Light Guidance in Hollow Core
Photonic Cage Structures

DISSERTATION
zur Erlangung des akademischen Grades
Doktor-Ingenieur (Dr.-Ing.)

vorgelegt dem Rat der Physikalisch-Astronomischen Fakultät
der Friedrich-Schiller-Universität Jena

von M.Tech Chhavi Jain
geboren am 3. Dezember 1989 in Delhi

Gutachter:
1. ...................................................
2. ...................................................
3. ...................................................
Tag der Disputation: .............................................................

Contents
1

2

Introduction

3

1.1

Motivation and Goal Setting . . . . . . . . . . . . . . . . . . . . . . . . .

3

1.2

Scope of this Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5

Theoretical Background

8

2.1

Propagation of Electromagnetic Waves . . . . . . . . . . . . . . . . . . . .

8

2.1.1

Maxwell’s Equations . . . . . . . . . . . . . . . . . . . . . . . . .

8

2.1.2

Time Harmonic Fields . . . . . . . . . . . . . . . . . . . . . . . .

9

2.1.3

The Wave Equation . . . . . . . . . . . . . . . . . . . . . . . . . .

10

2.1.4

Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . . . .

10

2.2

Guided Modes in Step Index Fibers . . . . . . . . . . . . . . . . . . . . .

11

2.3

Leaky Modes in Waveguides . . . . . . . . . . . . . . . . . . . . . . . . .

14

2.4

Hollow Core Waveguides: Let there be Light . . . . . . . . . . . . . . . . .

16

2.4.1

Hollow Core Fiber Trendsetters: An Overview . . . . . . . . . . . .

16

2.4.2

Photonic Bandgaps: An Insight via Toy Model . . . . . . . . . . . .

19

2.4.3

ARROW Model: Crude yet Effective . . . . . . . . . . . . . . . . .

22

Simulation Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

24

2.5.1

Semi-Analytical Model for Mapping Cladding States . . . . . . . .

24

2.5.2

The Multipole Expansion Method . . . . . . . . . . . . . . . . . .

27

2.5

3

Photonic Cage : Fabrication Principles & Process

31

3.1

Direct Laser Writing for 3D Polymerization . . . . . . . . . . . . . . . . .

31

3.1.1

Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

31

3.1.2

Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . .

33

Material Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

36

3.2

1

4

6

36

3.2.2

Optical Properties . . . . . . . . . . . . . . . . . . . . . . . . . . .

37

3.2.3

Mechanical Stability . . . . . . . . . . . . . . . . . . . . . . . . .

38
42

4.1

Modal Properties of the Photonic Cage . . . . . . . . . . . . . . . . . . . .

43

4.1.1

Dispersion and Confinement Loss . . . . . . . . . . . . . . . . . .

43

4.1.2

Higher Order Modes . . . . . . . . . . . . . . . . . . . . . . . . .

45

An Architectural Diversity: Exploring Different Designs . . . . . . . . . .

47

4.2.1

Arrangement of Rods . . . . . . . . . . . . . . . . . . . . . . . . .

48

4.2.2

Effect of Core Size . . . . . . . . . . . . . . . . . . . . . . . . . .

50

4.2.3

Effect of Additional Cladding Rings . . . . . . . . . . . . . . . . .

54

4.2.4

Effect of Changing Pitch . . . . . . . . . . . . . . . . . . . . . . .

55

4.2.5

The Rod Dimensions and Shape . . . . . . . . . . . . . . . . . . .

60

Photonic Cage: Experiments and Applications

64

5.1

Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

64

5.2

Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

66

5.2.1

Variation of Cage Length . . . . . . . . . . . . . . . . . . . . . . .

66

5.2.2

Variation of Cage Pitch . . . . . . . . . . . . . . . . . . . . . . . .

69

5.3

Comparison on Simulations and Experiment

. . . . . . . . . . . . . . . .

71

5.4

The Potential as Sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . .

72

5.4.1

Optofluidic Sensing Platform . . . . . . . . . . . . . . . . . . . . .

72

5.4.2

Transient Gas Diffusion . . . . . . . . . . . . . . . . . . . . . . .

74

Hybrid Silica-Metaphosphate Fibers

78

6.1

Hybrid Silica based Optical Fibers . . . . . . . . . . . . . . . . . . . . . .

78

6.2

Metaphosphate Glasses for Photonics . . . . . . . . . . . . . . . . . . . .

80

6.3

Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

81

6.4

Optical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

85

6.4.1

Step Index Fibers . . . . . . . . . . . . . . . . . . . . . . . . . . .

85

6.4.2

Dual Core Mode Coupler . . . . . . . . . . . . . . . . . . . . . . .

87

Relevance to Photonic Cage Fabrication . . . . . . . . . . . . . . . . . . .

90

6.5
7

Properties Relevant for Fabrication . . . . . . . . . . . . . . . . .

Photonic Cage : Optical Simulations

4.2

5

3.2.1

Conclusions and Outlook

92
2

Chapter 1
Introduction
1.1

Motivation and Goal Setting

An optical waveguide is to optics what a wire is to electronics, i.e. it is an engineered
physical structure that guides electromagnetic optical waves. The concept that light can be
guided along dielectric waveguides dates back to 19th century when Daniel Colladon experimentally demonstrated the concept of total internal reflection of light in a water stream
[1]. This was subsequently followed by decades of discoveries into waveguiding materials
such as glass rods and bent fibers (without cladding) used exclusively in close range illumination for surgery or dentistry [2]. However, it was the drive to develop reliable low loss
waveguides for optical communications that resulted in the first glass single mode fibers,
with attenuation lower than 20 dB/km in 1970 by Corning glass works. Meanwhile, optics was witnessing a ‘conceptual transfer’ from the field of solid-state physics with the
development of periodic photonic materials, also known as photonic crystals. Subsequent
studies by Yablonovitch [3] and John [4] in the late 1980s, pointed to the existence of a
photonic bandgap in these crystals whose work inspired Philip Russels vision of the “holey
fiber,” in 1991. He proposed that these fibers would allow opening a two-dimensional photonic band gap (PBG) over a range of axial wavevectors, such that propagation is closed
off for all radial and azimuthal directions in the transverse plane while permitting propagation along the third longitudinal dimension [5]. Shortly afterwards, the first successful
hollow core-photonic bandgap fiber (HC-PBGF) was realized [6] that consisted of simple
triangular lattices of air holes in silica (refractive index contrast 1:1.46).
Ever since then, a great deal of efforts contributed towards improving the fiber drawing
technology for these fibers and develop simulation tools to accurately predict their optical
properties. This has allowed hollow core fibers to support transmission of optical modes
with low attenuation and negligible non-linear effects in air. Moreover, in terms of available
3

spectral transmission range, hollow core fibers could overcome the fundamental transmission limits of silica fibers in the mid infra-red (IR) and in addition offer enhanced thermal
stability. These properties of hollow core fibers have been extremely tempting for high
laser power deliveries (e.g. in mid-IR [7, 8]) over large distances, overcoming the intrinsic
diffractive nature of free space propagating laser beams. Moreover, they could be used more
easily for sensing and studying light-matter interactions in media having lower permittivity
than solids such as liquids and gases since the hollow core in the fibers could be filled with
these materials. This opened new avenues in photothermal gas trace analysis [9], nonlinear
light generation [10, 11] and remote micro-particle sensing [12].
While the field of hollow core fiber optics is witnessing one of the golden periods of it’s evolution, it remains mostly isolated, i.e. a lack of interfacing and integration with the planar
technology prevents reaching the goals directed towards development of compact and cost
efficient on-chip integrated hollow core waveguides. This would require either interfacing
the two fields efficiently or initiate an effective transfer of principles from the fiber to planar
technologies. In terms of planar technologies, a major interest lies in the development of
compact on-chip optical waveguides offering small geometric footprints for sensor applications, specially in the case of gases and liquids, thus demanding enhanced light-analyte
interaction. For instance, the sensitivity of sensors that rely on detecting refractive index
(RI) changes of analytes is correlated to the fraction of electromagnetic power in the sensing
medium and thus it is impetuous to find guidance schemes that allow an enhanced concentration of light in the low index medium. To address this, integrated waveguides with open
cores providing access to the evanescent field which extend into the sensing medium have
been reported in the past [13] but rely on excessively long waveguide lengths to compensate for the weak light-matter interaction. Alternatively, dielectric single slot-waveguides
can concentrate evanescent fields in a low-index slot with sub-wavelength dimensions, but
usually with a fraction of electromagnetic power below 50% [14, 15, 16]. More complicated
designs based on arrays of a finite number of slot waveguides allow increasing this fraction
[17, 18], but introduction of analytes into such multiple narrow slots can be cumbersome,
hindering applications in real-world sensing.
Overall, the above listed problems can be circumvented by designing planar waveguides
that allow direct confinement of light within a low index medium to enable strong interaction of the supported mode with the low index medium such as gases. On-chip ARROW (Anti-Resonant Reflecting Optical Waveguiding) waveguides fulfill this condition
by confining light in rectangular hollow cross-sections surrounded by multiple alternating
dielectric cladding layers and are based on an anti-resonance guidance effect. Despite having found applications in biofluidics [19], atomic spectroscopy [20] and quantum optics
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[21, 20], a drawback of these waveguides is their complex fabrication procedure employing
large number of lithographic steps. Moreover, introducing low index analytes in their core
volumes is challenging which can be achieved either by pumping the analyte from the end
ports of the waveguide [22] or drilling holes along the waveguides longitudinal axis that act
as gas inlets but at the expense of additional optical losses [23]. Therefore, the realization
of hollow core structures on planar substrates that mimic the low loss guidance mechanisms
from cladding designs of hollow core fibers (such as anti-resonant fibres), could rejuvenate
the stagnant hollow core planar technology. The challenge here is however, the scaling
down and integration of fiber structures into planar waveguide architectures. Besides, for
applications in gas sensing, both fields suffer from a common problem: they allow access
to the central core section only via the waveguide end faces, which imposes restrictions
on device performance, applicability and functionalization variability. Moreover, drilling
holes through the microstructured cladding in both cases severely increases optical losses
and substantially reduces mechanical stability [24, 23]. Furthermore in terms of applications for instance in spectroscopy and sensing, the hollow core waveguide design should
allow a rapid light-matter interaction to take place.

1.2

Scope of this Thesis

This work aims to find a robust solution to the current limitations in the planar technology
and initiate a transfer of concepts from the fiber to planar technologies. Therefore, this
work has been performed to explore the following critical points:
1. Explore possibilities for designing an integrated hollow core waveguide with largest
possible modal field fractions in the hollow core. In doing so, design concepts and
physical guidance mechanisms from hollow-core fiber optics field will be considered.
2. From analytics and sensing application requirements, design the structure to accelerate the diffusion rate of gaseous medium in hollow core waveguides.
With these aims in mind, the concept of on-chip suspended hollow core photonic cage is
introduced in this work that can guide light within a central hollow core surrounded by
free standing hexagonal array of cylindrical dielectric strands over hundreds of micrometer distances. The structures operate by the core mode being in anti-resonance with the
cladding supermodes formed by the rod array and exhibit noteworthy features such as (a)
diffraction-less propagation of optical fields in air, (b) a direct outside access to the hollow
core via the open section between the strands, (c) broad spectral transmission in the ultraviolet, visible and near-infrared domains and (d) a high fraction of modal fields within its
5
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Figure 1.1: (i) Schematic of the hollow core photonic cage structure showing the hollow core
surrounded by the suspended dielectric rods and supporting a hexagonally shaped mode. (ii)
An overview of the work flow of the current thesis work where the realization of the photonic
structures was an iterative process of optimizing the optical simulations that fed the starting
structure dimensions to the fabrication process for realizing the structures. The fabrication
process in turn dictated the dispersion of the material which should be taken into account by
the simulations. The fabricated structured were then experimentally characterized and these
experimental results were regularly compared with simulations to optimize the structure design.

hollow section. The schematic of such a structure is sketched in Fig. 1.1(i) along with the
core mode supported by such a structure. On one hand, the high modal field fraction in the
hollow core should allow a strong interaction between confined light and the analyte and on
the other hand the open inter-strand spaces in the structures should speed up gas diffusion
times into the core. This altogether offers promising prospects in the areas of bio-sensing,
spectroscopy and even quantum physics.
Therefore, the central theme of this work is to lay the necessary groundwork for the design
and realization of chip integrated hollow core waveguides. This thesis consequently deals
with experimental fabrication of the structures, simulations for the design by optimizing the
geometrical parameters and finally experimental optical characterization of the proposed
structures. In Fig. 1.1(ii), an overview of the workflow employed in the current project is
presented. The photonic structures in this thesis are a result of an iterative process between
the simulations, fabrication technique, and the optical experimental characterization steps.
The current thesis is organized into 7 chapters. After a brief introduction to the topic (here
in chapter 1), the theoretical background required for a fundamental understanding of the
reported topics is given in chapter 2, including waveguide theory in step-index fibers followed by a crisp and succinct introduction to hollow core photonic crystal fibers, ARROW
waveguides and the phenomenon by which they operate. In addition, the simulation tools
used in this work for the suspended photonic structures are briefly discussed.
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This is followed by chapter 3 where the the fabrication strategy to realize the photonic
structures are presented together with the material properties that should be considered in
the design of the photonic structures. Moving on to chapter 4, the results of the simulations performed on the cage structures are discussed where a variety of design possibilities
were explored. The chapter explores how different opto-geometrical factors affect the confinement of light in the cage and provides vital clues to understand the physics behind
it’s operation. The next chapter (Chapter 5) highlights the important experimental optical
results relevant to the cage and looks into the performance of this structure for sensing
applications.
The field of hybrid fibers was investigated at the beginning of the PhD work for their relevance in designing the photonic structures and though hybrid fibers were eventually not
used for the cage fabrication, interesting results were obtained from work on a series of
hybrid metaphosphate soft-glass silica fibers. These fibers are investigated in chapter 6, including mode-couplers based on a conventional fiber core and a single adjacent metaphosphate strand. This chapter has been written as an independent article for readers who are
specifically looking for results on hybrid fibers. Finally, the chapter on conclusions and
outlook provides a brief summary and outlook of this work.

7

Chapter 2
Theoretical Background
In this chapter, the theoretical background required for a fundamental understanding of the
topics presented in this thesis is introduced. While an in-depth and detailed discussion or
derivation of the equations is beyond the scope of this work, a brief account of different
models with fundamental equations is given to enable a reader grasp the basic idea and
principles behind the study and simulations performed for the photonic cage structures. A
comprehensive description of electromagnetic theory can be found in textbooks [25, 26, 27].

2.1
2.1.1

Propagation of Electromagnetic Waves
Maxwell’s Equations

Maxwell’s equations are the foundation for macroscopic description of electromagnetism.
They describe the generation and propagation of electromagnetic waves depending on space
r and time t. They were developed by James Maxwell in 1865 [28] in their final form
and combine Gauss’s laws, Faraday’s law of induction and Ampere’s law including the
time-derivative of the displacement vector D. Maxwell’s equations in macroscopic media
in international system of units (SI) read,
∇ · D(r,t) = ρ(r,t)

(2.1)

∇ · B(r,t) = 0

(2.2)

∂ B(r,t)
∂t
∂ D(r,t)
+ j(r,t)
∇ × H(r,t) =
∂t
∇ × E(r,t) = −

(2.3)
(2.4)

where E and H are the electric and magnetic fields respectively while D and B represent
8

the dielectric displacement and magnetic induction respectively. The quantities ρ and j
correspond to charge and current densities respectively. The dielectric displacement D and
magnetic induction B in vacuum can further be defined as,
D(r,t) = ε0 E(r,t)

(2.5)

B(r,t) = µ0 H(r,t)

(2.6)

Here, ε0 is the permittivity of free space (ε0 = 8.8542 × 10-12 As/Vm) and µ0 is the free
space permeability (µ0 = 4π × 10-7 Vs/Am). The constants ε0 and µ0 are related by speed
of light in vacuum c0 by, c0 =

√1 .
ε0 µ0

Furthermore, the refractive index n of the medium

can be defined as a function of relative permittivity ε and relative permeability µ,
n =

√

ε µ = nR + ik

(2.7)

the real part nR = c0 /v is ratio of velocity of light in vacuum, c0 and in a medium, v respectively. k is the imaginary part called extinction coefficient and related to material absorption
α for wavelength λ in a medium as α = 4πk/λ .

2.1.2

Time Harmonic Fields

By applying Fourier transform to time-dependent Maxwell’s equations, the non-harmonic
electromagnetic field can be solved by treating every spectral component separately using
the time harmonic fields,
E(r,t) = Re{E(r) exp(−iωt)}

(2.8)

H(r,t) = Re{H(r) exp(−iωt)}

(2.9)

with the amplitudes E(r,t) and H(r,t) being real while E(r) and H(r) are complex valued.
The angular frequency ω is expressed as ω = 2πc/λ where λ is the wavelength. The
time-harmonic fields are given by
∇ · E(r, ω) = 0

(2.10)

∇ · H(r, ω) = 0

(2.11)

∇×E(r, ω) = iω µ0 H(r, ω)

(2.12)

∇×H(r, ω) = −iωε0 ε(r, ω)E(r, ω)

(2.13)

The above equations represent Maxwells equations in the frequency domain for a linear,
9

isotropic, dispersive and non-magnetic media and serve as the starting point for theoretical
waveguiding discussions in this thesis.

2.1.3

The Wave Equation

Piecewise homogenous media represent structures that consist of domains in which the
complex permittivity is independent of space (e.g. optical waveguides). The vectorial wave
equation (in frequency domain) can be derived by applying the curl operator (∇×) to Eqs.
2.12 and 2.13 and using the identity ∇×∇×F = −∇2 + ∇∇ · F where F is the field, so that
the following relations can be obtained,
[∇2 + k02 ε(ω)]E(r, ω) = 0

(2.14)

[∇2 + k02 ε(ω)]H(r, ω) = 0

(2.15)

The above partial differential equations are also called Helmholtz equations. The Helmholtz
equations have to be satisfied by every vector component of the electromagnetic field. An
analytical solution to this equation can be found for simple geometries. For instance, by
transforming these equations in cylindrical coordinates, the dispersion equations of circular
waveguides can be obtained (and used in this work). For complex structures, the Helmholtz
equations cannot be solved analytically and usually approximations or numerical methods
have to be applied.

2.1.4

Boundary Conditions

For piecewise homogenous media containing well defined solutions to wave equation, each
domain must satisfy boundary conditions arising from fundamental properties of Maxwell’s
equations. These include that every component of magnetic field and tangential component
of electric field must be continuous across an interface separating two domains. However,
the normal component of the electric field times the corresponding permittivity shows a
discontinuity that is given by an induced surface charge density σvs existing only at the
boundary. At the boundary of two domains, say 1 and 2 with permittivities ε1 and ε2
respectively, the fields must satisfy the following boundary conditions,
n̂ × (E2 (r, ω) − E1 (r, ω)) = 0

(2.16)

n̂ × (H2 (r, ω) − H1 (r, ω)) = 0

(2.17)

n̂ · (ε2 E2 (r, ω) − ε1 E1 (r, ω)) = σs /ε0

(2.18)

n̂ · (H2 (r, ω) − H1 (r, ω)) = 0

(2.19)
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when n̂ is the unit normal pointing from domain 1 in 2 .

2.2

Guided Modes in Step Index Fibers
x

x

z

nH

y

a
nL
n(x)

nH

nL

Figure 2.1: Cross-section of a step index fiber with a core having a step index profile and with
radius a.

Optical waveguides guide electromagnetic waves, usually by confining them in two lateral
dimensions x and y and permitting propagation in a third longitudinal dimension z by formation of discrete guided modes. The most simple type of dielectric waveguide presented
in this work is a cylindrically symmmetric step-index fiber. Assuming translational invariance along the z-direction, the problem of determining these allowed modes for an optical
fiber is done in a cylindrical coordinate system and achieved by solving Maxwell’s equations in the core and cladding regions, and applying appropriate boundary conditions at
the core-cladding boundary. In this section, only a very basic overview of light guidance in
step-index fibers is given while a more comprehensive discussion on dielectric waveguiding
can be found in various textbooks [25, 29]. To start with, consider step-index fibers of a core
of radius a with high refractive index nH surrounded by a cladding (considered as infinitely
extended to simplify the calculations) with low refractive index nL , as shown schematically
in Fig. 2.1. The corresponding field components are Er , Eφ , Ez and Hr , Hφ , Hz and can be
written in the separable form,
E(r)
H(r)

!
=

E(r, φ )
H(r, φ )

!
· exp(iβ z)

(2.20)

here β is the eigenvalue of the mode, which determines how the phase and amplitude vary
during propagation in z-direction. β can be complex, with the real part being the propagation constant, and the imaginary part describing the optical gain or loss and can be further
expressed as β = neff k0 where neff is the effective index of propagating mode and k0 the
11

free space wave-number. Using the field components in the wave equation given by (2.14)
and (2.15), the wave equation for the z-components of the fields (from which the r- and φ components can then be derived) can be written as,

1 ∂2
1 ∂
∂2
+
+
+ n2 k02 − β 2
2
2
2
∂r
r ∂r r ∂φ

Ez

!

Hz

=0

(2.21)

The above equation has separable solutions having the form
Ez

!

Hz

∝ ψ(r) exp(±i(lφ + θ ))

(2.22)

where l = 0, 1, 2, 3, ..., so that Ez and H z are single-valued functions of ψ, leading to the
Bessel differential equation
∂ 2ψ 1 ∂ ψ
l2
2
2
+
(k
−
β
−
+
)ψ = 0
∂ r2
r ∂r
r2

(2.23)

where k = k0 · n. Equation 2.23 is solved by the Bessel functions of order l and the solution
is given by
ψ(r) = c1 Jl (pr) + c2Yl (pr)

for

p2 = k 2 − β 2 ≥ 0

(2.24)

ψ(r) = c3 I l (qr) + c4 Kl (qr)

for

q2 = β 2 − k2 ≥ 0

(2.25)

where ci (i=1,2,3,4) are constants which need to be determined. J l and Y l are Bessel functions of first and second kind respectively. I l and K l are modified Bessel functions of first
and second kind (details on the Bessel functions are given in the appendix) respectively.
Assuming that the fields have to remain finite at r = 0 and disappear for r → ∞ (fields of a
guided mode are evanescent in the cladding), it is evident from the asymptotic behavior of
the bessel functions that the Y l and I l terms have to disappear, hence c2 = 0 and c3 = 0. To
obtain a mode guided by total internal reflection, the propagation constant needs to fulfill
the conditions β > nL k in the cladding and β < nH k in the core, respectively. This leads to
a separable expression for the fields in z-direction given by
Ez = AJl (pr) cos(lφ + θ )

Hz = CJl (pr) sin(lφ + θ )

for 0 ≤ r ≤ a
(2.26)

Ez = A

Jl (pa)
Kl (qr)sin(lφ + θ )
Kl (qa)

Hz = C

Jl (pa)
Kl (qr)sin(lφ + θ )
Kl (qa)

for a ≤ r
(2.27)
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where A and C are amplitudes and φ and θ are phase constants determined from boundary
and initial conditions respectively while l represents the azimuthal mode order. At the corecladding boundary (r = a), the φ and z fields have to be continuous, which, after some
elaborate algebraic transformations, leads to the dispersion relation [25] as follows
0

0

K (qa)
Jl (pa)
+ l
paJl (pa) qaKl (qa)

!

0

0

n2H Jl (pa) n2L Kl (qa)
+
paJl (pa) qaKl (qa)

!
=l

2

"

1
pa

2



1
+
qa

2 #2 

β
k0

2

(2.28)
where the prime denotes the derivative with respect to the Bessel function’s argument (as
defined in the appendix). Depending on fiber parameters and wavelength, a step-index fiber
can support different types of modes: if l = 0, TE0m (transverse electric, i.e. there is no
electric field in the propagation direction) and TM0m (transverse magnetic, i.e. there is no
magnetic field in the propagation direction) modes can exist, with zero field components in
Er , Ez , Hφ or Eφ , Hr , Hz respectively. m is a positive integer defining the mode order for
descending values of β . For higher azimuthal mode order l ≥ 1, hybrid HElm and EHlm
modes exist, which are characterized by non-zero z-components. The HE11 mode is of
particular interest, as it represents the fundamental mode of a waveguide and therefore has
no cutoff (in contrast to higher-order modes). It exhibits two degenerate polarization states
described by the same propagation constant. When the index contrast between core and
cladding is weak, the scalar approximation can be used [30], and it is then convenient to
use the linear polarized LPlm mode approximation, where l and m are the azimuthal and
radial numbers, respectively (with each LPlm mode comprising almost degenerate HEl+1,m
and EHl−1,m modes for l ≥ 2). The LP notation is often used during the discussion of
photonic cage in this work.
An important number when characterizing an optical fiber is the V-parameter which can be
used to approximate the number of modes guided in a fiber (~V 2 /2) and is defined as,
V = 2π

a
λ0

q
n2H − n2L

(2.29)

Below a cutoff value of the V-parameter (V c ) , the modes of the fiber cease to be a guided
mode and attenuate. Another parameter, the phase velocity, vp determines how fast the
wavefront of the guided mode propagates along the waveguide and is given by,
vp =

ω
co
=
β
ne f f

The energy of a guided mode moves with a speed given by the group velocity vg as,
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(2.30)

vg =

co dλ
dω
=−
dβ
λ dne f f

(2.31)

From the above equation, it can be seen that different wavelength components of a wave
packet propagate at different group velocities vg . The real part of the Poynting vector ~S
defines the power flow of a guided mode and the time average of the axial Poynting vector
Sz corresponds to the power flow in the z-direction and is defined as

1
Sz = Re(E × H∗ )z
2

(2.32)

The power P of light propagating along a waveguide (related to the axial Poynting vector
Sz integrated over the entire fiber cross-section) in z-direction decreases exponentially with
distance as a result of absorption. The attenuation α of a waveguide per unit length (in
units of dB/m) for power launched into the waveguide, P(z = 0) and output power after a
propagation distance L given by P(z = L) can be calculated as,


1
P(z = 0)
α[dB/m] = · 10 log10
L
P(z = L)

(2.33)

Having talked about step index fibers, the next step is to discuss about another class of
waveguides that guide light based on phenomenon other than total internal reflection. Typically interesting are waveguides that allow light guidance in hollow air cores. This becomes
possible when no modes associated with cladding exist close to and just below the air lightline over one or more frequencies. The air light line can be described for effective index
values , neff = 1 and these fibers are discussed in the section that follows.

2.3

Leaky Modes in Waveguides

As seen in the above section, the propagation constant β of guided modes given by an
eigenvalue equation, provided the waveguide V-parameter is above the cut-off value of
that mode. Below the cut-off the propagation constant β becomes complex and the modal
fields become “leaky”. Therefore, leaky modes are modes that decay exponentially along
their propagation directions giving rise to an attenuation coefficient of these modes i.e.
the attenuation coefficient accounts for gradual spread of power away from the core as
the leaky mode propagates. Therefore, while guided modes have a transverse field dis-
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(a) Tunneling Leaky Mode: rcore< rrad < ∞
(b) Refracting Leaky Mode: rrad = rcore
(c) Bound Mode:
rrad = ∞
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Figure 2.2: Schematic showing the propagation characteristics of leaky modes in an infinitely
long waveguide consisting of a core with radius, rcore and radiation caustic, rrad . The leaky
modes decay along the longitudinal propagation direction and show exponential growth beyond
the radiation caustic along the radial direction. Here, the leaky mode radiates away at an angle
given by θc .

tribution invariant along propagation direction (say z) with phase factor taking the form
exp(iβ z), leaky modes have a complex propagation constant with a phase factor given by
exp(iRe(β )z) · exp(−Im(β )z) [25]. Note that for the modes to decay in the direction of
propagation, both real and imaginary parts have the same sign. The exponential decay of
the mode with increasing z is equivalent to an exponential growth with decreasing z, i.e.
the modal fields diverge when z

 -∞. This implies that the fields have to diverge radially

along a cross-section of the fibre. For these waveguides containing a finite cladding and low
index core, the leaky modes satisfy the condition Re(β )/k0 < ncore and for the case where
the core becomes hollow this condition becomes, Re(β )/k0 < 1.
The direction of propagation of a leaky mode determines the direction of the power radiating from the leaky mode. In the cladding with index nclad , this direction makes angle θc
)
with the fiber axis such that θc = cos−1 ( nRe(β
) . In the core of a waveguide, a fundamental
clad k0

leaky mode can be considered to be centro-symmetric with maximum intensity value at the
center but however the fields of leaky modes are characterized by a distinct change in their
physical behavior far from the fiber axis. A radiation caustic with radius rrad , is defined for
which within the core and region given by rcore < r < rrad , the leaky mode appears like a
bound mode (apart from having a complex β ), becoming evanescent with increasing radius
and ultimately, for r > rrad , the fields and hence power diverge exponentially. Leaky modes
with values of rrad satisfying rcore < r < ∞, are referred to as tunneling leaky modes [25]
where core power is transmitted across the evanescent region. When the radiation caustic
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coincides with rrad = rcore , the leaky modes are referred to as refracting leaky modes. For
larger rrad satisfying rrad = ∞, the evanescent fields extend indefinitely into the cladding
and the leaky mode becomes a bound mode. The presence of radiation caustic in these
modes has an important consequence on the orthogonality of modes. Since the orthogonality condition involves integration over the infinite cross-section of the waveguide, it requires



that the fields vanish as r ∞. However, this would mean the leaky modes can not follow
the orthogonality condition as applied to guided modes. Another significant difference of
these modes to guided modes is that leaky modes do not belong to the complete set of the
modes of a waveguide structure and generally can not be normalized in the same way as the
‘proper’ guided modes. Therefore, descriptions of wave propagation in leaky waveguides
in terms of leaky modes are approximate and considered only valid when the attenuation
of the leaky modes are small [31], an effect which can be reached by employing, for e.g.
ARROW waveguides.The suspended photonic cage structures discussed in this work show
leaky modes which have been computed using the multipole method (implemented with
CUDOS-MOF software) described in section 2.5.2.

2.4

Hollow Core Waveguides: Let there be Light

This section gives a brief overview of hollow core waveguides such as hollow core band
gap fibers, negative curvature fibers and anti-resonant waveguides followed by the physical
mechanism by which they operate and the different approaches available to simulate their
properties. Here, the band-gap effect and anti-resonant guidance mechanisms are introduced followed by a brief discussion of the simulation approach that is relevant not just for
the waveguides under discussion but the photonic cage structures realized in this work as
well.

2.4.1

Hollow Core Fiber Trendsetters: An Overview

(A) Hollow Core Photonic Bandgap Fibers
The hollow core photonic crystal fiber (HC-PCF) working on a bandgap effect of the periodic cladding typically comprises of air holes in silica matrix with a very high air filling
factor and arranged in a 2-D array that is maintained along the full length of the fibre, shown
schematically in Fig. 2.3(a). HC-PBGFs have the potential to overcome some of the fundamental limitations of solid core fibres such as unwanted material absorption, non-linearity
and low material damage thresholds, proving to be ideal for propagating laser fields over
long lengths [32], generating stimulated Raman scattering in hydrogen with very low laser
16

(a) hollow core PBG

(d) Kagome

(b) double antiresonant clad.

(e) nodeless antiresonant

(c) hexagram antiresonant

(f) ice-cream cone

Figure 2.3: An overview of some of the existing hollow core fiber designs with dark colored
regions representing glass and white regions air, (a) honeycomb lattice hollow core fibers based
on a photonic bandgap guidance effect, (b) and (c) are types of anti-resonant fibers, (d) Kagome
fibers containing a network of crossing glass struts, (e) nodeless antiresonant fiber with single
layer cladding and (f) ice-cream cone shaped silica capillaries arranged in a ring as cladding.
The lower row of fibers are also called negative curvature fibers owing to a outward shape of
the core wall.

powers [33], exhibiting electromagnetically induced transparency in filled acetylene [34]
and nonlinear light generation in gases [10].
On one hand, the material contribution to the overall dispersion and nonlinearity is very
limited due to the reduced overlap between the core mode field and cladding region, but
on the other hand, a major loss mechanism in these fibers is due to the scattering loss
arising from the core wall roughness [35]. Moreover, these fiber structures consist of glass
struts that connect silica nodes, which restrict achievement of wide frequency range of the
bandgaps [35]. In addition, a further constraint arises from the interaction of the core mode
with unwanted surface modes at the interface between the HC-PCF cladding and the core
which leads to significant transfer of energy from the core mode to the surface modes at the
phase matching wavelengths. This results in the problem of limited bandwidth offered by
the HC-PBGFs. One way to overcome this problem is to design cladding structures which
consist of a network of nearly constant glass struts, e.g. in the case of Kagome fibers (e.g.
Kagome structure in Fig. 2.3(d)) [36] or anti-resonant fibers [37]. The guidance in these
fibers does not rely on the formation of bandgaps but rather on an inhibited coupling effect
[38] whereby, the cladding modes present close to the air-light line do not interact strongly
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with the core mode of interest. These fibers are described in the next section together with
negative curvature fibers whose development was inspired from the negative-core shaped
Kagome fiber.

Figure 2.4: State of art comparison (at the time of writing this thesis) between different selected
hollow core fibers (geometry in schematic not to scale) for the least reported experimentally
measured optical loss values (loss (α) in log scale, dB/m) as function of wavelength. In the
figure shown are (1) anti-resonant revolver shaped fiber with core diameter ~ 15 μm showing
loss of 3.45 dB/m for UV transmission (at 258 nm) [39] (2) 7 ice-cream cone shaped cladding
antiresonant fiber with core diameter ~ 25 μm [40] showing low loss in the visible and near
IR, (3) Nodeless large pitch antiresonant fiber with core diameter ~ 26 μm [41], (4) a hypocycloid geometry kagome fiber [42], (5) an antiresonant fiber with 8 cladding elements and core
diameter of ~ 21 μm [43] showing optical loss below 0.008 dB/m at 750 nm, (6) Kagome fiber
showing low loss of 0.01 dB/m in near IR wavelength for 1 μm [44], (7) a 5 cladding ring containing PBGF [45] with core diameter of 25 μm, showing loss of 0.005 dB/m near 1.56 μm and
(8) a 19 cell PBGF with core diameter of 20 μm showing 0.001dB/m loss near 1.6 μm [46].

(B) Negative Curvature Fibers (Antiresonant Fibers)
An important aspect of designing hollow core fibers relying on inhibited-coupling effect is
to reduce as far as possible, the number of cladding modes that operate close to the core
mode effective index. In 2010, a Kagome fiber was developed which exhibited a lower
attenuation than its predecessor Kagome designs owing to a negative curvature shape of
it’s core wall [47]. This served the initial motivation for development of negative curvature
fibers (also called anti-resonant fibers). The first examples included single row of silica
capillaries arranged circularly around a hollow core [48] and later ice-cream cone shaped
silica capillaries were realized as well [49], shown in Fig. 2.3(e) and (f) respectively. These
fibers have been actively used for applications in high laser power delivery [50] and studying stimulated Raman scattering in gases H2 [51] and C2 H2 [52]. It is often argued that
negative curvature fibers do not possess a band-gap since they do not possess a regular pe18

riodic cladding and thus the ARROW or inhibited-coupling mechanism is used to describe
the propagation of leaky modes (described in section 2.3) in their cores. According to the
ARROW model, the spectral transmission of the waveguide features multiband transmission similar to that of a Fabry–Perot (FP) resonator. At the resonance wavelengths, the core
mode experiences enhanced attenuation leaking through the high index layer. Zeisberger
and Schmidt [53] developed an analytical model for modal analysis of leaky mode guidance
in tube type anti-resonant hollow core waveguides whose core diameters are much larger
than the operational wavelengths. By considering a small volume element from a hollow
glass ring in air and approximating it as a symmetric planar film, they deduced expressions
for the relative accumulated phase by the reflection of a single wave at the inner and outer
surfaces of a glass ring which dictates the spectral characteristics of the thin film. The fiber
waveguide exhibits infinitely high loss when the optical wave is in resonance with the film
while maximum reflectivity and hence lowest attenuation of waveguides occur for an antiresonance condition. Further, by using analytical expressions for complex effective index
lossy modes, they showed a fourth power dependence of modal loss on the core radius. An
alternate approach to describe guidance in these fibers is based on the coupled mode theory
where the total modes of the structure comprise of dielectric modes of the capillaries and
the leaky mode in air whose loss arises as a result of longitudinal coupling with the cladding
modes. A significant contribution to the modal attenuation in these fibers comes from leakage loss, an inherent property of leaky modes which can be reduced by increasing the ratio
of core diameter/wavelength. Though the effect of material absorption on the modal attenuation in these fibers can be reduced up to a certain extent, some contribution of material
absorption to the total loss still arises from the modal overlap with the fiber material. Nevertheless, owing to their simplified geometry and lower losses than HC-PBGFs (for similar
core diameters), these fibers are being increasingly incorporated for applications relying on
high laser power delivery abilities and light-gas interactions.

2.4.2

Photonic Bandgaps: An Insight via Toy Model

The photonic bandgap guidance mechanism allows light to be confined over a range of
resonant frequencies within a low-index core (e.g. hollow air cores) which is surrounded
by a complex glass microstructure. In the case of 2D photonic crystals made of dielectric
materials, the necessary condition for the creation of photonic bandgaps for light propagating in the plane of periodicity, is the requirement of a large refractive index difference
between the two dielectrics [11]. This is because the ratio between the wave-vector components in the plane of periodicity for a dielectric and air, kdl /kair , must exceed a certain
critical value which depends on the specific lattice arrangement under consideration. How19
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Figure 2.5: Toy Model for illustrating the formation of the photonic band gaps in fibers. Shown
in the figure is dispersion of an array of 50 silica rods of radius r = 500 nm as they are brought
together and placed at a pitch (Λ) separation of 1.35 μm. The red curves indicate the dispersion
curve of isolated rod’s fundamental LP01 and second order LP11 mode for same dimensions and
the black curves represent the dispersion of the supermodes calculated using Eqn. 2.36.

ever, in the case of fibers with periodic dielectric arrangement extending infinitely in the
third dimension, any desired kdl /kair ratio between the dielectric and air respectively can be
used to open band-gaps for light propagating out-of-plane. The trick here lies in choosing
the direction of propagation at a sufficiently small angle with respect to the normal to the
plane of periodicity. Consider the case of bringing many dielectric rods in close vicinity.
Below the cut-off waveguide V-parameter, the modes of a single dielectric rod become so
expanded into cladding that they start to significantly overlap with neighboring rods. The
spatial superposition of modes from individual rods forms a band of of supermodes with
its own range of allowed effective indices with multiple forbidden gaps guidance regions
called the photonic bandgaps.
A physical insight into the formation of photonic bandgaps can be obtained from the corollary example of the tight-binding model used to give an approximate description of electronic bands in solids [54]. In the latter, it is argued that, as a large number of isolated
atoms are brought together, each single atomic electronic state interacts with corresponding
electronic states of neighboring lattice sites to form a band of energy levels with delocalized wavefunctions also called Bloch functions. The upper energy levels of these formed
bands arise due to an anti-symmetric wavefunction whose sign changes on moving to a
nearest neighbor while the lower energy levels are symmetric, i.e. they show no sign of
oscillations and are more tightly bonded state. Similarly in optics, individual modes of N
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closely packed dielectric rods will form a band of N closely packed modes giving rise to
allowed and forbidden photonic states. This can be demonstrated by using a toy-model for
description of the photonic bandgap formation for a periodic refractive index contrast. Consider a single dielectric rod in air with refractive index ndl = 1.45 and a radius of 500 nm.
In the scalar approximation, an approximate analytical expression for finding propagation
constants of the modes guided by a circular cross-section waveguide [30] can be used to
find this isolated dielectric rod’s fundamental and first higher mode dispersion as,
k2
2
β 2 = (ndl k)2 − U2
r (kr + ξ )2

(2.34)

where U is a constant with value of 2.405 and 3.832 for the fundamental and first higher
order mode respectively and ξ = (1 − ∆ )/ndl (2∆)0.5 where ∆ = (n2dl − n2air )/2n2dl . Now
consider that N rods are brought together such that they form a periodic array with a separation given by Λ as shown in the inset of Fig. 2.5. Assuming for the sake of simplicity
that the rods have a Gaussian refractive index profile, then the coupling coefficient between
them can be given by an approximate analytical expression [25] as,



π∆ 0.5 3 (V − 1)0.5
V −1 Λ
C = ( ) ·V ·
−
exp (V − 1) ·
Λr
(V + 1)2
V +1 r

(2.35)

In the above equation V is the V-parameter given by Eq. 2.29. Consequently, when the N
rods are brought together, for the formation of N closely packed modes, the propagation
constants can be given by [35],



mπ
βm = β − 2 C · cos
N +1

(2.36)

where m=1,2,3...N. Using the values of βm , the ne f f indices of the modes can be calculated
using βm = ne f f k. Figure 2.5 shows the variation of neff Λ with kΛ of LP01 and LP11 modes
of silica rods for N = 50 and Λ = 1.35 μm. The figure shows a clear splitting of these modes
with a decreasing kΛ which can be realized either by moving the rods closer or increasing
the wavelength. These broadened bands correspond to allowed states for propagation of
modes in the dielectric rods, whereas forbidden gaps open between them, which are termed
as photonic band-gaps. With analogy to the tight-binding model, the top of the band is
described as the anti-bonded mode and most lower edge as the most-bonded mode. When
a suitable defect (capable of supporting modes) is created in the forbidden band-gap, for
example by omitting one or more rods, light can be confined therein.
Although this toy model is based on a number of approximations, it successfully gives a
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physical insight into photonic band gap formation when large number of rods are brought
together. For a more accurate calculation of the dispersion of allowed bands, Birks et al.
[55], introduced a semi-analytical model where the frequency bands of a unit cell with
periodic Bloch boundary conditions can be calculated as a function of wavevector direction
and subsequently used to find the best lattice and core defect arrangement to generate wide
band gaps for selected wavelengths. In section 2.5.1, this model is described in more detail.
From the Fig. 2.5, it can also be noticed that when kΛ is increased, the band gap becomes
weakly dependent on the pitch and their locations are solely determined by a single rods
dispersion. This is the principle argument of the ARROW model and is discussed in the
section that follows.

2.4.3

ARROW Model: Crude yet Effective

(a) planar ARROW waveguide

(b) Bragg-fiber

(c) all solid PBG fiber
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Figure 2.6: Schematic of cross-section of different types of waveguides which can be described
by the ARROW model, (a) planar waveguides with hollow core integrated on silicon substrates,
(b) Bragg fibers containing alternating cladding layers of high and low index materials around
hollow core and (c) an all solid photonic band-gap fiber with low index core.

In ARROW waveguides, light confinement in low index cores is achieved owing to a multilayer cladding of alternating high and low index layers acting as an antiresonant FP reflector
for the transverse component of the wavevector. The ARROW mode is leaky in nature but
low loss propagation over large distances can be achieved by careful design especially in
terms of the number and thickness of the alternating cladding layers and the size of the low
index cores [22]. The required thickness di for fabricating the ith cladding layer of the FP

22

x

reflector at desired wavelength λ can be determined by [56],
−0.5

λ2
n2c
λ
(2N + 1) 1 − 2 + 2 2
di =
4ni
ni 4ni dc

(2.37)

where ni and nc are the cladding and core refractive indexes respectively and the diameter
of the core is given dc . By adding more periods around the core, the losses can be reduced
[56]. The first experimental demonstration of a planar antiresonating reflecting waveguide
was done by Duguay et al. [57] using low index SiO2 with high index Si multilayers where
the SiO2 core showed guidance of fundamental mode due to a high reflectivity from the
multilayers of the structure at anti-resonant wavelengths. Further, a set of analytical expressions were derived by Archambault et al. [58] for the modal attenuation coefficients
of the TE, TM, HE and EH hybrid ‘leaky’ modes of antiresonant waveguides where they
showed that these attenuation coefficients are inversely proportional to the fourth power of
the waveguides core’s width. Therefore, by increasing the dimensions of the waveguide
core, one can reduce the modal attenuation considerably at the expense of waveguide compactness. An important feature of ARROW waveguides is that the low order fundamental
mode propagates with glancing angles at the cladding interface, such that it’s Fresnel coefficient is higher than that of higher order modes. The higher order modes, on the other hand
experience weak reflectivity upon reflections at the cladding interface [22] due to large incident angles. They thus suffer from higher reflection losses and can be ‘cut-off’ over large
distance of propagation.
Litchinitser et al. [59] developed a simple physical model for explaining the optical properties of microstructured fibers (and also waveguides) consisting of high-index inclusions
that surround a low index core and demonstrated that their transmission minima are determined by the modal cut-off wavelengths of individual high-index inclusions. When the
light wavelength approaches the cutoff condition for a particular mode of a high index layer,
the layer becomes “transparent” and light escapes from the central core resulting in minima
in the transmission spectrum. This condition can be viewed as the transverse frequency
resonance of the high index cladding layer (nhigh ). In other words, each cladding layer of
the fiber structure is considered as a FP resonator showing an anti-resonant behavior with
respect to the transverse propagation constant in the core. The transmission minima for the
light propagating in core (nlow ) arises from narrow-band resonances of this FP resonator
while wide antiresonances (wavelengths experiencing low leakage as a result of destructive interference in the FP resonator) correspond to a high transmission coefficient for the
low-index core. If all high-index layers are identical and they are in resonance with one another, i.e., the condition kex d = πm is fulfilled where m=1,2,3... and kex is the propagation
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constant of the standing wave formed in the cladding layers and d is the thickness of the
cladding layer. These resonant wavelengths at which light escapes to the cladding are given
by,
λm =

2nlow d
[(nhigh /nlow )2 − 1]0.5
m

(2.38)

where m=1,2,3... On the other hand, transmission maxima are obtained at the anti-resonant
wavelengths given by,
λl =

4nlow d
[(nhigh /nlow )2 − 1]0.5
(2l + 1)

(2.39)

where l= 0,1,2... From the above relations, it may be seen that the transmission spectrum of
the waveguide structure is determined by the index contrast and the thickness of the highindex layer rather than the lattice constant and an important factor taken into consideration
for design of hollow waveguides. However, a major limitation of the ARROW model is
that it does not take into account the splitting of the effective indices of the cladding rod
supermodes that may arise from coupling of higher refractive index inclusions (forming the
layer) as in case of structure (c) and hence gives no information on formation of cladding
bands or their widths.

2.5
2.5.1

Simulation Tools
Semi-Analytical Model for Mapping Cladding States

Birks et al. [55] introduced a semi-analytical model for microstructured fibers consisting
of a cladding array of isolated high index rods in low index background where the core is
introduced as a defect by omitting the central rod as shown in Fig. 2.7. The model studies
how the modes of the individual rods broaden into bands when they are brought together
to form an array. In other words, as the rods are brought together, a subsequent formation
of cladding band results from coupled supermodes of the rod array where the the top (maximum propagation constants) edges and bottom (minimum propagation constants) edges
of the bands are derived from the Bloch boundary conditions with maximum bonding and
anti-bonding nature respectively. In the aftermath, the core modes can exist only for wavelengths and propagation constants that are within these the forbidden gaps of the cladding
Bloch states. To identify the Bloch states, the cladding array is defined by a hexagonal
unit cell containing a central rod with radius, a and refractive index n1 in a background of
low index medium n2 and the Bloch states are found by solving the scalar wave equation
24

for field distribution ψ in this unit cell with approximate Bloch boundary conditions. The
most bonded states of the array (top-band) have highest propagation constants since they
show least spatial field variation and thus the Bloch boundary condition at the unit cell edge
becomes,
dψ
=0
ds

(2.40)

On the other hand, the bottom band with the lowest propagation constants show highest
field variations at the unit cell edge leading to,
ψ =0

Λ/2

n2

a

approximation
by circular cell

n1

(2.41)

R
n2

a
n1

n1 > n 2

Figure 2.7: Microstructured fiber cross-section consisting of a cladding array of isolated high
index rods in low index background where a single rod with radius a in a hexagonal unit cell
is used for cladding states analysis. The hexagonal unit cell is approximated by a circular cell
with radius R = Λ/2 containing the rod is used for analysis.

To simplify the analysis, the hexagonal unit cell is replaced by a circular one (as long as the
ratio a/Λ is not too large) so that scalar wave equation can be solved in polar coordinates
 √ 1/2
Λ such
r and θ . On doing so, the radius of the circular unit cell is given by R = 2π3
that the rod occupies the same filling fraction of the unit cell. On solving the scalar wave
equation within the circular unit cell, the following Ansatz for field ψ1 in the high index
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rod and ψ2 in the unit cell background are obtained,
r ≤ a;

(2.42)

a < r < R;

(2.43)

ψ1 = Jm (κ1 r)
ψ2 = AKm (κ2 r) + BIm (κ2 r)
q
q
2
2
2
where κ1 = k n1 − β and κ2 = β 2 − k2 n22 when k =

2π
λ

is the wave-number. Here the

propagation constant is given by β while J m and I m represent modified Bessel functions of
order m. To obtain the top band edge equation, the continuity of ψ’ at r = a together with
Eq. 2.40 is applied to equations (2.42) and (2.43) and the following relations are obtained,
Jm (κ1 a) = AKm (κ2 a) + BIm (κ2 a)
0

0

(2.44)

0

κ1 Jm (κ2 a) = Aκ2 Km (κ2 a) + Bκ2 I m (κ2 a)
0

(2.45)

0

Aκ2 K m (κ2 R) = −Bκ2 Im (κ2 R)

(2.46)

Simplified expressions of A and B can be obtained from solving equations (2.44) and (2.46)
and these are substituted in Eq. 2.45 to obtain an analytical characteristic equation for the
dispersion of the top band edge,


κ1
κ2



0

Jm (κ1 a)
Jm (κ1 a)

!

0

0

0

0

K (κ2 a)Im (κ2 R) − K m (κ2 R)Im (κ2 a)
= m
0
0
Km (κ2 a)I m (κ2 R) − Km (κ2 R)Im (κ2 a)

(2.47)

Similarly, using the Bloch boundary condition for the bottom band edge, Eq. 2.41, together
with the continuity of ψ at r = a, a characteristic equation can be derived for the bottom
band edge,


κ1
κ2



0

Jm (κ1 a)
Jm (κ1 a)

!

0

0

K (κ2 a)Im (κ2 R) − Km (κ2 R)Im (κ2 a)
= m
Km (κ2 a)Im (κ2 R) − Km (κ2 R)Im (κ2 a)

(2.48)

The above analytical expressions can be solved numerically and a series of desired cladding
band edges can be obtained, each corresponding to an individual rod mode over a desired
wavelength range. Although this method gives a very robust approach to locate the bandgaps of a periodic micro-structured waveguide, an additional study is required to locate the
dispersion and leakage loss of leaky modes guided by the defect core for which a vectorial
multiple method can be used and is discussed in the next section.

26

background
matrix

ne
ni
O

cj
annulus
cl

Figure 2.8: Schematic of the system considered for the multipole method : Selected two circular inclusions with refractive index ni and diameter di centered at cl and cj respectively are
embedded in a background matrix with refractive index ne . The dashed boundaries around the
inclusions correspond to the annulus regions for convergence of multipole expansions.

2.5.2

The Multipole Expansion Method

For simulating the dispersion and the leakage loss of microstructured fibers, the multipole
method was proposed by T. P. White and B. T. Kuhlmey [60, 61]. It is based on balancing
incoming and outgoing electromagnetic fields in a system consisting of multiple circular
inclusions by treating each dielectric boundary in the system as a source of radiating field.
It uses frequency ω as the input parameter and yields a complex propagation constant β
whose imaginary part yields propagation losses for finite cladding extents. Accordingly, it
can take different material dispersions into account and model systems with large numbers
of inclusions. For structures with discrete rotational symmetries, the computational overhead is further reduced by exploitation of the symmetry properties of the modes and thus
well suited for mode symmetry studies as well (details in next sub-section). The only limitations of the multipole method is that it is limited to non-intersecting circular inclusions
and suffers from convergence problems as the spacing between the inclusions decreases. In
the following, a very basic formulation of the method is introduced to the reader.
Consider a system with a geometry as shown in Fig. 2.8 with a finite number of inclusions,
N c , each of diameter di , refractive index ni and with centers specified by ci . All inclusions
are oriented parallel to the longitudinal axis and embedded in a background with constant
refractive index ne . Here, the longitudinal field component Ez in the structure satisfies a
p
e )2 ]E = 0 with ke =
radial Helmholtz equation [∇2 + (k⊥
k2 n2e − β 2 in the background.
z
⊥
In the vicinity of lth cylinder inclusion in the coordinate system rl = (rl , θl ), local field
expansion of the field Ez valid in annulus extending from surface of cylinder to the nearest
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cylinder can be expressed in terms of Fourier-Bessel series as,
(1)

e
El
e
Ez = Σ [AEl
m Jm (k⊥ rl ) + Bm Hm (k⊥ rl )] exp(imθl )
m

(2.49)

where Jm and Hm1 are the Bessel function of order m and the Hankel function of first kind
of order m respectively. The first term of the above equation on right (containing Bessel
function) represents the regular incident part of the field Ez for cylinder centered at cl since
it is finite everywhere including inside the inclusions while the second term (containing
Hankel function of first type) satisfies an outgoing wave condition and diverges at zero.
The boundary conditions for the system under consideration result from the continuity of
the tangential field components at the cylinder boundary and can be formulated in terms of
cylindrical reflection coefficients. At each inclusion, the reflection coefficient connects the
outgoing waves and the incoming waves and in matrix format can be written as Bl = Rl Al ,
where Al denotes the regular part of the field and Bl denotes the outgoing part of the field in
the partitioned vector notation [60]. Another global description of the fields was introduced
by Wijngaard [62] who reasoned that the regular part of the field in the annulus surrounding
the lth inclusion, is due to the outgoing contributions from all other inclusions {Bj }j6=l ,
(1)

e
rl ) exp(imθl )
Ez = Σ Σ BEm j Hm (k⊥
j6=l m

(2.50)

To transform the origin of cylindrical wave, change of basis transformations are required
i.e the outgoing fields sourced on one cylinder are converted to regular fields in the basis
of another cylinder. Therefore, the contribution to the local regular field in the vicinity of
cylinder l that is due to cylinder j is given by,

(1)

Ej
e
j
∑AEl
n Jn (k⊥ rl ) exp(inθl ) = ∑Bm Hm

e
r j ) exp(imθ j )
(k⊥

(2.51)

m

n

where
j
lj Ej
AEl
n = ∑ Hnm Bm

(2.52)

lj

In the above equation, Hnm is given using Graf’s theorem [63] and for generating vectors
E jl

of mathematical objects, the following matrix notations are used for AEl j = [An ] and
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lj

Hl j = [Hnm ] so that Eqn. 2.52 becomes
AEl j = Hl j BE j

(2.53)

Combining the above equation together with the boundary condition, Bl = Rl Al and using
Identity matrix I, the main result of the multipole method under discussion can be written
as,
[I − RH]B ≡ MB = 0

(2.54)

In the above, reflection coefficients are expressed as diagonal matrices, R = diag(Rl ), H
is a change of a basis matrix, and the B matrix represents the interactions between the inclusions. Nontrivial solutions to homogenous system above correspond to non-zero fields
propagating in the z direction and that exist without any exterior source of energy and in
other words, the propagating leaky modes of the fiber. Thus, propagating modes correspond to the values of β (or neff ) where the determinant of matrix M vanishes, with the
corresponding null-space vector B characterizing the modal fields. Furthermore, the losses
(in dB/mm) in can be obtained from the imaginary part of the computed neff and wavelength
λ as,
Loss (dB/mm) =

20 2π
Im(ne f f ) × 10−3
ln(10) λ (m)

(2.55)

The multipole method for simulating microstructured optical fibers complex propagation
constants has been implemented using the CUDOS-MOF utilities (a software package developed by the University of Sydney ) in this work for calculating the lossy modes of the
photonic cage structure.
The classification of electromagnetic modes of any waveguide structure according to symmetry properties of the waveguides configuration was introduced by McIsaac [64] and is
highly useful to understand modal properties of microstructured fibers, classify the possible microstructured optical modes into different mode class, predict mode degeneracies
between mode classes and also the azimuthal symmetries of the modal electromagnetic
fields in each mode classes. For waveguides with Cn symmetry there are n distinct mode
classes and for Cnu symmetry, there are either n+1 (for odd n) or n+2 (for even n) distinct modes. For analysis of these modes, a great advantage of identification of symmetry
characteristics is that, a minimum sector of a waveguide cross-section is sufficient to completely determine the modal eigenvalues and fields for a given mode class. For instance, in
applying the multipole formulation to large six fold symmetric structures (C6u symmetry),
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the size of the matrix M can be significantly reduced since only multipole coefficients for
inclusions are considered that lie in the minimum sector (30° sector) whose edges coincide with a symmetry axis of the structure. Overall this has the advantage of reducing the
computation power for modeling large structures. Using this notation, it can be concluded
that the photonic cage in this work possesses a C6u symmetry, where total number of mode
classes is 8 with 4 non-degenrate mode classes and 2 pairs of two-fold degenerate modes
classes (which includes the fundamental mode).
Order n
odd
even

No. of total No. of non-degenerate
No. of pairs of 2-fold
mode classes
mode classes
degenerate mode classes
n+1
2
(n-1)/2
n+2
4
(n-2)/2

Table 2.1: Classification for mode class and degeneracy for waveguides possessing Cnu symmetry
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Chapter 3
Photonic Cage : Fabrication Principles
& Process
The first directions to look for when designing the photonic cage structures which have
a cylindrical geometry is towards techniques employed for microstructuring cylindrical
fibers. Substractive manufacturing processes based on selective removal of glass areas
by etching approaches have found considerable success for bulk micro-machining optical
fibers [65] and were considered initially for the fabrication of a photonic cage like structure.
For instance, large differential etching rates (defined as the amount of material removed per
unit volume and per unit time in an etching process) can be achieved by chemical etching
of selectively doped glass fibers [66, 67, 68]. This technique (at preliminary stages) was
explored in the beginning of this work by using metaphosphate and silica hybrid fibers but
gradually given up since a superior approach based on direct laser writing was later employed for this project. Nonetheless, various interesting results obtained from experiments
on metaphosphate based silica hybrid fibers are discussed in detail in Chapter 6. In the
current chapter, the principle and execution of this technique along with the instrumentation are discussed. The last major section is dedicated to material properties pertinent
for designing the structures where issues related to their mechanical stability, optical and
chemical properties are investigated.

3.1
3.1.1

Direct Laser Writing for 3D Polymerization
Principle

Direct laser writing, a type of additive manufacturing processes is based on a layer-uponlayer approach for designing three-dimensional polymer structures [69]. It is a two-step
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additive manufacturing process such that when an ultrafast laser beam is tightly focused
into the volume of a transparent and photosensitive resin, a non-linear absorption process
is initiated, leading to polymerization of the exposed areas and turning them to solid phase
resin which is insoluble in certain solvents [70]. In the second step, the unexposed resin
is washed away in a photoresist developer while the solid phase resin remains, leading to
formation of high resolution 3D structures. When a material is modified by a N-photon nonlinear absorption process, the modification scales as ∝ I N where I is intensity of the light.
The photo-polymer responds directly to the square of the light intensity for a two-photon
absorption process and this non-linearity is an absolute vital phenomenon for concentrating

norm. intensity (Ir)

the effective dose to tight volumes.

radius (r)

Figure 3.1: Normalized spatial radial intensity distribution of a Gaussian beam as a function
of beam radius (r): I(r) = I0 exp(−2r2 /w20 ), for varying peak intensities I0 = 0.65, 0.75 and
0.85 (green, yellow and orange respectively). r is the radial distance from the center axis of the
beam and w0 is the beam waist at focus and all three Gaussian profiles have the same waist w0 =
1 (dimensionless for mere clarity). The dashed line shows the two photon threshold intensity
for the two photon absorption to take place and for intensities below this threshold the resin
does not undergo any two photon absorption (TPP). The pulse width at the TPP amplitude is
the defining parameter for the voxel width that forms in the resin.

There are two main features of ultra-fast lasers induced two-absorption process that make
achieving high resolutions possible:
Two photon absorption threshold effect: When a laser focal spot is concentrated in 3D
resist volume, two photon absorption (TPP) occurs only when the laser intensity exceeds a
certain TPP threshold [71]. This ensures that only localized exposed areas (voxels) of the
resin undergo the polymerization process while areas outside remain unaffected since the
light intensity is below threshold and can be understood from Fig.3.1.
Negligible thermal accumulation: Thermal accumulation in a laser irradiated material is
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a deleterious effect which comes into play when the cooling time of an irradiated spot is
comparable with the pulse duration [70]. Femtosecond pulses suppress heat diffusion to
surrounding regions of exposed resin areas which contributes to improvement in spatial
resolution and can be seen in the example calculation that follows. Consider the case of
polymers (since IP-Dip resin is used in this work) whose thermal diffusivity, χ (defined as
rate of transfer of heat from materials hot site to the cold site), is of the order ~ 10-7 m2 /s
[72]. Therefore, when such a polymer is irradiated with a tightly focused Gaussian pulse
of wavelength, λ =800 nm (example wavelength, typical of Ti:Sapp lasers) by a microscope
objective with numerical aperture, N. A=1.4 (example N. A, used in this work), a lateral focal
spot is formed in the polymer whose width (spot size) can be given by w0 = 1.22λ /N ·
A which is about ~ 0.68 μm. This tight focusing causes a localized heat-affected zone
formation in the polymer and the time required for this irradiated region to cool down can
be given by τ c = π · w0 2 /χ. For the current calculation, this equals to ~ 14.5 μs which is
much longer than the pulse width of 100 fs. Therefore, femtosecond pulses allow depositing
highly intense pulses without on-setting thermal diffusion effects to transcend from the
exposed focal volumes to surrounding volumes in the polymer.

3.1.2

Instrumentation

Dip-in laser lithography (Photonic Professional GT, Nanoscribe) is used in this work for
fabrication for 3D suspended photonic structures and has the following main features:
1. Laser & focusing optics: The laser is an Er-doped fiber laser operating at a wavelength of 780 nm with pulse duration of 100 fs, peak power of 25 kW and repetition
rate of 80 MHz. The laser intensity is tuned by an integrated acousto-optic modulator.
The lateral focal spot size of a Gaussian beam of wavelength λ , focused by a microscope objective in the diffraction limited case is given by w0 = 1.22λ /N · A, while the
spot size in axial direction is approximated by twice the Rayleigh length (Z R ) of the
beam 2ZR = 2πw20 /λ . Clearly, this makes a voxel volume asymmetrical in the resin.
2. Structure geometry: 3D geometries are imported from stereo lithography CAD
(STL) files. The 3D geometry is then divided into several sliced layers using a step
called splicing where dimensions of the layers and distance between them can be
controlled. Hatching on the other hand, divides these layers into a set of lines made
of voxel volumes. The spot is focused in a small volume called voxel and an overlap
of these voxels is achieved by scanning the spot in the resin. Therefore, a voxel is the
primary fabricating unit and writing time is limited only by the scan speed required
to write from voxel to voxel. To achieve high surface smoothness, the scanning steps
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are kept small, causing the voxels to be written close to one another and eventually
creating overlapped voxel regions.
3. Sample positioning: The laser beam is laterally scanned across the sample to desired
locations by galvanometric mirrors while the sample undergoes vertical movement
which is controlled by piezo-actuators and an integrated camera to allow real time
processing. This process is fully automated allowing a very controlled layer-by-layer
build up process. For large range fabrication, a limitation is imposed by the restricted
(~200 μm) lateral movement offered by the galvano-mirror scanner. For this reason,
the entire writing is performed in segments, though translation from one segment to
another can cause stitching errors.
4. Material photoresist: Commercial resist IP-Dip from Nanoscribe is used in this
work which serves simultaneously as the photosensitive material and the immersion
medium and hence directly placed on the objective lens. Since the resist is index
matched to the focusing optics, it allows aberration free depth focusing and sample
height is no longer limited. The roughness of the surface is mainly determined by
layer distance as well as proximity effects of the photoresist. After the writing process, the photoresist can be developed in a PGMEA solution.

34

(i)
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Figure 3.2: (i) Inverse dip-in-configuration used in this work for writing the suspended photonic
structures. (ii) Process steps involved in fabrication of the suspended structures, (a) a drop of
resin is placed on Si substrate, (b) the sample is written by focusing 100 fs long pulses in the
bulk of resist, (c) the entire structure is completed in a layer by layer fashion until the complete
structure is obtained and (d) the resist is developed in PGMEA to get rid of unexposed resin. It is
important to note here that the actual writing is performed in an inverse configuration as shown
in (i) and the steps have been illustrated in an upright direction for clarity. (iii) SEM images of
fabricated photonic structures (a) single segment photonic cage, (b) 2 segment photonic cage,
(c) 3 segment cage and (d) 4 segment cage.

The suspended photonic structures in this work were fabricated on silicon wafer substrates
in an inverse dip-in configuration- for this the liquid photoresist (IP-DIP by Nanoscribe
GmbH) also acts as the immersion liquid between the microscope lens (Plan Apochromat
63x , NA = 1.4 by Zeiss) and the silicon substrate (does not necessarily need to be transparent) as shown in Fig.3.2(i). Writing in the lateral direction can be achieved by moving
the laser-beam by galvanometric-mirrors while the sample was moved in the vertical axis
via piezo actuators. The writing was performed in a single step, starting with writing the
supporting blocks, followed by the individual strands, (such that each individual strand was
completed before moving to the next strand) and finally the supporting rings. The writing order was selected to minimize self-shading from previously written structures. The
supporting blocks and rings (rings at distance of 75 μm) were written layer-by-layer with a
slicing distance (gap between adjacent layers) and hatching distance (gap between neighboring lines) of 250 nm. The strands were fabricated by the exposure of multiple writing
lines aligned along the longitudinal axis of the strand, written with a finer slicing and hatching distances of 100 and 150 nm, respectively, to minimize surface roughness. For long
range fabrication, a limitation is imposed by the limited (~200 μm) lateral movement of the
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galvano-mirror scanner. For this reason, the entire writing is performed in sub-segments,
each ~180 μm long and written consecutively by moving the system’s mechanical stage. After the laser-writing step, the structures were immersed in a bath of photo-resist developer
(PGMEA, Sigma-Aldrich) for 20 min, followed by 2 min rinsing in iso-propanol bath and
subsequently dried under a gentle stream of nitrogen. The key process steps are sketched in
Fig.3.2(ii) and the resulting structures are shown in Fig.3.2(iii).

3.2

Material Properties

The following sections examine the material properties of the resist that have been used to
fabricate the photonic cage structures criteria (except chemical properties for gas sensing,
since sensing experiments are not performed in this work) and shown as an overview in the
form of a flowchart in Fig. 3.3.

(a) Fabrication

(b) Optical
Guidance

(c) Mechanical
Stability

(d) Gas
Sensing

Stability Factors
Direct Laser Writing
feature size resolution
surface adhesion
proximity effects

bending displacement
lateral collapse
dispersion
material absorption
laser damage threshold

Material Properties
Youngs modulus
density

chemical stability
non-reactivity to gases

Figure 3.3: An overview of the material properties considered for the fabrication of the suspended photonic cage structures namely, (a) properties relevant for fabrication routes which
determine quality of photonic cage structures, (b) optical properties such as refractive index
dispersion, absorption and optical damage threshold, (c) mechanical properties such as Youngs
Modulus and density and (d) chemical properties relevant for application as a gas sensor/ spectroscopy device such as the materials chemical stability and non-reactivity to the gases.

3.2.1

Properties Relevant for Fabrication

The commonly used IP-Resists in commercial Nanoscribe direct laser writing system are
acrylic based formulations [70, 73] that predominantly consist of two parts, (a) photoinitiator that absorbs the laser light to provide the active species for polymerization and should
have a high two photon absorption cross-section and (b) a monomer material which undergoes polymerization to form the polymer backbone. The photoinitior should be transparent
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at the laser wavelength (λ) while absorb the two-photon wavelength ( λ/2). On the other
hand, the monomer material must be transparent at laser wavelength (λ) to allow transmission & focusing to small voxels and at the two-photon wavelength ( λ/2) as well to avoid
ablation effects. There are two important resist properties that are considered before writing, namely the, (a) polymer resolution and (b) proximity effects. The polymer resolution
affects the feature size and is limited by radical diffusion and growth of polymer chains
outside of focused volumes [73]. IP-Dip resist offers vertical resolutions ≤ 1500 nm and
2D-lateral resolution ≤ 100 nm. The proximity of the features that are written in the resist
dictate the damage threshold of the polymer leaving the densely-written resin areas prone
to defects [74]. Laser damage occurs when the incident laser intensity is larger than the
intensity required for polymerization and results in formation of irreversible bubbles in the
resist [75]. When overlapping features are written, every subsequent voxel has a lower TPP
threshold due to already partially polymerized volumes. Secondly, the partially cured resin
begins to show absorption at single photon wavelength. The net result is that for overlapping voxels the laser damage threshold of polymer is reduced due to proximity effects
making it difficult to achieve small resolutions.

3.2.2

Optical Properties

In order to account for the polymer dispersion for simulations in this work, the following
Cauchy’s equation for material dispersion [76] for the polymer IP-Dip has been taken into
account,

n(λ ) = A +

C
B
+ 4
2
λ
λ

(3.1)

In the above Cauchy’s relation, n represents the wavelength dependent refractive index
and λ , the wavelength in microns respectively. The values of coefficients A, B (μm2 ) and
C (μm4 ) are taken to be 1.5273, 6.5456 × 10−3 and 2.5345 × 10−4 respectively [76]. The
coefficients were obtained from a Cauchy’s fit applied to experimentally obtained data from
the IP-Resist samples using a Pulfrich refractometer setup [76]. For these measurements,
the resist samples were exposed to 365 nm UV light and a refractive index difference of
5×10-3 is expected upon this exposure by the authors. However, the changes in the refractive
index are dependent on the actual laser exposure conditions which may vary in the current
work but nonetheless, the reported dispersion relation can be considered as a good starting
point for the simulations.
Resist IP-Dip shows various fundamental vibrations and associated rotational- vibrational
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modes of the polymer organic functional groups in the mid-IR [77]. The antisymmetric
stretching vibration of C=O group is seen at 5.78 μm while the double peaked absorption
dip observed at 6.11 μm and 6.18 μm is due to the antisymmetric stretching of the polymer’s
C=C groups. The (CH) in-plane deformation gives rise to the dips at 6.80 μm and 10.16 μm.
The laser damage threshold for some commonly used solidified photo-polymer films used
in 3D micro-structuring with direct laser writing was experimentally studied in [78] where
the criterion for laser damage was visible surface damage. For the regime where a series of pulses with constant energy per site are shot, the damage fluence lies in range of
0.3-15 J/cm2 for ns width pulses at wavelengths 532 nm and 1064 nm. For fs pulses for
wavelengths 515 nm and 1030 nm, this range reduces to 0.1-0.5 J/ cm2 .

3.2.3

Mechanical Stability

Bending Displacement
rod length (l)

(i)

bending
displacement

(ii)

f = m.g

z
x

ẟx

Figure 3.4: (i) schematic showing bending displacement of a rod suspended between two solid
supports due to it’s own weight where δx is the deflection of the rod in the transverse direction
and (ii) calculated transverse deflection, δx for IP-Dip rods for radius, r =1, 2 and 3 μm and rod
length of of 300 μm along the longitudinal axis (starting calculation point at 30 μm distance
from one end until 270 μm).

Slender rods (i.e. beams) with a circular-cross section supported between two solid supports
can bend under their own weight as shown schematically in Fig.3.4(i). The force (F g ) due
to self-weight is distributed all over the beam and small deflections perpendicular to the
beam axis can be used to describe the deformed beam. Taking z-axis to be the longitudinal
axis of the rod and x-axis pointing downward along the direction of constant gravity, the
transverse deflection (δx) at any point z along the beam of length L and radius r is given by
[79],
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δx =

Fg · z · (L − z)
· (L2 + z(L − z))
24 · G · I · L

(3.2)

where I is the second moment of inertia for a cylindrical rod and given by πr4 /4 and G is
the Youngs modulus of the rod material. The force due to self weight is given by Fg =
mg = (ρπr2 L)g where ρ is the density of rod and g = 9.8 m/s2 . From the above equation,
δx varies inversely with the material property Youngs modulus G. The Youngs modulus
of solidified IP-Dip is about 1.50 GPa and has a density of 1.11 g/cm3 [80]. Using these
polymer material parameters, the deflection of a 300 μm long rod suspended between two
solid supports is calculated at different rod positions (from 10 μm to 270 μm) along the
longitudinal axis of the rod for three rod radii- 1, 2 and 3 μm and shown in Fig. 3.4(ii) and
it can be seen that the bending of polymer rods for small radius under their own weight
cannot be neglected.
Lateral Collapse by Capillary Adhesion
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Figure 3.5: (i) schematic illustrating the principle of lateral collapse of two solid rods owing
to capillary forces active when the rods are partially in liquid where δs is the deflection acting
on each of the rods, (ii) side view of the two IP-Dip rods as they are developed/rinsed in liquid
followed by a drying process that leads to formation of meniscus with contact angle θc and
eventual deflection of the rods towards each other by distance 2. δs, (iii) displacement (2. δs) of
IP-Dip rods that are developed in PGMEA along different points on the longitudinal axis for
constant rod radius of 2 µm and varying pitch and (iv) constant pitch of 10 µm and varying rod
diameters.
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During the final step of fabrication by direct lithography method the structures are developed in liquid PGMEA followed by iso-propanol and finally drying the structure. As the
rinse liquid dries and begins to evaporate off the rods, a meniscus forms over the rods resulting from the tendency of the system to minimize its surface energy. The curvature of
this meniscus depends on the contact angle θc between the liquid and the structure. For
contact angles, smaller than 90°, the formation of capillary menisci around similar material rods gives rise to lateral attractive capillary forces which leads to sticking of the rods
together with maximum deformation in the middle of the rods and is shown schematically
for the simple case of two rods in Fig. 3.5(i). Consider the simple case of 2 identical rods
with radius r separated by center-to-center distance of Λ and partially immersed in a liquid
medium with surface tension γ which evaporates leaving a meniscus with contact angle θc
as shown in Fig. 3.5(ii). Then the attractive capillary force F c between the two rods is given
by [81],
πγ(2r)2 cos2 θc
Fc = p
2 Λ 2 − (2r)2

(3.3)

Using Eq. 3.3 and inserting Fc into Eq.3.2 in place of F g , the rod deflection at any point
along the longitudinal axis can be calculated and given by δs. The total distance by which
2 rods move close to one another is then given by 2. δs and is plotted in Fig. 3.5(iii) for
IP-Dip polymer rods in PGMEA as a function for varying rod pitch for constant rod radius
of 2 µm and (iv) varying radius for for constant pitch of 10 µm. From these plots, it can be
seen that the soft polymer rods tend to laterally collapse considerably during development.
Furthermore, from the studies on varying pitch, it can be seen that the deflection increases
as the pitch is increased. It should be noted here, that during the course of an experiment a
structure is treated by a series of liquids instead of a single liquid medium (such as IPA in
the case of polymer structure post its development for cleaning). However, for the sake of
simplicity the effect of multiple solvents on the structure is neglected for the above calculations. From the above studies on bending displacement and lateral collapse, it is concluded
that the suspended structures made out of polymer IP-Dip, require extra mechanical ring
supports to prevent them from (a) bending under their own weight and (b) collapsing due
to the capillary forces when developed in liquid solutions. To prevent this, the effect of
supporting rings on the stability of the light cage was investigated by studying the effect of
capillary collapse in IP Resist used in laser writing by Nanoscribe.
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Figure 3.6: (a) SEM image of different photonic cage structures made of six polymer rods
suspended between two solid supports for varying pitch and identical length of 180 μm without
supporting rings fabricated for same writing parameters. In absence of supporting structures,
the capillary adhesion forces during the development step cause a collapse of the rods. For
the initial stability tests, the rods were suspended between 50 μm thick blocks. (b) SEM image
of cage structures written with same pitch (10 μm) and increasing length from 100-400 μm for
same writing parameters. Supporting rings were fabricated at every 25 μm distance to provide
mechanical stability which prevent collapse.

For this, the 6 rods of the cage structure were fabricated between two IP Resist polymer
blocks for lengths up to 180 μm but varying pitch distances for the same writing parameters.
Fig.3.6(a) shows the effect of increasing pitch distance from 10 μm to 22 μm between the
rods. Each rod experiences capillary forces between itself and the other rods and from Eq.
3.3, it is seen that these forces depend on the pitch inversely. With an increase in the pitch,
the deflection between diagonally opposite rods decreased while for small pitch of 10 μm,
a collapse of all the six rods in absence of the supports is unavoidable. To prevent lateral
collapse of the rods, 2 μm thick support rings were added to connect and support the rods at
every longitudinal distance of 25 μm. The effect of adding these rings for structure lengths
from 100 - 400 μm to test the lateral collapse is shown in Fig. 3.6. It should be noted that
the final structures used for optical experiments had (a) supporting blocks with a thickness
of 20 μm and (b) rings at separation of 75 μm. In Chapter 4, the effect of rings on the optical
guidance of the structure are discussed.
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Chapter 4
Photonic Cage : Optical Simulations
Previously, chapter 2 and chapter 3 introduced the optical simulation tools and the fabrication techniques respectively to realize the suspended hollow core photonic structures.
This chapter outlines the main results of the optical simulations performed on these structures (Section 4.2) for a diverse range of geometrical parameters of the suspended photonic
structures. From a pre-fabrication point of view, this helps to theoretically tune their performance in terms of the spectral transmission range, dispersion, optical loss and mode field
diameters. In addition, the simulations also help to understand the physics behind their
operation. With this aim in mind, a series of simulations were performed for varying optogeometrical parameters that eventually serve as a roadmap for the final structure fabrication
for optical measurements.
To simplify the simulations, the rods are assumed to be perfectly circular (unless stated
otherwise) with a step refractive index profile and the polymer dispersion is taken from
Eq. 3.1. The cladding band states are calculated from the semi-analytical model ( [55],
discussed in Chapter 2) while the leaky core mode dispersion and confinement losses are
computed using CUDOS-MOF (based on the multipole method, also explained previously
in Chapter 2). It should be noted here, that the simulations provide information on the
leakage/coupling loss in these structures and ignore losses arising from optical scattering
effects (e.g. Rayleigh scattering from surface imperfections).
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Modal Properties of the Photonic Cage
Dispersion and Confinement Loss
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Figure 4.1: (i) Variation of (Re(ne f f ) − 1) × 103 ) of the photonic cage core leaky mode as a
function of wavelength along with cladding supermodes of order LP0m and LP1m for strand rod
diameter = 3 µm and pitch = 8 µm. The difference in the effective index between the core mode
and the upper edge of the broadened cladding super-mode LP05 is denoted by Δn1 and Δn2 in
the odd and even gap respectively. The cladding supermodes were calculated using the semianalytical model for mapping the cladding states and the core mode (shown as orange curve)
using the CUDOS-MOF. (ii) Loss and (iii) dispersion parameter as a function of wavelength for
light cage structure for rod diameter for same structure. Top row shows axial Poynting vector
fields in log scale for the points (a)-(e) marked in (ii).

This section gives a detailed account of the modal properties of the photonic cage structure
over a longer spectral range taking the polymer dispersion into account, for an example
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case when the rod diameter is 3 µm and pitch 8 µm. Fig. 4.1(i) shows the computed real
effective index of the fundamental LP01 core mode (plotted as (Re(ne f f ) − 1) × 103 , orange
curves) in the visible and near-IR spectral ranges below the cut-off wavelength of individual
rod modes. In addition the dispersion of the cladding LP0m (blue bands) and LP1m (green
bands) order supermodes are also shown. The orange dispersion curves show the wavelengths at which the core mode is in anti-resonance to the the cladding modes and where
the transmission of core light occurs. The corresponding loss of the fundamental core mode
is shown in Fig. 4.1(ii) and calculated from Eq. 2.55 using the imaginary effective index
of the core mode. Near the band edges of the cladding dispersion, where the core mode
dispersion has steep edges represent wavelengths at which coupling between the two types
of modes increases with light ultimately leaking from the core to the cladding causing high
losses. This effect in fact is also evident from the simulated axial poynting vector distributions of the mode supported by the core for wavelengths marked between (a-e) in Fig.
4.1(ii). For positions (a) and (e) that lie at the steep edges of core dispersion, the coupling of
the core mode to cladding LP16 and LP06 like supermodes respectively causes an increased
loss at these wavelengths as compared to the wavelength marked by (c).
In Fig. 4.1(i), for two alternate odd and even cladding bandgaps between 700-850 nm, the
difference between the dispersion of the core mode and the upper edge of the broadened
clad
cladding supermode (∆n = Re(ncore
LP01 ) − Re(nLP05 )) is denoted by Δn1 and Δn2 respectively.

This difference is inversely proportional to the coupling losses arising from core mode’s
energy being coupled to the cladding supermodes [82]. When Δn tends to zero, the optical
coupling and thus confinement losses tend to increase while increasing Δn values leads to
a better confinement of the core mode around minimum loss wavelengths. The alternating
low-high loss curves of the core mode in Fig. 4.1(ii) arise from the alternating decreasing
and increasing Δn values (e.g. Δn1 < Δn2 ) in the odd and even bandgaps respectively.
The other important parameter is the dispersion parameter D for the photonic cage which
can be calculated from,
2 Re
λ d ne f f
D=−
c dλ

(4.1)

where c is the light velocity in vacuum. In standard single mode fibers, the fiber dispersion
contains contributions from both from the material dispersion and the waveguide dispersion
which is normal in near IR wavelength range up to 1.31 µm and anomalous beyond, thus
exhibiting just one zero dispersion wavelength [83]. Fig. 4.1(iii) shows the evolution of D
with the wavelength for the fundamental core mode of the light cage. Interestingly, D displays regions of zero dispersion in each bandgap and large negative and positive dispersions
at the lower and higher wavelength edges respectively for each band. This offers a huge opportunity for dispersion tailoring and obtaining multiple zero dispersion wavelengths in a
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single waveguide.
The fractional modal power in the hollow core can be calculated by calculating the total
power within the structure and the individual rods. For this, the total power within in the
structure can be calculated using the axial component of the Poynting vector as,

ZZ

Ptotal =

| Sz (x, y) | dxdy

(4.2)

while the total power in all the polymer cylinders is given by

ZZ

Pcylinder =

| Sz (x, y) | · f (x, y)dxdy

(4.3)

where f (x, y) = 1 in the cylinders and 0 outside. The fractional power in the core mode is
then given by (Ptotal − Pcylinder )/Ptotal . Interestingly, despite the photonic cage having an
open network structure, the fraction of electromagnetic power carried by the fundamental
mode in the core section reaches values > 99.9% in the center of the transmission bands
(e.g., for wavelength marked as (c) in Fig. 4.1(ii)) showing possibilities to achieve a high
modal field concentration in low index media as gases using the current structure.

4.1.2

Higher Order Modes

Unlike step index fibers, no strict definition is applicable to describe the cut-off of lossy
modes in the current structure [25]. For guidance in air, higher order modes that show
higher confinement losses than the fundamental mode, disappear after propagating over
finite distances and thus “cut-off”. For the photonic cage, the next higher mode under the
LP notation is the LP11 mode whose dispersion and loss is calculated as an example between
615 - 670 nm wavelength and compared with the fundamental mode LP01 shown in Fig. 4.2.
The Poynting vector distribution of the higher order mode at three selected wavelengths
labeled as (a), (b) and (c) on the dispersion plot is shown in addition. At 640 nm, the loss
of the higher order mode is ~2.8 dB/mm which means that, for the structure supporting this
mode, the output power reduces by almost half after propagating over a millimeter distance
along the waveguide. The higher loss of the higher order mode can be attributed to the
fact that it’s dispersion lies in close proximity to the cladding supermode dispersion when
compared to the fundamental mode which causes increased coupling losses as discussed in
the section above.
It should be noted that these calculations for losses of the core mode obtained from the mul45

tipole method neglect scattering losses arising from waveguide imperfections and surface
roughness encountered during experiments, in which case the higher order mode would
suffer even additional loss. For single mode propagation, it is important that a large index difference exists between the fundamental and the next higher order mode to minimize
inter-modal coupling and large confinement loss of the higher order mode in comparison to
the fundamental mode is obtained so that it is more ‘leaky’ and eventually disappears. It is
interesting to note that the photonic cage contains a single array of solid strands as cladding
elements, thus solely supports a comparably small number of guided modes. This is in
contrast to commonly used hollow core fibers (e.g., revolver-type hollow core fibers) which
contain anti-resonant cladding elements supporting leaky modes, for instance, modes that
extend into spaces between the cladding capillaries [39] and couple to higher order air core
modes. On the contrary, the cage supports a precisely defined number of supermodes that
can be adjusted solely by the strand properties (i.e., RI and diameter) and couple only to
the fundamental core mode. Thus, the current structures can be engineered to operate in a
single mode guidance regime (e.g. MFD ~ 10.8 µm at 710 nm wavelength) even for large
core areas and waveguide lengths as small as few millimeters. This is in stark contrast to
all solid waveguides where the V-parameter and hence the number of higher order modes
increase for increasing core diameters [25] which can’t be filtered out easily.

(Re(neff)-1) x 103

(i)

min.

air-line

a

max.

a
b

c

b

(ii)
LP11

c

LP01

Figure 4.2: Comparison of the spectral dependence of dispersion and loss between fundamental
LP01 and first higher order mode LP11 for the photonic cage structure where the latter shows
a higher loss, for instance ~2.8 dB/mm at 640 nm (marked as point (b)). The points (a)-(c)
correspond to the wavelengths at which the Poynting vector distributions of the higher order
mode LP11 have been plotted on the right column.
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4.2

An Architectural Diversity: Exploring Different Designs

This section studies the evolution of the cladding band gap states together with numerical calculations of the dispersive properties and confinement loss of the fundamental core
mode (using CUDOS-MOF) with changes in the opto-geometrical features of the suspended
structures. These features include for e.g. the arrangement, diameter and shape of rods, the
pitch and core size of the cage and the the number of core surrounding cladding rings. The
investigations thus help shedding light on a few fundamental questions:
1. What geometrical features affect the dispersion and transmission properties of the
cage?
2. What strategies (e.g. via the design process) may be adopted to lower the optical
losses of the cage?
3. How sensitive are the structures to a few lapses in the fabrication process such as deviations in dimensions and shape? This helps setting tolerance levels for the fabrication
process.
Complex designs such as those containing closely packed large number of cladding inclusions or structures with small diameter/pitch ratios suffer from an increase in the statistical
errors in maintaining a homogeneous shape and diameter of the rods. This arises due to
proximity effects in the laser exposure process of the rods which become inevitable for complex closely placed rods (as discussed in Chapter 3), resulting in in-homogeneous periodic
structures. Therefore, the final design of the structures for optical measurements should be
selected as a trade-off between the fabrication simplicity and lowering the leakage loss to
acceptable values. Moreover, the simulated design for fabrication should be straightforward
and allow highly reproducible and minimally error prone fabrication. Nonetheless, in terms
of optimization of the design process through simulations, a great deal of understanding
of leakage loss mechanisms in these structures can be obtained. This section thus aims to
study the effect of changes in the layout of rods by changing their geometry of arrangement,
the core size, the number of cladding rings surrounding the core, the inter-strand distances
(pitch (Λ)) and finally the effect of changing rod diameter for constant pitch values on the
dispersion and optical loss properties of the photonic cage.
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4.2.1

Arrangement of Rods

(i)

(ii)
(2) hexagon

(3) heptagon

(4) octagon

(a) pentagon

(b) hexagon

(c) heptagon

Λ

734 nm

706 nm

(1) pentagon

(iii)

(iv)
log10(αmin) = -3.94 log10 (Nrods) + 3.13

(1)
(2)
(3)
(4)

Figure 4.3: Comparison of effect of rod arrangement on optical properties of suspended cage
structures, (i) schematic of different rod arrangements along the vertices of regular polygons
where the rod diameter (3 µm) and the cage core radius, (equivalent to pitch (8 µm)) in all
cases is same. The polygons include pentagon (green), hexagon (orange), heptagon (blue) and
octagon (magenta) arrangement of rods (ii) Contour plots showing distribution of the axial
Poynting vector fields (logarithmic scale) for the pentagon, hexagon and heptagon geometries
at wavelengths 706 nm (lying in the middle of the dispersion curves) and 734 nm (lying at edge
of the dispersion curve) in part (iii) of the figure. (iii) Comparison of the real effective index of
the core mode guided by pentagon, hexagon, heptagon and octagon arrangement of rods as a
function of wavelength for same rod diameter of 3 µm. Inset shows log-log line plot of optical
loss at minimum loss wavelength of 707 nm as function of number of rods (Nrods ) with line
slope of -3.94 (b) Comparison of the imaginary component of the effective index in log scale
for all the geometries shown schematically in (i).

The cladding bands of a periodic dielectric optical fiber structure are composed of several
optical modes confined in the high refractive index inclusions and therefore, the spectral positions of the cladding bandgaps are dependent on the modal properties of these inclusions.
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As argued by the ARROW model [59, 84], individual high index rods can be considered as
optical resonators so that the frequencies of the transmission bands are primarily determined
by their dimensions and the refractive index contrast with the background. Moreover, the
modal loss of the photonic cage structure can be explained by plane wave scattering properties of a single rod [60] such that high losses result when light leaks from the core to the
high index rod inclusions. Though the arrangement of the rods do not significantly affect
the spectral positions of the transmission cladding bands (as will be seen shortly), they affect coupling between the leaky core mode and the cladding supermodes and alter leakage
losses. A single ring of cylindrical rods regardless of arrangement should be capable of
supporting a mode in the center, albeit with high losses even at wavelengths away from
cladding resonances. Fig. 4.3(i) shows different photonic cage structures with same core
radius (defined here as the distance from center of the structure to center of rods) but different rod arrangements. The four different arrangements are: (1) 5 rods arranged along the
vertices of a regular pentagon , (2) 6 rods arranged along regular hexagonal vertices, (3) 7
rods arranged along regular heptagon vertices and (4) 8 rods arranged along the vertices of
a regular octagon. Since all the four polygons are regular, the core radius of 8 µm is same
in all the three cases and in each case the rods are placed equidistant from each other along
the polygon perimeter. Since the core radius in all the three cases is the same, the loss dependence of the fundamental mode on the core radius as reported in [53] can be neglected.
This ensures that the current study looks into the effect of polygon geometry (independent
of core size) of the structure on the core mode properties.
Fig. 4.3(iii) and (iv) show the real and imaginary (in logarithmic scale) part of the effective
indices of the core mode in spectral range between 650-750 nm of photonic cage structures shown schematically in (i). From the plot 4.3(iii) comparing the real effective indices
(Re(neff )) of the three cases, it can be observed that the relative position of the core mode
dispersion remains unaltered as the arrangement alters. However, in the middle of the dispersion curve, the effective index curves for all three cases vary slightly where the effective
index of the the pentagon core mode (shown in green) tends more towards the air-line (for
neff = 1) while for the the octagon structure (magenta curve), it is furthest away. Surprisingly, this trend changes towards the steep edges of the core dispersion curves where the
difference in the effective index indices in all the cases is negligible. Fig. 4.3(ii) shows
the contour plots showing the axial Poynting vector distributions in logarithmic scale for
the two wavelengths - 706 nm and 734 nm, positions in the middle of the core dispersion
and at the edge respectively for three different arrangements of the cage. As expected, the
core mode symmetry changes with changes in the cladding arrangement. From a closer
inspection of the field distributions in the rods, it is interesting to note that at the same
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wavelengths, the same order supermode of the cladding couples to the core mode in all
three cases (e.g. LP05 and LP14 supermodes at 706 nm and 734 nm respectively) which
shows that arrangement of the rods do not significantly affect the spectral positions of the
cladding supermodes.
Meanwhile, the variation of the imaginary index in log scale ((Im(neff )) which is directly
proportional to the confinement loss ( Eq.2.55) in these structures is shown in Fig. 4.3(iv).
This plot indicates an increase of confinement losses in the middle of the dispersion curves
in the order, octagon < heptagon < hexagon < pentagon arrangement, thus signaling to
the fact that confinement losses decreases with an increase in the number of high index
cylinders for same core and rod radius. This can be attributed to a decrease in the total
available inter-strand distance between the rods in going from the pentagon to heptagon
structure from where the core mode can leak and radiate out into the surrounding, thus
lowering the leakage. This trend is also evident in the inset of Fig. 4.3(iii), that shows
the Log-Log line plot of loss of the four cases at 707 nm (the central wavelength of the
core dispersion curve) as a function of number of rods in the structure. By linear regression of the Log-Log curve, the following fitting equation with R-squared value of 0.9989
was obtained: log(αmin ) = −3.94 · log(Nrods ) + 3.135 pointing to a 4th power dependence
of modal loss as a function of increasing the number of rods for same core radius at the
minimum lost wavelength. The loss values decrease from 2.5 dB/mm to 1.15 dB/mm to
further 0.63 dB/mm and finally to 0.4 dB/mm as the number of rods change between 5, 6,
7 and 8 respectively. However, as the dispersion edges approach, optical loss is dominant
due to a coupling mechanism [82], i.e. coupling of the core mode to the cladding modes
and becomes significant in the case where rods are closer (e.g. the heptagon and octagon).
For example, from the axial Poynting vector plots at 734 nm (Fig. 4.3(ii)), where the steep
edge of the core mode dispersion is approached, the plots show the increase in the inter-rod
coupling and formation of the cladding LP14 supermode. Consequently, at the dispersion
edge where all curves seem to overlap, two competing loss mechanisms come into play- the
leakage loss which decreases with increase in number of rods (i.e. decrease in inter-strand
spaces) and coupling loss which increases with an increase in the number of rods causing
the overlap.

4.2.2

Effect of Core Size

Another significant case study is the effect of increasing the core size of suspended single
cladding layer photonic cage structures. This can be done by imagining the cage structure
to be made of an infinitely extending periodic triangular structure made of several rings
arranged around a hollow core and these rings can be specified by Nr where r is the index
50

of ring. Then, Nr = 1 corresponds to first cladding ring with 6 rods ; Nr = 2 is the second
cladding ring with 12 rods, Nr = 3 is the third cladding ring with 18 rods and Nr = 4 is the
fourth cladding ring with 24 rods respectively. Since the structure is periodic and formed
of repeating triangular arrangements, the core size can be increased by removing the first
6 rod ring and including an outer second ring comprising of 12 rods (in an analogy to the
nomenclature used for PBGF, this corresponds to a 7 cell structure with single cladding)
as shown in Fig. 4.4 (2nd structure). The core size can be further increased by adding
only the third ring and omitting the first and second rings (similar to 19 cell-single cladding
PBGF) shown in Fig. 4.4 (3rd structure) and further by including the fourth ring only
(4th structure). It should be noted here that in these designs where the core diameter is
increased by solely considering the first, second, third and fourth ring involves an increase
in the number of cladding rods though the rods (each of diameter of 3 µm) remain separated
from each other by an equal inter-rod (pitch) distance of 8 µm which would mean that the
cladding supermodes in all the cases have similar dispersions. Moreover, it should be noted
here that unlike tube-like HCFs, the core radius definition is unclear for the light cage
structure owing to the hexagonal symmetry. However, the core size scales linearly as the
Nr is increased.In Fig. 4.4(i) part (a) corresponds to a comparison of the real part of the
effective index as a function of wavelength (between 670-740 nm) for structures shown
schematically and numbered (1), (2), (3) and (4) along with the cladding LP05 band.
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(1) single ring (Nr =1)
d

(i) (a)

(ii)

(2) isolated second ring (Nr =2)

log10 (αmin) = -4.35 log10 (Nr) + 0.0536
∇n
LP05

(3) isolated third ring (Nr =3)

(iii)

(b)
λmin=707 nm
(4) isolated fourth ring (Nr =4)

Nr =1
Nr =2
Nr =3
Nr =4

Figure 4.4: Effect of increasing core size of the cage structures for constant inter-strand distance
(pitch) & rod diameter: structures shown on left column include (1) isolated single ring- (6 rod
array, Nr = 1), (2) isolated second ring- (12 rod array, Nr = 2), (3) isolated third ring (18 rod
array, Nr = 3), (4) isolated fourth ring (24 rod array, Nr = 4). (i) (a) The comparison of real part
of the effective index for the structures along with the cladding LP05 order supermode where
the double arrow corresponds to the effective index difference (Δn) between the core (Nr = 1)
and cladding top-edge dispersion. (b) Comparison of the imaginary parts (in log scale) for
structures (1), (2), (3) and (4) where the dashed line corresponds to the wavelength of least loss
(λmin = 707 nm). (ii) log-log line graph of least loss (αmin ) and the Nr at 707 nm with the slope
and intercept of the line corresponding to power dependence of αmin on Nr and the constant term
respectively. (iii) Evolution of the mode field diameter (MFD) as a linear function of the number
of independent rings (Nr ) at 707 nm.

Furthermore, in these plots the difference in the effective indices between the core mode of
structure numbered (1) and the top edge of the cladding is shown by Δn. This Δn difference
increases as the core size is increased for same values of wavelengths and corresponds to
a decrease in the coupling loss between the core mode and the cladding supermodes. The
latter is observable in part (b) of the figure where the confinement losses (directly related to
imaginary index, see Eq. 2.55) increase with a reduction of the core size due to the reducing
Δn. For instance, the confinement loss at the lowest loss wavelength of 707 nm for a cage
with pitch 8 µm for independent single ring, 2nd ring, 3rd ring and 4th ring can be decreased
from 1.4 dB/mm to 0.05 dB/mm to further 0.009 dB/mm and ultimately to 0.0028 dB/mm
respectively. In Fig. 4.4(ii) the log10 -log10 line plot of the least loss at 707 nm (αmin ) and
the Nr is shown where the slope of the line is found to be -4.35, showing the 4.35 power
dependence of the modal loss decrease on increasing Nr . This somehow resembles to the
behavior of tube-lattice fibers (also known as the revolver HCF) where the confinement loss
scales as the 4.5 power of core size [85] while a fourth power dependence of the modal loss
on the core radius at all wavelengths was reported in tube type anti-resonant fibers [53].
The difference in the scaling may arise from the different geometries giving rise to different
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reflection properties of the cladding.
Here, it is also of interest to discuss the effect of increasing the core size on the mode field
diameters of the suspended structures. To do this, the approach for calculating the mode
field diameter of the fundamental core mode described in [86] is used where it is argued
that for the degenerate fundamental mode, the mode field diameter of the the horizontally
and vertically polarized modes can be different, making it vital to adapt a root mean square
(RMS) mode field diameter value. For a triangular cladding lattice, the mode field of the
core mode is distorted at the periphery and thus the modal spot size (half of MFD) is calculated as the second moment of the axial Poynting vector (Sz ) for the x-polarized and
y-polarized degenerate modes [86]. Therefore, for the fundamental mode having maximum
intensity in the center wx , spot size of x-polarized mode and wy , spot size of the y polarized
modes is given by,
w2x

RR 2
x Sz (x, y)dxdy
= 4 RR

w2y

Sz (x, y)dxdy

RR 2
y Sz (x, y)dxdy
= 4 RR

Sz (x, y)dxdy

(4.4)

using the above values, the RMS modal spot size and mode filed diameter (MFD) are given
by,
s
wRMS =

w2x + w2y
2

MFD = 2wRMS

(4.5)

Fig. 4.4(iii) shows the mode field diameter of the fundamental core mode increasing linearly
with the core diameter for the wavelength of 707 nm shown by dashed line in part (b) of
Fig. 4.4(i) . Thus, increasing the core diameter is extremely useful for applications such as
laser power delivery applications that require low loss propagation of electromagnetic fields
over large modal areas. Although the confinement losses can also be reduced by increasing
the pitch of the structure (as discussed in sub-section 4.2.4), the fabrication of very large
pitch distances for fixed rod numbers and diameter demands fabrication of large supporting
elements between the rods to increase the mechanical stability of the structure which are
undesirable since they can cause increased optical scattering losses in the cage structure.
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4.2.3

Effect of Additional Cladding Rings

(i)

(ii)
(1) single ring (2) double ring

(iii)
(1) single ring

λ(min. loss) = 707 nm

(2) double ring
(3) triple ring

(3) triple ring

Figure 4.5: Effect of additional cladding rings on the optical properties of the cage structures.
Comparison of (i) real and (ii) imaginary parts (in log scale) of the effective index for the
structures shown schematically and labeled accordingly in (i). (iii) The imaginary parts (in loge
scale) of the effective index at the lowest loss wavelength of 707 nm is plotted as a function
of the number of surrounding rings, showing that the loss decreases exponentially as the the
surrounding rings are increased around the core.

Another interesting investigation is the effect of increasing the number of confining cladding
rings surrounding the hollow core on the confinement loss of the suspended structures.
Therefore, a comparison in terms of dispersion and imaginary effective indices of the fundamental core mode is made between the a single ring, double ring and triple ring structure
with same pitch (8 µm) and rod diameter (3 µm) shown schematically by structures labeled
as 1, 2 and 3 respectively in of Fig. 4.5(i). The effect of adding additional rings has no
effect on the dispersive properties of the suspended photonic structures as is evident from
Fig. 4.5(i) but significantly affects the leakage loss which is indicated by a comparison of
imaginary effective index Im(neff ) in log scale in Fig. 4.5(ii). The non-dependence of the
core LP01 mode dispersion on the number of cladding rings for same rod and core diameters and the exponential dependence of the loss at lowest loss wavelength (707 nm) on the
number of surrounding cladding rings is in fact in accordance with findings reported in the
past [82]. The Im(neff ) decreases for example by two orders of magnitude in the central
transmission band region (Fig. 4.5(ii)) when an additional ring of 12 rods is added around
the first ring owing to decrease in leakage loss of the core mode. A similar decrease in loss
on adding a 3rd ring from previous 2 is observed. It can be concluded that when the core
size of the structure remains fixed and more number of rings are added around the core,
the additional rings do not have a considerable effect on the dispersion properties of the
core guided mode but decrease the confinement losses exponentially. Therefore, for fixed
mode diameters, the addition of rings around the core presents an interesting opportunity
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to reduce the overall losses and can be extremely effective in practice when all the rods are
fabricated to be similar in shape and size.

4.2.4

Effect of Changing Pitch

The effect of changing pitch on the structures spectral transmission widths can be examined by evaluating the formation of cladding band-gaps (whose formulation was discussed
in Chapter 2). Mapping the cladding states allows studying the formation of cladding supermodes by the nearest-neighbor coupling effect between the rods and subsequent mode
splitting into bands below the cladding index. An increase in the pitch of the suspended
photonic structure for an unchanging rod diameter calls for narrowing of the cladding band
bandwidths near the cutoff air line as expected from the scaling laws [87] since the coupling between the modes of the rods reduces. This is evident from Fig. 4.6(i) that shows
the effect of changing the pitch for a single ring structure containing 6 rods where the rod
diameter is constant. As one goes from left to right along the band plot, the central bandgap
position on changing pitch remains the same but undergoes changes in shape and depth of
the bandgap. For a decreasing pitch (increase in the d/Λ ratio) the bandgap begins to get
deeper in effective index with the width decreasing rapidly with increasing azimuthal index
of the cladding modes and with decreasing wavelengths for a given azimuthal index [55].
Furthermore, Fig. 4.6(ii) shows the core mode dispersion ((a) and (c)) and confinement
loss ((b) and ((d)) of the photonic cage structures for rod diameter of 3 µm and pitch values
ranging between 6-10 µm for two adjacent bandgaps in the 600-700 nm wavelength range.
As the pitch is reduced, the confinement losses of the core mode (in both (b) and (d))
increases which can be attributed to a stronger coupling between the adjacent high index
rod supermodes and the core mode, resulting in an increased optical coupling between the
two. Furthermore, there are two peculiar features encountered in the second transmission
pass-band region between 615-670 nm : (i) a further decrease in the loss on approaching the
band-edges for longer pitch (8-10 µm) structures in (Fig. 4.6(ii), part (d) and highlighted
by the green colored region for the high wavelength regions) and (ii) a discontinuity in the
dispersion of the core mode near 620 nm for shorter pitch (6-8 µm) structures (Fig. 4.6 (ii),
part (c) and highlighted by yellow strips). These features are not computational artifacts but
instead can be explained in terms of coupling effects between the core mode and the leaky
supermode formed by the ring of high index rods and are explained in the sub-sections that
follow.

55

Λ/2

(i)

d = 3 µm

(Re(neff) -1) x 103

(a) Λ = 6 µm

(c) Λ = 10 µm
LP06
LP05

LP06

LP05

LP24

wavelength (nm)
1.000

LP15
LP14

1.000

wavelength (nm)
9x10-5

(b)

0.999

0.998

LP24

wavelength (nm)

(a)

680

LP14

10 µm
9 µm
8 µm
7 µm
6 µm

700

720

680

(c)

700

6x10-5

3x10-5

720

(d)

0.999

10-6
avoidedcrossing

realRe(n
(neffeff
))

10-5

0.998

620

) ))
log10Im(n
(im (n
effeff

LP14

LP05

log10Im(n
(im (n
eff)eff))

LP15

LP15

decreasing
pitch

real Re(n
(neff)eff)

(ii)

(b) Λ = 8 µm

10-7
640

660

620

wavelength (nm)

640

660

wavelength (nm)

Figure 4.6: (i) Approximate bandgap calculations for photonic cage structure in air for constant
rod diameter of 3 µm and changing pitch Λ between (left to right) by 6, 8 and 10 µm. Here the
difference of the effective cladding band index and air refractive index is plotted as a function of
wavelength. The dark red labels corresponds to the different cladding LP mode orders (ii) Plots
showing the real effective indices in ((a) and (c)) and imaginary effective indices in log scale
((b) and ((d)) of the core mode for two adjacent bands between 600-800 nm wavelength range
for constant rod diameter of 3 µm and changing pitch Λ from 6-10 µm. The yellow highlighted
region in plot (c) and (d) shows the phenomenon of avoided crossing in small pitch structures (67 µm) while green regions in plot (d) show an additional decreasing loss (directly proportional
to the imaginary index in log scale) near the dispersion edges towards longer wavelength in
large pitch structures (8-10 µm).

Reduced loss near band-edges in large pitch structures
For the case when the rod diameter is 3 µm and the pitch of the structure 10 µm, Fig. 4.7(i)
shows the real effective index of the fundamental core mode along with the cladding bands
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LP06 and LP15 and Fig. 4.7(ii) shows the imaginary effective index, Im(neff ) on logarithmic
scale. This case is peculiar as seen from the Im(neff ) curve that shows a minimum as the
band-edge positions are approached where it otherwise increases in case of smaller pitch
structures. This can be understood intuitively by considering the fact that coupling losses
between the lossy core mode and cladding supermode which is directly co-related to the
difference between the effective index of the core mode and the upper band edge of the
cladding supermode, decreases as the latter increases [82].
This difference is indicated by arrows in Fig. 4.7(i), for three positions along the core
dispersion curve. These positions are marked by yellow dots and labeled as a, b and c for
a lower, middle and higher selected wavelength respectively. Moreover, the axial Poynting
vector distributions of the modal distribution for these wavelength positions is also plotted
in the upper column of the figure. Interestingly, in the lower wavelength region (near a),
the core mode is coupled to the LP15 like supermode of the cladding as can be seen from
the axial poynting vector field distribution in (a). On the other hand, at the middle and
higher wavelength positions marked as (b) and (c) respectively, the core mode is coupled to
the LP06 like cladding supermode. The difference between the effective index of the core
mode and the upper band edges of the cladding supermode are marked by Δn labels. As the
wavelength is increased, a steep drop in the effective index of the LP06 top band towards
the higher wavelength, results in the difference Δnhigh > Δnmiddle causing a decrease in
coupling losses towards the higher wavelength (shown in Fig. 4.7(ii)). This explains the
additional drop of confinement losses in large pitch structures which are very sensitive to
the index difference (Δn) between the core and cladding supermodes.
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Figure 4.7: Plot showing the (i) Re(neff ) and (ii) Im(neff ) in log scale of the fundamental core
mode of the photonic cage along with the cladding bands LP06 and LP15 for pitch 10 µm and
rod diameter 3 µm. Top column shows axial Poynting vector distributions (in logarithmic scale)
corresponding to yellow points marked as (a), (b) and (c) along the core dispersion.

Avoided crossing in short pitch structures
Another striking feature is the discontinuity in the dispersion of the core mode in Fig. 4.6(ii)
and part (c) for small pitch structures which arises due to an avoided crossing between
the core mode and the leaky supermode generated by the rods which is a typical effect
observed in ARROW waveguides [88] and demonstrated in Fig. 4.8. At these crossings
(which usually have a very narrow bandwidth), the core mode undergoes a transition due
to coupling with the leaky higher higher order modes of the cladding. A decrease in pitch
causes an enhanced coupling between the core mode and the leaky cladding supermode near
the avoided crossing wavelength which is why the effect is more pronounced for structures
with smaller pitches. Taking as an example, the structure with a 6 µm pitch, the effect of
avoided crossing is shown in Fig. 4.8 where the dispersion of the core mode along with
the cladding bands for a short wavelength range is plotted. The avoided crossing near the
vicinity of the higher supermode (for azimuthal cladding mode index, m = 3, shown in dark
green color) is visible. From the axial Poynting vector field distributions shown at different
58

points along the dispersion curve near the avoided crossing, a transition of coupling between
different cladding supermodes and the core mode can be observed.
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Figure 4.8: Plot showing the (i) Re(neff ) and (ii) Im(neff ) in log scale of the fundamental core
mode of the photonic cage along with the cladding bands LP06 and LP15 showing the phenomenon of avoided crossing for the case when the rod diameter is 3 µm and pitch of the structure is 6 µm. Here, the core mode undergoes a transition due to coupling with the leaky higher
(azimuthal cladding index, m=3) order modes of the cladding. The top row shows the axial
Poynting vector distributions (logarithmic scale) for wavelengths marked along the core dispersion curve.

The variation of pitch provides for an interesting parameter study of optical properties of
the photonic cage since pitch variation can be systematically investigated experimentally
given the straightforward fabrication of the structures. For this reason a quantitative dependence of pitch variation on the mode field diameter (MFD), effective modal area (Aeff )
and confinement loss of the fundamental core are investigated. Fig. 4.9 shows the variation
of the calculated MFD (left y axis) and Aeff (right y axis) with increasing pitch at 710 nm
wavelength. The MFD shows a linear dependence on the pitch while the effective modal
area shows a quadratic dependence on the pitch.
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(ii)

-

Figure 4.9: Figure showing the variation of mode field diameter (MFD) on left y axis and
effective modal area (Aeff ) on right y axis of photonic cage structures as a function of increasing
pitch at 710 nm.

4.2.5

The Rod Dimensions and Shape

This sub-section examines the effect of changing the rod diameter while keeping the pitch
constant (that has the effect of increasing the rod filling fraction) on the band-gap map as a
function of wavelength. Fig. 4.10(i) shows the evolution of the band gap as the diameter is
increased from 3 µm to 4 µm and eventually 5 µm for a fixed pitch of 8 µm. The foremost
observation is the shifting of the LP like supermodes of the cladding with changes in rod dimensions and narrowing bandwidth of pass-bands. This effect comes from the fact that the
V-parameter of an individual rod mode increases upon increase in rod diameter and shifts
the individual rod mode cut-offs towards higher wavelengths. Changes in rod dimensions
(or playing with the V-parameter) therefore serves as an important parameter for shifting
and tuning the core mode dispersion along the frequency range. Another important investigation is the effect of changing the shape of the individual rod, especially when the rod
shape assumes an ellipse, with a longer dimension along one of the axes than the other.
This investigation also throws light on the question of what happens when the experimental
methods fail to produce a strictly circularly symmetric cylinder. Interestingly, for such axial asymmetry the degeneracy of the fundamental mode is broken giving rise to two modes
with a slightly varying dispersion and confinement loss for the two mode polarizations.
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Figure 4.10: Effect of changing rod size and shape: (i) Evolution of the band-gap map of the
cladding states for the photonic cage structures in air as the the rod diameter is changed from 3,
4 to 5 µm and a constant pitch of 8 µm is maintained. Notice that the LP modes of the rods shift
towards longer wavelengths while the band-gap widths become narrower owing to the shifting
of the cut-off wavelength of strand modes towards higher wavelength with increase in diameter.
(ii) (a) Real (Re(neff )) and (b) imaginary Im(neff ) effective indices as a function of wavelength
of an elliptical shaped rod cage (diameter in x = 3 µm and diameter in y = 4 µm ) for two
polarization cases x (red curves) and y (blue curves) and (iii) distribution of the axial Poynting
vector fields in the presence (calculated using COMSOL) and absence of the reinforcement
rings at 640 nm for pitch 8 µm and rod diameter 3 µm.

Fig. 4.10(ii) shows the (a) fundamental core mode dispersion and (b) imaginary effective index Im(neff ) as a function of wavelength of an elliptical shaped rod cage (diameter in x axis,
dx = 3 µm and diameter in y axis, dy = 4 µm making the ratio dx /dy = 0.75) for two polarization cases x (red curves) and y (blue curves). The break in the symmetry of the degenerate
mode gives rise to a modal birefringence B(λ ), given by a difference in the real part of the
effective indices for the two polarization states as B(λ ) = Re(nxe f f (λ ))−Re(nye f f (λ )) where
λ is the wavelength. At wavelength of 695 nm, the modal birefringence is about 3 × 10-5 and
the corresponding beat length given by LB = λ /B(λ ) amounts to 2.32 cm. Therefore, the
photonic cage is extremely useful to realize centimeter scale polarization maintaining hollow core devices where the birefringence can be controlled by large variations in diameter
along the two axis. Moreover, the y polarized mode experiences a higher loss than the x
polarized mode presumably due to a larger modal overlap with the cladding owing to the
symmetry.
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Another interesting question arises regarding the effect of the hexagonal reinforcement elements providing structural stability to the suspended photonic cage structures on it’s guidance properties. Fig. 4.10(iii) shows the longitudinal component of axial Poynting vector
field at 640 nm for two cases, when transverse reinforcement rings (1 µm × 2 µm) are connecting the rods and when the rods are transversely separated in free space. The presence
of a ring around the core has the effect of decreasing transverse leakage loss without causing any guidance degradation. Since the reinforcement elements are spaced at longitudinal
distances of 75 µm (>>λ), their effect on guidance can be neglected though they might introduce in-homogeneities at several points along the waveguide which can act as scatterer
s resulting in additional losses. However, scattering losses arising from these elements has
not been experimentally measured in current work. Moreover, since the guided mode is observed experimentally even in the presence of these elements, it is expected that any modes
supported by the reinforcements do not couple strongly to the the core mode. This would
require further calculation of the dispersions of the modes supported by the reinforcements
and not done in current work.
Having looked at different design scenarios, a compilation of effects of changing different
parameters of the photonic cage on the confinement loss, mode field diameter of the fundamental core mode and feature size of the resulting device are tabulated in Table (4.1).
The table shows the effect of (1) increasing the hollow core diameter by including only
the first, second and third rings, (2) increasing the pitch for same rod diameter, (3) effect
of adding multiple rings around the defect core and (4) increasing the number of vertices
of a polygon along which the rods are placed for same core diameter. It should be noted
here, that the simulations ignore losses arising from optical scattering effects which can
cause experimentally measured losses to be higher. Complex designs that require for e.g.
closely placing large number of cladding inclusions, suffer from exposure proximity effects resulting in in-homogeneous periodic structures and fabrication of very large pitch
structures require large supporting elements to counter the lateral collapsing effect during
fabrication of the cage (discussed in Chapter 3). Therefore, the final design of the structures
for optical measurements is selected as a trade-off between the fabrication simplicity and
lowering the leakage loss to acceptable values. However, with improvements in fabrication
technologies that produce smooth structures, more complex designs of the structures (such
as those containing more than a single surrounding cladding ring) can be envisioned.
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Trend
Hollow core size ^
Pitch ^
No. of cladding rings ^
No. of polygon vertices ^

Confinement Mode field Device
loss
diameter
size
_
^
^
_
^
^
_
~
^
_
~
~

Table 4.1: A comparison of different parameter trends on the effect of confinement loss, mode
field diameter and device feature size of the resulting device. An increase is denoted by ^,
decrease by _ and unchanged by ~.
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Chapter 5
Photonic Cage: Experiments and
Applications
5.1

Experimental Setup

A transmission setup was used in this work to optically characterize the photonic cage
samples and other types of fibers reported in this work. A schematic of the setup used
is shown in Fig. 5.1 where the orange path shows the incident light from a broadband
supercontinuum source (wavelength range: 450 nm - 2.5 µm, SuperK COMPACT) that was
in-coupled into the sample and subsequently characterized. The polarization of the input
light was controlled using a thin film linear polarizer and a half-waveplate, both located
in front of the in-coupling objective. This light was coupled into the samples using a 20x
objective (N. A = 0.40) and out-coupled using a 10x objective (N. A = 0.25) respectively,
where the latter was used to provide a longer working distance at the output end (a single
sample chip of 1 mm width consisted of samples with lengths ranging from 180-720 µm
and thus a long working distance objective was required to capture light from the shortest
samples). This output light was either imaged onto a CMOS camera using narrow-band
pass filters, using a flip mirror or out-coupled using another 10x objective into a multimode
fiber patch cable connected to an optical spectrum analyzer (OSA, Yokogawa AQ-6315A).
Undesired cladding light could be blocked using an optional iris diaphragm in front of
the final 10x objective when required. The red path shows the LED light path used for
imaging the input end face of the sample for optimum in-coupling. Imaging the end face
of a sample is often required for knowing the orientation of a sample (e.g. in case of
azimuthally asymmetric samples), checking the quality of the end face and simultaneously
in-couple laser light to view both the end face and laser spot falling on the end face. By
using incoherent light from a red LED and a combination of bi-convex lens with two beam
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Figure 5.1: Schematic of the optical transmission setup used for the optical characterization of
the photonic cage samples (bpf.: band pass filter, CMOS: camera, obj.: microscope objective,
LED: light emitting diode). The orange path indicates the source light beam that in-couples
into the sample and is measured using an optical spectrum analyzer. The red path illustrates the
imaging path for viewing the end face of the samples at the input end using a LED source. To
illustrate the principle of the measurement, this schematic includes a photonic cage structure as
an example sample. Note that each sample chip can contain > 100 samples.
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splitters, it is possible to homogeneously illuminate the end face of the sample using the
microscope objective used for in-coupling. Following this, the reflected LED light from
the sample end face is imaged on a monochrome CMOS camera using a bi-convex lens.
Simultaneously, the incoming laser light reflected from the sample end face can be imaged
on the camera for optimized in-coupling.
In the figure, a photonic cage sample is shown as an example whereas, optical fibers can be
characterized as well using suitable fiber mounts. In the case of cage samples, to excite the
cage core mode, the laser light was firstly in-coupled in one of the strands to excite a strand
mode. This coupling was optimized using the mode profile imaged by the CMOS camera
at the output side. Following this the translation stages were used to translate the laser
beam to the core area in the middle of the photonic cage surrounded by the strands. By fine
tuning the x-y translation knobs of the stage, the coupling was optimized until a a hexagonal
shaped core mode was imaged on the CMOS camera and until a maximum transmission
signal was measured by the OSA at a selected off-resonance wavelength. In the absence of
guidance of the mode (for example light launched in empty sections around the cage), the
mode image on the CMOS camera would increase beyond the active pixel sensor area of the
camera owing to diffraction of the laser beam causing the beam diameter to increase by an
order of magnitude larger compared to the lateral cage dimension (as discussed in section
below). Measurements of the output mode profile at UV wavelengths have been conducted
by using a similar transmission setup, except with a Xenon light source (Mikropack HPX2000, spectral range 200 – 2000 nm) and a UV sensitive camera (Coherent LaserCam HR).

5.2

Experimental Results

5.2.1

Variation of Cage Length

A series of experimental measurements were performed for 6 rods containing single ring
photonic cage structures with rod diameters of ~3 µm fabricated for lengths from 180720 µm and pitch from 6-9 µm. Two studies were performed, namely (i) the effect of changing pitch on the transmission characteristics when the structure length and rod diameter is
maintained constant and (ii) the effect of changing cage lengths to measure device loss for
constant pitch and rod diameter values for spectral range from 500-1200 nm (visible and
near IR). Figure 5.2 shows the transmission of the photonic cage with rod diameters of ~3.1
µm and pitch 6 µm for three different lengths also shown in the SEM images top column
of the figure - (A) 180 µm, (C) 540 µm and (D) 720 µm , where the length of the structure
is increased by adding more segments (each segment length ~ 180 µm ) to the starting seg66

ment. The SEM image of cage (B), shows a magnified image of the sample end face of
(A). Fig. 5.2(i) shows the cladding LP0m , LP1m and LP2m supermodes of the photonic cage
structure in air for rod diameters of ~3.1 µm and pitch 6 µm near the cut-off positions (cutoff wavelengths defined where Re(ne f f ) − 1 = 0) of the rod modes. Fig. 5.2(ii) shows the
measured transmission of these samples which was normalized to the transmission of the
setup without any samples and shows a series of pronounced dips with maximal extinctions
of 10 dB and correspond to resonant wavelengths when the leaky core mode is coupled to
the cladding super-modes. This can be further understood by comparing Fig. 5.2(i) and (ii),
where it can be seen that the spectral positions of the measured transmission dips coincide
roughly with the cut-off wavelengths of the LP0m , LP1m and LP2m cladding modes, a key
feature of the anti-resonant waveguides.
The slight mismatch between the spectral positions of the simulated cladding supermodes
and the transmission dips is further discussed in the section (5.3) below. Furthermore, by
analyzing the transmission of identical cages with different lengths at fixed wavelengths is
used for determining the modal attenuation. One example loss distribution is shown in the
inset of Fig. 5.2 (ii) for (another) structure with pitch 7 µm. The figure inset shows the experimentally measured loss compared with the simulated loss for the structure with lengths
(180 µm, 540 µm and 720 µm) and identical pitch (7 µm). From this plot, it can be observed
that that the loss curves in the simulations are slightly red-shifted which may result from
the lack of availability of accurate dispersion of the polymer for the exposure conditions
used in this work or a slightly varying rod diameter/shape than used in the simulations. The
effect of variations in the rod diameter and polymer dispersion on the shifting the allowed
frequency bands for the core mode are discussed in the section (5.3). Nonetheless, it can
be seen that the measured loss is roughly about 10-15 times higher than the simulated loss,
which may be attributed to fabrication induced surface roughness and the impact of the reinforcement elements. In fact, the fabrication induced surface roughness can be considered to
cause the overall transmission drop towards longer wavelengths (note that scattering losses
are not accounted for during the simulations using the multipole method). The modal attenuation here is however dominated by the coupling of the core mode to the linearly polarized
modes of the strands, again a characteristic of anti-resonant waveguides.
The mode field diameter of the photonic cage structure was calculated using the experimentally acquired mode images on the CMOS camera (by calculating the horizontal and vertical
pixels and then calculating pixels per micrometer) and compared with the simulated values
as a function of increasing pitch from 6-10 µm at 710 nm (see sub-section (4.2.4)). The
comparison between the two is shown in Fig.5.3(i) which shows a good match between the
two. It should be noted here that a defined output mode image can only be obtained when
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Figure 5.2: (i) Calculated dispersion of the cladding LP0m , LP1m and LP2m supermodes of
photonic cage with rod diameter = 3.1 µm and pitch = 6 µm. (ii) Measured spectral characteristics of different cage lengths (180 µm, 540 µm and 720 µm) for pitch (6 µm) and rod diameter
(~3.1 µm). Inset: Experimental modal attenuation of a (different) cage with a pitch of 7 µm
compared with the simulated loss for cage of pitch 7 µm for wavelength range 550-750 µm. The
upper row of SEM images show structures with length (A)180 µm, (B) magnified image of the
end face of structure in (A), (C) 540 µm and (D) 720 µm.
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the light is coupled into the core of the cage and this can be seen by comparing the beam
divergence of a Gaussian beam as a function of distance to a guided mode with a mode
field diameter equivalent to the starting free beam waist diameter. The beam divergence of
a laser beam is a measure for how fast the beam expands far from the beam waist at focus
(ω0 ) and causes an increase in beam diameter or radius with distance (z). The beam radius
of a Gaussian beam traveling in air as a function of distance, ω(z) at wavelength λ can be
given as [26],

ω 2 (z) = ω02 [1 + (

λz 2
) ]
πω02

The beam diameter is then given by twice the radius (2 · ω(z)) and has been calculated at
710 nm wavelength as a function is distance traveled in air for a starting example beam
diameter of , 2 · ω0 ∼ 9µm and shown in Fig. 5.3(ii). This is compared to the simulated
mode field diameter of a photonic cage sample (MFD ~ 8.984 μm ) with rod diameter ~
3 μm and pitch ~ 7 μm at 710 nm confirming guidance of the light beyond the Rayleigh
length. The upper row of Fig. 5.3 shows the measured output mode profiles of the longest
photonic cage structures with length 720 µm (corresponding to the SEM image of cage in
Fig. 5.2(D)) using narrow band-pass filters at different wavelengths. A fundamental mode
with a six-fold symmetry resembling the geometry of the cage is guided in the core for
ultraviolet, visible and near infrared wavelengths by the cage samples.

5.2.2

Variation of Cage Pitch

The influence of the pitch has been studied by measuring the transmission of photonic
cages of identical lengths but with different inter-strand distances for two slightly varying
rod diameters, 3 µm (Fig.5.4(i)) and 3.2 µm (Fig.5.4(ii)). More pronounced dips and an
overall lower transmission are observed for smaller pitches, revealing a stronger modestrand interaction and an increasing influence of fabrication inaccuracies towards smaller
values of pitch. To quantify this, the transmission amplitude was exponentially fitted at two
selected wavelengths shown in the inset for each of the two plots, (938 nm for Fig.5.4(i)
and 1064 nm for Fig.5.4(ii)) showing that increasing Λ by one micrometer leads to increase
in transmission by a few dB. From the spectroscopic perspective, the cage with Λ = 9 µm
is interesting, since it yields a relatively flat transmission over large ranges of visible and
near infrared spectral domains (transmissions variation < 3 dB for 500 nm < λ < 1 µm).
Particularly interesting is the double-dip feature encountered for small pitch structures in
both the cases (shown by dashed circles) at around 1.06 µm for case (i) and 920 nm for case
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Figure 5.3: (i) Comparison of the simulated mode field diameter of photonic cage sample (rod
diameter ~ 3.1 μm) with measured values for experimentally fabricated samples with similar
dimensions as a function of pitch at 710 nm wavelength. (ii) Plot showing the calculated beam
divergence of a Gaussian beam with starting beam diameter of ~ 9 μm as a function of distance
traveled in air at 710 nm. For comparison, the mode field diameter of photonic cage (rod diameter ~ 3 μm, pitch ~ 7 μm ) is plotted which does not diffract. The upper row of images show
spatial distributions of the measured output mode at few selected wavelengths (wavelengths (in
nm) are indicated in the respective image) where the six fold symmetry of the guided mode is
observable.
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Figure 5.4: Normalized transmission of four photonic cages of different pitches (9 µm, 8 µm,
7 µm and 6 µm) and identical length (540 µm) for two strand diameter of (i) strand diameter ≈
3 µm and (ii) strand diameter ≈ 3.2 µm. Inset: Normalized transmission as function of pitch
at selected wavelengths: 938 µm for case (i) and 1064 nm for case (ii) where dots represent the
measured data and solid lines the fit. The dashed circles show lifting of the degeneracy of the
LP0m modes and mode splitting of the degenerate HE1m modes.

(ii). The LP0m order modes in the weakly guiding approximation can be considered as a
superposition of the degenerate hybrid (HE1m ) order modes. The lifting of the degeneracy
of the LP0m order modes causes a splitting of the 2 degenerate hybrid modes which causes
the double-peak feature in the measured transmission of the cage samples.

5.3

Comparison on Simulations and Experiment

The key feature of the photonic cage is the anti-resonance of the core mode with the
cladding supermodes i.e the spectral positions of the transmission dips should roughly coincide with the dispersions of the various LP order supermodes formed by the strands.
However, from the inset in Fig. 5.2 (ii) where the simulated loss results are compared with
the experimental measurements, a slight mismatch between the spectral positions of the
allowed core mode transmission wavelengths is visible. This mismatch can be attributed to
possible slight deviation of the rod diameter in experiments than that used in simulations
or due to a different dispersion of the polymer than the one used for simulations. Since a
large number of cage samples have been used for the experiments, SEM imaging has not
been carried out for all the samples which makes it difficult to precisely the dimensions
of each sample. Moreover the dispersion of polymer (given in Chapter 3) has been taken
from Literature values [76] which can slightly vary than the current structures exposed with
different laser writing parameters than reported by the authors. In order to investigate the
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effect of deviations in the rod diameter, say by example ±50 nm on the core mode transmission, a series of simulations were performed to calculate, (i) the spectral modal cut-offs of
LP06 and LP15 modes of individual polymer rods by varying the rod diameter by from 2.90
μm to 3.10 μm in steps of 50 nm and (ii) the spectral shifting of the band-gaps where core
mode formation can occur between the LP06 and LP15 like cladding bands for fixed pitch
of 8 μm. The results of these simulations are shown in Fig. 5.5 (i) and (ii) respectively.
From these simulations, it can be seen that a change in the rod diameter by ±50 nm has
the consequence of the shifting the cut-off wavelength of the modes by ±11 nm and below
the cut-off, shifting the spectral band-gaps by ±11 nm although the spectral widths of these
gaps (shown by the horizontal arrows in Fig. 5.5 (ii)) remain constant. Similarly, the effect
of deviations in the polymer dispersion has been taken into account by plotting the cladding
bands by using three different slightly varying polymer dispersions shown in Fig. 5.5(iii)
for same rod diameters and pitch values. The polymer dispersion was changed by varying
the values of coefficient of A in the Cauchy’s Eq.3.1 by 3 × 10−2 . The corresponding
consequence of shifting of the spectral positions of the bands is shown in Fig. 5.5 (iv).
It is important to note that all fabricated cages show their transmission dips at identical
wavelengths which arises from a result of similar strand mode dispersions meaning that all
strands on the same chip having identical dimensions. Thus, the fabricated structures show
good fabrication reproducibility of the fabricated cages.

5.4
5.4.1

The Potential as Sensor
Optofluidic Sensing Platform

As outlined in the introductory chapter, the key advantage of the photonic cage is it’s potential for applications in sensing where the sensing medium has a low permittivity such
as liquids and gases. The photonic cage structure offers the unique ability to simultaneously guide light and fluids in the same microchannel, thus serving as an apt optofluidic
platform for quantitative spectroscopic analysis where high sensitivity can be achieved by
exploiting the direct interaction of the entire optical waveguide mode with the fluid samples. Earlier, it was pointed that in order to achieve out of plane bandgaps, any ratio of the
two dielectric medium permittivity should work to achieve light confinement in the transverse direction. This would mean that immersing the photonic cage structures in a liquid
medium, for instance in water or glycerol (providing index difference ~ 0.2 - 0.3 in visible spectral ranges) should also in principle allow propagation of optical modes in a liquid
core. This can in fact be seen by mapping the approximate band structure of the photonic
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Figure 5.5: (i) Figure showing the spectral shifting of the cut-off positions of single rod LP06
and LP15 order modes as a consequence of varying the rod diameter from 2.90 μm to 3.10
μm in steps of 50 nm. The different colors of the curve correspond to diameter values shown
above the figure and (ii) effect of the diameter increase on the spectral shifting of the LP06 and
LP15 order cladding supermodes below the cut-off where the double arrow shows the spectral
width available for the core mode transmission. (iii) Cut-off positions of the of the single
polymer rod LP06 and LP15 order modes and (iv) spectral shifting of the cladding LP06 and
LP15 order supermodes below the cut-off as a function of varying polymer dispersion. To vary
the dispersion, the values of coefficient of A in the Cauchy’s Eq.3.1 were by ±3 × 10−2 .

73

m=0
m=1

m=0

m=0
m=1
m=2

m=1
m=2

m=2

Figure 5.6: Approximate band structure for photonic cage structure with constant rod diameter
of 3 µm and changing pitch Λ, 8 µm in different background medium, (i) air, (ii) water and (iii)
glycerol. Plotted here is the difference of the effective cladding supermode and air index as a
function of wavelength (m refer to the different orders of mode ). The red line corresponds to
the cut-off line (equivalent to the cladding index).

cage for the case when the polymers rods are immersed in background medium of water
and glycerol and presented in Fig.5.6. For the cladding band calculations, a rod diameter of
3 μm with pitch 8 μm immersed in a background of water (dispersion from [89]) and glycerol (dispersion from [90]) were taken and the states calculated for example range between
600 nm - 800 nm. A straightforward approach for applications in sensing can be based on
refractive index change for label free detection of biomolecules and demonstrated for example by Campopiano et al. [91] who proposed the first integrated optical bulk refractometer
based on multimode liquid ARROW. Additionally, they can be envisioned for applications
as micro-sensors based on absorption spectroscopic techniques. For instance, an integrated
15 mm long path absorbance cell made from hollow core waveguides has been demonstrated for colorimetric detection of bovine serum albumin in water solution, showing a
limit of detection of about 1 g/mL with a mere sample volume of 0.34 nL [92]. By building
additional containment structures around the cage structure, fluids can be trapped to realize
integrated absorbance based sensor cells or alternatively the cage can be fabricated between
the end faces of optical fibers to realize fiber probe sensors that can be dipped in fluids.

5.4.2

Transient Gas Diffusion

An outstanding feature of the photonic cage is the accessibility to the core section through
the side-wise open spaces between the strands which presents an ideal opportunity for rapid
introduction of gases in the core section for real-time spectroscopic applications. On the
other hand, a major drawback of using hollow core PCFs or ARROW waveguides is that
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they allow diffusion of gaseous species only from the waveguide open ends resulting in a
limited response time for applications as gas sensors due to the long times required for gases
to diffuse. Another application requiring high gas diffusion rates is atomic spectroscopy
that involves probing the energy states of atoms by optical beams, especially in the case of
alkali vapor and particularly promising for observation of hyperfine-split absorption spectra
(such as Rubidium and Cesium vapours whose hyperfine splitting absorption states lie in
the 770-900 nm spectral range [93, 94]). A major effort in this field is concentrated towards
increasing the gas diffusion rate towards areas of confined optical fields because diffusionlimited transport of atoms through micron-scale channels in ARROW waveguides and HCPBGFs can be quite slow [23]. Moreover, fast gas vapour-light interaction allows faster
measurement times and reduces the possibility of contamination or undesirable interactions
and loss of atoms in the transportation paths. Therefore, the current concept of photonic
cage is extremely interesting for atomic spectroscopy applications, when the rods of the
cage be coated with a material (e.g. TiO2 , preliminary experiments at the time of writing
this thesis showed that the cage can be coated with 200 nm layer of TiO2 and further work
ongoing) that can withstand attack from the atomic vapour. In the following example, an
analytical model will be used to compare the gas diffusion rates (taking acetylene gas as
example) in a photonic cage to the one-dimensional flow of gases from the ends in a fiber
channel.
Consider for instance, diffusion of acetylene gas into the holes of a PCF (with both ends
open) which is initially filled with air. The acetylene gas diffuses into the PCF from one of
it’s ends and thus replaces the air. This sudden change starts a transient mass transportation
between air and acetylene such that the air will diffuse out from the two ends of the PCF
column, and the acetylene will diffuse into the column. An important parameter in question
here is the Knudsen number K n which describes the influence of capillary wall on gas diffusion inside a capillary and is given by the ratio of the mean free path of the gas molecules m
and the diameter of the capillary d [95]. Considering the diffusion of acetylene (m = 0.334
nm [96] into a capillary with micrometer-size hole, K n is significantly smaller than unity
(for acetylene K n <0.001), so that the diffusion process is described by Poiseuille flow (i.e.,
hydrodynamic flow), which states that the probability of a molecule to interact with another
molecule is much higher than its probability to interact with the wall. Therefore, for the
current study, only the diffusive flux is considered and the effect of wall collisions ignored.
At time t, the relative spatial concentration distribution of acetylene concentration along the
length (l) of the air hole columns may be written as,
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Figure 5.7: Dependence of the diffusion speed-up figure-of-merit fFoM on capillary length
comparing the diffusion of acetylene into a capillary and a photonic cage (both initially filled
with air, target concentration ratio Ks = 99%). The red line corresponds to the full numerical
solution , the dashed blue line to the approximation given in Eq. 5.4. The inset shows the
definition of the diffusion fill-up time ts to reach the target concentration ratio Ks .
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where D is the binary diffusion coefficient of acetylene in air in the continuum state (~
0.17774 cm2 /s) along the longitudinal coordinate z of the capillary and a constant acetylene gas concentration outside the capillary is considered at all times. The average relative
concentration inside the capillary is obtained by integrating the above equation along the
capillary length, leading to,
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For the situation of the photonic cage when the length, l≤ 1mm, the result is that the firstorder term (j = 1) dominates the infinite sum of Eq. 5.2 for sufficiently long times. This
leads to an analytic expression for ΔC(t) and by defining a relative target concentration
Ctarget , this expression for the fill-up time can be given as,
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and shows a parabolic dependence on capillary length. Now, consider the transverse diffusion of acetylene into the cage along one traverse axis as a simplest case scenario. Since
the dimensions of the openings considered here are of the orders of a few micrometers, the
diffusion process is within the hydrodynamic flow (Poiseuille) regime (Knudsen number <
0.01). This means that the diffusion process only depends on the distance between the open
ends and is independent of the radius of the openings. Therefore, the diffusion into the cage
can be approximated by the diffusion into a capillary of length equal to the lateral extension
of the cage. Given the parabolic dependence of fill-up time on capillary length and considering Ctarget = 0.99 and l ≤ 1mm, a figure-of-merit parameter f FoM can be obtained which
reflects the improvement in fill-up time, i.e., the diffusion speed-up, provided by the lateral
open environment of the cage:


fFoM =

lcap
lcage

2
(5.4)

The parabolic dependence of f FoM on capillary length reveals that the key benefit of the
photonic cage comes from the large aspect ratio of the structure. As an example, given
lcage = 10 µm (Fig. 5.7), the diffusion of acetylene into the photonic cage is about 104
times faster compared to a capillary of length of 1 mm. The derived FoM-parameter (blue
dashed line in Fig. 5.7) perfectly matches corresponding results obtained from numerically
analyzing the diffusion process by simulating the longitudinal concentration distributions.
As a consequence, the FoM parameter is independent of the gases used (as gas-gas diffusion coefficients are mostly of the order of (0.1 - 0.5) cm2 /s), revealing that the photonic
cage concept can be applied to any molecular gas spectroscopic application that requires
fast data acquisition. A few examples of gases that could be detected using the current
photonic cage samples include, nitrogen dioxide NO2 (absorption wavelength ~ 0.3 µm0.6 µm [97, 98]), ozone O3 ( absorption wavelength ~ 0.45 µm-0.75 µm [98]), dense alkali
vapours (e.g. absorption bands of Li2 , K2 and Na2 that lie in the visible range [99]) and
even monitor atmospheric aerosols [100]. Consequently, there are numerous potential applications for hollow-core photonic cage based atomic and molecular spectroscopy such as
gas-phase sensing, precision spectroscopy [101], atomic clocks [102], nonlinear frequency
generation [103], low-level all-optical switching [104], slow light [105, 106] and quantum
communications [107, 108].
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Chapter 6
Hybrid Silica-Metaphosphate Fibers
In the beginning of the photonic cage project, different fabrication routes were simultaneously explored where one of the routes employed selective etching of silica based hybrid
fibers in HF acid [65, 109]. Therefore, non-toxic metaphosphate glasses showing transmission in visible and near IR were considered for integration into silica fibers and fabricating
the suspended photonic structures using a selective etching approach. Moreover, the composition of metaphosphates can be controlled to make them resistant to HF acid etching.
However, research and development of metaphosphate glasses for photonic applications is
still in it’s nascent stage and their integration into silica capillaries an uncharted territory.
Therefore, this work investigates two fundamental questions, (a) how can metaphosphate
glasses be integrated into silica fibers and (b) how do the material and optical properties of
an integrated micron-sized metaphosphate wire differ from it’s bulk counterpart? Unfortunately, the approach of using metaphosphate hybrid fibers to fabricate the cage structures
was not followed since direct laser writing approach proved to be simpler and effective in
producing the cage structures out of polymer. Moreover, research work on hybrid fibers is
not only relevant for the fabrication of cage structures but also interesting from the point of
view of other fiber-optics applications.

6.1

Hybrid Silica based Optical Fibers

Microstructured fibers have hollow channels along their longitudinal extent that can be
filled with different materials [110]. This offers the possibility to combine different materials in a fiber geometry, commonly referred as hybrid fibers that have found a large number
of promising applications in the field of photonics [110]. One candidate for hybrid fibers
include soft glasses which have a softening temperature, typically much below silica and
generally contain multiple glass constituents. For photonic applications, relevant exam78

Figure 6.1: An overview of the transmission windows of different soft glass (tellurite, fluorides
(ZBLAN: ZrF4 -BaF2 -LaF3 -AlF3 -NaF), chalcogenides (chl) and metaphosphates) and selected
semiconductor families (silicon, germanium and zinc selenide) from visible upto IR wavelength
range. The transmission range of silica is given for comparison. The yellow highlighted region
shows the visible range.

ples include different soft glass classes such as those containing heavy oxides, tellurites
(TeO2 based glasses), fluorides and chalcogenides (glasses where at least one component
is chalcogenide- Se, S or Te). An interesting technique to integrate soft glasses into silica
is based on filling of materials into silica and also called pressure assisted melt filling technique (PAMF) where the material to be filled is liquefied via melting and pressed into the
holes of an empty microstructured fiber matrix [111].
The transmission windows of selected soft glasses and semiconductors popular for formation of hybrid fibers is shown in Fig. 6.1. Three classes of soft glasses that show
transmission in the visible include tellurites, fluorides and metaphosphates. While tellurites can show elevated losses for wavelengths below 700 nm [112], fabrication of low loss
fluoride glasses requires high purity starting precursors with impurities below 1 ppb and
absolute absence of water contaminants. Moreover, to prevent crystallization, they must
be excessively cooled at rates of 0.1K/s and annealed post synthesis. Figure 6.1 shows the
typical transmission window of fluorides (mostly ZrF4 and AlF3 based). For the fabrication of the photonic cage structure, non-toxic glasses showing transmission in visible and
near-IR were considered along with the requirement of a high resistance against HF etching, which is why metaphosphate glasses were identified as potential soft-glasses for the
hybrid fiber fabrication. A remarkable advantage of using metaphospahte glasses is their
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Figure 6.2: Overview of some of the reported photonics applications of metaphosphate (MP)
glasses in literature along with example glass compositions [117, 118, 119, 120, 121, 122, 123].

bio-compatibility [113, 114] while other soft glasses such as tellurites and fluorides (which
are also transparent in visible) tend to be toxic. In addition, metaphosphates are excellent
network forming glass structures and can be easily mixed with alkali, alkaline earth and
transition metal oxides for improved stability or for tuning their properties such as ionic
conductivity and dielectric functions [115, 116]. In the next section, a brief overview of the
state-of-art of metaphosphate glasses applications in photonics is given.

6.2

Metaphosphate Glasses for Photonics

Metaphosphate glasses are a class of phosphate glasses that contain a 50:50 ratio of phosphate and added metal oxides (represented as 50RO-50P2 O5 where R = metal). They offer
transparency in the visible and near IR regions with refractive indices typically in the range
of 1.5-1.6 ( at 587 nm) [124]. Over the past few years, they have been increasingly studied
for applications in photonics due to (a) their low glass transition temperature which offers
ease in glass processing, (b) high affinity for addition of different dopants to increase functionality, (c) transparency in visible, near IR and even UV (for some glass members) and (d)
environmental friendliness. Fig.6.2 outlines some of these applications with corresponding
examples of the glass type.
In this work, silver metaphosphate glass is investigated as an example glass for fabrication
of metaphosphate-silica hybrid fibres due it’s low glass transition temperature (T g ~192°C)
[122]. Moreover, the glass system is also an interesting material candidate for realization
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of the suspended photonic cage structures since the exposed cage rods are non-toxic and
doping AgPO3 with small controlled concentrations of aluminium metaphosphate can increase it’s resistance towards etching with hydrofluoric acid at the cost of increasing it’s
glass transition temperature (which though can be maintained below 1200°C). It is comprised of corner-linked PO4 tetraheda covalently connected via bridging oxygens while
the Ag+ ions are located between the phosphate chains, anchoring the surrounding nonbridging oxygens via mostly ionic bonds (structure shown in Fig. 6.3(inset)). In addition,
it is a well-known glass electrolyte system with an ionic conductivity of about 10-7 S/cm
which is explained by a hopping behavior of Ag+ ions between the non-bridging oxygen
atoms within its network [125]. This ionic conductivity can further be enhanced by adding
dopants such as various monovalent metal iodides (MI where M= Li, Na, K, Rb, Cs and
Tl) forming (MI)0.2 -(AgPO3 )0.8 glass systems or trivalent iodides such as boron iodide to
form BiI3 -AgPO3 glasses, providing opportunities to design all fiber electro-optical devices
[125]. The enhanced Ag+ cation mobility in AgPO3 together with its photosensitive nature
can be exploited to produce silver (Ag) nanoparticles upon UV irradiation in its dielectric
matrix [126] opening windows for plasmonic applications. Furthermore, AgPO3 infiltrated
silica (SiO2 ) photonic crystal fibers (PCFs) can also be thermally poled using poling voltages of 800 V at 150°C resulting in the generation of ~90 nm large Ag nanoparticles [127].
Therefore, the current work is focused on integration of AgPO3 into silica fibers using the
PAMF procedure and study it’s optical properties.

6.3

Experimental Details

Bulk Glass
The bulk AgPO3 glass samples for experiments were kindly provided by the Otto Schott Institute of Glass Chemistry in Jena. In the first fabrication step, batches of reagent grade silver nitrate and dibasic ammonium phosphate were thoroughly mixed and melted at 500°C
for 2 hours in Pyrex containers. Following this, bulk glass samples were prepared via
quenching the melt and further annealing at 180°C for 30 minutes to relax internal stresses.
Lastly, they were polished to obtain 2 mm thick glass disks. From the melt, cylindrical
wires having diameters of tens of micrometers were obtained by a fast pulling of the glass
from the melt. From these wires, pieces that had diameters between 50-70 μm and lengths
between 1-5 mm were cut out and consequently used for fabrication of hybrid optical fibers.
Bulk samples look slightly pale yellow when held against sunlight and are highly susceptible to moisture absorption. Therefore, the bulk glass samples with a 2 mm thickness were
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(ii)
oxygen

phosphorous

Figure 6.3: (i) refractive index of silver metaphosphate glass as a function of wavelength in
visible and NIR range. The inset shows a schematic of the AgPO3 network and (ii) the attenuation coefficient of bulk glass measured as a function of wavelength in the visible and inset
showing the same in the NIR wavelength range.

used immediately for optical measurements. Their refractive index dispersion between 500
to 900 nm was measured using a variable-angle spectroscopic ellipsometer (SE850 SENTECH) at two angles of incidence (55° and 65°) at room temperature. The ellipsometric
data shows that bulk AgPO3 glass has refractive index values between 1.68 and 1.69 in the
visible (Fig.6.3 (i)), which results from the electronic band gap absorption below 400 nm
(Fig.6.3 (ii)). The resulting data was fitted with a one-term Sellmeier function, which is in
accordance with literature [124] and given as,
n2 = 1 +

Auv · λ 2
2
λ 2 − λuv

(6.1)

In the above equation, the Sellmeier coefficient is denoted by AUV and the effective resonance absorption wavelength in UV region by λUV . For the AgPO3 composition analyzed
here, AUV is 1.805 and λUV is 71.83 nm. The bulk 2 mm disks were also used for experimentally measuring the spectral distribution of the optical extinction of AgPO3 using a
UV-VIS spectrometer (Lambda 950 Perkin Elmer). Fig.6.3(ii) shows this measured bulk
attenuation coefficient in the visible and near-IR spectral range (inset) after taking the Fresnel reflections into account. The sample shows an absorption edge at 450 nm which is a
characteristic for silver glasses [128] and is transparent up to 1.5 μm. Beyond 1.5 μm, the
absorption increases which is presumably due to traces of water (OH) impurities in the glass
[129, 130].
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(b) AgPO3/SiO2 SIF
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Ge-doped
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Λ = 4 μm

0.85 μm

1.2 μm
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AgPO3

(iii)

(ii)
1) insert AgPO3 glass rod in large capillary

capillary (Φ~80 μm)

AgPO3

2) splice with target capillary with an inflated mouth

(iv)

3) transfer to furnace and heat to ~700°C

AgPO3
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4) applied pressure pushes molten glass
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Figure 6.4: (i) (a) SEM image of an empty MGIF fiber end-face showing the core and hole
dimensions along with the pitch. The fiber was etched for a minute in 5% HF to expose the
core that etches faster than SiO2 , (b) schematic of the AgPO3 filled SiO2 capillary acting as
step index fiber, (c) schematic of the dual core SiO2 cladding fiber with AgPO3 filled MGIF
hole. (ii) Overview of process steps involved in fabricating the AgPO3 filled MGIF. (iii) Plot
showing the pressure required to fill 10 cm of a capillary with AgPO3 at 700°C in one hour for
varying hole diameters and (iv) SEM image of the AgPO3 filled SiO2 capillary. Note that the
discontinuity at core-cladding interface is a result of the fiber cleaving process.

Integration into Fibers
Using the bulk AgPO3 wires, two different types of AgPO3 -silica fibers were realized :
1. A 200 µm cladding diameter silica capillary with a hollow diameter of 2.4 µm was
infilterated with AgPO3 glass and shown schematically in part (b) of Fig.6.4 (i). Since
AgPO3 glass has a higher refractive index than the SiO2 cladding (Δn = nAgPO3 - nSiO2
~ 0.22 at 600 nm ) a step index fiber was realized, labeled henceforth as AgPO3 -SIF.
The optical loss of the AgPO3 -SIF was experimentally characterized using the cutback method.
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2. A modified graded index fiber (MGIF) with a silica cladding containing a central
graded index GeO2 -doped core (diameter 1.9 µm, peak doping level 11 mol%) and a
parallel hollow channel (diameter: 2.28 µm), separated by a defined lateral distance
(center-to-center distance: 3.9 µm) (Fig. 6.4 (i), part (a)) was used where the hollow
channel was filled with AgPO3 . This formed a two core optical fiber mode coupler
with a GeO2 doped SiO2 core and AgPO3 core next to it such that at selected resonance wavelengths, light couples from former to latter (Fig. 6.4 (i), part (c)) . The
origin of these coupling resonances in the fiber was investigated further by comparing
the experimental results with simulations.
The soft glass AgPO3 was integrated into silica using the pressure assisted melt infiltration
technique where the filling dynamics are described using the Lucas-Washburn law [131].
The samples were prepared in the following steps (illustrated in Fig.6.4 (ii)):
1. Firstly, cylindrical AgPO3 pieces (diameters ranging between 50-60 µm) are inserted
manually into an auxiliary large-hole capillary (diameter ~80 µm) and the fiber is
cleaved again to have a flat and neat end face.
2. A second capillary that is the target capillary (or the empty hole MGIF) is collapsed
at one end. This is then inflated using 5 bar pressure and applications of small arc
powers. The inflated end is then cleaved to have a flat end face and spliced with the
auxiliary capillary. The inflated mouth ensures that the end of the capillary being
spliced does not collapse during splicing and acts as a conversion funnel for smooth
filling from the large 80 µm core into the 2 µm core.
3. In the third step, the spliced capillary system is transferred to a furnace with the
auxillary capillary on top and attached at the top end with pressure inlet. The temperature of the furnace is raised to 700°C where the dynamic viscosity of the AgPO3 is
estimated be about 0.097 Pa.s [132].
4. Once the furnace temperature reached values of 700°C, 50 bars of pressure was applied for 30 minutes. Since AgPO3 glass wets silica (contact angle < 90°), no critical
pressure has to be overcome to initiate the filling process [133] and the capillary
forces are negligible since pressures above 4 bars are applied in all the experiments.
It is important to note that this estimation is based on the surface tension of 0.250 N/m
of similar glass, Ba(PO3 )2 [134], since the value for AgPO3 is unknown. Using this
method fiber lengths up to few tens of centimeters have been filled and Fig. 6.4 (iii)
shows the pressure required to fill 10 cm of a capillary with AgPO3 at 700°C in one
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hour for varying diameters. Fig.6.4 (iv) shows the SEM image of a filled SIF sample. The discontinuity at the core-clad interface arises presumably due to the cleaving
process.
An important post-fabrication characterization tool to investigate the structural aspects of
the integrated glass is Raman microscopy (using Renishaw Raman microscope with an Argon laser source with excitation wavelength 488 nm). The Raman spectra of pure SiO2 (red),
AgPO3 -SIF (blue) and bulk AgPO3 (olive green) is compared in Fig.6.5. The two key Raman signals in bulk AgPO3 and in the AgPO3 -SIF are associated with symmetrical stretching vibrations of terminal PO2- group (at 1140 cm-1 ) and with symmetric stretching vibrations of phosphate backbone O-P-O units (at 675 cm-1 ), indicating the presence of phosphate groups [122]]. All features observed in the spectrum of bulk SiO2 are also found in
that of the AgPO3 -SIF sample, for example signals at 800 cm-1 and 605 cm-1 which arise
from Si-O-Si bending and SiO2 defects respectively [135], since the incoming laser light
propagates through the 100 µm thick silica cladding until reaching the AgPO3 -strand, thus
producing residual SiO2 Raman signal. Since no signals were observed that support the
presence of either Si-O-P bonds or to crystalline silver metaphosphate, it reinforces the fact
that during the PAMF, the two glasses do not undergo chemical reaction with one another.
Another issue that may arise during the PAMF process at high filling temperatures is the
diffusion of the hydroxly group impurities from core into the silica network that can lead to
higher losses [129]. Here it should be noted that the diffusion coefficient of hydroxyl (OH)
groups in silica glass shows a dependence on the reciprocal temperature [136]. For the filling experiments performed at 700°C, the diffusion coefficient of OH in silica is small ~3.14
× 10-4 µm2 /s and corresponds to diffusion lengths of about 1.063 µm in silica cladding for a
maximum hour of filling and thus these effects can be ignored.

6.4

Optical Results

6.4.1

Step Index Fibers

The motivation for realizing the simple AgPO3 -SIF system was to experimentally measure
the optical attenuation of the soft glass- silica hybrid fiber using the cut-back method. This
is because for waveguiding applications, integration of glasses having different chemical
and structural properties into silica as host material can impose additional optical attenuation compared to the bulk glass material [137]. The higher attenuation can arise as a result
of various effects mainly governed by waveguide imperfections, e.g., Rayleigh scattering
owing to refractive index fluctuations that may result from chemical reactions at the mate85

Figure 6.5: Comparison of the Raman spectra of pure SiO2 glass (red), bulk AgPO3 glass (dark
green) and of the filled AgPO3 strand (blue) measured using Raman excitation wavelength of
488 nm.

rial boundaries or scattering due to cracks, bubbles or inter-facial in-homogeneity arising
from the fabrication process. The optical characterization of the fibers was performed using
a broadband light source (NKT superK broadband supercontinuum laser source (450 nm2.4 µm)) based transmission setup (see Fig.5.1).
The first optical characterization step involved measuring the modal attenuation of the fundamental mode of AgPO3 -SIFs (Figs. 6.6(a) and 6.6(b) for the visible and NIR respectively)
and comparing it to the bulk absorption of AgPO3 . In the visible regime, the attenuation
is measured to be only about 7% higher than of the bulk glass (Fig. 6.6(a)). The inset
in Fig. 6.6 (a) shows the core mode of the AgPO3 -SIF at 600 nm wavelength, measured
using a bandpass filter. It is noteworthy that difference in the attenuation of the waveguide
and the bulk increases towards higher wavelengths. One of the factors, for this origin of
higher modal attenuation in fiber waveguide than bulk sample can be attributed to water
contamination during the PAMF fabrication process of the fibers that involves an additional
cycle of reheating and cooling the glass with exposure to environment [122, 130]. Other
sources of higher additional losses can be interface roughness, which results from the mismatch of the thermal expansion coefficients between typical metaphosphate glasses and
silica (αmetaphosphate = 4·10-5 K-1 [134] and αsilica = 0.5·10-6 K-1 [138]).
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Figure 6.6: Modal attenuation of the fundamental core mode of the metaphosphate-silica step
index fiber (diameter of the metaphosphate strand: 2 µm) compared to the extinction of bulk
AgPO3 glass in (a) the visible and (b) the near infrared spectral domain. The inset in (a) shows
the output mode of a 7 cm long sample at a wavelength of 650 nm. Top row shows a schematic
of the setup that was used for the measurement (pol.: polarizer, hwp.: half wave plate, obj.:
objectives and 20x and 10x are objectives used for coupling where the numbers correspond to
their magnification, CMOS: camera, OSA: optical spectrum analyzer)

6.4.2

Dual Core Mode Coupler

Simulations
As described above, the modified graded index fiber consists of two cores, (a) a germanium
oxide doped core with a graded index profile and (b) a 2.4 µm large AgPO3 infilterated core
that acts as a step index core at a distance of 4 µm from the Ge-doped core, offering a large
core-clad index difference (see Fig. 6.7). While the AgPO3 core can support more than
24 modes throughout the visible part of the spectrum, the Ge-doped core has an effective
diameter of 1.9 µm and a peak doping level of only 11 mol%, leading to a refractive index
contrast of 0.0014 and thus a single mode operation in the visible range. The operation of
the dual core modified graded index fiber as a mode coupler can be understood by analyzing
the dispersion characteristics of the two cores independently as shown in Fig. 6.7. For a
mode coupler to operate i.e. for power transfer to occur from one core to another at selected
wavelengths, it is vital from the coupled mode theory that the modes supported by the two
cores are phase matched to one another at these wavelengths. To find these resonance positions in the dispersion map, the dispersion of the fundamental HE11 mode supported by the
Ge-doped core /SiO2 clad fiber is computed sing a commercial finite element solver (COMSOL), whereas the higher order AgPO3 -modes are analyzed by solving the transcendental
dispersion equation of a cylindrical step index fiber with SiO2 as cladding [25]. All simulations make use of the measured bulk material dispersion of AgPO3 (Fig. 6.3(i)) and the
index of doped and undoped silica from literature [139]. Fig. 6.8 (i) shows the fundamental
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Figure 6.7: Schematic showing the principle behind the analysis of the resonance positions of
energy transfer between the two cores in the dual core fiber (MGIF) by calculating the dispersion characteristics of the two core fibers independently. Shown below are the refractive index
difference (ncore -nSiO2 ) plotted as a function of radial position along the fiber. The GeO2 core
fiber has a gradient index distribution, a result of the fiber drawing process while the AgPO3
core is assumed to have a step index profile.

HE11 mode of the Ge-doped core crossing the higher order steep mode dispersions of the
AgPO3 core and these crossing points define the resonance positions for phase matching to
occur. The dispersion of the various higher-order AgPO3 -modes are not evenly distributed
but are rather clustered in groups [25], and thus we observe multiple resonances within narrow spectral intervals. The spatial distributions of the Poynting vector of the AgPO3 -MGIF
structures at resonance have been calculated using COMSOL including the exact geometry
obtained from SEM.
Experiments
The next step in the optical analysis was the experimental characterization of the AgPO3 MGIF structures for which the transmission setup configuration described in sub-section
6.4.1 was utilized and samples had a total length of about 5 cm with the AgPO3 filled section being 2 cm long. The unfilled section in the beginning part of the sample had two
functions: (i) it ensured the largest possible modal overlap of the modes in the filled and
unfilled sections, i.e. optimal in-coupling conditions, and (ii) it naturally avoids optically
induced damage of the AgPO3 end face. The measurements were performed taking into
account the birefringence of the AgPO3 -MGIF (x-pol.: electric field parallel to the symmetry axis of the MGIF; y-pol.: perpendicular polarization state (inset in ii)) and the data was
normalized with respect to an unfilled MGIF. In the OSA measurements, an out-coupling
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Figure 6.8: Results of (i) simulations of the dispersion of fundamental core mode of the Gedoped core together with the higher order modes of the AgPO3 strand, crossing each other
at the resonance wavelengths. For clarity, the difference of the effective index of the calculated mode and refractive index of silica are plotted, (ii) experimentally measured transmission
spectra from the GeO2 doped core showing transmission dips at resonance wavelengths when
light is coupled into adjoining higher order mode of AgPO3 strand for two polarization states
marked schematically. Top: experimentally measured saturated mode images of the sample at
different wavelengths using band-pass filters. Right: Simulated saturated poynting vector field
distributions for three selected wavelengths.
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objective with relatively small numerical aperture (NA = 0.4) was used to detect light from
the GeO2 -doped core while the AgPO3 strand modes having high numerical apertures were
not captured.
Fig. 6.8 (ii) shows the transmission spectra of the AgPO3 -MGIF in which a series of sharp
transmission dips are observed in both polarization states with dip center wavelengths
at about 475 nm, 530 nm, 612 nm and 720 nm. These dips are associated with a phasematching of higher-order AgPO3 core modes with the fundamental mode of the GeO2
doped core. The maximum resonance extinction is about 25 dB with a Full Width Half
Maximum (FWHM) bandwidth of only 3 nm for the resonance at 720 nm. The observed reduction of the dip extinction towards shorter wavelength results from a decreasing overlap
of the evanescent fields of the two involved modes and thus a reducing coupling constant.
Comparing Fig.6.8(i) where the effective index distributions of all involved modes (plotted
as the relative effective mode index (neff - nsilica )) with the measured transmission spectra
in Fig. 6.8 (ii), it can be observed that exactly at the positions of crossing, the transmission
minima are observed. At the transmission dips, a maximum amount of energy is within one
defined mode of the AgPO3 -strand, and thus the AgPO3 -MGIF structure allows a gentle
transfer of electromagnetic energy into the AgPO3 glass via mode coupling. In the vicinity
of the two long-wavelength resonances, the output light emitted from the two cores was
spectrally filtered using narrow band-pass filters (spectral bandwidth 3 nm) and projected
onto the CMOS camera and shown on top of Fig. 6.8 for the x polarization state. The
near-field images clearly confirm the coupling between the mode in the GeO2 -core and
the higher-order modes in the AgPO3 -strand (right handed images in Fig. 6.8). Corresponding simulations of the axial Poynting vector distributions (in logarithmic scale) for
x-polarization for three selected wavelength at 600, 606 and 700 nm are shown which are
identical mode patterns to the experimentally observed modes at these wavelengths. Since
the simulations are performed with the bulk refractive index of the AgPO3 , an excellent
agreement between the simulations and experiments confirms that the refractive index of
the filled glass is same as it’s bulk form.

6.5

Relevance to Photonic Cage Fabrication

The potential of hybrid fibers for realizing the photonic cage structures was briefly discussed in Chapter 3 and in this chapter, metaphosphate glasses were identified as exceptional soft glass candidates for forming the photonic cage rods, owing to their visible
range transparency, composition controllable HF etch resistance and non-toxicity. Since
metaphosphates are poorly understood in terms of their properties when used as waveg90

uides, this work taking AgPO3 as example metaphosphate candidate, dealt with finding an
optimum route to fabricate metaphosphate based hybrid fibers and investigate the resulting
optical properties. However, the approach of using metaphosphate hybrid fibers to fabricate
the cage structures was not followed since silver metaphosphate (used in this work) was
found to be non-resistant to HF acid etching and since direct laser writing approach proved
to be simpler and effective in producing the cage structures out of polymer. Nonetheless,
AgPO3 glass can be further chemically modified by addition of small quantities of aluminium metaphosphate glassses to make it HF etch resistance and improve the chemical
stability for photonic cage fabrication for future work.
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Chapter 7
Conclusions and Outlook
Guidance characteristics of a hollow core photonic cage
This thesis presented the concept, development and characterization of a hollow core photonic cage integrated on a silicon chip that supports optical leaky modes in ‘quasi-air’. The
photonic cage consisted of an array of rods (rod diameter ~ 3 μm) hexagonally arranged
around a hollow core (separations between the rods (pitch) ranging between 6-9 μm ) and
extended up to hundreds of microns distances (longest structure 720 μm). The cage operates by an anti-resonance guidance effect, where the propagation of a low loss leaky mode
in the central hollow core, (i.e., the reduction of transverse energy dissipation) is achieved
when the core mode is in anti-resonance (not phase-matched) with any cladding supermodes. With help of simulations, the spectral positions of the anti-resonance wavelengths
(and experimental transmission dips) can be approximated which required a knowledge of
the material dispersion and dimensions such as rod diameters and inter-strand distances.
This was done by: (1) calculating the spectral broadening of the cladding LPl,m (l=0,1)
order rods supermodes below the cut-off wavelengths (when Re(neff ) < 1), opening forbidden gaps for cladding states where core mode formation can occur. (2) calculating the
dispersion and loss of the fundamental LP01 order core leaky mode within the forbidden
cladding gaps. From the simulations, it was established that the cage at the anti-resonant
wavelengths, supports the propagation of a fundamental core mode with six-fold symmetry
with modal field fractions > 99.9%, within the ultraviolet, visible and near-infrared spectral
domains even though the strands occupy only 15% of the entire cross section of the cage.
From experimental results, the formation of a six-fold symmetric core mode was confirmed
and measurements showed pronounced transmission dips with maximal extinctions of up
to 10 dB, which occur when the cladding supermodes are in resonance to the leaky core
mode and whose spectral positions coincided roughly with the cladding LPl,m (l=0,1) order

92

supermodes below the cut-off. The slight mismatch between the spectral positions of calculated core mode dispersion and measured dips was shown to be a result of slight deviation
of the diameters of the fabricated rods assumed in simulations and by uncertainties in the
dispersion of the polymer, which may vary with laser exposure conditions.

3-Dimensional laser writing for high aspect ratio hollow core waveguides
The high resolution ‘open-network’ photonic cage were fabricated via a 3D laser writing
process in IP-Dip photoresist. By adding more segments to the original cage the design
can be extended to few centimeters. One drawback of the IP-Dip resist as material for the
cage structure is it’s low Young’s modulus that causes problems such as the rods bending
under their own weight and the capillary adhesion forces arising during resist development
as shown by simulations. However, these problems were circumvented by experimentally
designing supporting elements (1 μm × 2 μm) that repeat at every 75 μm distances along the
longitudinal direction of the cage. Since a guided mode was observed at the output end of
the cage, it is expected that (any) modes supported by these structures do not couple to the
cage core mode. By experimentally analyzing the transmission spectra of many of the cage
samples with similar diameters and pitch on a same substrate, it was seen that the spectral
positions of their resonances remain unchanged. This points to the fact that the current fabrication process for creating similar cage structures is highly reproducible since otherwise,
a variation in cage dimensions would have caused the resonance positions to change from
cage to cage. This was also confirmed by investigating the effect of varying rod diameters
on the spectral cut-off positions of the rod’s linearly polarised modes which would consequently cause a shift of the measured transmission dips. Therefore, 3D direct laser writing
presents a very tempting opportunity to design complicated structures with sub-micron resolution and cylindrical geometry on planar chips with high reproducibilty and thus transfer
concepts from the field of microstructured optical fibers to planar substrates by mimicking
the complex 3D designs of cladding from the former.

Origin of Optical Loss in the Cage
The simulations were extended to investigate the optical properties of the cage for a range
of changes in the geometrical parameters of the cage such as the arrangement of the rods,
number of surrounding cladding rings, effect of increasing core size by adding/omitting
cladding rings, changing rod inter-strand distances and rod dimensions. From these simulations, two significant loss mechanisms in these structures were seen : (a) optical cou93

pling losses due to coupling between the core mode and the cladding supermodes which
increased as the index difference between the core mode dispersion and the upper edge of
the cladding super-mode below the cut-off decreased. Therefore, by adopting geometrical
features to widen the the Re(neff ) difference between the two modes (e.g. by increasing
the core size), the losses can be decreased. (b) Another loss mechanism arises from the
transverse leakage of the core mode fields through the inter-strand open distances and can
be reduced for e.g. by increasing the number of surrounding cladding rings around the
core, provided that the scattering losses can be maintained low. Simulations showed an
exponential and 4.35 power dependence of the modal loss decrease as an effect of adding
extra cladding rings and increasing the core size of the structure respectively. Moreover, for
constant core radius, the study on different rod arrangements showed modal loss to have a
fourth power dependence on the increase in the number of rods surrounding the core. From
experimental studies on cages with different pitch values, it was seen that increasing pitch
by one micrometer leads to an increase in transmission by a few dB.
The origin of scattering losses in these structures can be attributed to surface roughness of
the rods and the extra supporting rings. For this reason, the experimentally measured loss
when compared to simulated loss was found to be about 10-15 times higher. Nonetheless,
by reducing the slicing/hatching distances during fabrication at the cost of increased writing
times, the resolution of the writing process can be improved that can contribute to increased
surface smoothness in these structures. Moreover, from simulations it was concluded that
the higher order modes in these structures are extremely lossy and can be ‘filtered-out’
over long distances, thus rendering the waveguides to be single-moded even for large core
diameters. During the experimental studies on these structures, no higher modes were
observed.

An open network structure for accelerating gas diffusion
The advantage of the sidewise access to the core of the cage has been demonstrated theoretically by comparing the diffusion of acetylene into the cage and a capillary, showing that the
diffusion into the cage is at least about 104 times faster compared to a capillary. This sidewise access overcomes the problems of diffusion limited transport of analytes, problems in
gas loading and flushing the gas out after every experiment in conventional ARROW waveguides and HC-PCFs where filling time can be upto several weeks (e.g. filling a HC-Kagome
fiber with Cesium vapour [?]). One potential field of application is atomic spectroscopy that
involves probing the energy states of atoms by optical beams, especially in the case of alkali vapor and particularly promising for observation of hyperfine-split absorption spectra
that falls in the visible spectrum. For fast gas vapour-light interaction the cage can allow
94

faster measurement times and reduce the possibility of contamination or undesirable interactions and loss of atoms in the transportation paths. A few examples of gases that could
be detected using the current photonic cage samples in the visible range include, nitrogen
dioxide NO2 (absorption wavelength ~ 0.3 µm-0.6 µm), ozone O3 (absorption wavelength ~
0.45 µm-0.75 µm ), dense alkali vapours (e.g. absorption bands of Li2 , K2 and Na2 that lie
in the visible range) and even monitor atmospheric aerosols.

Photonic Cage: Future Work
The current approach to realize current structures is not restricted to cage-type hollow core
waveguides but can be extended to unlock physical effects such as guidance in core-less
twisted structures, or low-density of state guidance for planar waveguide technology. With
this motivation significant impact in areas such as nonlinear optics, biophotonics, quantum
optics, bioanalytics or meteorology can be envisioned. Moreover, the cage structures can
be fabricated at optical fiber-tips in an inverse dip in configuration which is not limited by
the transverse movement of the galvanometer mirrors and therefore the need for supporting
blocks can be mitigated. This would allow writing the complete rod extending over distance
upto few centimeters in few steps that can largely suppress stitching errors and optical scattering. Suspended hollow core structures at the end of fiber tips is an attractive opportunity
to design reusable spectroscopy fiber-probes. A big limitation to the applicability of polymers in terms of sensing and spectroscopy in harsh environments is their limited chemical
stability. However, by using a subtractive manufacturing approach based on femtosecond
lasers based microprinting in glass substrates with sub-micron precision (provided by companies such as FEMTOprint SA) , e.g. fused silica/ borosilicate, monolithic 3D devices can
be envisioned which can be batch manufactured for industrial sensors.

Metaphosphate - Silica hybrid fibers
Metaphosphate glasses have a huge potential to be integrated within silica microstructured
fibers in the field of hybrid fiber optics owing to their biodegradability, visible and near-IR
transparency and easily tunable dispersion characteristics. In terms of the current project,
these glasses were found be extremely interesting for fabricating the photonic cage with
a selective etching approach since metaphosphates can be engineered to be HF resistant.
A series of AgPO3 - silica hybrid fibers were realized and optically characterized. It was
found that post integration via a PAMF approach, the two glasses remain isolated without any reactions and maintain their original bulk composition. Moreover, the optical loss
of the AgPO3 -SIF measured from cut-back measurements was found to be only slightly
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higher than the bulk loss of AgPO3 glass. A dual-core AgPO3 -MGIF waveguide system
was studied as a directional mode coupler, in which the electromagnetic energy is periodically exchanged between the cores along the longitudinal direction making it an efficient
and narrow band fiber-integrated narrow notch filter whose simulations and experimental
studies were in excellent agreement. AgPO3 glass can be further chemically modified by
addition of small quantities of aluminium metaphosphate glassses to make it HF etch resistance and improve the chemical stability for photonic cage fabrication. Besides, hybrid
fibers made from AgPO3, can be envisioned for applications in plasmonics and fabricating
fiber integrated electro-optical devices.
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Appendix
Bessel Functions
Bessel functions are solutions to the Bessel differential equation,

x2

d2ψ
dψ
+ (x2 − l 2 )ψ = 0
+
x
dx2
dx

(7.1)

where x is a complex number and l is an integer (l can be a complex number in general). A
distinction is made between the Bessel function of first kind J l (x), second kind Y l (x) (Weber
function) and third kind Hl1,2 (x) (Hankel function), all representing linearly independent
solutions. The modified Bessel differential equation

x2

dψ
d2ψ
− (x2 − l 2 )ψ = 0
+x
2
dx
dx

(7.2)

is solved by the modified Bessel functions I l (x) and K l (x). A mathematical treatment of the
step-index fiber requires J l (x) and K l (x), making use of the following relations:
1
d
Jl+1 (x) = Jl (x) − Jl (x)
x
dx
d
1
Jl−1 (x) = Jl (x) + Jl (x)
x
dx
d
1
Jl (x) = (Jl−1 (x) − Jl+1 (x))
dx
2

1
d
Kl+1 (x) = K l (x) − Kl (x)
x
dx
1
d
Kl−1 (x) = K l (x) − Kl (x)
x
dx
d
1
Kl (x) = (Kl−1 (x) + Kl+1 (x))
dx
2
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(7.3)
(7.4)
(7.5)

Zusammenfassung
Diese Doktorarbeit stellt das Konzept, die Entwicklung und die Charakterisierung eines
photonischen Hohlkern-Lichtkäfigs vor, welcher auf einem Siliziumchip platziert ist und
dadurch durchlässige optische Mode in "Quasi-Luft" unterstützt. Der photonische Käfig
besteht aus einer Anordnung von Stäben (Stabdurchmesser ~ 3 μm), die hexagonal um einen
hohlen Kern angeordnet sind (Abstände zwischen den Stäben ~ 6 und 9 μm) und Längen
von mehreren hundert Mikrometern (längste Struktur 720 μm) aufweisen. Der hochauflösende Photonenkäfig mit offenem Netzwerk wurde durch einen 3D-Druckprozess in IPDip Fotolack hergestellt. Durch Hinzufügen weiterer Segmente zu dem ursprünglichen
Käfig kann das Design auf wenige Zentimeter erweitert werden. Die Probleme des Zusammenfallens des Käfigs während der Entwicklung wurden durch experimentelles Konstruieren von Stützelementen ((1 μm × 2 μm)) gelöst, die sich in Abständen von jeweils 75 μm
in Längsrichtung des Käfigs wiederholen.
Der Käfig arbeitet aufgrund eines optischen Antiresonanzeffektes, wobei eine verlustarme
Ausbreitung der Mode im Kern erreicht wird, wenn sich die Kern-Mode in Antiresonanz
(nicht phasenangepasst) zu den Mantel-Super-Modes befinden. Durch die Simulationen
konnten die spektralen Positionen der Antiresonanzwellenlängen (und experimentelle Transmissionsdips) gefunden werden. Bei diesen Wellenlängen unterstützt der Käfig die Ausbreitung eines fundamentalen Kern-Mode mit Sechs symmetrischen Einknickungen und einem
Wellenfeldanteil > 99,9%, innerhalb des ultravioletten, sichtbaren und nahinfraroten Spektrums, obwohl die Stangen nur 15% des gesamten Querschnitts des Käfigs einnehmen.
Durch die experimentellen Ergebnisse wurde die Bildung einer sechsfachsymmetrischen
Kern Mode bestätigt. Messungen zeigten eine ausgeprägte Übertragungsdiffusion mit einer
maximalen Dämpfung von bis zu 10 dB, die auftritt, wenn die Mantel-Super-Modi in Resonanz mit dem durchlässigen Kern-Mode sind und deren spektrale Positionen grob mit den
Mantel-Super-Modi unter dem Cut-Off übereinstimmen.
Die Simulationen wurden erweitert, um die optischen Eigenschaften des Käfigs, für eine
Reihe von Änderungen der geometrischen Parameter, zu untersuchen. Dabei wurden zwei
signifikante Verlustmechanismen in diesen Strukturen erkannt: (a) Ein Anstieg der opxv

tischen Kopplungsverluste, aufgrund der Kopplung zwischen dem Kern-Mode und dem
Mantel-Supermode, sobald die Indexdifferenz zwischen der Kern-Mode-Dispersion und
der oberen Kante des Mantel-Super-Mode unterhalb des cut-offs abnahm. (b) Ein weiterer
Verlustmechanismus entsteht durch das transversale Ausströmen der Kern-Mode-Felder,
aufgrund der Distanzen zwischen den Strangöffnungen. Dies kann durch eine Erhöhung der
Anzahl der Mantel-ringe um den Kern verringert werden, vorausgesetzt, dass die Streuverluste geringgehalten werden können. Simulationen zeigten eine exponentielle Leistungsabhängigkeit zwischen der Abnahme der modalen Verluste, aufgrund des Hinzufügens weiterer Mantelringe. Durch die experimentelle Untersuchung von Käfigen mit unterschiedlichen
Abstandsmaßen wurde ersichtlich, dass es einer Erhöhung des Abstands um einen Mikrometer zu einer Steigerung der Übertragung um einige dB führt. Der Ursprung der Streuverluste kann auf die Rauheit der Oberfläche der Stäbe und der zusätzlichen Stützringe zurückgeführt werden. Aus diesem Grund ist der experimentell gemessene Verlust 10 bis 15-mal
höher als der simulierte Verlust. Dennoch kann durch erhöhte Schreibzeiten der Prozess
verbessert werden und dadurch die Oberflächenglätte gesteigert werden. Darüber hinaus
konnten durch die Simulationen Rückschlüsse gezogen werden, dass die high-order Modi
verlustbehaftet sind und über weite Entfernungen „herausgefiltert“ werden können.
Der Vorteil des seitlichen Zugangs zum Inneren des Käfigs wurde theoretisch, durch den
Vergleich der Diffusion von Acetylen in den Käfig und einer Kapillare, aufgezeigt. Dabei
wurde verdeutlicht, dass die Diffusion im Käfig bis zu 104 mal schneller erfolgt, als bei
einer Kapillare. Potentielle Anwendungsgebiete stellen die Atomspektroskopie und die Detektion von einigen Gasen im sichtbaren Lichtbereich dar. Unter Verwendung der aktuellen
phontonischen Käfige können beispielsweise Stickstoffdioxid NO2 ; (Absorptionswellenlänge ~ 0.3 μm-0.6 μm), Ozon O3 ; (0.45 μm-0.75 μm) und schwere Alkali-Dämpfe (z. B.
Absorptionsband von Li2 , K2 und Na2 , die im sichtbaren Bereich liegen) identifiziert werden. Diese Erkenntnisse können erheblichen Einfluss, in den Bereichen wie nichtlineare
Optik, Biophotonik, Quantenoptik, Bioanalytik oder Meteorologie, darstellen.
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