though the result is likely larger than the expected value. Hence
the average result of 0.54 ± 0.10 N/m as the surface tension of IG5 glass can be useful in
some cases, such as to evaluate the effect of the surface tension in the IG5 glass MOFs
drawing process, which is showed in the next chapter.

4.6

Summary
The optical properties of the IG5 glass have been measured in the chapter. Thermal

properties include XRD and TGA, as well as the crystallization properties of the IG5 glass
are studied. XRD results show the Tg temperature of IG5 glass is 285 °C, and no obvious
crystallization was found up to 450 °C. TGA result indicate that the weight loss is less
than 0.2 wt.% up to 600 °C. The material loss of the IG5 glass is about 1.8 dB/cm in the
MIR region, and the surface tension of the IG5 glass was measured to 0.54 ± 0.1 N/m.

83

Chapter 5
Effects of pressurization and surface tension on drawing
IG5 chalcogenide glass suspended-core fiber
As discussed in Chapter 3, the cross-section structure of the MOFs can be different to the
initial holes’ structure of the microstructured preform, due to the interaction of surface
tension force, pressurization differential, and the drawing conditions. To fabricate a MOF
with the suspended-core structure, pressurization is normally introduced in the final step
of the fiber drawing process. The required amount of introduced pressurization may be
found by many empirical ‘trial and error’ experiments. However, the high cost and limited
availability of the chalcogenide glasses provides strong motivation to investigate the
dynamics of the viscous glass during the drawing process before starting fabrication. In
this chapter, two theoretical models – Fitt’s asymptotic model and Stokes’ mathematical
model are used respectively to study the effects of pressurization and surface tension
in the fiber drawing process. Combining with the material properties of the IG5 glass,
understanding these effects can help us to chose suitable drawing parameters, such as the
drawing temperature and the drawing ratio, to obtain IG5 MOFs with required geometries.
The fiber drawing experiments to validate these theoretical models are presented in
chapter 6. The drawing experiments were performed with a custom built Heathway
glass drawing tower with a resistance furnace covered by a stainless steel casing. The
furnace has a 4 cm diameter, 32 cm long heating coil, and is operated in a standard
laboratory environment, and without gas purging. A controllable pressurization system
was connected to the drawing tower to offer pressurization if needed. The photographs
and detailed descriptions of this fiber drawing system are presented in chapter 6.
This chapter is strongly based on the peer-reviewed journal paper:
Wu Shengling, Simon Fleming, Boris T.Kuhlmey, Heike Ebendorff-Heidepriem and
Alesssio Stefani, Effects of pressurization and surface tension on drawing Ge-Sb-Se
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chalcogenide glass suspended-core fiber, Optical Materials Express, Vol. 9, Issue 4, pp.
1933-1944 (2019).

5.1

Asymptotic simulation of surface tension and pressurization
In 2002, A. D. Fitt introduced a theoretical model for drawing single hole capillaries

and included both effects of surface tension and inner pressurization, for a steady-state
drawing process [238], which has subsequently been improved and simplified by other
researchers [270–272]. Recently, this model has been successfully applied to predicting
the experimental drawing parameters to obtain silica MOF with rotationally symmetric
multi-hole structure [273]. In this section, this asymptotic simulation is introduced, and
the evolution of the IG5 glass capillary’s geometry based on the different parameters of
the drawing process is studied.
5.1.1

Theory of the asymptotic simulation

The deformation of a single hole capillary in a furnace can be treated adequately by
the Navier-Stokes equation and the convection-diffusion equations, when we consider the
molten glass as a linear incompressible fluid [238, 240]. In cylindrical coordinates, these
equations can be written as:
1
1
d(ut + uux + wur ) = −px + (µrur )r + (2µux )x + (µrwx )r + Dg,
r
r


1
(rw)r + (µwx )x + µx ur + 2µr wr ,
d(wt + uwx + wwr ) = −pr + µ
r
r
1
ux + (rw)r = 0,
r
1
dc p (Tt + uTx + wTr ) = (kt Tx )x + (kt rTr )r + ηδ (Ta4 − T 4 ).
r

(5.1)
(5.2)
(5.3)
(5.4)

Here, derivatives are denoted by subscripts, t is time, x represents the distance along the
axis of a capillary, and r denotes the radial coordinate. The velocity q of the molten glass
is q = uex + wer , where ex and er are unit vectors in the x and r directions. The other
symbols g, p, d, µ, γ, kt , c p are the acceleration due to gravity, pressure, density, dynamic
viscosity, surface tension, thermal conductivity and specific heat, respectively. T is the
temperature of glass, and Ta is the ambient temperature in the furnace, η and δ are the
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Stefan-Boltzmann constant and the materials constant that involves the emissivity of the
fiber respectively. Figure 5.1 is the schematic diagram of the deformation of a capillary in
the furnace, pa , ph , U f , Ud are the ambient pressure, hole pressure, feeding and drawing
speeds respectively. Equation (5.1) - (5.3) assume that we treat the molten glass as a linear
incompressible fluid. Equation (5.4) is the energy-conservation equation.

Figure 5.1 : Schematic diagram of the deformation of the capillary in the furnace [238].

(a) Some simplification of the model
Whilst the parameters d, γ, kt , c p and δ do vary with temperatures, these variations
are much smaller compared to the variation of the glass viscosity, which can be changed
by orders of magnitude within the furnace hot zone region. So in this section, we consider
that only the viscosity µ is a function of temperature to simplify this simulation. To really
focus on the factors which are more intereasting in the fiber drawing process, it is assumed
that the diffusive and the convective heat transfer in the fiber are normal, and the fiber will
absorb radiation and re-radiate heat back directly to the furnace.
The equations (5.1) - (5.3) should apply in the region of inner and outer diameters
of the capillary, which we have denoted in the Fig. 5.1 by r = h1 (x,t) and r = h2 (x,t),
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respectively. Thus the inner and outer diameters of the preform are denoted as h10 and
h20 , while the inner and outer diameters of the fiber after drawing with a length of L in
the hot zone are denoted as h1L and h2L , respectively. To apply these equations properly,
suitable boundary and initial conditions should also be applied, which is discussed later.
(b) Solving the model with asymptotic solution
Based on the molten fluid glass model above, Fitt derived the dimensional equations
for drawing a single-hole capillary with the steady isotherm case by the form of [238]:


d(h22 − h21 ) [u0t + u0 u0x − g] = 3µ(h22 − h21 )u0x + γ(h1 + h2 ) x ,

(5.5)

(h21 )t + (h21 u0 )x =

ph1 h22 − γh1 h2 (h1 + h2 )
,
µ(h22 − h21 )

(5.6)

(h22 )t + (h22 u0 )x =

ph21 h2 − γh1 h2 (h1 + h2 )
.
µ(h22 − h21 )

(5.7)

Where d is density of the material, h1 and h2 are inner diameter and outer diameter of
the capillary during the drawing process, u0 is the leading order axial fluid velocity, γ is
surface tension, µ is viscosity and p is the inner hole pressurization, the derivatives are
denoted by subscripts, again t denotes time and x is the distance along the capillary. These
equations can be solved with suitable boundary conditions at x = 0 and x = L:
h1 (0) = h10 , h2 (0) = h20 , u0 (0) = U f , u0 (L) = Ud .

(5.8)

For the more practical case that the temperature varies with the position in the hot zone,
thus the viscosity is no longer a constant, Luzi has further improved and simplified this
model for the non-isothermal case by using asymptotic solutions for the above equations,
and derived the final differential equations [274]:
u0x = −

γ(h1 + h2 )
µ(T (0))β
u0 + ζ
u0 ,
2
2
µ(T (x))L
3µ(T (x))(h20 − h10 )U f

(5.9)



ph1 h22 − γh2 (h1 + h2 )
h1
γ(h1 + h2 )
µ(T (0))β
h1x =
−
−
+ζ
,
2
µ(T (x))L
2µ(T (x))(h220 − h210 )U f
3µ(T (x))(h220 − h210 )U f
(5.10)


ph21 h2 − γh1 (h1 + h2 )
h2
γ(h1 + h2 )
µ(T (0))β
h2x =
−
−
+ζ
,
2
µ(T (x))L
2µ(T (x))(h220 − h210 )U f
3µ(T (x))(h220 − h210 )U f
(5.11)
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where β is log(Ud /U f ) and T is the glass temperature which is a function of position
in the furnace. ζ is a parameter that is adjusted to ensure that mass is conserved, if not
then ζ can be increased by a small amount until the condition (ṁin − ṁout )/ṁin < 1% is
satisfied. m˙in and m˙in are the mass flow rate of the material into and out from the hot zone,
respectively, which are defined by:
ṁin = (h220 − h210 )U f ,

(5.12)

ṁout = (h22L − h21L )Ud .

(5.13)

For the following simulations of a typical IG5 drawing process, the ζ value was found to
be 2.7 × 10−5 to satisfy the mass conservation condition. This system of equations can
be solved numerically by a fourth order Runge-Kutta Merson method (using MATLAB).
Thus with the asymptotic solutions of equation (5.9) - (5.11) and the boundary conditions
(equation (5.8)), one can find the evolution of the hole’s geometry (h1 and h2 as a function
of the distance x in the hot zone), and derived the final geometry when x = L. In this case
finding the accurate length of the hot zone in the furnace is very important, since this
drawing distance determines the final structure of the capillary. The hot zone is defined
as the region where the temperature is larger than the glass transition temperature, so the
glass cannot be drawn outside the hot zone due to the viscosity being too high. The glass
furnace used in this thesis has a 16-cm length of hot zone, when the setting temperature
is 345 °C (typical IG5 glass drawing temperature); the measured temperature profile of
the furnace is shown in chapter 6. However, this length of the hot zone might be different
when the furnace is set to a different temperature, due to the change of the temperature
profile. A Gaussian distribution is suggested to be suitable to describe the temperature
profile of the hot zone in the furnace for different furnace setting temperatures [275].
In this chapter the Gaussian distribution is used to represent the temperature profile of
the hot zone for the following simulations, while it will be replaced for the fabrication
section once the measured temperature profile is obtained. The Gaussian distribution for
temperature profile in the furnace is [275]:
2 )/(2·c2 )

T (x) = a · exp−((x−b)

(5.14)

where a is the furnace setting temperature, b is the position where the peak temperature is
located (in this section we assume b = L/2), and c is the ‘shape’ of the distribution, which
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can be found by fitting with the measured temperature profile.
5.1.2

Asymptotic analysis of the effect of surface tension

As discussed in chapter 4, surface tension is an important factor for glass fabrication
and processing, especially for the MOFs drawing process. The surface tension values of
some widely used glass materials for fabrication of optical fibers are listed in table 5.1. It
can be found that the IG5 glass has a relatively larger measured surface tension compared
to other glasses, even if the correct surface tension is the lower limit of our measured
value (0.44 N/m), thus the effect of the surface tension may be more obvious among these
glasses for the same drawing conditions.

Table 5.1 : Surface tension of some glass materials [269]

IG5

silica

F2

ZBLAN

Bismuth

Tellurite

Surface tension (N/m)

0.54±0.1

0.31

0.23

0.09±0.02

0.23

0.16

Temperature( °C)

380

2500

1100

700

1100

700

To evaluate the effect of the surface tension in the drawing of glass capillary process,
the effect of pressurization can be ignored by setting p = 0 Pa in the differential equations
of (5.10) - (5.11), thus these equations become:


γh2 (h1 + h2 )
h1
µ(T (0))β
γ(h1 + h2 )
h1x = −
−
−
+ζ
2
µ(T (x))L
2µ(T (x))(h220 − h210 )U f
3µ(h220 − h210 )U f


γh1 (h1 + h2 )
h2
γ(h1 + h2 )
µ(T (0))β
h2x = −
−
−
+ζ
2
µ(T (x))L
2µ(T (x))(h220 − h210 )U f
3µ(h220 − h210 )U f

(5.15)

(5.16)

Now it is possible to see how the surface tension affects capillary drawing with the IG5
glass process for different conditions.
(a) Surface tension effect in a typical IG5 glass capillary drawing process
To find the effect of the surface tension in the fiber drawing process, an IG5 glass
capillary drawing process is used as an example. The drawing parameters are listed in
the table 5.2, and the viscosity as a function of temperature is calculated by the IG5 glass
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temperature-viscosity relationship (equation (4.2)). The simulated drawing results based
on the asymptotic equations are shown in Fig. 5.2 (a) - (d), in which the surface tension is
set to 0.5 N/m, 2 N/m, 3.5 N/m, 5 N/m, respectively. To normalize the simulated results
for drawing with different parameters, we further calculated the air fraction (AF) of the
fibers after the drawing process based on the simulated results by:
1
1
AF = π( h1L )2 /π( h2L )2 = (h1L /h2L )2
2
2

(5.17)

where h1L and h2L are the fiber inner and outer diameters respectively. The preform’s AF
can be calculated by the inner and outer diameter of the preform (h10 and h20 ).

Table 5.2 : Parameters in a typical IG5 glass capillary drawing experiment

value

h10

h20

AF of preform

Uf

Ud

Furnace setting T

0.6 mm

1 mm

0.36

2 mm/min

20 mm/min

345 °C

Fig. 5.2 shows important information for the capillary drawing process from the
simulations. First, the inner and outer diameters decrease along with the drawing distance
in the hot zone, and their shrinkage rates are different, which results in a thinner wall
thickness after drawing. Second, it can be found that the obvious neck-down region
happens at around the highest temperature region, instead of shrinking constantly within
the hot-zone. Third, the larger the surface tension, the smaller of the AF of the fiber, and
the smaller than the initial AF of the preform, which confirms that the surface tension
force tends to close the inner hole during the capillary drawing process. In practice,
the drawing conditions may be selected in each drawing case, to obtain the MOFs with
different required geometries. Thus it is interesting to determine the effect of surface
tension at different drawing conditions, such as with different preform size, furnace
setting temperature, drawing ratio, etc. To answer this question, further investigations
are performed based on varying only one of the drawing parameters in the simulations.
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Figure 5.2 : Evolution of inner and outer diameters with different surface tension in the typical
IG5 glass fiber drawing process: (a) γ = 0.5 N/m, (b) γ = 2 N/m, (c) γ = 3.5 N/m, (d) γ = 5 N/m.
The calculated final AF of the fiber is also shown in the figures.

(b) Surface tension effect with different size of preforms
To evaluate the surface tension effect for drawing with different size of preforms,
the asymptotic simulations are performed with the outer diameter of the preform varying
from 1 mm to 0.25 mm, while the ratio of inner and outer diameter of the preforms remain
constant. Surface tension is set to 0.54 N/m, other parameters of the drawing process are
the same as above.
Fig. 5.3 shows the evolution of the inner and outer diameters of the preforms with
different sizes. It can be found that the smaller size of the preform, the smaller AF of the
fiber after the drawing process, and the smaller than the initial AF of the preform. This
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indicates the surface tension has a more obvious effect when a smaller preform is drawn
under the same conditions. Thus the surface tension effect must be taken into account
when drawing with a small diameter of preform, especially for drawing IG5 glass, which
has a relatively large surface tension.
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Figure 5.3 : Evolution of inner and outer diameters when drawing with different size of preforms:
(a) h20 = 1 mm, (b) h20 = 0.75 mm, (c) h20 = 0.5 mm, (d) h20 = 0.25 mm. The calculated final AF
of the fiber is also shown in the figures.

(c) Surface tension effect of different drawing ratios
In practice, the outer diameter of the fibers can be adjusted by changing the drawing
ratio (Ud /U f ) during the drawing process, so it is important to know the surface tension
effects of different drawing ratios. In this section, the drawing ratio varies from 10 to
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40, by changing the drawing speed, while keeping the feeding speed the same (U f =
2 mm/min). Surface tension is 0.54 N/m, while other parameters are the same with the
typical IG5 glass drawing case.
(b)
Inner diameter 350
Outer diameter
Temperature
340

Diameter /(mm)

330

0.8

320

0.6

310
300

0.4

1

330

Diameter /(mm)

1

Inner diameter 350
Outer diameter
Temperature
340

AF = 0.336

Temperature (°C)

AF = 0.333

0.8

320

0.6

310
300

0.4

290

290

0.2

0.2
280

Drawing ratio = 10
0

Temperature (°C)

(a)

0

2

4

6

8

10

12

Position in hot zone /(cm)

14

280

Drawing ratio = 20

270
16

0

(c)

0

2

4

6

8

10

12

Position in hot zone /(cm)

14

270
16

(d)

320

0.6

310
300

0.4

330

Diameter /(mm)

Diameter /(mm)

330

0.8

1

Temperature (°C)

1

Inner diameter 350
Outer diameter
Temperature
340

AF = 0.340

0.8

320

0.6

310
300

0.4

290
0.2

290
0.2

280

Drawing ratio = 30
0

Temperature (°C)

Inner diameter 350
Outer diameter
Temperature
340

AF = 0.339

0

2

4

6

8

10

12

Position in hot zone /(cm)

14

270
16

280

Drawing ratio = 40
0

0

2

4

6

8

10

12

Position in hot zone /(cm)

14

270
16

Figure 5.4 : Evolution of inner and outer diameters when drawn with different ratios: (a) Ud /U f
= 10, (b) Ud /U f = 20, (c) Ud /U f = 30, (d) Ud /U f = 40. The calculated final AF of the fiber is also
shown in the figures.

Figs. 5.4 (a) - (d) are the simulated results of the IG5 glass capillary drawing with
different drawing ratios. It can be found in these simulations that the larger the drawing
ratio is, the larger the AF becomes, but the closer to the initial AF of the preform (0.36).
This indicates that the surface tension force has a smaller effect on the air fraction of the
fiber during the drawing process, when a bigger drawing ratio is applied.
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(d) Surface tension effect of different drawing temperatures
To evaluate how the drawing temperature affects the effect of the surface tension in
fiber drawing process, the simulated temperature profiles are changed by changing the the
peak temperature value a in the Gaussian distribution (equation (5.14)), but keeping b and
c the same (b = L/2 = 0.08, c = 0.1379). The peak temperatures in Fig. 5.5 (a) - (d) are
set to 335 °C, 340 °C, 345 °C, 350 °C, respectively. Here we assume that the change of
drawing temperature only affects glass viscosity, while surface tension is constant, though
it may vary slightly at different drawing temperatures. Surface tension is 0.54 N/m, and
the other drawing parameters are the same to the typical IG5 capillary drawing case.
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Figure 5.5 : Evolution of inner and outer diameters when drawing with different furnace setting
temperatures: (a) T = 335 °C, (b) T = 340 °C, (c) T = 345 °C, (d) T = 345 °C. The air fraction of
the fiber (AF) is also showed in the figures.
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As seen in Fig. 5.5 (a) - (d). the higher the furnace setting temperature, the smaller
the AF of the fibers. This shows that a higher furnace setting temperature can increase
the effect of surface tension in the optical fiber drawing process. Though the surface
tension may vary slightly with different temperatures, the tendency of the temperature’s
effect is the same. Note the simulated temperature profile is obtained by fitting with the
measured temperature profile in the furnace, while the highest measured temperature is
normally slightly lower than the furnace setting temperature, so the peak of the simulated
temperature profile is also several degrees lower than the furnace setting temperature. The
measured temperature profiles of the temperature on the glass and the temperature of the
furnace will be shown in chapter 6.
5.1.3

Asymptotic analysis of the effect of inner pressurization

As discussed above, the surface tension force tends to close the hole of a capillary.
This can be avoided by introducing pressurization into the hole during the drawing
process. More importantly, controlling the degree of the hole’s closure or expansion
carefully by the introduced pressurization is a widely used method in the fabrication of
MOFs to obtain the required geometries, such as the suspended-core structure. However,
glass preforms may explode if the introduced pressure is too large. In this case, knowing
the limit of the introduced pressurization that the glass preform can stand, as well as the
effect of the pressurization in a certain drawing condition becomes the priority knowledge
one should consider before each drawing experiment.
Again based on the differential equations (5.10) and (5.11), when the surface tension
effect is ignored (γ = 0 N/m), these equations become:


ph1 h22
h1
µ(T (0))β
h1x = −
−
ζ
2
µ(T (x))L
2µ(T (x))(h220 − h210 )U f


ph21 h2
h2
µ(T (0))β
h2x = −
−
ζ
2
µ(T (x))L
2µ(T (x))(h220 − h210 )U f

(5.18)

(5.19)

To find the maximum introduced pressurization the preform can stand, or the threshold
of the explosion, one can use the equations (5.18) and (5.19) to find the pressurization
when the inner and outer diameters become unbounded. For example, in the typical IG5
glass capillary drawing case, if the surface tension effect is ignored, the evolution of
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the inner and outer diameters of the fiber can be simulated when different pressurization
is introduced, as shown in Fig. 5.6 (a) - (d). In these simulations, the introduced
pressurizations are 50 mbar (100 Pa), 100 mbar, 200 mbar, and 300 mabr, respectively.
Other drawing parameters are the same as the IG5 glass drawing case above.
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Figure 5.6 : Evolution of inner and outer diameters when different pressurization is introduced
in the typical IG5 glass drawing case: (a) p = 50 mbr, (b) p = 100 mbar, (c) p = 200 mbar, (d)
p = 300 mbar. The calculated final AF of the fiber is also shown in the figures.

It can be found in the Fig. 5.6 (a) - (c) that the AF of the fibers are all bigger than the
initial AF of the preform, and the larger the introduced pressurization, the larger AF of
the final fiber. This confirms that the introduced pressurization can ‘expand’ the air hole
of the preform (relative to the initial air fraction), resulting in a thinner wall thickness.
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In Fig. 5.6 (d), the diameters of the fiber are larger than the preform, and they become
unbounded, which represent the fiber is either expanded, and is no longer drawing to
fibre scale, or exploded. Thus the maximum sustainable introduced pressurization in this
drawing case is between 200 mbar and 300 mbar. The precise maximum sustainable
pressurization can be simulated by narrowing the chosen pressurization between this
region in the simulations.
Fig. 5.6 also indicates that glass capillaries with different required geometries (i.e,
different AF) can be achieved by choosing suitable pressurization. Again, in practice the
drawing parameters are chosen for different requirements, thus it is important to know
how the drawing parameters affect the effect of the pressurization in the optical fiber
drawing process.
(a) Pressurization effect with different size of preforms
Similar to the section on surface tension effect with different size of preforms, the
simulations were performed by changing the initial preforms’ outer diameter from 1 mm
to 0.25 mm, while the initial AF of the preforms was kept the same. The introduced
pressurization is set to 100 mbar, and the surface tension is ignored (γ = 0 N/m). Other
parameters are the same with the parameters listed on table 5.2.
As seen in Fig. 5.7 (a) - (d), it is interesting to find that the AF of the fibers keep
the same, despite drawing from different sizes of the preforms. Thus changing the outer
diameter of the preform while keeping the same AF does not change the effect of the
pressurization. However, as shown in Fig. 5.3 (a) - (d), the surface tension effects are
different when drawing with different size of preforms, and the smaller the preform, the
bigger the surface tension effect. In this case, for the drawing case with small size of
preform, there may be a point where the effect of the introduced pressurization is larger
than the effect of the surface tension, thus the final AF of the fiber becomes larger than
the initial AF of the preform. The compensation of these two effects is discussed later in
this chapter.
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Figure 5.7 : Evolution of inner and outer diameters when drawing with different size of preforms:
(a) h20 = 1 mm, (b) h20 = 0.75 mm, (c) h20 = 0.5 mm, (d) h20 = 0.25 mm. The calculated final AF
of the fiber is also shown in the figures.

(b) Pressurization effect of different drawing ratios
Similar to the discussion of effect of surface tension on drawing with different drawing
ratios, evaluating the pressurization effect when drawing at different ratios is performed
by varying the the drawing speed, while keeping the feeding speed the same. The drawing
speed Ud is set to 20 mm/min, 40 mm/min, 60 mm/min, and 80 mm/min, U f = 2 mm/min.
The introduced pressurization is set to 100 mbar, surface tension effect is ignored, and
other drawing parameters are the same as the typical IG5 glass capillary drawing case.
As seen in Fig. 5.8 (a) - (d), when the feeding speed is kept the same, while the
drawing ratio is varied, the calculated final AF of the fibers are different, which indicates
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the pressurization effect is varied with the change of the drawing ratio. It can be seen
that the larger the drawing ratio, the smaller the AF of the fiber, and closer to the initial
AF of the preform. Thus the smaller the drawing ratio, the more obvious the effect of
the pressurization. This provides some practical information in the fabrication of MOFs.
For example, if the required pressurization is larger than the maximum pressure available,
then decreasing the drawing ratio is one of the choices to increase the pressurization effect,
to obtain the required geometry.
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Figure 5.8 : Evolution of inner and outer diameters when drawing at different ratios: (a) drawing
ratio = 10, (b) drawing ratio = 20, (c) drawing ratio = 30, (d) drawing ratio = 40. The calculated
final AF of the fiber is also shown in the figures.
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(c) Pressurization effect with different drawing temperatures
To determine the pressurization effects when different drawing temperatures are
applied, the furnace setting temperature is set to 335 °C, 340 °C, 345 °C, and 350 °C,
respectively. Surface tension effect is ignored, and the introduced pressurization is set
to 100 mbar. Other drawing parameters are the same as the typical IG5 glass capillary
drawing case.
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Figure 5.9 : Evolution of inner and outer diameters when drawing at different furnace setting
temperatures: (a) T = 335 °C, (b) T = 340 °C, (c) T = 345 °C, (d) T = 350 °C. The calculated final
AF of the fiber is also shown in the figures.

As shown in Fig. 5.9 (a) - (c), the pressurization has an obviously different effect
on the geometry of the fibers, when different furnace setting temperatures are applied.
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The higher the furnace setting temperature, the larger AF of the fibers. This indicates
that higher temperature is helpful to expand the air hole of the capillary. This is easy to
understand, because based on the IG5 glass temperature-viscosity relationship, the higher
the temperature, the lower the viscosity. The lower viscosity represents that the glass is
more ‘soft’ at a higher temperature, thus the effect of pressurization can be more obvious.
Besides, Fig. 5.9 (c) and (d) show that a five degrees difference results in a huge difference
to the geometry of the fiber, so it seems that increasing the drawing temperature is an easy
method to increase the pressurization effect. However, as shown in Fig. 5.5, a higher
drawing temperature also leads to a larger surface tension effect. In addition, as discussed
in chapter 4, the IG5 glass is easier to crystallize in a high temperature. Therefore,
these factors must be taken into account when deciding the drawing temperature in the
fabrication of IG5 glass MOF process.
5.1.4

The interplay between the effects of pressurization and surface tension

The discussion above offers some ideas to control the degree of the hole’s closure or
expansion in the fabrication of MOFs by controlling the effects of surface tension and
pressurization. In practice, this can be achieved by changing one or several drawing
parameters to realize the required geometries. For example, to obtain a suspended-core
fiber, one can either increase the furnace setting temperature, or draw with a low drawing
ratio, to increase the pressurization effect. Of course, a high temperature and low drawing
ratio also increase the surface tension effect, thus equations (5.10) and (5.11), which
include both the effects of surface tension and pressurization can be used to analyze which
effect is dominant in a certain drawing case. For instance, in the simulations of drawing
IG5 glass preforms with different outer diameters but the same initial AF, the required
pressurization to make the AF of the fiber the same as the preform is quite different,
as seen in Fig. 5.10. Therefore, in the case of drawing IG5 glass tube with increasing
pressurizations, the interplay between the effects of the pressurization and surface tension
can be quite different as a function of the increment of pressurization, which may result
in a jump change of the AF of the drawn fiber. For example, in the simulation of drawing
the IG5 glass preform with outer diamter of 0.03 mm, the AF of the drawn fiber is zero
until the pressurization reaches 280 mbar, as shown in Fig. 5.10. Of course in reality the
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outer diameter of a preform is normally much larger than 0.03 mm, here we only use this
value as an example. The effect of this kind of jump change of AF on the drawing of IG5
mircostructured preforms with pressurization will be discussed in the next chapter.
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Figure 5.10 : Simulations of the fiber AF when drawing different size of preforms with different
pressurizations. The blue dotted line is the simulated AF of fibers when the effect of surface
tension is ignored.

5.2

Stokes’ mathematical model
Fitt’s asymptotic model provides practical information on the evolution of the inner

and outer diameters of the capillary in the fiber drawing process, and is suitable for a
capillary with a circular hole, or MOF with a rotationally symmetric multi-hole structure.
However, for asymmetric structures, Fitt’s model is unable to predict the final structure
of the MOF, since it does not take into account the surface tension effects of the material
outside the structure [241]. In 2014, Y.M.Stokes demonstrated a mathematical model
which can be applied for drawing circular and non-circular tubes, and MOF with arbitrary
cross-section profiles, based on the fiber drawing tension [276]. M.J.Chen further showed
this model can be used to predict the fiber geometry from a tubular preform successfully,
when active channel pressurization has been introduced [277].

102
5.2.1

Mathematical model for drawing capillary without active pressurization

Figure 5.11 : Schematic diagram of the cross-section of the preform and fiber used in the
mathematical model. The inner and outer radius of the preform are denoted r0 and R0 , while
the inner and outer radius of the fiber are denoted rL and RL , respectively.

Stokes’ model presents the evolution of the ratio of the inner and the outer radii from
the preform, ρ0 , to the tubular fiber, ρL . The schematic diagram of the cross-section of
the preform and fiber is shown in Fig. 5.11. Here the subscript ‘0’ and ‘L’ represent the
preform and the fiber respectively, so ρ0 = r0 /R0 and ρL = rL /RL , where R and r are the
radius of outer and inner boundaries of the preform or the fiber. The preform is fed into
a furnace with a speed of U f , and the fiber is drawn off from the furnace with a speed of
Ud . The drawing ratio D is Ud /U f , thus [276, 277]:
D = Ud /U f = A0 /AL ,

(5.20)

where A0 and AL are the cross-sectional area of the preform and fiber excluding the air
fraction, respectively, which can be calculated by:
A0 = πR20 (1 − ρ02 ), AL = πR2L (1 − ρL2 ).

(5.21)

For the complicated structures, an additional parameter α has been introduced to describe
the geometry of the preform and the fiber for mathematical convenience, defined as [276,
277]:
1
α0 = α(ρ0 ), αL = α(ρL ), where α(ρ) = √
π

s

1−ρ
.
1+ρ

(5.22)

For drawing tubular fiber without pressurization, the final geometry αL can be expressed
as [276, 277]:
8α0
1
θ
αL = √ (
+ 1)3/2 cos3 ,
3
3 3 3α0 T

(5.23)
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where

s
θ = arctan(−

4D (1 + 3α0 T )3
− 1) + π.
27
3α0 T

(5.24)

T is the dimensionless fiber tension, which is related with the real fiber tension σ by:
σ = 6γ

p
A0 T ,

(5.25)

where γ again is the surface tension of the glass. Thus once the initial geometry of the
preform α0 is determined, the final geometry of the fiber αL can be simulated by the
equations (5.22) and (5.23). The fiber tension σ can be measured on the fiber drawing
facilities. In practice, it is necessary to compare the experiments and the simulations
during the fiber drawing process, to adjust the drawing parameters timely if needed.
Effectively, when doing the simulations, the drawing tension can be estimated by knowing
the set temperature and the viscosity of the material via the following relationship [278]:
p
6πU f r∗2 µ ln( U f /Ud )
σ =−
,
(5.26)
l
where r∗ is the effective radius of the fiber, which is calculated from the cross-section of
the fiber excluding the air fraction. l is the length of the neck-down region, where the
obvious shrinkage of the preform can be observed. Note this l is different to the length,
L, of the hot zone in the furnace of Fitt’s asymptotic simulations, which is defined as the
region where the temperature is higher than the glass transition temperature (in our case
L = 16 cm, when T = 345 °C). However, the neck-down region in our experiments is
much shorter than the length of the hot zone (in our case l = 3 cm, measured by several
drawing trials). Based on the measured temperature profile of our furnace, which will be
shown in the next chapter, the temperature of the fiber is assumed not to vary significantly
within this region. Therefore, in the following simulations which are based on Stokes’
mathematical model, the glass viscosity µ within the neck-down region is considered to
be constant, and calculated by the IG5 glass viscosity-temperature relationship.
5.2.2

Mathematical model for drawing capillary with active pressurization

For the case of drawing tubular fibers with pressurization, the fiber geometry αL can
be obtained from Stokes’ model by solving the following system of differential equations:
dα
1
1
= −
(1 − π 2 α 4 )P χ,
dτ
2 8πα

(5.27)
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1χ
dχ
=
−T ,
dτ
6α

(5.28)

where τ is the ‘reduced time’, which measures the time from the beginning of the
deformation (τ = 0), to its end (τ = τL ), along the neck-down region at x = 0 and x = l.
p
χ = A/A0 is the square root of the scaled cross-section area, which evolves from the
p
√
preform (χ = 1) to the fiber (χ = AL /A0 = 1/ D). P is a dimensionless parameter of
the active pressurization, and it is related to the real active pressurization p by:
γ
p= √ P
A0

(5.29)

Thus, once the reduced time τL is determined, the final fiber geometry αL can be obtained
by solving the differential equations (5.27)-(5.28) numerically. τL can be calculated from
the following equation:



 

1/3 −1
2/3
1/3
√
√
τL
R −1 τL
τL
D(
+ 1)
+(
)
(
+ 1) − 1 log D(
+ 1)
= 1,
2α0
3Mα0
2α0
2α0
(5.30)
where R is the dimensionless surface tension, which is related to the real surface tension
by:
R = γl/(µU f

p

A0 ).

(5.31)

M is the inverse harmonic mean of the glass viscosity µ over the neck-down region. With
a set of known initial drawing conditions, namely the geometry of the preform α0 , the
drawing ratio D, the surface tension of the glass γ, the glass viscosity µ, and the fiber
drawing tension σ , the reduced time τL can be calculated directly, and the final fiber
geometry α(τL ) retrieved numerically from (5.27) - (5.28).
5.2.3

Criteria for fiber explosion and closure

Based on the Stokes’ mathematical model, M.J.Chen gives the critical introduced
pressurization values when the fiber explosion or closure occurs.

The criterion of

explosion of the dimensionless pressurization (Pe ) can be found by assuming the inner
channel boundary expands and reaches the outer boundary, namely [277]:
Pe =

8π
α0 (3T α0 + 1)
3

(5.32)
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Compared to the Fitt’s model which is discussed above, the criterion of pressurization
from equation (5.32) may be slightly smaller, since the critical explosion pressurization
in Fitt’s model is found when the inner and outer diameters become unbounded. However,
this explosion criterion can help us to draw a fiber with large air fraction with more
confidence.
Similar, the criterion for hole closure of the dimensional pressurization (Pc ) can be
found where the inner radius is zero, thus the geometry parameter of the fiber αL becomes:
√
αL = 1/ π.
The criterion of hole closure is given by [277]:
√
√
√
√
a2 D
2 √
D
( f (α0 − 1/ π) + 3( D − 1) + π D(1 + 3 √ T )
Pc =
9(D − 1))
3
π
where

5.3

√
√
f = − π + 6T D.

(5.33)

(5.34)

(5.35)

Asymptotic regimes of holes’ expansion in the three-hole preform
The discussions and models above are related to the drawing of single-hole tube or

preform with pressure, however, the case of drawing the multi-hole structure preform
with pressure is more complex. For example, in the fabrication of suspended-core fiber
with three holes, the introduced pressure is increased slowly to expand the holes and
to compress the strands between the holes, to obtain suspended-core with thin supports.
Thus the surface tension effects due to these strands are also changing with the evolution
of the strands. Besides, there are interaction forces between the inner holes, and they are
also changing with the variation of the inner holes’ sizes. In the limit where the separation
between holes becomes small, the three holes can be seen as behaving as one large hole,
the hole radius effectively rapidly increasing. As discussed above, surface tension effect
is decreasing with increasing preform size, and there may be a threshold of the introduced
pressure that breaks the balance between the effects of surface tension and pressure. At
such threshold a small change in pressure will result in a large expansion of the structure,
which is also predicted by Stokes [276]. In the case of drawing a microstructured preform
into suspended-core fiber, the evolution of the holes may experience from acting as
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separated entities to acting as a single hole. To analyze the behavior of the holes as
separated entities or as a single collective hole, we simulated the drawing process for
both the limit at which each hole is independent, and for the limit at which all the holes
contribute to a single hollow cavity in fiber.
5.3.1

Simulation of the drawing process when each hole is independent

The simulation starts from a microstructured preform with three separated holes, as
shown in Fig. 5.12 (a). During the drawing process, the inner holes are expanding due to
the increase of introduced pressure, but they act as independent entities and do not affect
each other, due to the thick strands between them. In this case, we assume there is only
one capillary being drawn, which has a glass surrounding corresponding to the largest
circle that can be traced before reaching the other air holes, as the blue dashed line circles
in Fig. 5.12 (a), and we call this structure ‘extracted preform’. To apply the theoretical
models and compare with the experiments, the total air fraction of the fiber after the
drawing process is then calculated by the following steps: extracting one of the holes and
its surrounded glass from the preform (i.e. the extracted preform) as the input geometry
of the preform in the simulation, so the inner radius r0 is the radius of the extracted hole,
and the outer radius R0 is the radius of the extracted preform (Fig. 5.12 (b)). Second, the
theoretical simulations are applied to calculate and output the inner and outer radii of the
capillary (rL and RL ) after drawing with pressure based on the geometry of the extracted
preform (Fig. 5.12 (c)). Third, multiplying the simulated area of the hollow part of the
capillary (Ah , calculated from rL and RL ) by the number of capillaries (in this case 3)
to obtain the total air surface 3Ah , and dividing it by the total cross-section area. The
equation can be written as:
AF = 3Ah /(AL + 3Ah ) = 3DAh /(A0 + 3DAh ),

(5.36)

where AL is the scaled (by the drawing ratio D) cross-section area of the glass, as seen in
Fig. 5.11 (d). This is because in this case we treat the holes as independent cavities and the
outer diameter of the overall fiber cannot be obtained directly from the simulation. Again
A0 is the cross-sectional area of the preform excluding the air fraction. Alternatively, the
output geometry of the capillary can be also simulated by the Fitt’s asymptotic model, and
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the comparison of the simulated results based on these two models is shown in the next
chapter.

Figure 5.12 : Schematic diagram of drawing the three-hole cane when holes act as independent
entities: (a) cross-section of the preform, (b) input parameters of the simulations, (c) output
parameters of the simulations, (d) resulting structure.

5.3.2

Simulation of the drawing process when holes act as single entity

It can be imagined that as the holes expand to some certain degree, the evolution of
the holes will be affected by each other. More specifically, the force due to pressure
between nearby holes may be cancelled by each other, since they are squeezing each
other. Therefore, these holes overall may act as one entity, and a suspended-core structure
with thin strands may be achieved. To calculate the final air fraction of the fiber after
the drawing process when holes act as single entity, the theoretical models are applied
by the following steps: the smallest excircle, which is the smallest circle to completely
circumscribe the holes, is used to represent the inner hole of the preform, as shown in
Fig. 5.13 (a). Thus the radius of the excircle (r0 ) and the radius of the preform (R0 )
are input to the simulations (Fig. 5.13 (b)). Then the theoretical models are applied
to calculate the geometry of the fiber (rL and RL ) based on the drawing conditions
(temperature, drawing ratio, introduced pressurization, etc.), as shown in Fig. 5.13 (c).
Therefore, the final theoretical air fraction of the fiber in this case can be calculated by
the ratio between the area of the resulting simulated excircle and that of the overall fiber
(Fig. 5.13 (d)), which can be expressed as:
AF = Ah /(AL + Ah ),

(5.37)
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where Ah is the simulated area of the excicle, AL is again the cross-sectional area of the
preform excluding the air fraction, which can be found from the simulation directly.

Figure 5.13 : Schematic diagram of drawing the three-hole cane when holes act as single entity:
(a) cross-section of the preform, blue circle is the excircle of the holes, (b) input parameters for
the simulations, (c) output parameters for the simulations, (d) resulting structure.

5.4

Normalized air fraction
The discussion and simulations above are helpful for us to understand the evolution of

the holes in the three-holes preform when it is drawn with pressurization, and to compare
the experimental air fraction with the simulated air fraction. It is clear that these two
asymptotic regimes are quite different. At first, the evolution of the holes is determined
by the separation between holes and not by the jacket dimension. In contrast, when the
holes become close and can be treated as a single large hole, the microstructure’s evolution
is strongly dependent on the jacket’s outer dimension. Although it is important to gain an
understanding of the effect of pressure on the structure, the goal in this section is to have
an indication of the required parameters for the following fabrication of a suspended-core
fiber. To do that, considering the overall air fraction is not enough to assess the quality of
a suspended-core fiber, as this will change depending on the preform (jacket size, initial
capillaries air fraction,...).
Therefore, a normalized air fraction is defined which excludes the jacket surrounding
the capillaries. Doing so, a reference unitary parameter indicating when the fabricated
fiber approaches a suspended-core structure can be obtained. The simulations are still
performed considering the fiber dimensions as described above, but the solid component
of the air fraction only includes the excircle of the extracted preforms, and we call it
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the normalized excircle. Such excircle is the red solid line circle (C1 ) in Fig. 5.14
(a). In terms of the fabrication, it can be approximated that when the excircle of the
holes (C2 in Fig. 5.14 (a), same as in Fig. 5.13 (a)) completely fills the area of the
normalized excircle (normalized air fraction AC2 /AC1 = 1), the structure is likely to
be the desired one (Fig. 5.14 (c)) as the glass thickness separating the holes tends to
zero. In this case, C2 is treated in the simulation when the holes act as single entity.
This is of course an idealization, but it gives a preform size independent target for the
simulations. With the known parameters of the preform, and the help of theoretical
models, it is possible to simulate the normalized fiber air fraction for different introduced
pressurization. Certainly, in some cases it is possible to obtain an even better structure
with a normalized air fraction greater than 1, however, this critical value of 1 can lead to
a suspended-core fiber structure with limited empirical attempts and while avoiding the
explosion of the fiber.

Figure 5.14 : Schematic of the cross-section when the normalized air fraction is: (a) much smaller
than 1, (b) close to 1, (c) equal to 1. C1 is the normalized excircle, while C2 is the excircle of the
expansion of the holes.

In the next chapter, the Fitt’s asymptotic model and the Stokes’ theoretical model, as
well as the normalized air fraction assumption that we have discussed above are validated
with the experiments of drawing IG5 glass single-hole and three-holes preforms into fiber
dimensions with different pressurizations. The experimental results are compared with
the simulated results from these two models, and IG5 glass suspended-core fibers with
required geometries are fabricated with the help of these simulations.
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5.5

Summary
In conclusion, to find suitable drawing parameters to obtain the final MOFs with

required strutures, two theoretical models – Fitt’s asymptotic model and Stokes’ mathematical model are used respectively to study the effects of pressurization and surface
tension in the fiber drawing process. Simulations of the drawing process when each hole
is independent or holes act as single entity are performed. By introducing a normalized air
fraction, which is set to be equal to 1 for a suspended-core like structure, Stokes model is
a useful tool to predict the suitable introduced pressurization in the fiber drawing process,
to obtain MOFs with required structure.
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Chapter 6
Fabrication of suspended-core fibers with the
Ge28Sb12Se60 at.% (IG5) glass
Fabrication of suspended-core fibers has been studied intensely in last decades, due
to their great properties such as ultrahigh nonlinearity and tunable dispersion [6, 128].
Combining with the chalcogenide glasses’ unique properties of large transmittance in
MIR region and high material nonlinearity, suspended-core fibers based on chalcogenide
glasses have been widely used in the MIR applications.

For example, generating

supercontinuum spectrum in the MIR region [20, 129]. However, either the chalcogenide
glasses which have been widely used for optical fiber, such as As2 S3 [124] and As2 Se3 [3],
contain highly toxic arsenic, or the fabrication method, for example mechanical drilling
[223], requires extremely critical conditions to avoid breaking the glass. Besides, due
to the limited availability of the chalcogenide glasses compared to silica glass, there
are many technological problems to fabricate suspended-core fibers with chalcogenide
glasses needing to be solved, such as the short length of the preform.
In this chapter, fabrication of suspended-core fibers by stack-and-draw, from the
arsenic-free, commercially available chalcogenide glass–IG5, is presented underpinned
by theoretical models discussed in chapter 5. The fabrication steps from a glass billet to
the final optical fibers with required geometries are presented in detailed, and solutions to
the technological problems in the fabrication processes are also shown in this chapter. The
quality of the fabricated IG5 glass suspended-core fibers are assessed with the microscope
imaging, XRD, and Energy Dispersive X-Ray Spectroscopy (EDX). In addition, the
optical properties of the drawn result are measured by the cut-back method.
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6.1

Experimental setup
The fabrication of IG5 chalcogenide glass suspended-core fibers in this thesis starts

from extruding an IG5 glass billet into glass tube, and then the drawing processes are
performed within a soft-glass furnace. Thus the mainly experimental setup in this thesis
includes the extrusion facility and the optical fiber drawing tower.
6.1.1

Glass extrusion facility

As introduced in the chapter 3, extrusion has been widely used in the fabrication of
MOFs, from manufacturing the billets and tubes, to preforms with complex microstructures, due to its advantages such as good interfaces of the extruded resulting structure and
without large labor. Considering of this and the difficulty of obtaining an IG5 glass tube
with required length and diameters, we chose to extrude the IG5 glass billet into glass
tube as the first step in the fabrication process.
The extrusion process was performed with a soft-glass extrusion facility in Adelaide
University (IPAS group), which included a punch system to force the material to flow
through the die, an extrusion assembly within a resistance heating furnace to soften the
material. The extrusion die was located in the middle of the heating zone, and there was
a 15-cm long space below the die to anneal the extruded result within the hot zone of the
furnace. A thermocouple was located to contact with the outside of the die to measure
the die temperature, which was assumed to be equal to the glass temperature within the
die channel. During the extrusion process, the ram force and the travel of the billet are
measured automatically by the load cell and the drive system. The photograph of the
extrusion facility used in this thesis and the schematic of the extrusion furnace are shown
in Fig. 6.1, and the process of extrusion of IG5 glass tube is described later in the chapter.
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Figure 6.1 : (a) Photograph of the extrusion facility, (b) schematic of the extrusion furnace [249].

6.1.2

Soft-glass optical fiber drawing tower

To draw the IG5 glass into otpical fibers, a custom built Heathway glass drawing tower
(IPOS group, the University of Sydney) with a resistance furnace covered by a stainless
steel casing (Fig. 6.2 (a)) was used in this thesis. The furnace used here had a 4 cm
diameter, 32 cm long heating coil, and was operated in a standard laboratory environment
in air, and without gas purging. This furnace had an operational temperature range from
ambient temperature to 1200 °C. To operate the setting temperature of the furnace, a
power supply with a proportional–integral–derivative controller (PID controller) was used
in an electrical cabinet (Fig. 6.2 (b)). The drawing parameters such as the feeding speed
and the drawing speed can be adjusted by a controlling system via operating on a control
panel, as seen in Fig. 6.2 (c). During the drawing process, fiber drawing tension can be
also monitored from the control panel.
To draw fiber preforms into small dimensions properly, a pulling system with two
clamps was used to hold and pull down the bottom of preforms or extenders. The clamp
force can be controlled by adjusting the introduced pressure of the clamping system, and
the pulling speed was controlled by the control panel.
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Figure 6.2 : Photograph of some components of the fiber drawing tower: (a) soft-glass furnace,
(b) electrical cabinet with the power supply system, (c) the control panel.

The optical fiber drawing processes were performed with a customized drawing tower.
Normally, for drawing with IR-transmitted glass such as soda-lime glass, the drawing
process can be performed by the following steps: First, the glass preform is fixed on the
feeding unit, and fed into the hot zone of the furnace. The preform can be adjusted and
aligned into the center of the furnace precisely by controlling the X-Y position of the axis
of the chuck of the feeding unit. Then the top iris on the top of the furnace is closed to
maintain a stable temperature environment in the furnace, and the furnace temperature
is increased to the glass softening temperature via the PID controller. As discussed in
chapter 4, the neck down region is formed when the weight of the bottom part of the glass
is larger than the surface tension force, so that the bottom end of the preform can drop
slowly. In practice, a certain length of the preform is fed below the hot zone to ensure the
drop happens more effectively, while this ‘weighted part’ of the preform will be wasted.
Alternatively, an extra weight can be attached to the bottom of the preform, to increase
the bottom weight. However, the extra weight must be calculated precisely, otherwise the
preform may be broken due to the quick drop of the bottom of the preform. Once the
drop reaches the position of the pulling system, the clamp is closed to hold and draw the
preform with a setting drawing ratio. The distance between the bottom of the furnace and
the clamp of the drawing tower used in this thesis is around 55 cm. The outer diameter
of the drawing result can be measured by the laser diameter monitor, and the drawing
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ratio can be adjusted by the control panel if the actual diameter of the drawing result is
different to the required diameter. For the steady state drawing process, the relationship
between the outer diameter of the fiber (h2L ) and the outer diameter of the preform (h20 )
can be derived from mass conservation, and can be written as:
h22L = h220 /D,

(6.1)

where again D is the drawing ratio of Ud /U f .
However, this drawing process cannot be applied to drawing the IG5 glass preform
directly, because of the short length of the preform, and the fragile property of the
material. Therefore, the drawing process and fiber drawing tower need to be improved
to draw the IG5 glass preform properly, which will be introduced later in this chapter.

Figure 6.3 : (a) Photograph of of the fiber drawing tower: (b) schematic of the drawing process
with this drawing tower [279].

6.1.3

Temperature profile along the furnace

As discussed in chapter 4, temperature has a great effect on the glass surface tension
and the introduced pressurization effects, thus it is very important to know the temperature
profile along the furnace. However, the temperature of the preform may be different
to the temperature of the furnace, and sometimes this difference can be up to several
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hundreds degrees when drawing silica fibers [273]. To determine the temperature of
the IG5 glass preform, a K-type thermocouple was inserted into (and in thermal contact
with) an tapered IG5 glass sealed tube with outer diameter of 5 mm (Fig. 6.4 (b)), and
fed slowly into the furnace with the feeding speed of 10 mm/min until reaching the
recording points. The lowest IG5 glass drawing temperature was found to be 325°C
during earlier tests, and the softening temperature of the IG5 glass is around 348°C. Thus
the measurements were performed with the furnace setting temperature at both 325°C
and 345°C. The temperature profile of the center of the furnace was also measured with
this same procedure but without the IG5 glass tube for comparison. Each data point
was recorded after reaching thermal equilibrium, which took about three minutes and
temperature stability was ensured by monitoring over a further two minutes.

Figure 6.4 : (a) Schematic of measuring the temperature profile of the IG5 glass along the furnace,
(b) photograph of the thermocouple with a tapered IG5 glass tube.
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Figure 6.5 : Temperature profile of the IG5 glass and central position of the furnace along the
furnace when the setting temperature is: (a), 325°C, (b), 345°C.

Figure 6.5 shows the temperature profile within the glass preform (red solid line) and
in the center of the furnace (blue dotted line) along the furnace length, for temperature
settings of 325°C and 345°C. As seen in Fig. 6.5, the temperature profile in the glass is
very close to that of the furnace without the glass for the drawing temperature region. The
temperature profile might change slightly for preforms of different sizes, because the heat
absorption efficiency is dependent on the preform size [278]. Since it is impractical to
measure the temperature profile on the glass preform for each drawing situation, and the
temperature within the neck-down region does not change significantly, in the following
fabrication section, the simulations are based on the temperature profile as measured in
Fig. 6.5.

6.2

Extrusion of IG5 glass tube
As discussed in chapter 2, fabrication of glass MOFs normally starts from a glass

tube. However, IG5 glass tube is not commercially available, but the IG5 glass billet
is available from some companies, such as Schott AG, Amorphous Materials Inc, and
IRradiance Glass Inc. An IG5 glass billet with length of 85 mm, diameter of around
30 mm was bought from IRradiance Glass Inc., as shown in Fig. 6.6 (a). The IG5 glass
billet has an appearance with black glassy luster, and without obvious crack or defects on
the surface. To fabricate IG5 glass tube, this glass billet was extruded with the extrusion

118
facility shown in Fig. 6.1. A special designed die was employed to manufacture the glass
tube with our required geometry (inner diameter/outer diameter = 0.6), as seen in Fig. 6.6
(b), and this die was inserted into a metallic holder (Fig. 6.6 (c)).

Figure 6.6 : Photograph of the: (a) IG5 glass billet, (b) special designed die with length of around
3 cm, (c) metallic holder of the die with length of around 12 cm.

To extrude the IG5 glass billet, the temperature of the extrusion furnace was increased
from room temperature to 335 °C, which is slightly lower than the IG5 glass softening
temperature, with a increasing rate of 10 °C/min. During the extrusion process, the ram
was moved down by the punching system with a constant speed of 0.05 mm/min, and an
electronic control loop was employed to adjust the ram force automatically to maintain a
constant ram speed. The extrusion force, as well as the ram travel‘ profiles as functions
of time are shown in Fig. 6.7, which indicates a constant ram speed was achieved with a
varied ram force after extruding for around 150 minutes. Then the IG5 glass flow entered a
steady-state regime. The extruded tube was annealed by the bottom region of the furnace
with an annealing temperature of 275°C, to relief the stress due to the extrusion. This
extrusion process was performed in a N2 protecting atmosphere to avoid oxidation. The
whole extrusion process was performed over approximately six hours. An extruded IG5
glass tube with outer diameter of ∼10 mm, inner diameter of ∼6 mm, and length of 33 cm
was obtained after the extrusion (Fig. 6.8), and no obvious crystallization can be found on
the outer surface from the microscopy image (Fig. 4.13 (b) in chapter 4). This extruded
tube was than used for the fabrication of IG5 glass outside jacket tube, as well as glass
capillaries via the drawing process, as shown in the next section. A second extrusion,
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Figure 6.8 : Photograph of the extruded IG5 glass tube.
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Fabrication of IG5 glass capillary

6.3.1

The difficulties of drawing IG5 glass tube and the methods used to address
them

To fabricate MOFs with the stack-and-draw method, the glass outer jacket and
capillaries are essential, which can be obtained by drawing the glass tube into small
dimensions with the standard fiber drawing process. However, it is difficult to apply
the fiber drawing process directly to draw the extruded IG5 glass tube with our drawing
facility, due to the following reasons:
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• The IG5 glass tube was too short to be fixed on the feeding unit and fed into the
hot zone of the furnace entirely, because there was about 25-cm distance between
the lowest position of the feeding unit and the hot zone. Thus there was only a
maximum of 8 cm length of the tube that can be drawn during the drawing process;
• To draw the IG5 glass tube effectively and save the material as much as possible, an
extra weight could be attached to the bottom of the tube, to draw from the bottom
of the tube. However, the attached extender, and the adhesive between the tube and
the extender must be stable at high temperature (IG5 glass drawing temperature),
while do not react with the IG5 glass or the extender;
• This bottom extender must be long enough to reach the clamp (at least 75 cm long)
and strong enough to support the drop, while with small weight (∼100 gram) to
avoid breaking the tube when the neck down is formed.
The first issue could be solved by attaching a top extender to the IG5 glass tubes, and
the extender was easy to choose since its only requirement is that of holding reliably the
tube. Therefore a common glass tube with similar outer diameter and higher softening
temperature than the IG5 glass such as silica or soda-lime tube can be used as a top
extender. However, this top extender and the adhesive must be stable at the IG5 glass
drawing temperature if the preform was used up and the top extender is fed into the
furnace, which was the same difficulty for the second issue. Usually, in the polymer fiber
drawing process, the bottom extender can be bonded with the preform by reflective tape,
but unfortunately the reflective tape burneds, and no longer adheres at the IG5 drawing
temperature. Therefore, a low thermal expansion, silica-based ceramic adhesive (Resbond
940LE, Contronics Corp.) was chosen to bond the IG5 preform with the top and bottom
extenders. To test the stability of this ceramic glue at high temperature, two soda-lime
tubes with outer diameter of 8 mm were chosen and bonded with the ceramic adhesive
(Fig. 6.9 (a)). The bonded soda-lime tubes were fed into the furnace, until the adhesive
reached the hot zone position. Then the temperature of the furnace was increased to the
soda-lime drawing temperature (650 °C) to form a neck down above the ceramic glue, due
to the weight of bottom soda-lime tube. As seen in Fig. 6.9 (b), a neck-down region was
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formed on the soda-lime tube, and the bottom tube was still bonded with the top tube, and
there was no change of the color or the appearance of the ceramic adhesive after exposure
to the high temperature. The compatibility of IG5 glass with the ceramic glue was tested
by sticking two pieces of IG5 glass with this ceramic glue, and they were bonded tightly
even at the IG5 glass drawing temperature, and there was no obvious reaction. These
indicate the possibility of using this ceramic glue to bond the IG5 glass preform with the
extender properly, and drawing at the IG5 glass drawing temperature safely.

Figure 6.9 : Testing the ceramic adhesive with soda-lime tubes; (a) bonding the soda-lime tubes
with the ceramic adhesive, (b) extending the soda-lime tube by the weight of the bottom soda-lime
tube, a neck-down was formed at the soda-lime glass drawing temperature.

To find a bottom extender with long length, stable at the drawing temperature, as well
as low weight, a soda-lime tube and polymer tube combination is used. A short length of
the soda-lime is bonded with the bottom of the IG5 glass preform to withstand the high
temperature of the hot zone, while outside the hot zone, a long length of a polymer tube
is bonded to the soda-lime tube to reach the clamp. Thus, the total weight of the bottom
extender can be much smaller compared to a soda-lime tube with the same length and
diameter. In addition, the total weight of this extender combination can be adjusted by
changing the percentage of the length of the soda-lime and polymer tubes for drawing
different size of the IG5 glass preforms effectively.
Now it is possible to draw the extruded IG5 glass tube with the chosen extenders and
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the ceramic adhesive via the standard drawing process described above. However, during
the experiments, we found there is a large risk of breaking the thin neck-down region of
the IG5 tube when close the clamp, due to the vibration caused by the clamp, especially
when drawing the tube into fiber dimensions. To solve this, a ‘closed clamp’ drawing
process is developed by the following steps: a long and straight bottom extender is fixed
and supported by the closed clamp, and the top of the bottom extender is moved up to
the top of the furnace, so that the IG5 glass preform can reach the bottom extender by
feeding slowly toward the top of the bottom extender. Then the ceramic adhesive is used
to bond the preform with the bottom extender, and the preform with the extender moved
down together by feeding and drawing at the same speed. Note in this stage the ceramic
adhesive is not cured and still soft, so the effect of the vibration between the preform and
the extender during this motion can be ignored. Once the preform and extender reach
the position where the ceramic adhesive is just below the peak temperature position of
the hot zone, the feeding and drawing processes are stopped at the same time. Then the
temperature of the furnace is increased to 120 °C to cure the ceramic adhesive quickly
within 30 minutes. After that, the temperature of the furnace is increased to the IG5 glass
drawing temperature, and the feeding and drawing processes with the setting parameters
are started at the same time, to draw the IG5 glass preform. During the whole preparation
and drawing process, the clamp is closed to support the bottom extender, and draw the
IG5 glass preform properly, thus we call it ‘closed clamp’ drawing method. With this
‘closed clamp’ drawing method, an IG5 glass preform with a short length down to several
centimeters can be drawn precisely and properly.
6.3.2

Drawing IG5 glass capillaries from the extruded tube

The extruded IG5 glass tube was bonded with a soda-lime tube extender on the top
by the ceramic adhesive, and fixed on the fiber drawing tower. Then the IG5 glass tube
was drawn into glass capillaries with outer diameters of ∼ 1mm by the ‘closed clamp’
drawing method without introducing pressurization, since the surface tension effect is
small on drawing the preforms with large diameters. To collect the drawn glass capillary
properly, the drawn capillary was cut at the ceramic adhesive position to take the bottom
extender off from the clamp after drawing around half meter. Then the drawing process
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was stopped temporarily without stopping the feeding process, and reset the clamp to
its original position. After that, the drawing process was started again and the clamp
was closed to hold the drawn capillary, and then the capillary was cut after drawing the
required length. Then the clamp was opened to collect the IG5 glass capillary. After
that, the clamp was reset to its original position, and closed again to draw the preform.
This process was repeated until running out of the preform. The drawing parameters of
drawing the extruded IG5 glass into capillaries are listed in the table 6.1. Note to draw
this extruded IG5 glass tube with large diameter effectively, a relatively high drawing
temperature (360°C) was applied. Several IG5 glass capillaries with length up to 80 cm
were drawn successfully without obvious crystallization, and they were cut into shorter
lengths to be stacked and inserted into an outer jacket, which was also drawn from the
extruded IG5 glass tube but with different drawing ratios, as seen in Fig. 6.10.

Table 6.1 : Parameters of drawing the extruded IG5 glass into capillaries

value

h10

h20

Uf

Ud

T

Pressurization

6 mm

10 mm

1 mm/min

10 mm/min

360 °C

0 mbar

Figure 6.10 : Photograph of: (a) neck-down region of drawing the IG5 glass tube into capillary,
(b) examples of the drawn IG5 glass outer jacket and the capillaries.
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6.4

Fabrication of IG5 glass microstructured cane
As shown in Fig. 3.11 of the chapter 3, the second step of fabricating MOFs with

the stack-and-draw method is stacking the drawn capillaries into a mosaic preform,
and inserting the mosaic preform into an outer jacket to form an intermediate preform.
Ideally, the chosen capillaries should have the same geometries, so that the holes in the
microstructured cane have the same size. Additionally , the inner diameter of the outer
jacket should be chosen carefully to encase the mosaic preform tightly. To start with,
three IG5 glass capillaries with outer diameters of ∼1.0 mm were chosen to be stacked
into a triangular arrangement, and inserted into an IG5 glass outer jacket. This outer
jacket has a geometry of outer diameter of ∼4.5 mm, and inner diameter of ∼2.3 mm,
which can just fit the three chosen capillaries. However, there may be some gaps between
the stacked glass capillaries and the outer jacket, as seen in Fig. 6.12 (a), which may have
an effect on the structures of the final fibers. These gaps can be eliminated by drawing
the intermediate preform into smaller dimension with vacuum. To realize this, the top
end of the capillaries are sealed individually by the ceramic adhesive, and the top end of
the outer jacket is bonded and sealed to a soda-lime tube by the ceramic adhesive. Then
at the bottom end of the intermediate preform, the gaps between the capillaries and the
outer jacket are also sealed by the ceramic adhesive, while keeping the bottom end of the
capillaries open (Fig. 6.11). The top extender (soda-lime tube) is subsequently connected
to a vacuum pump. During the drawing process, the gaps between the capillaries and the
outer jacket will be eliminated due to the pressure difference between the capillaries and
the gaps, as well as the glass surface tension force.

Figure 6.11 : Photograph of the sealed intermediate IG5 glass preform.
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A more complex hexagonal structure of the intermediate preform with an outer
diameter of ∼5.0 mm and seven capillaries was also prepared, and the outer diameters
of the chosen capillaries were ∼0.4 mm. However, a tapered capillary had to be chosen
to fit into the outer jacket in the central position, as seen in Fig. 6.12 (c). The drawing
parameters of drawing these intermediate preforms into microstructured cane are listed
in table 6.2, and the drawn results are shown in Fig. 6.12. There are still some small
gaps between the capillaries and the outer jacket, but they will be eventually eliminated
when drawn into fiber dimensions. In addition, these IG5 glass microstructured canes can
be drawn with another outer jacket to increase the glass wall thickness, and to realize a
stronger cane, as well as a smaller holes’ region if needed.
Table 6.2 : Parameters of drawing the intermediate IG5 glass preforms into microstructured canes

h10

h20

Uf

Ud

T

Applied vacuum

3-holes’ preform

2.3 mm

4.5 mm

2 mm/min

18 mm/min

345 °C

0.8 Bar

7-holes’ preform

3.2 mm

5 mm

1 mm/min

25 mm/min

345 °C

0.8 Bar

Figure 6.12 : Microscopic images of: (a) three-holes intermediate preform, (b) three-holes
microstructured cane, (c) seven-holes intermediate preform,(c) seven-holes microstructured cane.
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To fabricate the IG5 glass MOFs with the microstructured cane, pressurization can
be introduced when drawing the microstructured cane into fiber dimensions, to maintain
the holes’ structure. However, the microstructured cane may explode if the introduced
pressurization is too large, while the holes may collapse if the introduced pressurization is
too small, as shown in Fig. 6.13. To find the suitable amount of introduced pressurization
for drawing with different parameters, the theoretical simulations discussed in chapter 6
may be applied in the drawing process.

Figure 6.13 : (a) Photograph of an exploded IG5 glass preform, (b) microscopic cross section of
an IG5 glass MOF with collapsed holes.

6.5

Validating the simulations of drawing the IG5 glass preforms with
pressurization
To validate the Fitt’s asymptotic simulation and the Stokes’ simulation for the

fabrication of the IG5 glass MOFs, two different structures of the IG5 glass preforms
were selected to be drawn with varied pressures: a single-hole tube and a threeholes microstructured cane. The simulated results calculated by these simulations were
compared to the experimental results, to determine which simulation is more suitable for
drawing the IG5 glass MOFs.
6.5.1

Drawing the single-hole IG5 glass preform with different pressurizations

To start with, a uniform IG5 glass single-hole tube was chosen as a preform to draw
with different pressurizations. This preform has an inner diameter of 2.8 mm, and outer
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diameter of 4.5 mm, and the bottom end was sealed by the ceramic adhesive. The top
end of the preform was bonded with a soda-lime tube, which was then connected to
the pressurization system of the fiber drawing tower. During the drawing process, the
introduced pressurization was increased from 60 mbar to 80 mbar with increments of
5 mbar. The pressure range for the experiment was chosen to obtain a significant change
in the structure. Each step was drawn for 10 minutes, to allow the different drawing
conditions to stabilize and reflect the steady state. Other drawing parameters are listed in
the table 6.3.
Table 6.3 : Parameters of drawing the single-hole IG5 glass preform with different pressurizations

Value

h10

h20

Uf

Ud

T

p

2.8 mm

4.5 mm

1.5 mm/min

10.5 mm/min

345°C

60 - 80 mbar

Figure 6.14 (a) shows a cross-section image of the IG5 glass capillary drawn without
pressurization, and Fig. 6.14 (b) to (f) show the cross-section images of drawing with
pressurization from 60 mbar to 80 mbar. As expected, the wall became thinner when
higher pressurization was applied.

Figure 6.15 shows the comparison between the

theoretical models and experimental results for the air fraction of the capillary after
drawing with different pressurizations, and the experimental air fraction is obtained by
measuring the inner and outer diameters of the microscope images. This comparison
indicates that both of the Stokes’ model and the Fitt’s model can accurately predict
the final air fraction of a chalcogenide glass single hole structure drawn with different
pressurization. The central values for the simulation are calculated using a surface tension
γ = 0.54 N/m, and the error bars are calculated from simulations, with the upper and
lower values of the surface tension (0.44 N/m and 0.64 N/m). The close results validate
the IG5 glass surface tension should be close to 0.54 N/m. It seems that most of the
simulated results based on the Stokes’ model are closer to the experimental results, except
for the case of p = 0 mbar, but the difference of the simulated results between these two
simulations are within the uncertainty of the simulations.
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(a) p = 0 mbar (b) p = 60 mbar (c) p = 65 mbar

(f) p = 80 mbar (e) p = 75 mbar

(d) p =70 mbar

Figure 6.14 : Cross-section microscope images of the capillary when drawn with different
pressurizations. Note that second row is presented right to left to aid comparison.
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Figure 6.15 : Experimental and simulated air fraction of the capillary when drawn with different
pressurizations

6.5.2

Drawing the three-holes IG5 glass preform with different pressurizations

The three-holes microstructured cane which is shown in Fig. 6.12 (b) was used for
drawing with the same varied pressurizations, and it has an outer diameter of 1.6 mm,
and inner diameter of 0.75 mm. Feeding and drawing velocities were 1.5 mm/min
and 5.0 mm/min respectively. Other drawing parameters including the increment of
pressurizations and the drawing process were the same as for the single capillary.
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(a) p = 0 mbar (b) p = 60 mbar (c) p = 65 mbar

(f) p = 80 mbar (e) p = 75 mbar (d) p = 70 mbar

Figure 6.16 : Cross-section microscope images of the MOFs when drawn with different
pressurizations. Note that second row is presented right to left to aid comparison.

Figures 6.16 (a) to (f) show the three-holes microstructured cane drawn to fiber
dimension with different pressurizations. A sudden change in the structure occurred
when the introduced pressure was increased from 70 mbar to 75 mbar, which indicated
the existence of a threshold between the two asymptotic regimes. The simulated results
of air fraction based on the Stokes and Fitt’s models are shown in Fig. 6.17 (a) and (b),
respectively. The red squares are the simulated air fraction results of 3Ah /(AL + 3Ah )
(equation 5.36), which consider the holes as isolated holes. This case closely matches
the experimental results (black crosses) when the introduced pressurization is below the
threshold, i.e. lower than 70 mbar. The blue circles are the simulated results when
considering the three holes to act as single hole, i.e. Ah /(AL +Ah ) (equation 5.37). They do
not fit the experimental results until the introduced pressure is larger than the threshold,
where the fiber begins to form a suspended-core structure. In addition, it can be seen that
the simulated air fraction based on the Stokes’ model is much closer to the experimental
results, compared to the air fraction calculated by the Fitt’s model, and the experimental
results are within the uncertainty of the simulated results. However, the experimental
results are relatively further from the simulated results based on Fitt’s simulation when the
introduced pressurization is larger than 70 mbar, even considering the uncertainty of the
results. Therefore, for the simulation of drawing the IG5 glass three-holes microstructured
cane into MOFs, the Stokes’ model is more suitable.
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Figure 6.17 : Experimental and simulated air fraction of the three-holes cane drawn with different
pressurizations based on different models: (a) simulation is based on the Stokes’ model, (b)
simulation is based on the Fitt’s model.

Calculating the normalized air fraction
To validate the assumption that the normalized air fraction of the MOF should be
around 1 when the suspended-core fiber structured is achieved, we further calculated the
normalized air fraction of these three-holes MOFs based on the different simulations. The
simulated results are compared to the experimental results, as shown in Fig. 6.18. Note
the diameter of the excircle (C1 in Fig. 5.13 (a)) of the experimental results is also scaled
down from the preform by the drawing ratio.
It can be seen that the experimental normalized air fraction of the three-holes MOF is
very close to 1, when the introduced pressurization is up to 80 mbar, where a suspendedcore fiber structure is achieved, as shown in Fig. 6.16 (f). Again, the normalized air
fraction calculated from the Stokes’ model is closer to the experimental results, compared
to the Fitt’s model. It is also worth to mention that the normalized air fraction equal
to 1 is only suitable for the suspended-core fiber structure. As seen in Fig. 6.18, the
experimental normalized air fraction of the drawn fibers are far away from 1, when the
introduced pressurization is lower than 70 mbar, since they are not the suspended-core
structure fibers.
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Figure 6.18 : Experimental normalized air fraction and simulated normalized air fraction of the
three-holes IG5 glass MOF.

Overall, the simulations above confirmed our assumptions that the evolution of the
holes in MOFs will respond to the introduced pressurization in two stages, due to the
existence of a threshold. Though it is difficult to use the Stokes’ model or the Fitt’s
model to predict the threshold precisely and directly, combining it with the normalized air
fraction for different pressurization, it revealed a promising fit to the final geometry of IG5
glass suspended-core fibers, which require large air fraction and thin bridges to support
the core. It should be noted that for the desired structures the fiber will always be in the
regime where the holes act as a single entity. Therefore, in using the simulations to find
the desired drawing parameters in the following fabrications, only the simulations based
on the Stokes’ model with the holes behaving as one collective entity are performed.

6.6

IG5 glass suspended-core fibers

6.6.1

Fabrication of IG5 glass suspended-core fibers by approaching the normalized air fraction to one

Using these simulations as described above, we are able to predict the final normalized
air fraction of the fiber when drawn with different drawing conditions, facilitating the
selection of suitable drawing parameters for different required geometries. Two three-

132
holes IG5 glass suspended-core fibers with thick and thin jacket, have been successfully
fabricated, as shown in Fig. 6.19 (a)-(b), by introducing a suitable pressurization to
expand the normalized air fraction to be around 1 in the final fiber structure. The
seven-holes IG5 glass microstructured cane shown in Fig. 6.19 (d) was also drawn
into fiber dimensions. Unfortunately, one of the capillaries was broken and collapsed
during the drawing process, resulting in a six-holes suspended-core fiber, as shown in
Fig. 6.19 (c). Nevertheless, this six-holes suspended-core fiber has also potential to be
used for supercontinuum generation in the MIR region, and might be suitable for the
fabrication of metamaterials fibers, which will be introduced in the next chapter.

Figure 6.19 : Optical microscope images of different IG5 glass suspended-core fibers’ cross
sections, blue circle C2 is the normalized excircle of the fiber.

A summary of the parameters used and the drawing results for these three fibers, as
well as the normalized air fractions are reported in table 6.4. It can be found from the
measured normalized air fraction of the fibers (MN), when the MN is approaching 1, the
bridges of the fibers are getting thinner, and the structure is approaching the suspendedcore structure. A three-holes IG5 glass suspended-core fiber was achieved when the MN
reaches 1.09 (fiber (b)). The bridge thicknesses of this fiber have been reduced to hundreds
of nanometers, and the core size is down to around 2 µm, which permits a very good
confinement of light.
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Table 6.4 : Parameters for the fabrication of IG5 glass suspended-core fibers
Fiber

D

P (mbar (100 Pa))

T (°C)

C2 − MD(µm)

C2 −CD(µm)

MN

SN

Fiber (a)

4.0

80

345

79

76

0.88

0.95

Fiber (b)

6.0

90

350

38

35

1.09

0.96

Fiber (c)

9.0

65

345

177

212

0.83

0.95

Note: D-drawing ratio, P-introduced pressurization, T-furnace setting temperature, C2 -normalized
excircle of the expanded holes of the fibers, which are marked in Fig. 6.19, MD-measured diameter
of C2 , CD-calculated diameter of C2 , which is scaled down by the drawing ratio from the perform,
MN-measured normalized air fraction, SN-simulated normalized air fraction.

6.6.2

Verification of the quality of the drawn IG5 glass suspended-core fibers

To verify the quality of the drawn IG5 glass suspended-core fibers, especially to
confirm whether there is crystallization of the drawn fibers, microscope imaging, XRD,
and Energy Dispersive X-Ray Spectroscopy (EDX) tests were performed with the drawn
IG5 glass fibers.
Microscope imaging of the IG5 glass suspended-core fiber sample
The optical reflection micrographs of the fibers’ cross section show that the drawn
fibers are still glossy and have the vitreous luster. However, the discussion in chapter
4 indicates that crystallization may happen on the surface of the IG5 glass, when it is
exposed to the fiber drawing temperature for a long time. To determine this, some samples
from the drawn fibers were observed under the microscope, shown in Fig. 6.20.

134

Figure 6.20 : Optical microscope images of the IG5 glass suspended-core fiber: (a) outer surface
of the fiber with diameter of 150 µm, (b) outer surface of the fiber with diameter of 800 µm, (c)
magnified image of the cross section of the thick fiber.

Figs. 6.20 (a) and (b) are the microscope images of the outer surface from two IG5
glass suspended-core fibers with diameters of around 150 µm and 800 µm, respectively.
Interestingly, the thinner fiber has very few crystals/defects on the surface and is entirely
glassy. However, The thick fiber has some wrinkles on the outer surface, and they are
probably crystalline on the surface. A magnified microscope image of the cross-section
of the corner of the thick fiber is shown in Fig. 6.20 (c), which shows the crystallization
seems to have developed several micrometers inside the glass. However, the most part
of the fiber volume is till shining and glassy, thus the crystallization does not seem to
progress throughout the fiber volume. This confirms our early assumption in chapter 4,
that the IG5 glass is relatively easy to nucleate on the outer surface, but the crystals grow
very slowly. Therefore, the main volume of the fiber should remain in the amorphous
condition. To investigate this, XRD was further performed with the glass fiber sample.
XRD of the IG5 glass suspended-core fiber sample
The glass samples from both the thin and thick IG5 glass suspended-core fibers were
ground into powder to be measured by XRD. As a comparison, another sample from the
extruded tube was also used for the XRD measurement with the same procedures. The
sensitivity of the XRD used here is 5% (volume fraction).
As seen in Fig. 6.21, there is no obvious crystallization peak in the XRD patterns of
these three samples, and the XRD patterns of the sample from the thick and thin fibers are
very similar. Therefore, the main volume of the drawn IG5 glass suspended-core fibers
are still amorphous, though some crystals or defects were found on their outer surfaces.

135
In this case, the optical properties of the drawn fibers are expected not to be affected
obviously by the crystallization. This can be confirmed by measuring the loss of a drawn
IG5 glass solid cane with the cut-back method, which will be shown in the later part of
this chapter.

Figure 6.21 : XRD patterns of the ground IG5 glass samples from the extruded glass tube, thick
suspended-core fiber, and thin suspended-core fiber, respectively.

EDX of the IG5 glass suspended-core fiber sample
Now it has been found that found that crystallization may happen on the outer surface
of the drawn IG5 glass fibers, though only a small quantity of crystals was formed and
never observed throughout the whole volume of the fibers. However, as mentioned in
chapter 4, there is no crystallization on the outer surface of the extruded tube. Despite
the slightly lower working temperature of the extrusion process (335 °C for extrusion,
345 °C for drawing), another big difference compared to the drawing process is that the
extrusion was performed under N2 atmosphere, while the drawing was performed without
gas purging. Since it has been reported that oxidation can accelerate the crystallization
of the chalcogenide glasses [202], it is interesting to know whether the crystallization in
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the fiber drawing process is related to the oxygen. To determine this, EDX measurements
were performed with samples from the extruded IG5 glass tube, and the thick IG5 glass
suspended-core fiber, to find whether the atomic percentage of oxygen is changed after
the drawing process.
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Figure 6.22 : EDX results of the different samples.
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Figure 6.23 : Normalized atomic percentage of Ge, Sb, Se and O of the different samples.

Two glass pieces from the extruded IG5 glass tube and the suspended-core fiber were
used for the EDX measurement, to analyze their compositions. The EDX results of the
samples are shown in Fig. 6.22 (a) and (b), respectively. It can be found that in addition
to Ge, Sb, Se, O, both of the EDX results contain sodium, which may be introduced
by handling, from salt on skin. Compared to the EDX result of the extruded tube, the
sample from suspended-core fiber also contains aluminum. This may be caused by the
contamination of the soda-lime extender, which contains Al2 O3 . To determine whether
there is oxidation during the drawing process, a normalized atomic percentages of just
Ge, Sb, Se, and O are compared in Fig. 6.23. It can be found that the normalized atomic
percentage of the oxygen is only increased slightly in the drawn fiber sample, which
indicates that the oxidation effect is unlikely obvious during the drawing process. Thus
the oxidation is not the main reason for crystallization when drawing the IG5 glass into
optical fibers.
In conclusion, the IG5 glass suspended-core fibers still maintain amorphous condition
based on the XRD results, though a few crystals were found on the outer surface
from the microscope images. These crystals never developed into the main volume
of the fibers, due to the slow growth rate of the crystals in the IG5 glass.

EDX
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results show the normalized atomic percentage of oxygen in the drawn fiber is slightly
larger than the extruded tube, while it is not likely to be the dominant reason to cause
of the crystallization. However, it is still difficult to confirm whether the wrinkles
observed in the surface of heated IG5 bulk glass or fibers were caused by oxidation or
crystallization, since similar phenomenon was found on fluorozicronate glass preforms
[280], and wrinkles on the IG5 glass may be caused by the interaction of oxidation
and crystallization.

Considering the conclusion of the discussion of the IG5 glass

crystallization mechanism in chapter 4, the main trigger of the crystallization of the
IG5 glass during the fiber drawing process is the actual heat transfer, including the heat
conduction and radiation. During the fiber drawing process, the thinner fibers cool down
very quickly so the nucleation centers have no time to grow. However, for the IG5 glass
fibers with larger diameters, the heat remains within the fiber longer and the surface layer
starts to crystallize, and this effect might be enhanced by oxidising atmosphere (as known
for other chalcogenide glasses). For the IG5 glass capillaries used for the stacking, the
core of IG5 glass suspended-core fibers is made by the outer layers of those capillaries.
Thus there is possibility of the outer crystallized part getting in the core. To avoid this,
extruding the microstructured preform could be a good choice, which is one of my future
works. Nevertheless, since the crystallization is only formed on the surface of the IG5
glass suspended-core fibers, and the potentially used fibers for supercontinuum generation
are thinner than 800 µm (normally 400 µm), thus the optical properties of these fibers
are expected not to be affected obviously by the fiber drawing process. To determine
this, an IG5 glass solid cane drawn from the microstructured cane is used for the loss
measurement via the cut-back method.

6.7

Loss measurement of the IG5 glass cane by the cut-back method
To determine whether the optical properties were affected by the fiber drawing

process, and provide data for the application of the IG5 glass optical fibers, a seven
centimeters long IG5 glass solid cane with the outer diameter of 1 mm was used for
the loss measurement via the standard cut-back method. This IG5 glass solid cane was
obtained by drawing an IG5 glass microstructured cane with vacuum. The cut-back
method is a simple and powerful method for measuring the fiber losses, which has been
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widely used for measuring the losses of telecommunication fibers. Within the method,
the signal power transmitted through a long section of fiber and a shorter section of the
same fiber, are compared. Normally, to have a consistent measuring condition, the test
fiber’s input end is fixed, while all the cuts during the procedure are performed at the
fiber’s output end. Compared to the loss calculation we have done in chapter 4, the main
advantage of the cut-back method is that it can calculate the fiber loss without needing to
know the input coupling efficiency into the fiber, by comparing the loss of the different
lengths of fibers [281].
The schematic of the IG5 glass cane loss measurement set up is shown in Fig. 6.24,
a femtosecond laser source was used to generate the laser signal with central wavelength
of 1560 nm, repetition of 80 MHz. The laser beam was then transmitted through a beam
splitter, and focused by a lens to couple into the IG5 glass cane. An IR camera was used
to ensure the beam is coupled on the glass input end properly, by detecting the reflected
beam from the input end of the billet. The transmitted beam was then focused by another
lens and detected by the other IR camera, to ensure the laser was transmitted properly
from the IG5 glass cane. A power meter with an accuracy of 0.1 µW was used to measure
the input and output power of the IG5 glass cane. During the experiment, this IG5 glass
cane was cut into different lengths, and the output power values were recorded when the
reading was stable.
In the cut-back method, the total loss Lt can be expressed by [282]:
Lt = L p x + Lc + Lm ,

(6.2)

where L p is the propagation loss of the beam transmitted through the IG5 glass cane,
Lm is the loss due to the mode mismatch, and Lc is the total net coupling loss between
the primary input and output beams. x is the length of the glass cane. Whilst Lm can
be significant in some circumstances with fibers, it was small for our measurement with
glass cane, since the glass cane will be hugely multimoded, and almost all the power of the
input beam will be coupled to this set of modes. Thus Lm is ignored here. As discussed in
chapter 4, the total net coupling loss in this case includes the loss due to Fresnel reflection
at both ends of the cane, and the loss due to scattering at the interface. Therefore, the total
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net coupling loss can be expressed by [282]:
Lc = LFR + LS ,

(6.3)

where LFR is the total Fresnel reflection loss of both ends, and LS is the total scattering
loss at the both ends. Equation 6.2 shows that the total insertion loss and the length of fiber
should follow a linear relationship, with a slope of the propagation loss, and an intercept
of total coupling loss. Thus the total insertion loss and the coupling loss of the IG5 glass
cane can be found by plotting Li versus x, and Li for each length x can be calculated by
measuring the output power of the laser from different length of the IG5 glass cane.
Fig. 6.25 (a) presents the measured output power from the different lengths of the IG5
glass cane, and Fig. 6.25 (b) is the calculated insertion losses for the different length of
canes. The propagation loss of the IG5 glass cane can be approximated from the slope of
the fitted line, which is around 3.0 dB/cm. The intercept of the fitted line represents the
total coupling loss, which is around 2.7 dB. The Fresnel reflection loss we have calculated
in chapter 3 is around 2 dB, thus according to the equation (6.3), LS should be 0.7 dB.
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Figure 6.24 : Schematic of the experiment set up for measuring the loss of the IG5 glass cane.
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Figure 6.25 : (a) The measured output power of the IG5 glass solid cane with different length in
the cut-back experiment. (b) Insertion loss vs the IG5 glass cane length determined by the cut-back
method. The red line is the fitted line of the insertion losses.

Now, we can verify the effect of the drawing process on the optical property of the
IG5 glass, by comparing the propagating loss (material loss) of this drawn cane with the
original IG5 glass billet, as well as the data calculated from the company. As shown in
chapter 3, the material loss of the IG5 glass billet at MIR wavelength before the drawing
process is around 1.8 dB/cm, and the material loss calculated from the company’s data
with ‘ideal’ surfaces is 0.5 dB/cm, while the material loss of the drawn IG5 glass solid
cane calculated by the cut-back method is around 3 dB/cm. Therefore, the loss of the
IG5 glass cane has increased compared to the original glass billet, as well as the loss
calculated based on company’s data. However, it is still in an acceptable range for some
applications such as generating supercontinuum spectra in the MIR region, or fabrication
the wire-array metamaterial fiber for subwavelength imaging. In the next chapter, some
early simulations of using the drawn IG5 glass suspended-core fibers for generating
supercontiuum spectra will be performed, and the possibility of co-drawing the IG5 glass
capillary with tin will be discussed.

6.8

summary
In conclusion, the arsenic-free and commercially available chalcogenide glass – IG5

glass is used to fabricate suspended-core fibers by the stack-and-draw method, with the
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help of the theoretical models discussed in chapter 5. A detailed introduction of the
fabrication steps from a glass billet to the final optical fibers with required geometries are
presented, and a ‘closed clamp’ drawing process is developed to the solve technological
problems in the fabrication processes. IG5 chalcogenide glass suspended-core fibers with
different geometries and core sizes from 1 to 7 µm have been fabricated successfully. The
quality of the fabricated IG5 glass suspended-core fibers are assessed with the microscope
imaging, XRD, and Energy Dispersive X-Ray Spectroscopy (EDX), which show no
obvious crystallization can be found after the drawing process. In addition, the optical
properties of the drawn result are measured by the cut-back method, and the material loss
of the drawn IG5 glass solid cane calculated by this method is around 3 dB/cm
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Chapter 7
Applications of IG5 glass suspended-core fiber
In this chapter, two potential optical applications in the MIR region based on the
fabricated IG5 glass MOFs are introduced: supercontinuum generation and wire-array
metamaterials. This two applications are parallel projects but based on similar fabrication
processes. To be clear, fabrication of wire-array metamaterials can be realized by codrawing IG5 glass microstructured preform (which has thick bridges between the holes)
with the selected metal. Differently, the supercontinuum generation in the MIR can be
achieved with the IG5 glass suspended-core fibers, which have a ‘rod in air’ structure.
However, these microstructured preforms and suspended-core fibers are all fabricated by
the stack-and-draw method, as we have discussed in the previous chapter.

7.1

Simulations of generating supercontinuum with the IG5 glass
suspended-core fibers
Supercontinuum sources in the MIR region (3-15µm) with wide bandwith and high-

power spectral density have attracted much interest [155], due to their great potential
for the applications including infrared countermeasures [283], multispecies trace gas
detection [284], and free-space communications [285].

As discussed in chapter 2,

supercontinuum spectrum is generated due to the combination of several nonlinear
processes, and dispersion management.

Therefore, IG5 glass suspended-core fiber

with high nonlinearity and tailored waveguide dispersion can be a suitable medium for
supercontinuum generation in the MIR region.
7.1.1

Calculation of IG5 glass material dispersion

Material dispersion is an intrinsic property for all materials, due to the refractive index
being dependent on the wavelength. The material dispersion Dm can be calculated by the
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following equation [286]:
Dm = −

λ d 2 nl
,
c dλ 2

(7.1)

where λ is the wavelength of the input light, c is the speed of light, and nl is the linear
refractive index. nl of the IG5 glass as a function of wavelength can be approximated by
a second-order Sellmeier equation, as shown in chapter 4. Thus the IG5 glass material
dispersion as a function of wavelength can be computed by substituting the IG5 glass
refractive index as a function of wavelength into equation (7.1).
The calculated IG5 glass material dispersion as a function of wavelength in the range
of 1 - 12 µm is shown in Fig. 7.1, which shows the zero dispersion wavelength (ZDW)
of the IG5 glass is around 6.2 µm. The importance of pumping close to the ZDW for
supercontinuum generation has been discussed in chapter 2, and ideally the fiber ZDW
should be close to the wavelength of the laser source. However, it is very difficult to
find a commercially available laser source with wavelength of 6.2 µm. One of the main
remarkable features of the suspended-core structure optical fiber is to shift the fiber ZDW
from material ZDW to a shorter wavelength, to approach the wavelegnth of the available
laser source for the supercontinuum generation. Therefore, we have performed some
simulations of the IG5 glass suspended-core fiber dispersion with different core sizes,
which are shown in the following section.
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Figure 7.1 : Simulated IG5 glass material dispersion as a function of wavelength.
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7.1.2

Simulations of the IG5 glass suspended-core fiber’ dispersion

As discussed in chapter 2, the fiber dispersion is the sum of the material dispersion
and waveguide dispersion, which can be calculated from equation (2.20). To calculate
the IG5 glass suspended-core fiber’s dispersion, we performed simulations based on a
circular cylinder suspended in air. Certainly, the core shape of our fabricated IG5 glass
suspended-core fiber may be not circular, and to simulate the dispersion properly, the
simulations should be based on the exact structure of the fiber. However, for a core with
small size, the simulations do not strongly dependent on the core shape. This is because
the modes tend to be radial symmetrical and the difference is there, but is not very large
when the core is small and the waveguide is single mode. The effect of having only
air around the core is more important (thus a suspended cylinder). Therefore here we
performed the simulations based on a circular core to have an overall idea of the dispersion
of IG5 glass suspended-core fiber. The effective refractive index ne f f for a circular core
with different sizes as a function of wavelength can be computed by the CUDOS MOF
Utilities software [287], based on the IG5 glass refractive index values. We have shown
the drawn IG5 glass suspended-core fibers with different geometries in Fig. 6.19, and the
suspended core sizes in those fibers varies from 2 to 7 µm.
To further increase the waveguide nonlinearity and tailoring the fiber dispersion, a
tapered IG5 glass suspended-core fiber with a length of 17 cm was obtained by carefully
controlling the drawing parameters during the drawing process, as shown in Fig. 7.2 (a).
The microscope images of both ends of this fiber are shown in Fig. 7.2 (b) and (c), which
show the core size of this fiber was tapered from around 6 µm to around 1 µm. The
simulations of this tapered fiber dispersion with different core sizes for the fundamental
mode are shown in Fig. 7.3.
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Figure 7.2 : (a) Picture of the tapered IG5 glass suspended-core fiber. Microscope image of the
cross-section of the: (b) large end of the fiber, (c) small end of the fiber.

As seen in Fig. 7.3, this suspended core fiber can greatly shift the ZDW from that of the
IG5 material (6.2 µm) to 3 µm with core size of 6 µm, and further shift to around 1.3 µm
with core size of 1 µm, showing great potential for generating supercontinuum in the
MIR with commercial sources. Therefore, we have further simulated the supercontinuum
generation with the IG5 glass suspended-core fiber, which is shown in the following
section.
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Figure 7.3 : The simulated fundamental mode dispersion with different core sizes of IG5 glass
suspended-core fibers.
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7.1.3

Simulations of supercontinuum generation

Simulating the supercontinuum can be realized by solving the nonlinear Schrödinger
equation numerically, which we have discussed in the chapter 2. The nonlinear refractive
index (nnl ) of the IG5 glass at 1.5 µm was measured to be 9.4×10−18 m2 /W [288].
The following simulations of supercontinuum spectra based on the fabricated IG5 glass
suspended-core fiber were performed by D.D.Hudson at Macquarie University, for
pumping wavelengths at 3 µm and 1.5 µm.
Figure 7.4 presents the simulations of supercontinuum generation from the IG5
suspended core fiber with core size of 1.5 µm, pumping at 3 µm (anomalous dispersion
pumping) with 250 W coupled peak power, and a 300 fs pulse. The ZDW of this 1.5 µm
core size IG5 glass suspended-core fiber is calculated to be 1.8 µm. Note the higher-order
dispersion is ignored here. Fig. 7.4 (a) and (b) are the spectral and temporal evolution of
the input pulse along the IG5 glass suspended-core fiber with core size of 1.5 µm, and
they indicate that the bandwidth broadening is determined by the solitonic dynamics.
Fig. 7.4 (c) shows the input pulse was broadened over the range of 2 - 4 µm, while
Fig. 7.4 (d) presents the time domain which shows that the various solitons pealed away
from the group velocity of the ‘frame’. The dashed red line on the top plots is the point at
which the bottom plots are taken.
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Figure 7.4 : Simulated results of the supercontinuum generation with the 1.5 µm core size of IG5
glass suspended-core fiber when pumping at 3 µm in the anomalous dispersion regime.

Simulations of supercontinuum generation with the same IG5 glass suspended-core
fiber but pumping at 1.55 µm in the normal dispersion regime with a coupled peak
power of 250 W and a 100 fs pulse, were also performed, as shown in Fig. 7.5 (a) (d) below. This type of pump source is commercially available. Fig. 7.5 (a) and (b) are
the simulated spectra and temporal evolution of the input pulse at 1.55 µm, respectively,
and a broadening of the input pulse was found in Fig. 7.5 (a), which may be caused by the
modulation instability. Figure 7.5 (c) indicates a relatively flat supercontinuum spectrum
was generated in the range of 1.2 - 2.2 µm, and Fig. 7.5 (d) shows that the input pulse
seems stretched.
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Figure 7.5 : Simulated results of the supercontinuum generation with the 1.5 µm core size of IG5
glass suspended-core fiber when pumping at 1.55 µm in the normal dispersion regime.

The simulations of supercontinuum generation based on the geometries of the two
ends of the IG5 glass tapered fiber above may be not very accurate, because the higherorder dispersion is ignored, and the transition of the taper in the fiber is also not
taken into account. However, these simulations confirm the possibility of generating
supercontinuum spectrum in the MIR region with the fabricated IG5 glass suspended-core
fiber. Therefore, one of the plans in the future with the fabricated IG5 glass suspendedcore fibers is to generate supercontinuum spectra by pumping with the 1.55 µm and 3 µm
laser sources, to confirm the supercontinuum generation in MIR experimentally.

7.2

Wire-array metamaterials fiber based on IG5 glass
Metamaterials are artificial materials which can be engineered to exhibit electro-

magnetic properties that surpass or complement those properties in natural materials
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[289,290]. This makes metamaterials an exciting and promising research field, developing
many unique applications, including hyperlenses that focus beyond diffraction limit [291],
invisibility cloaking at microwave frequencies [292]. Wire-array metamaterials are a
class of metamaterials, and are typically composed of arrays of metal wires, in dielectric
background materials such as polymer or glass. Recently, fabrication of wire-array
metamaterials with the fiber drawing method has attracted much interest, due to the
possibility of producing stacked or woven wire-array metamaterials in volume [234].
Wire-array metamaterials based on this fiber drawing method have been demonstrated for
subdiffraction imaging at terahertz frequencies with Zeonex and indium [233]. However,
it is very difficult to further apply this combination into the infrared spectrum, due to
the huge loss of the Zeonex in the infrared region, and the Rayleigh-Plateau instability,
which leads the liquid metal to break up and form droplets because of the surface tension.
Therefore, IG5 glass MOFs with holes’ structure are of interest as they have potential
to be co-drawn with selected metal into wire-array metamaterials fibers, for obtaining
subdiffraction images in the infrared region.
To understand how the wire-array metamaterials can obtain the subdffraction image,
and derive the structure requirement of metamaterials fiber working in the infrared region,
in this section, the mathmatical model of wire-array metamaterials is described briefly.
In addition, some initial experiments on the possibility to co-draw the IG5 glass with
selected metal into fiber dimensions are demonstrated. This will offer some practical
information for the fabrication of wire-array metalmaterials fibers based on chalcogenide
glass in future work.
7.2.1

Model of wire-array metamaterials

Wire-array metamaterials are formed by periodically arranged conducting wires
embedded in a host dielectric medium (see an example in Fig. 7.6 (a)), which are an
anisotropic structure, since they have different dielectric constants along or across the
array directions [293]. It has been accepted that wire media exhibit a strong spatial
dispersion when the size of the wire is much smaller than the working wavelength, and
the spatial dispersion in the wire can be described with a quasistatic approximation [294].
To start with, the simplest case of an uniaxial wire medium with only one set of wires
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along the z axis is considered.

Figure 7.6 : (a) Microscope image of the cross-section of the Zeonex-indium wire-array
metamaterials [233]. (b) Schematic of a pair of wires with the geometric parameters (a and r0 ),
induced electric (E) and magnetic fields (H), as well as the current (Iz ) [294].

The schematic of a pair of wires is shown in Fig. 7.6, and we set the radius of the
wires and the distance between the wires to r0 and a, respectively, which are assumed
much smaller than the working wavelength. The macroscopic electric field along the z
axis in the medium can be written as [294]:
Ez = ( jωL + Zw )Iz +

∂ϕ
,
∂z

(7.2)

where Iz is the current in the wires, L is the effective inductance per unit length of the
wire, Zw is the self-impedance of the wire per unit. ϕ is the additional potential due
to the charges on the wires, and jω represents the angular frequency of the plane wave
√
( j = −1). Generally speaking, L depends on the specific microstructure of the system,
and for the case where the wires are conducting cylinders, L can be obtained by calculating
the magnetic flux of the neighboring wires in the quasistatic approximation by [294]:
L=

µ0
a2
log
.
2π
4r0 (a − r0 )

(7.3)

To find the additional potential ϕ in equation (7.2), a linear charge density ρ can be used
to place on the wires, thus ϕ can be calculated by integrating the corresponding fluctuating
part of the Ez :
ϕ(z) =

ρ(z)
,
C

(7.4)
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where C is an introduced parameter which is the effective capacitance per unit length.
Now if we consider to induce an electric field with a k-vector on the wire array in the xz
plane, then the induced current in the wires can be written as:
Iz (z) = I0 eikz z .

(7.5)

Thus the linear density of the charge ρ expressed by the currents is:
ρ(z) = −

1 dKz (z) kz
= Iz (z).
jω dz
ω

(7.6)

Combining equations (7.4) and (7.5), equation (7.2) can be re-written as:
kz2
)Iz
jωC

(7.7)

1
1
a2
=
,
log
C 2πε0
4r0 (a − r0 )

(7.8)

Ez = ( jωL + Zw +
where

and ε0 is the vacuum permittivity. If we set Acell to the average area of single wire in the
xy plane, then the macroscopic polarization current is:
Jz =

Iz
,
Acell

(7.9)

and the macroscopic displacement field can be:
Dz = ε0 Ez +

Jz
.
jω

(7.10)

Therefore, the longitudinal component of the permittivity dyadic can be found after some
algebra by:
k2p
εzz
,
= 1− 2
ε0
k0 − jξ k0 − kz2 /n2

(7.11)

√
k2p = µ0 /(Acell L), n2 = LC/(ε0 µ0 ), ξ = (Zw /L) ε0 µ0 ,

(7.12)

where

and µ0 is the vacuum permeability. The transition from metallic-like behaviour to
dielectric-like behaviour of the medium can be found via the k p , i.e. at normal incidence,
if the wavenumber k < k p , then εzz < 0, and vice versa. k p for square arrays of wires can
be calculated by [295]:
k2p =

2π
a2 [lna2 /4r

0 (a − r0 )]

.

(7.13)

153
In the literature, different forms of k2p have been calculated [294], but the main
point here is that equation (7.13) shows the effective plasma wavenumber k p is strongly
dependent on the radius r0 and the spacing a of the wires, thus the metamaterials’
properties are mainly determined by its own internal structure. In addition, the spacing a
in the structure must be sub-wavelength compared to the effective wavelength propagating
in the medium, more specifically, spacing a should be smaller than half of the working
wavelength, to validate the quasi-static approximation [296]. Therefore, to realize a wirearray metamaterials structure working in the MIR region, say 10 µm, the spacing for each
wire should be at least smaller than 5 µm, and the size of the wires must be much smaller
than 5 µm.
7.2.2

Subdiffraction imaging with wire-array metamaterials

In optics, the diffraction limit means a conventional optical system, such as a camera
lens, cannot resolve an object which is smaller than half the wavelength of the light.
This is because the high spatial frequency waves which emerge from the object and
carry important information exponentially decay in an isotropic medium [291]. However,
metamaterials such as hyperbolic metamaterials can be used to break this diffraction limit,
to obtain sub-wavelength images. To understand this, we start from the dispersion relation
for isotropic medium, which is written as [295]:
kx2 + kz2 =

ω2
εh ,
c2

(7.14)

where c is the speed of light, εh is the permittivity of the host medium. This equation
shows that for a given wave frequency ω, all the k-vectors define a circle with radius of
√
k = εh ω/c, as seen in Fig. 7.7 (a). Therefore, for all high spatial frequencies (e.g. |kx | >
√
εh ω/c) which carry important sub-wavelength information, they lead to an imaginary
k-vector component along the z axis:
r
kz =

(

ω2
εh − kx2 ) ∈ iR.
c2

(7.15)

One can find that such components will decay exponentially by substituting the equation
above into the plane wave solution. However, for an anisotropic medium such as the
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hyperbolic metamaterials, the dispersion relation is given by:
−

k2
ω2
kx2
+ z = 2,
|εzz | |εxx |
c

(7.16)

where εzz <0 and εxx >0. Therefore, all the k-vector components lie on a hyperbola, as
seen in Fig. 7.7 (b). In this case, the k-vector component along the z axis becomes:
s
kx2
ω2
|ε
|
|εxx |
+
kz =
(7.17)
xx
|εzz |
c2
It can be found from equation above that for any kx ∈ R, kz ∈ R, which indicates that in
the hyperbolic metamaterials, all spatial frequencies are propagating, thus the diffraction
limit can be broken.
Similarly, for the case of εzz >0 and εxx <0, we can find that only the waves with
high spatial frequencies can propagte in that medium, which is known as an ‘anti-cutoff’
medium [295], see in Fig. 7.7 (c).
In conclusion, to realize subdiffraction imaging in the MIR region, fabrication of the
wire-array metamaterials based on the IG5 chalcogenide glass and the selected metal
into the hyperbolic lens via the fiber drawing method appears very promising, since
IG5 glass has good optical properties in the MIR region, and the geometry requirement
for metamaterials may be satisfied by scaling down the preform. In the next section,
some early experiments of drawing IG5 glass with the selected metal are performed,
while simulations of the optical properties of IG5 glass with the selected metal for the
matamaterials working at 10 µm are in the appendix A.
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Figure 7.7 : Schematic of the dispersion relations for: (a) isotropic medium which propagates
only low spatial frequencies, (b) anisotropic medium which propagates all spatial frequencies, (c)
anisotropic medium which propagates only high spacial frequencies [295].

7.2.3

Fabrication of IG5 glass wire-array metamaterials fiber

As discussed above, to realize a wire-array metamaterials structure working in the
MIR region, the spacing and the size of the wires must be in micrometers magnitude,
or even smaller.

In addition, for the application of imaging with the wire-array

metamaterials, a large number of wires is also required to avoid edge effects and maximize
the imaging area [279]. In this case, fabrication of wire-array metamaterials via fiber
drawing based on the stack-and-draw method has been proved to be a suitable technology
[233, 234]. Besides, the practical experiences obtained in the fabrication of IG5 glass
MOFs process may also benefit the fabrication of IG5 glass wire-array metamaterials
fibers. In brief, fabrication of the IG5 glass wire-array metamaterials fibers based on the
stack-and-draw method includes the following steps:
i. Fabrication of IG5 glass hollow capillaries;
ii. Selection of suitable metal;
iii. Filling the selected metal into the hollow IG5 glass capillaries;
iv. Drawing the metal-filled IG5 glass capillary into small dimension;
v. Stacking the filled IG5 glass capillaries into microstructured intermediate metamaterials preform;
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vi. Drawing the microstructured preform into required dimension.
Since the IG5 glass hollow capillaries have been obtained during the fabrication of
IG5 glass MOFs, we start the fabrication of wire-array metamaterials fibers from step 2,
which is to select a suitable metal to co-draw with the IG5 glass.
Metal selection for IG5 glass wire-array metamaterials fiber
In terms of fabrication of metal-IG5 glass metamaterials with fiber drawing method,
the selected metal must have the following properties: First, the melting point of the
selected metal must be lower than the minimum IG5 glass drawing temperature, otherwise
the metal cannot be co-drawn with the IG5 glass. Second, the selected metal must not
react with the IG5 glass at room temperature or the drawing temperature. This is because
the reaction results can have an unwanted effect to the proprieties of the IG5 glass, and
the metallic structure may deform if the new component has a higher melting point than
the IG5 glass drawing temperature.
Also, and importantly, the influence of the selected metal on the optical properties of
the wire-array metamaterials must be taken into account. For the wire-array metamaterials
working in the NIR and MIR region, J.G.Hayashi has made intensive investigation on
the selection of materials for IR metamaterials fibers [232]. The conclusion from that
research is that for the wire-array metamaterials fibers working wavelength at 3 µm, gold
has the best optical properties, and tin is optically poorer but still usable. For the working
wavelength at 10 µm, though gold and tin all suffer from relatively high losses, tin might
be still useful for the geometries with large wire diameters and spacing between the wires
[232, 279]. Considering this, and the fact that the melting point of tin is 232°C, which is
lower than the IG5 glass minimum drawing temperature (325°C), while the melting point
of gold is 1064°C, we selected tin as the metal to be co-drawn with the IG5 glass into
wire-array metamaterials fibers.
Experiment on IG5 glass and tin compatibility
To determine the chemical compatibility of the tin and the IG5 glass at the fiber
drawing temperature, a piece of IG5 glass from the IG5 glass billet was physically
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contacted with a tin rod, and put into a soda-lime tube. This soda-lime tube was sealed
to prevent any possible out–gassing during the experiment, and put in a bench furnace.
The temperature of the bench furnace was increased to 350 °C with a heating rate of
10 °C/min. After that, the furnace was turned off to cool down to the room temperature.

Figure 7.8 : Microscope image of the interface of the tin and IG5 glass after the heating.

Figure 7.8 shows the microscope image of the interface between the IG5 glass and
tin. As seen in Fig. 7.8, though tin sticks on the IG5 glass surface tightly after the
heating, the distinction between these two materials is still visible, and there is no sight of
new components forming because of any reaction. Thus tin seems has a good chemical
compatibility with the IG5 glass at the drawing temperature, and it appears possible to
fill the molten tin into the hollow IG5 glass capillary without chemical reaction between
them. To further validate this, a single hole IG5 glass capillary was used to fill with molten
tin, which is introduced in the following section. The experiments of co-drawing molten
tin with IG5 glass are presented in the later of this chapter.
Filling molten tin into the IG5 glass capillary
Cylindrical metal wires in IG5 glass wire-array metamaterials fibers can be realized
by filling molten tin into the IG5 glass hollow capillaries. This filling process is performed
in a resistance oven and with two beakers, as is shown in Fig. 7.9.
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Figure 7.9 : Schematic of filling the IG5 glass capillary with tin process [279].

Fig. 7.9 shows the process of the filling experiment. An empty beaker is positioned
in the bottom of the oven, and an IG5 glass capillary is carefully inserted into the oven
through a ceiling hole, until several centimeters above the bottom of the empty beaker
(Fig. 7.9 (a)). A soda-lime capillary can be used as an extender if the length of IG5
glass capillary is not long enough. Then a tin rod is cut into small pieces and placed in
another beaker (Fig. 7.9 (b)). This beaker with tin pieces is placed in the oven near the
empty beaker, and the temperature of the oven is increased to 280°C, which is higher
than the tin melting temperature, but slightly lower than the glass transition temperature
of the IG5 glass (Fig. 7.9 (c)). The oven keeps this high temperature for around two
hours until the tin pieces in the beaker are completely molten. After that, the molten tin is
transferred into the nearby empty beaker (Fig. 7.9 (d)). This transfer process is designed
to separate any possible metal oxide during the heating process, and the oxidized region
of the tin is separated from the molten non-oxidized region during the transferring, due
to the surface tension. The remaining oxidized tin residue is shown in Fig, 7.9 (e). After
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the transferring, a vacuum pump is connected to the IG5 glass capillary or the soda-lime
extender. The vacuum degree is then slowly increased to pull up the molten tin until it
reaches the outside of the oven. The molten tin is cooled down quickly and solidified
once it overshoot to the top of the oven, thus the hollow IG5 glass capillary can be filled
completely (Fig. 7.9 (f)).
Microscope images of IG5 glass capillary filled with tin are shown in Fig. 7.10. As
seen in Fig. 7.10, the IG5 glass capillary was filled with tin completely, and is ready to be
drawn into small dimensions.

Figure 7.10 : Microscope images of the: (a) cross section, (b) side view of the tin-filled IG5 glass
capillary.

7.2.4

Co-drawing IG5 glass capillary with tin into small dimensions

There are two purposes to co-draw IG5 glass capillary with tin into small dimensions
instead of stacking the filled capillary into mircostructured preform directly: First,
drawing or stretching the tin-filled IG5 glass capillary into a longer length can be helpful
for manufacturing a long microstructured preform, which is necessary for drawing process
into a steady state. More importantly, though the melting point of tin is lower than
the IG5 glass drawing temperature, it is necessary to perform some initial co-drawing
experiments with a simple tin-filled glass capillary, before drawing the precious and
complex metamaterials preform. Therefore, we started from drawing a single tin-filled
IG5 glass capillary into fiber dimensions.
Compared to the process of drawing IG5 glass preform we have discussed in chapter 6,
co-drawing the IG5 glass capillary with tin has some extra procedures. This is because
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the thermal expansion of the metal tin (22 ×10−6 m−1 /k) is larger than that of IG5 glass
(14 ×10−6 m−1 /k), thus the molten tin will expand and may break the IG5 glass capillary
during the drawing process. To avoid this, a ‘pulling up process’ is applied before the
drawing process. The tin-filled IG5 glass capillary is connected to a soda-lime tube
extender, and the top end of the capillary is open. Then the glass capillary is fed into
the furnace until the top of the capillary reaches the highest temperature position of the
furnace. The temperature of the furnace is increased to 260 °C which can melt the filled
tin at the top of the capillary, while it is lower than IG5 glass transition temperature. After
that, the tin-filled capillary is pulled up slowly to let the tin melt from top to bottom. A
ceramic thermal insulation shown in Fig. 7.11 (a) is placed on the top of the furnace to
modify the temperature profile of the furnace (Fig. 7.11 (b)), to ensure the hot zone region
(where T>232 °C) can cover the whole length of the glass capillary. Thus the molten tin
can be kept in the liquid state when the capillary is pulling up. This pulling up process
is stopped when the bottom of the capillary reaches the highest temperature region of the
furnace. In this case, the filled tin is melted gradually from top to bottom, and kept in
liquid state once being molten. This can avoid the situation that the filled tin firstly melts
at a position where it is entirely surrounded by solid glass and tin which is still solid,
resulting in breaking the glass capillary due to the thermal expansion. Finally, with the
molten tin in the IG5 glass capillary, it is possible to co-draw the IG5 glass capillary with
tin into fiber dimensions by the conventional soft-glass fiber drawing process, which is
discussed in 6.1.2. Usually, the drawing temperature is 325 °C. The temperature profile
of the furnace with the thermal insulator at setting temperature of 325 °C is also shown in
Fig. 7.11 (b).
Figure 7.12 shows the typical drawing results of the tin-filled IG5 glass capillary.
Though the ‘pulling up process’ is applied to co-draw the IG5 glass capillary with tin,
there is still possibility of breaking the IG5 glass capillary by the molten tin, due to the
thermal expansion, as shown in Fig. 7.12 (a). However, sometimes this can be improved
by holding at the melting temperature for a longer period (around 30 mins) before the
drawing process, then the glass capillary may survive. Unfortunately, as seen in Fig. 7.12
(b), there are some bulges on the outer surface of the drawn tin-filled glass capillary’s
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region where the capillary did not break and was intact, similar to the phenomenon in
the surface tension measurements of chapter 4. Therefore, the drawn capillary is usually
either broken by the tin, or has bulges on the outer surface. It is not clear whether this is
because of the interaction of the effects of their surface tension, or the difference of their
thermal expansion, thus investigation of this will be performed in the future work.

(b)
Temperature/℃

(a)

Thermal insulator

Tin melting point

T = 325℃ with thermal insulator
T = 260℃ with thermal insulator
T = 260℃ without thermal insulator

Distance from the top of furnace/cm

Figure 7.11 : (a) Photograph of the thermal insulator. (b) Temperature profiles of the drawing
furnace with or without the thermal insulator.

Figure 7.12 : Photograph of the typical drawn tin-filled IG5 glass capillary results: (a) IG5 glass
capillary broken by the tin, (b) IG5 glass capillary which was intact but with bulges on the outer
surface.

In conclusion, metal tin has been selected to co-draw with IG5 glass for fabrication
of metamaterials fibers, due to acceptable optical properties in the MIR region, and good
compatibility with the IG5 glass. However, drawing IG5 glass capillary with tin into small
dimensions is still a challenge, which has hindered the further fabrication of wire-array
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metamaterials based on IG5 glass and thin. The reason for the bulges on the outer surface
of the IG5 glass tin has not been clearly understood yet, so further investigation will be
performed in the future. Alternatively, filling an IG5 glass microstructured preform with
tin, and drawing the tin-filled preform into fiber dimensions might be a choice to avoid
the breaking, since the preform has a stronger structure. In addition, the thermal insulator
and the drawing process can be also improved to have a more suitable temperature profile
and drawing condition.

7.3

Summary
In this chapter, the application of supercontinuum generation and wire-array metama-

terials based on the obtained IG5 glass suspended core fibers are introduced. Simulations
show that the suspended core fibers can greatly shift the ZDW from that of the IG5
material (6.2 µm) to 3 µm with core size of 6 µm, and further shift to around 1.3 µm with
core size of 1 µm. In addition, supercontinuum generation simulations demonstrate that a
relatively flat supercontinuum spectrum can be generated in the range of 1.2 - 2.2 µm, and
pumping at 1.55 µm. These results open the opportunity to fabricate the microstructured
optical fibers with required geometries based on a high nonlinearity, arsenic free, and
commercially available chalcogenide glass, for nonlinear optical applications especially
for generating MIR supercontinuum with commercial laser sources.
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Chapter 8
Concluding remarks and future directions
In this thesis, Ge28 Sb12 Se60 at.% (IG5) chalcogenide glass suspended-core fibers have
been fabricated based on the stack-and-draw method with the help of two simulations:
the Fitt’s asymptotic model and the Stokes’ mathematical model. To fabricate optical
fibers with the IG5 glass, the material properties of the IG5 glass were studied in detail.
The thermal properties of the IG5 glass have been investigated by DSC and TGA, which
show that the IG5 glass has a large drawing temperature region, and a relatively large
safe working temperature range. The crystallization properties of the IG5 glass have been
analyzed theoretically and experimentally, which indicates that though the IG5 glass is
easy to crystallize at the drawing temperature, the crystals grow slowly, and they only
appear on the surface of the glass. The surface tension of the IG5 glass is measured to be
0.54 ± 0.10 N/m, and the material loss of the IG5 glass drawn cane in the MIR region is
around 3.0 dB/cm.
To obtain the IG5 glass suspended-core fibers with required geometries, the effects
of pressurization and surface tension in the fiber drawing process have been analyzed
based on the Stokes’ and Fitt’s models. The experimental results of drawing IG5 glass
single hole capillary with different pressurizations show a very good agreement with the
simulations. A comparison between experimental and simulated results of drawing IG5
glass microstructured cane with three holes at different pressurizations was performed.
This comparison indicated the presence of a threshold pressure at which a large sudden
change of the geometry occurs. For pressures lower than the threshold, the inner holes
act as isolated entities, while above it they act as a single hole. By introducing a
normalized air fraction, which is set to be equal to 1 for a suspended-core like structure,
Stokes’ model is a useful tool to predict the suitable introduced pressurization in the
fiber drawing process, to obtain MOFs with required structure. IG5 chalcogenide glass

164
suspended-core fibers with different geometries and core sizes from 1 to 7 µm have
been fabricated successfully. The dispersion simulations show that the ZDW of the
fabricated IG5 glass suspended-core fibers can be shifted from the IG5 glass material
ZDW at 6.2 µm, to around 1.3 µm with the core size of 1 µm. Supercontinuum generation
simulations demonstrate that a relatively flat supercontinuum spectrum can be generated
in the range of 1.2 - 2.2 µm, and pumping at 1.55 µm. These results open the opportunity
to fabricate the microstructured optical fibers with required geometries based on a high
nonlinearity, arsenic free, and commercially available chalcogenide glass, for nonlinear
optical applications especially for generating MIR supercontinuum with commercial laser
sources.
In addition, the IG5 glass MOFs with array of holes’ structure also have the potential
for fabricating wire-array metamaterials fibers, for subdiffraction imaging in the MIR
region. The compatibility experiments show that the IG5 glass and tin have a good
compatibility at the fiber drawing temperature, and it is possible to fill the molten tin
into IG5 glass completely. This laid a solid foundation to draw the IG5 glass wire-array
metamaterials fibers, though there are still challenges to co-draw the IG5 glass capillary
with tin into small dimensions.
Regarding future work, to avoid the crystallization of IG5 glass in the fiber drawing
process, the crystallization mechanism of IG5 glass should be investigated more deeply.
For example, the crystals of IG5 glass may be observed and analyzed by infrared
microscope imaging, to determine the relationship of the heating temperature and duration
with the crystal growth speed. In addition, the surface tension measurement for the IG5
glass should be improved, since the measured surface tension of the IG5 glass has a
relatively large uncertainty. A customized resistance furnace with a very small hot zone
could be adopted to heat the IG5 glass cane more precisely. Thus the uncertainty of the
measured IG5 glass surface tension can be reduced. Besides, the die for the extrusion
can be modified, so that it is possible to extrude the IG5 glass preform with required
microstructure directly, and then draw it into fiber dimension. To further determine
the possibility of supercontinuum generation with the obtained IG5 glass suspendedcore fibers, supercontinuum generation experiments should be performed, by pumping
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at 1.55 µm and 3.0 µm, respectively.
In terms of the fabrication of wire-array metamaterials fibers with the IG5 glass and
tin, a microstructured IG5 glass preform can be filled with tin, and drawn into fiber
dimensions, since the microstructured preforms have a stronger structure than the single
hole capillary. The thermal insulator can be improved to have a better temperature profile
for the co-drawing process. For example, a heat reflective layer can be added to the inner
surface of the thermal insulator, to have a better control of the temperature distribution
within the furnace. In addition, the drawing process including the drawing parameters
can be improved, and a special polymer such as polyetherimide may be introduced to codraw with the glass fiber as the outside layer, to increase the mechanical strength of the
chalcogenide glass fibers, as seen in some reports [156, 229].
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Appendix A
Simulations of the metamaterials optical properties based
on IG5 glass and tin working at 10 µm
To investigate the optical proprieties of the IG5 glass-tin metamaterials in the MIR region,
simulations have been performed by Juliano Grigoleto Hayashi (ORC, University of
Southampton) with COMSOL based on the IG5 glass properties.

Figure A.1: Simulations of the electric field distributions for the metamaterials working at 10 µm
based on IG5 glass and tin.

Figure A. 1 is the simulation of electric field distribution of wire-array metamaterials
based on IG5 glass and tin working at 10 µm. The diameter of the wire is set to 250 nm,
and the pitch of wire is 500 nm. The propagating loss of the wire-array metamaterials
based on IG5 glass and tin at 10 µm is calculated to 1.04 dB/µm. However, the loss is
increased to 7.67 dB/µm if the IG5 glass is replaced by the soda-lime glass. The simulated
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electric field distribution of wire-array metamaterials with the same geometry but based
on soda-lime glass and tin working at 10 µm is shown in Figure A. 2. This indicates
that the IG5 glass with tin combination has better optical properties than the soda-lime
glass and tin for the wire-array metamaterials working at 10 µm. However, they both
suffer huge loss at this wavelength. Therefore, further investigations will be needed in the
future to determine whether the wire-array metamaterials based on IG5 glass have more
practical loss when working at other wavelengths, or when combined with another metal
rather than tin.

Figure A.2: Simulations of the electric field distributions for the metamaterials working at 10 µm
based on soda-lime glass and tin.
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