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Abstract

This thesis is a study of the excitation of liquid-suspended carbon nanotubes (CNTSs)
confined in an optical waveguide. Desirable optical properties such as narrow emission and
excitation bandwidths, as well as wide selectivity over the near-infrared spectrum, warrant
the exploration of using CN'Ts as a gain medium in fiber-integrated lasers. Because of the
necessity of liquid suspension to achieve high intensity fluorescence from CNT's, Hollow-core
photonic bandgap fiber (HCPBF) was filled with common solvents, deionized water and
deuterium dioxide(D20O) to create an opto-fluidic waveguide. D2O Liquid-HCPBF's with
operational bandgaps in the near-infrared spectrum using telecom-wavelength HCPBFs
drop to around half of their hollow-core transmission intensity due to propagating though a
higher refractive index medium but still maintain a small mode-area. Preserving refractive-
index scaling laws, the characteristics of hollow-core wavguides that make them desirable
for engineering photon-particle interactions are maintained in the liquid-core counterparts.
The interaction of the fiber mode with nano-scale suspended particles was first tested
with indocyanine green, a fluorescent dye, due to its simple preparation and overlapping
emission and excitation spectra with the bandgap of the liquid-HCPBFs. Within the
Liquid-HCPBF, the fraction of fluorescence for ICG collected was an order of magnitude
greater than that of collection efficiencies measured for dye samples contained in cuvettes.
Following the results of the ICG dye, CNT solutions dominant with CNT chiralities within
the Liquid-HCPBF bandgap were prepared and characterized. Initial Liquid-HCPBF with
CNTs were began but the investigation with CN'T's remains open.
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Chapter 1

Introduction

Thanks to the latest developments in 1D and 2D materials, specialty optical waveguides,
and fibers, it has become possible to design robust small-scale nonlinear devices and
sensors[19, 58] that are not burdened by the need of constant realignment like traditional
bulk-optical systems. Carbon Nanotubes (CNTs), a 1D material, possess unique optical
properties that have found a variety of applications from mode-locking fiber integrated
lasers[66, 67, 68, 69], biological and optical sensors[15, 46], and CNT-based single-photon
sources[17]. Semiconducting-type CNTs can be optically excited and emit fluorescence[72]
when well-dispersed in liquid solutions. With excitation, emission linewidths of only a few
nanometers, and a wide selection over the near-infrared spectrum, CNTs are a promising
candidate as fluorescent light source. Due to the need for liquid suspension for strong
fluorescence from CNTSs, integration into on-chip or fiber systems would require the de-
velopment of a liquid waveguide. Such waveguides have been previously demonstrated,
offering flexibility in tuning intensity and spectrum filtering through swapping the liquid
medium for one of a different refractive-index[11]. Particle suspension in liquid waveguides
has also been demonstrated for dielectric and fluorescent particles [13, 12] and could be
used to develop on-chip and fiber-integrated sensors and fluorescent light sources.

To build a fiber-integrated device, we utilize Hollow-core photonic bandgap fibers (HCPBF).
Such fibers are able to confine light to an air core and offer a low-loss, high threshold pow-
ers, and tight confinement that isn’t feasible in conventional optical fibers. Because of the
hollow core, it is possible to fill such fibers with gas or laser-cooled atoms and produce
strong light-matter interactions[23, 24] and provide a tool for building single-photon inter-
action and nonlinear systems. Related work also suggests that the optical bandgap and
strong interactions are preserved in liquid-filled HCPBF [19] despite lower refractive-index
contrasts. Combining the ideas of particle suspension in liquid waveguide sensors with the



desirable mode-confinement of HCPBFs, this thesis explores the interaction of light with
suspended fluorescent particles in liquid-filled HCPBF's to motivate the use of CN'T optical
properties in such devices.

The structure of this thesis is as follows: The optical properties of carbon nanotubes(CNTs)
are introduced in Chapter 2, developing an argument for CN'Ts as a promising fluorescing
nano-particle to be used in liquid-fiber applications. In Chapter 3 the theoretical back-
ground around fiber-optic waveguides using Total-Internal-Reflection (TIR) and Hollow-
Core Photonic Crystal Fibers (HCPBF) is introduced. This is followed by the derivation
of the bandgap-shift equation from the refractive-index scaling laws for HCPBF in low-
index contrast regions, which provides the basis for predicting the bandgap of liquid-filled
hollow-core fibers. Chapter 4 details the filling procedure for core-filled HCPBF, which
transforms the HCPBF to guide light via TIR like a conventional optical fiber, and com-
pletely liquid-filled HCPBF, which should follow the scaling laws. Experimental confirma-
tion of the predicted band-gap shift and transmission losses are done for H,O and D50 as
filling materials. Chapter 5 introduces the optical properties of Indocyanine Green (ICG),
a fluorescent dye used to study light-matter interactions between the particles suspended
in the liquid-core and the mode of the fiber. Finally, Chapter 6 goes over the results of
experiments with sorted CN'Ts suspended in H,O and unsorted CNTs in D,O, encountered
challenges, and future considerations.



Chapter 2

Carbon Nanotubes
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Figure 2.1: A sheet of graphene is rolled to form a (7, 5) chirality CNT. Graphene and CNT
images were rendered using Dr. Shigeo Maruyama’s ”Nanotube Coordinate Generator”
program [13].

First discovered by S.lijima and T. Ichihashi in 1993, carbon nanotubes (CNTs) are
single layers of graphene rolled up into a hollow cylinder near 1nm in diameter and average
near lpm in length. Due to the extreme diameter to length ratio, their geometry allows
them to be treated as a 1D material. In this section follows a description of the attributes
that make them attractive from an optical standpoint, going over their characterizing
properties, nonlinear optical properties, and fluorescence.



2.1 Characterizing Carbon Nanotubes

Figure 2.2: Chiralities of CNTs with red dots indicating metallic and blue dots semicon-
ductors.

The main descriptive property of CNTs is the chiral vector, the inter-valued scaling of
the unit vectors for the honeycomb structure of graphene, written in the form (n, m).

Cy = nay +mag = (n,m) (2.1)

The unit vectors describing the lattice are of equal length and in Cartesian coordinates are

defined
V31 V3
272

o= (2 5 Bae as = (73, —%)\/ﬁacc (2.2)

where ac_¢ is the length of the carbon bond. For graphene, ac_c=1.421 (A) but for
CNTs is approximately 1.44(A) with variation coming from the tube curvature[56]. From
the chiral vector, much about the electronic and optical properties of individual CNTs can
be inferred. The angle between the unit vectors, known as the chiral angle 0, gives the
direction of the chiral vector and the diameter,d;, of the CNT are related to the chiral

numbers:
mv/3

0 =tan~*
m+ 2n

(2.3)




dt:

M\/Tﬂ + nm + m? (2.4)
™

The chiral angle is typically defined between 0°(a ”zigzag” configuration) and 30°(an ”arm-
chair” configuration), labeled in Fig.2.2 due to the six-fold rotational symmetry lattice, as
CNTs of mirrored chiral angles will have the sample opto-electrical properties.

As can be seen from the above definition, the tube diameter of CNTs is quantized. This
quantization stems from the additional electron confinement around their circumference

Ch - k = 2mq (2.5)

as the cutting joining of the edges of graphene form the tubes only occurs at lines in-
tersecting the lattice vertices. k, the cutting line along the graphene energy bands, at
integer value ¢ positions forms a the corresponding pattern of metallic or a semiconductors
[00] with all CNTs with a difference in chiral numbers |m — n| that are multiples of 3
emerging as metallic. Work by H. Kataura et. al [55] first plotted the energy differences
between the van Hoven transitions, corresponding to the peaks in the conduction and va-
lence bands enumerated starting from the Fermi energy, indicated in the 1D DOS plots in
Fig.2.3(b)(c) later determined from [56]. The relationship of the first van Hoven transition
to the diameter is found to be

By = (2.6)

is shown in Fig.2.3(a), with the average band gap energies split along semiconductor and
metallic chiral values. The absorption peak wavelength of a nanotube sample is determined
by the mean tube diameter, and the absorption spectral bandwidth will be determined by
the tube diameter distribution of the CNT sample.
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Figure 2.3: (a)The Kataura plot, showing the relationship between CNT diameter and
energy separation. Red dots indicate metallic and black semiconducting. The density of
states for (b) Metallic and (¢) Semiconducting CNTs and their energy band gaps. The
green line indicates the Fermi level. Plots generated using data from[57].



Polarization Dependence

Single isolated CNT's exhibit polarization dependence with the electric field in optical selec-
tion rules, i.e. the possible transitions from one quantum state to another [54]. Polarization
dependence is only strong in zigzag-type nanotubes, the parity of the dipole operator ( -1
in the horizontal plane dipole operator along the z-axis and +1the x-y plane) thus indi-
cates absorption of light with the optical polarization parallel to the axial direction of the
tube. However, in a bundle or random-oriented CN'T grouping there will be no polarization
dependence and it is not something that is of concern in CNTs dispersed in a solution.

2.2 Nonlinear Optical Properties of CNT's

The general relationship between the polarization and electric field of a material is defined
[02] as
P@t) = e(xXWE®) + xPEX(t) + O E3(t) + ...) (2.7)

where (M is the linear susceptibility and y® and y®are the second and third order
susceptibility. Due to symmetry of the CNT’s structure, the second-order susceptibility is
zero but a large third-order nonlinearity in CNTs has been measured [63] and is theorized
to be a product of the one dimensional motion of the delocalized w-band electrons at a fixed
lattice ion configuration [64]. The third-order nonlinearity is responsible for the saturable
absorption « of a material as well as the nonlinear Kerr effect. The refractive index for
such a material will be composed of the real part of the third-order susceptibility with
I defining the optical intensity, ng as the linear refractive index, ny and is the nonlinear
refractive index.

(3)
3Re[x] |

n=ng+nl =ng+ 3
depeng

(2.8)
Saturable absorption is a phenomenon where high intensity light will reduce the absorption
of a material, but at weak intensity, the light will be absorbed and cause attenuation. This
property of materials with strong third-order susceptibility like CNTs can be used to filter
out weaker optical signals in noisy optical pulses, while simultaneously allowing strong
pulses to pass through. The absorption coefficient is composed of the imaginary part of
the third-order susceptibility and «g, a;,:, and w are the linear absorption coefficient, the



non saturable absorption coefficient, and optical angular frequency respectively:

%)

1+ 4+

o = + Qing

SwIm|x?] / (29)

~ g + Qint + 26062713
the saturation intensity I, is the power per unit area it takes in a steady state to reduce
the absorption to half of completely saturated value, referred to as the unbleached state.
Saturable absorption is observed in all materials with optical absorption resulting from
electron transition between two energy levels [51], but it is rare to find materials that have
a recovery time that has a fast recovery time compared to the pulse duration. In bundles of
CNTs with a variety of diameter sizes, entanglement between semiconducting and metallic
via electrons tunneling and coupling from semiconducting CNTs to metallic CNTs [59]
can result in picosecond to femtosecond range recovery time. Bundled CNTs have found
application in in ultra-fast laser applications where this sort of recovery time is needed,
having been successful implemented in mode-locking femtosecond fiber-lasers[66, 67, 68,

].

2.3 Fluorescence of CNTs

Arriving at the interest in CNTs for this thesis, semiconducting CNTs can be optically
excited and emit fluorescence[72] when well-dispersed. Bundled CNTs have little fluores-
cence as interactions between CNT's cause increased quenching effects; where quenching is
defined as any process that contributes to a decrease in fluorescence intensity. The highest
fluorescence quantum yield measurements for CNTs have been achieved with CNTs sus-
pended in aqueous solutions. Though certain solvents mix better with certain chiralities
CNTs to increase fluorescence, isolation to single chiralities one of the largest factors in
increasing fluorescence. Desired type of CNTs can be targeted and isolated in a single step
using modified aqueous two-phase extraction(ATPS)[65].In this process, hydration mod-
ulating agents are mixed in to solutions to tune the arrangement of surfactants on their
surface. Depending on the mixture, selected CNTs turn highly hydrophobic or hydrophilic,
separating them from the rest of the mixture.

Fluorescence in carbon nanotubes is the product of absorption at the excitation frequency,
corresponding to the second Van Hove optical transition (E22), labeled in Fig.2.3(c), from
the valence to conduction bands, followed by relaxation to the first Van Hove optical
transition (E11) from the conduction to valence band. The corresponding excitation and

8



emission wavelengths can be as a function of diameter in nanometers and chiral angle are
degrees derived in [01]. The parameters fitted differ along CNT groups, having to do with
chiral number differences: (n-m) mod 3 = 1 is group 1, (n-m) mod 3 = 2 is group 2, (n-m)
mod 3 = 0 are metallic CNTs and do not fluoresce and so are excluded.

For group 1:

1-1

(Emission) A = [1571‘274(_03%29@ — Alml(cm—l)cos((i?;gim_ (2.10)
(Excitation) gy = [14;.067$ﬂ51751.)7dt + Agml(cm_l)%- B (2.11)
For group 2: _
(Emission)\; = [1571.27—1(—6?82329@ + Alm2(cm—1>%@2'886: h (2.12)
(Excitation)Agy = [14;%7557;’7_51‘)7@ — AQmQ(cm—l)cosc(l?#: h (2.13)

Additional parameters Aq,,1, A1m2, Aami, Aome, account for variations of spectrum in same
diameter CNTs. Not all variation differences are yet explained but comparison of aqueous
solutions[65][60] found spectral shifts of ~2%.

Plots of the excitation-emission spectrum are using variational parameters from fitting
to data of samples of individual SWNT in aqueous sodium dodecyl sulfate (SDS)[60] are
shown in Fig.2.4. Group 1 CNTs have lower Stokes shifts, and small chiral angles (< 2°)
while group 2 have higher Stokes shift and span full 0°to 30° chiral angle range with similar
angles along chiral number difference (n — m). Regardless of group, the in excitation and
emission wavelengths increase with diameter.



1600
y
1400 pr
v’:
£ o,
£ 12004 (n-m) mod 3 =1 e
o
) (%4 o.
c Lo K
2 o 08
Y et
3 10001 -t® 8
2 " ° '
c ../',‘ '
£ e ? “
T I
g 8004 LTY
& LI
o Y, 0 (n-m) mod 3 = 2
* 9 v ‘
600 o0
P )
[ I .
A e
004 ¢ e
1000 1500 2000 2500

Emission Wavelength (nm)

(a)

Excitation Wavelength (nm)

2.50
1600 4
2.25
1400
2.00
12004
175
£
£
1000 1.50 %
E
5
A
1.25
800
1.00
600 |
0.75
400
0.50

1500 2000 2500
Emission Wavelength (nm)

(b)

Figure 2.4: Group characteristics of CNTs colored by using variational parameters from|[60],
valid for diameters > 0.5mm. Color spectrum of plot denoting (a)chiral angle and
(b)diameter. Increase in Stokes shifts with diameter along chiral difference (n — m) lines,

noted in red and connected by black lines.
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Chapter 3

Hollow-Core Optical Waveguides

3.1 Conventional TIR Fibers

Conventional optical fibers (and optical waveguides in general) are guided by TIR. Struc-
turally, this is composed of a high refractive-index core ny surrounded by a lower refractive-
index cladding nq, depicted in Fig.3.1. As light propagates through the the core, some light

Figure 3.1: Light propagation through optical fiber. The incident 6;, reflected 6,, and
transmitted 6, rays at the core-cladding boundary

will be transmitted through the cladding while some is reflected back into the core. The
relationship between the angles of incident and transmitted light is governed by Snell’s
Law:

nicos(0;) = nacos(6;) (3.1)
If the refraction angle is at a minimum, then the light below a critical incident angle 6., will
not propagate into the cladding and will only be reflected back into the core, hence ”total
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internal reflection”. From Snell’s law it is evident that the critical angle is dependent on
the refractive-index contrast between the core and cladding,

0. = arccos(ny/ny) (3.2)

and that for TIR-guided fibers the core refractive index must be higher than that of the
cladding otherwise light will just be transmitted through the cladding; this makes it phys-
ically impossible to make a TIR-based hollow-core fiber. The need for a higher core refrac-
tive index introduces limitations on the power transmission and intrinsic loss in TIR-guided

fibers.
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3.2 Hollow-Core Waveguides

=

(a) (b) (c)

Figure 3.2: Cross-section of (a) Onion ring fiber (b) ARROW waveguide with multiple
antiresonant layers (c) Kagome-lattice fiber.

TIR is not the only method of light confinement and guidance, and other methods of
optical confinement have been able to achieve lower loss and higher intensities.
One of these methods is interference-based waveguides. The first 1D interference fiber,
commonly referred to as "onion ring” fibers, was proposed in 1978 [1] and behaves as a
Bragg grating perpendicular to the direction of propagation. The cross-section of this fiber
is composed of concentric layers of alternating dielectric materials, with the number of
layers to form a perfect bandgap being proportional to the bandgaps’ width[2]. As light
propagates, reflected and transmitted waves thought the layers of the cladding will de-
structively interfere allowing high reflection within the core.
Interference waveguides can be extended to 2D periodic structures, such as the hollow-core
photonic bandgap fibers that are able to offer smaller mode areas than their 1D counter-
parts, or even without periodicity in ARROWs .
Antiresonant reflection optical waveguides (ARROWS) require a single dielectric layer at
a thickness such that when light propagates from the low-index core to the higher-index
ARROW layer, the phase shift © of the transverse wave meets the antiresonance condition
© = mm (where m is an odd integer). This creates an antiresonant Fabry-Perot reflector in
the transverse mode which allows propagation with low-loss over long distances; additional
ARROW layers can also be added onto the waveguide in order improve efficiency. This
type of waveguide was first demonstrated in 1986 as a solid-state waveguide[3] and used in
semiconducting lasers with hollow-core designs following[4, 5].
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Inhibited coupling (IC) fibers makeup another class of low-loss waveguides. In IC, waveg-
uides carry a large phase mismatch between the modes guided through the core and the
modes guided though through the cladding[6, 7], which take the form of a Kagome lattice.
This mismatch prevents light in the core from leaking into the cladding.

Hollow-core waveguides have gained popularity in applications that require strong light-
matter interaction, but aside from high light-confinement their low-index core design is a
huge potential for integration with optofluidics|[9]. When it comes to traditional TIR guided
optical devices, the use of fluids for manipulation or as a material is hindered by the low
refractive index of most liquids compared to the polymers and silica used. Already a
feature of hollow-core waveguides, the design of liquid core ARROWS [10] and liquid filling
of HCPBFs[19] promise on-chip or fiber-integrated optical manipulation and analysis of
particles in liquids[11].

14



3.3 Photonic Crystal Bandgap

The refractive-index contrast constraints of traditional fibers are overcome by HCPBF's
which are able to mitigate the propagation losses in the core by having a core of air,
ngr = 1, the lowest possible refractive index. Light is instead trapped in the core by a
photonic bandgap created by a surrounding photonic crystal cladding.

(b)

(a) (c)

Figure 3.3: (a)Cross-section a honey-comb HCPBF highlighting the PC pattern (b) Re-
duction of PC to 1-dimension (c¢)The 2-dimensional PC.
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Photonic crystals consist of alternating refractive index in periodic structure, such a
the 1D stack depicted in Fig.3.3(b) or 2D periodic array of air-holes seen in the HCPBF
cross-section in Fig.3.3(c) . A periodic non-magnetic medium will have repeating dielectric
constant [12]

e(r)=¢e(r+a) (3.3)
Due to its discrete and invariant translational symmetry, the dielectric constant along the
medium can be expanded as the Fourier series

e(r) = ngeiG'r (3.4)

where G are the reciprocal lattice vectors such that G - @ = 2mn. The electric field can
also be expressed as the Fourier integral

E(r) = / / / dCkA(k)e™*T (3.5)

Using the Maxwell equations (3.6) the wave equation can be written in terms of the electric
field

VxH = ,_"“’E(f)ﬁ (3.6)
VXxFE =iwwuH
V x (VX E)—w(r)uE =0 (3.7)

Substituting (3.4) and (3.5) into the above equation results in the dispersion relation:
kx (kx A(k)) +w’uo Y ccA(k—G) =0 (3.8)
G
in where for any vector K the solutions of (3.8) for the coefficient A(K) are grouped
with the coeflicients A(K — G), decoupling the coefficients of other vectors that cannot be

expressed in the form K — G. Disregarding the decoupled vectors, the total electric field
can be described as a superposition of normal modes with regard to a chosen vector K :

Ei(r) =) A(K - G)e'* " (3.9)

The Bloch theorem for the electric field can be pulled out from (3.9)

Ei(r +a) = e**E(r) (3.10)
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ug(r) = Z ege©” (3.11)

G
cq = % / BBre " T u(r) (3.12)

Returning to (3.8), can fix w to find the corresponding K and normal modes os the system.
However, in the case of photonic crystals there are ranges of frequencies that have no K's
with real solutions, which implies that waves of these frequencies cannot propagate through
the photonic crystal. These non-propagating frequencies are referred to as the photonic
band gap.

3.3.1 1D Photonic Bandgap

1D photonic bandgap structure models for hollow-core optical fibers [14] demonstrate the
core idea of bandgap fibers. In one dimension, the periodicity of dielectric constant is
described by e(z) = e(z + a) where a = b+ d, the length of one period. The reciprocal
lattice vector will be G,, = n%’ré and plugging into the Fourier series expansion of £(z)
from (3.4)

e(z) = Y enemiF (3.13)
From the reduction to propagation in the z-direction with the electric field oriented in
x-direction, (3.8) simplifies to

- 2m
K2A(K 2 ZAK —n=—) =0 3.14
(K)o D cnd(K = n7l) (3.14)
Expanding the Fourier coefficients to the 1st order and reducing the equations to the
dominant coefficients of the form A(K) and A(K — 2%) . |[K — g| = K and K = T gives a

system of equations that can be solved to find the dispersion relation w(K).

(K2 — (,L)Q/L()&f()o)A(K) = w2,u061A(K — g) (3 15)
W e 1 A(K) = (K — g)* — wpiogo0) A(K — g)
The equations relating these two modes have a solution at
(K2 — w2,u0500) ((K — 9)2 - w2u0500) - ((A)Q,LL()€1) (W2M05_1) =0 (316)
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Noting that e = ¢*; and K ~ 2¢ simplifies the relationship to

K2

to(00 F |e1]) (347

2 _
Wy =

The dispersion relation has two possible solutions, which specify the top and bottom of
the photonic bandgap edges, as illustrated in Fig.3.4.

Figure 3.4: Band plot for a 1D photonic crystal with parameters-,-, solved using Finite
Difference Time Domain(FDTD) method[!7].

If solving for the wavevector at a frequency between the two roots w., only complex
solutions will exist. This means that only evanescent waves, not electromagnetic waves,
propagate through the medium while the electromagnetic waves are reflected back; the
medium acts as a mirror for the bandgap wavelengths.

This is the phenomenon that allows for HCPBF to guide certain frequencies of light:
wavelengths in the bandgap are reflected by surrounding Bragg Grating confining them to
the core of the fiber, while the rest are allowed to propagate through the grating.
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3.3.2 2D Photonic Bandgap

To understand the full picture of light propagation in hollow-core fiber, the expansion
to the 2D case pictured in Fig.3.3c is needed. However, with the electromagnetic waves
now propagating in two dimension there is an added layer of complexity with the TE TM
wave polarizations and the bandgaps. In addition to controlling the refractive index of the
material and the period of the lattice, the lattice structure and hole radius will affect the
performance of the photonic crystal, the latter playing a large role in the completeness of
the photonic bandgap. In the 2D photonic crystal, the in-plane guided modes will have
either magnetic fields in-plane and electric fields perpendicular to the lattice (TE modes),
or electric fields in-plane and magnetic fields perpendicular to the lattice (TM modes). As
the TE and TM modes are perpendicular to each other they may exhibit wildly different
dispersion relations, which means that an optical bandgap is not guaranteed to persist for
all polarizations[!3]. This is certainly the case for square lattice phonic crystals, but other
patterns such as the honeycomb (which is the structure in our HCPBF') have a bandgap
persisting for all polarizations[15]. Tt is important to consider all polarization effects when
making decisions about photonic crystal patterns for two or more dimensions.
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(a)

Figure 3.5: (a) primitive lattice vectors and (b) primitive reciprocal lattice vectors with
first Brillouin zone (green) and irreducible Brillouin zone (red) depicted for a honeycomb
lattice structure.
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Considering the lattice structure in Fig.3.5(a) and taking propagation in the xy-plane
(K. =0 and z = 0 for simplicity), the wavevector and position vectors reduce to K| =
kx4 kyy and 7| = 22 +yy. The primitive lattice vectors of a honeycomb photonic crystal

will be: /3
3
a; = aZ as = g[i’} + QT@ (318)

and transforming to the momentum-space, b-a = 27d
reciprocal lattice vectors are

i, as shown in Fig.3.5(b) the primitive

2m 2 47
b= "4 — 1 b, = ——7 3.19
1 a a\/gy 2 a\/gy ( )
Taking these in combination of n, m integer scaling factors, the reciprocal lattice vector is
defined G| = nb; + mb,. The electromagnetic field defined for a two dimensional system
is

E(’P) — eik:.'r Z Z Em7n6i(nb1+mb2)-’r (320)

m=—00 N=—00

and the correlating Fourier expansion of dielectric function (3.12)

1

Ty / drdye C= Ty (1, y) (3.21)
a .

te =

are substituted into (3.6). By utilizing the lattice symmetry and periodicity, the problem
can be restricted to only solve for Bloch modes inside the of the irreducible Brillouin
zone. The first Brillouin zone is defined by the perpendicular bisectors to the primitive
reciprocal lattice vectors, depicted in green in Fig.3.5(b) and can be further subdivided
into the irreducible Brillouin zone shown in red. In order to find the photonic bandgap,
solving the dispersion equation just along the irreducible Brillouin zone is sufficient. For a
honeycomb lattice, the k-path to follow would be

X[ = 2%, k=00<k, <X

av/'3’ V3
(XJl=%, 0<khk. <i k=274 (3.22)
TJ| =%, 0<ky <2k, =3k

Discretizing (3.20) and (3.21) then picking a few points along the k-path, numerical meth-
ods can be used to solve for the optical bandgap. Fig.3.6 shows the resulting TE bandgap
for a honeycomb lattice with parameters ¢ = 11,~ = 0.34, @ = 3.8um using Plane Wave
Expansion(PWE)[17].

21



Frequency (
o
w

O
N

o
=

0 I I
r X J T

Figure 3.6: Band plot along the irreducible Brillouin zone for a honeycomb lattice with
parameters ¢ = 11,7 = 0.34, a = 3.8um. Solved by using the Plane Wave Expansion(PWE)
numerical method.
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3.3.3 Bandgap Shift

The position of the HCPBF bandgap is dependent on the periodicity refractive-index and
changing the material within the photonic crystal will cause a change in the bandgap.
Though a small index contrast in the a periodic medium is assumed in the derivation, the
bandgap shift has been experimentally confirmed to still hold under high contrasts[19].
The scalar wave equation for a given periodic medium will maintain the same bandgap
structure but scaling the wavelength proportionately in compensation[!8]. The scaling law
for the wave equation for the transverse coordinates X = zA™!' Y = yA~! where A is a
solution to the transverse scale.

1 high RI
n(X,y) = { b M (high RD) (3.23)
0, ngo (low RI)
and factors into the normalized scaled wave equation:
V2V + (v*n(X,Y) —w?)¥ =0 (3.24)

With V| = 0?/0X? + §?/0Y? solving for the frequency parameter v? and eigenvalue w?:

v? = A?k*(n] — n3) 595
w? = A2(B2 — k2n2) (3.25)
From the equation above it is evident that the eigenvalue is determined by the frequency
parameter and the index distribution function n(X,Y’). This implies that w? and v? are
invariant with changes to the parameters k = w/c, A, ny,ns. In the HCPBF case where the
glass refractive index is held constant and the air in the fiber is replaced by a new material.
The equations can be rewritten with n; = ngss and ng = ng;, = 1

v —w? = Az(k2nglass — 3%

Nair (3.26)
U= kAnglass Nair — .
nnew
The initial index contrast Ny = =+~ moves to N = =< with the change in RI ng;, <

Nglass glass

Nnew < Nglass- Lhis leads to the new center bandgap to be governed by the equation:

1—N—2
A=A/ = 3.27
0 1_N0—2 ( )
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3.4 Particle-Mode Interaction and Optical Depth
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Figure 3.7: Diagram of a Gaussian mode traveling through a fully-filled HCPBF with
normally suspended nanoparticles.

Optical depth (OD) is a measurement of the opacity of a system, related to the trans-
mitted intensity by T' = exp(—OD). With particles distributed throughout the fiber, the
interaction between the beam and particles inside the fiber needs to be taken into account.
When considering a single particle interacting with the mode function of a waveguide the
strength of the particle interaction will depend on its position within the mode[25, 26].
The effective mode area of the waveguide is then relevant only in relation to the position

of the particle.
S dady|fi(z,y))?
oN — 5
| fr(@p, )|

where fi(z,y) is the transverse mode function and f(z,,y,) is the position of the particle.
In the case of a Gaussian mode function (as would be in a HCPBF'), the photon interaction
with the particle will be stronger in the center of the mode and weak at the edges. The
optical depth (OD) for a single particle the ratio of the scattering cross-section to that of
the effective mode-area OD = %, so to find the optical depth over the entire ensemble the
product of the number density of the sample and optical depth of each emitter is integrated
over the volume :

(3.28)

Ll ,,,./
OD iper = / / n(r, z)OD(2rr)drdz (3.29)
o Jo

where " and L' represent the radius and length of the ensemble. When the fibers are fully
liquid cladding and core, due to the low interaction and guidance of photons in the PC
structure, an approximation is made constricting the mode function strictly to the core.
This simplifies the dimensions of the integration to just be the radius and length of the
fiber. This assumes that the particulates outside of the core do not have a significant
contribution. If the distribution of molecules is taken to be uniform along the fiber length
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and radius of the core, then the number density is:

N, N,

A Vparticle particle
n(r, z) = T (3.30)
fzber Wrcore fzber

The integral will simplify to
Lfiber Tcore 2 7%
OD fjper = / / W(Teores Ligiver)0o—€ 0 (2mr)drdz
0 0 7Tw0 (3 31)
—27, ’
0‘0 core
= Vparticle 5~ (1 —e "8 )
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Chapter 4

Liquid-Filled HCPBF

In this chapter follows a background on different filling methods, the integrity of the scaling
laws, and transmission of liquid-filled HCPBF.

4.1 Experimental Set-Up

Fiber splicing

MMF patch

Coupler \
% . Spectrometer

PC

Figure 4.1: Fiber transmission experimental set-up. The path to the CCD camera is used
to monitor the modeshape coming out of the fiber and the path to the spectrometer is used
to measure the transmission spectrum of the fiber.
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For the transmission measurements, shown in Fig.4.1, fibers were cut to be between
6cm and 8cm in length. To ensure consistent coupling and positioning, light was coupled
to the core of the fiber by connecting to a solid-core PM780HP fiber via a mechanical
splicing chip [20].

In our experiments two different filling methods are tested: full fiber filling, and selective
filling, as well as two filling liquids: deionized water (which will be referred to as DI
Water or H,O) and heavy water D2O. Fibers that are fully-filled with water will produce a

1.0{

0.8
lcm
0.6

0.4

0.2 A

0.0 4
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Figure 4.2: The transmission of heavy water(green) and regular water(blue) is shown for

slabs of thickness ranging from lcm to 8cm in increments of lem using absorption data by
[22].

frequency shift in the bandgap. On the other hand, when the core is selectively filled with
water, the core refractive index will be greater than effective refractive index of the cladding
and light will be guided via total-internal reflection. H,O, while widely available and a
common solvent, has high absorption loss in the near infrared (NIR) but its most common
isotope DyO has comparatively much less absorption loss in the same region (Fig.4.2). The
transmission in HCPBF are explored for HyO for its ubiquity while D5O for its suitability
as a filling liquid in the NIR.
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4.1.1 HCPBF Specifications

Photonic bandgap fibers HC-1500 and HC-800B were purchased from Thor Labs but man-
ufactured by NKT Photonics. HC-1500 fiber is designed with a central wavelength of
1550nm. The cladding diameter of the fiber is 1204+2um and has a core diameter of
10+1pm with a surrounding photonic crystal structure of 70+5um in diameter, guiding
light with a Gaussian modeshape of 9+1um beam waist. Less than 5% of optical power
propagates through the silica material of the fiber and attenuation within the operating
wavelengths (1490nm - 1680nm) is under 30 dB/km|[39]. HC-800B fiber is designed with
a central wavelength of 800nm. The cladding diameter of the fiber is 130£5um and has
a core diameter of 7.5+1um with a surrounding photonic crystal structure of 45+5um in
diameter, guiding light with a Gaussian modeshape of 5.5+1um beam waist. Attenuation
within the operating wavelengths (770nm - 870nm) is under 250 dB/km[10].

4.1.2 On-chip Mechanical Splicing

Top

SM x—uzuzl ﬁf—rﬁpsp
—

125um - 130um
Fiber SMEF HCPBF G
LI &
Cross-Section Side

(a) (b)

Figure 4.3: (a) Top, side, and cross-section illustrations of a mechanical splicer chip to
align a 125um diameter to a 130um diameter fiber. (b) A top-view optical microscope
image of coupled fibers in a mechanical slicing chip.
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In order to perform measurements, light needed to be coupled into the HCPBF con-
sistently and with high efficiency. However, if the HCPBF were to be spliced to a SMF
(single-mode fiber) as is traditionally done with a fusion splicer, the lattice structure of
the photonic crystal will melt and distort, resulting in significant losses in coupling. In
order to reduce the losses of fusion splicing HCPBF, the fibers were instead coupled via
mechanical splicing.

With mechanical splicing, the fiber faces are butt-coupled and held in-place with a me-
chanical structure. Such a opto-mechanical splicing chip had already been developed by
NPQO lab member Dr. Rubayet Al Maruf [20]. An illustration of the chip design is shown
in 4.3(a), showing that the horizontal movement of fibers placed in the chip is constrained
by a clamp micro-structure with undercut walls in order to prevent vertical movement of
the fiber. In order to align different diameter fiber (such as a SMF to a HCPBF) one
side of the chip’s the silicon substrate is etched to create a step so that the fiber cores are
aligned on the same optical axis.

The [20] chips provide a high-efficiency fiber-integrated coupling method. Between SMF
and HCPBF, coupling efficiencies between 75%- 80% are consistently measured, something
not easily achieved with fusion splicing or free-space coupling methods.
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4.2 Selective Filling

Filling Method

To selectively fill the core of 800nm HCPBF, the photonic crystal cladding was collapsed
while leaving the hollow-core open and is similarly filled with liquid using capillary action.
The cladding is collapsed by placing the HCPBF opposite of a solid-core fiber in a fusion
splicer [21] and adjusting arc current duration and power to melt the cladding structure
while remaining distanced enough to prevent fusion with the solid-core fiber. In Fig.4.4

(a) 50ms 15mA (b) 70ms 20mA

(d) 80ms 25mA (e) 90ms 25mA (f) 100ms 25mA

Figure 4.4: Side profile of collapsed cladding 1550HC fiber running the fiber splicer with
varying current strength and duration. The solid-core fiber face was set at a distance of
18um from the HCPBF face in the mechanical splicer.

the extent of collapse of the cladding is compared to various timing and power for an
ORIENTEK T40 fusion splicer. The optimal setting is around an arc power of 25mA for
a 70ms duration, though due to the imprecision in the arc power discharge the cladding
on occasion will be overexposed, as shown in Fig.4.5.
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Figure 4.5: Variation between fibers using splicer settings 70ms 25mA.
Transmission

(a) (b) (c)

Figure 4.6: Modeshape of HC800B hollow-core fiber filled with (a)air (b)heavy water (c¢)DI
water.

The air-filled 800nm HCPBF covers a transmission spectral range of 750nm-950nm.
Light exits the fiber with a Gaussian mode shape, as shown in Fig.4.6. In a H,O core, the
coupling efficiency of the fiber drops to 31%, while a heavy water filled core is less affected
by absorption over this region and retains a coupling efficiency of up to 67%.
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Figure 4.7: Transmission spectra of a 7+ 0.6 cm long piece of HC800B selectively filled
with HoO(orange) and DyO(blue). The vertical axis is normalized to the transmission of
the empty HC800B fiber(green).

4.3 Full-Fiber Filling

Filling Method

The air in 1550nm HCPBF was replaced with deionized water and heavy water by utilizing
capillary action.

Transmission

The air-filled 1550nm HCPBF covers a transmission spectral range of 1200nm-1700nm.
With a filled core and cladding, the spectral range shifts to transmitting wavelengths
between 600nm-1100nm for both heavy water and water, confirming the scaling laws.
Heavy water achieved a coupling efficiency of 47%, but water only 16%. While the DyO
fiber modeshape retains a Gaussian profile, the HoO mode shape contains noise as some
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(a) (b) (c)

Figure 4.8: Modeshape of HC1550 fiber filled with (a)air (b)heavy water (¢)DI water. Fiber
filled with heavy water maintains a Gaussian profile while the fiber with regular distilled
water shows some distortion.

light also leaks from the photonic structure. The absorption effects of HyO severely reduce
the transmission for wavelengths above 820nm, while compares well to the transmission of
the D50 fiber below 820nm and could arguably be used as a filling liquid.
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Figure 4.9: Transmission of HoO and DO in fully-filled and core-filled HC1550 fiber 5cm
in length.
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Chapter 5

Indocyanine Green - Nanoparticles
Suspended in HCPBF

Indocyanine green (ICG) - a fluorescent dye often used in microscopy imaging[34, 35] -
was first used to test the guidance of fluorescence from nanoparticles suspended in solution
within HCPBF. CNTs samples are seldom single-chirality, and there is a high chance that
multiple chiralities will be present the solution. Isolating CNTs in solution will increase the
dominance of the selected chirality but also requires an additional process. Before working
with CNT samples, various fluorescent dyes were considered to use as a pseudo-CNT to
mimic a single-chirality sample. ICG was chosen due to its excitation and emission wave-
length overlap with the bandgap of fully-filled HC1550 and core-filled HC800B fibers.

ICG dye is an organic semiconductor with Homo-Lumo gap calculations estimating a
2eV energy gap, with variations depending on the solvent[27]. The HOMO and LUMO
energy levels in organic semiconductors are parallel to the maximum valence and minimum
conduction, and the aforementioned energy gap falls within the range of energy bandgaps
found in inorganic semiconductors. The following section details the the optical properties
of ICG and measurements of the optical properties when confined in HCPBF.
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Energy

Ground State Excited State
(a) (b)

Figure 5.1: (a) Depiction of the Homo-Lumo gap in organic semiconductors and the tran-
sition occurring between ground and excited states. (b) The chemical structure of ICG
provided by MP Biomedicals.
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5.1 Experiment Set-Up

The experimental set-up for the dye-filled HCPBF is very similar to that of the previously
introduced HCPBF set-up, but includes a few additions. A fiber beam splitter was added
between the fiber patch coming from the laser couplet and the bare fiber to monitor input
power and wavelength. For fluorescence detection out of the fiber, a front-face fluorescence
collection scheme was used and a long pass filter was placed in the path in order to filter
out the incident light from the fluorescence. Additionally, a fiber clamp was placed on a
translation stage to control the position and angle at which the bare fiber is positioned in
the mechanical splicer chip. The prior development of these chips done by lab members
of NPQO[20] tuned the fabrication recipe for coupling between 130um to 125um diameter
fibers, specifically measuring the coupling between 800nm HCPBF to PM780HP fibers,
resulting in a production of chips highly consistent in diameter. The 1550nm HCPBF
however, has a diameter of 120pum. Mechanical splicer chips of 120pum tol125pm diameter
fibers are fabricated along with the 130um to 125um, but they are not of consistent quality
and the majority of chips are over-exposed leading to the fibers to be loose and not level
with each other in the chip. This resulted in average coupling rates of > 10% if supported
by the chip structure only.

5.1.1 Sample Preparation

ICG powder was purchased from MP Biomedicals in quantities of 5mg per vial. A stock
solution was made by dissolving 5mg of powder in 5mL of H,O, then a low-concentration
solution is made by diluting 10uL of stock solution into 2.5mL of either DoO/H50. In a sec-
ond approximate method for making low-concentration solutions, the tip of a syringe needle
was use to scoop up a small amount of dye and then dissolve it in 5-10mL of D,O/H50,
working by eye based on the hue and opacity of the dye sample (See Fig.5.2(c)). The ab-
sorption of the sample was then measured in a cuvette and fitted to the concentration-based
absorption cross-section data to find the concentration of the sample.
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5.2 Absorption Cross-Section

ICG absorbs wavelengths between 600-900nm. The absorption is largely bimodal, with
the greatest excitation occurring at 780nm and 700nm, but transforms into a monomeric
distribution at 780nm at low concentrations and 700nm at high concentrations.

le—16 D20 le—16 H20

— A=780nm
—— A=700nm

Absorption Cross Section o (cm?)
Absorption Cross Section o (cm?)

10-8 10-7 10-% 10-% 10— 10-3 10-2 10-1t 10-# 107 10-8 10-5 10 10-3 10-2 10-1t
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(a) (b)

Figure 5.3: Absorption cross-section at peak wavelengths 700nm(blue) and 780nm(green)

for ICG dissolved in D;O(a) and HoO(b) . Data from [28] was fitted using a linear regression
model.

Due to the chemical formation of ICG, the absorption of the molecule when dissolved
in a solvent is highly concentration-dependent. ICG is made up of monomers, which are a
type of molecule that can react with other monomers to form polymer chains. In the case
of ICG, its monomers react with each other to form dimers, a chain of two joint monomers.
With higher concentrations monomers are closer to each other, causing the molecules to
have an increased likelihood to shift from monomers to dimers, which in turn are less likely
to be excited and shift the center absorption wavelength. The concentration of monomers
M to dimers D is governed by the equilibrium reaction:

M+M=D (5.1)
and law of mass action relation concentration

D) = Kp|M]? (5.2)
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where Kp is the dimerization constant. Written in terms of concentration C' and mole
fractions, [M] = 2,,C = (1 — 2p)C and [D] = “2C, the mole fraction of dimers can be
written in terms of the dimerization constant and concentration.

1 \/(1+ Loy (5.3)
T AR,C 1K,C ‘

The absorption cross-section model for ICG[30, 32] will be an average of the effects of
the of monomers and dimers, where o), and op are the monomer and dimer absorption
cross-sections respectively.

o =xp0y +xpop =0y —xp(oy — 0p) (5.4)

Plugging (5.3) into (5.4), remaining parameters can be found by doing a linear regression fit
to absorption cross-section vs. concentration data from literature. The expected absorption
cross-section can be calculated for any concentration. For ICG dissolved in H5O, the
existing literature presents some variation and so the upper/lower bounds and average
were taken, while data for ICG dissolved in DyO was based on [28]. The behavior in
H50 and D,O are quite similar and are plotted in Fig.5.3. At lower concentrations the
absorption cross-section is slightly greater for DoO than HyO, with the reverse for high
concentrations.
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)\peak:780nm KD OM Op
[28] 6.01210° 9.29210716 2.2821071°
1.03x10° 6.74210716 1.54x1071¢
[29]
1.40210° 6.72210716 1.11x1071¢
[30]
Average 3.06210° 7.9421071 172210716

Table 5.1: Absorption Cross Section parameter fitting of ICG dissolved in DI water. Fitting
done with linear regression on ¢ vs. concentration data measured at A = 780nm from
literature.

Apeak = 700nmM Kp oM op
[28] 3.002103 2.29210716 25.68210716
[30] 3.06210% 8.89x10~16 3.93210~16
Average 9.31210° 162210716 4.7421071°

Table 5.2: Absorption Cross Section parameter fitting of ICG dissolved in DI water. Fitting
done with linear regression on ¢ vs. concentration data at A = 700nm from literature.

Apeak Kp oM op
780nm 3.22x10% 714210716 2.68210~ 17
700nm 1.67210% 2.833x10716 6.282¢10~16

Table 5.3: Absorption Cross Section parameter fitting of ICG dissolved in heavy water.
Fitting done with linear regression on ¢ vs. concentration data at A = 700nm and A\ =
780nm from [28].
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5.2.1 Photostability

At high concentrations, ICG behaves as a “J-aggregate”, a category of dyes that shift in
the absorption band to larger wavelengths in certain solvents. When mixed into water
and other solvents, ICG shifts over time to a center wavelength of 893nm. This process
can be accelerated under high heat. In high-concentration forms (in the range of 1000ppm
solutions) [31], J-aggregates can be stored at room temperature for several months. How-
ever, in such a state the dye will be too optically dense to observe any optical excitation
and when diluted to perform such measurements, the J-aggregates will begin to detach
into smaller molecules within 24hrs. The effects of dye concentration on storage life in
aqueous solutions becomes a tricky balance at single-digit ppm concentrations. At that
concentration, the fluorescence intensity of the dye is at its greatest but it degrades to
undetectable levels in just a couple of hours under optimal storage conditions[29, 33]. The
rate of deterioration occurs linearly based on the initial concentration of ICG[28], but the
amount of light exposure of the solution will also exasperate the degradation rate[33].

— t=ahr
] t = Ohr

=

Absorption Cross Section o (cm? 10718)

/7 \,,
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A (nm)

Figure 5.4: Degradation of a 4.5ppm initial concentration sample after 4hrs of light expo-
sure reduced to a 2ppm concentration.
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5.3 Fluorescence

5.3.1 ICG at Low Concentrations

Photoluminescence in the dye is observed in the range of 750-900nm, therefore overlapping
with the absorption spectrum. The peak emission wavelength for ICG varies within 800nm-
820nm|32, 33] when excited at 780nm, and decreases as solution concentration increases.
The dimerization effects are attributed to (a) the formation of weakly fluorescent ICG
molecular aggregates at high concentrations (b) self-quenching and (c) re-absorption of the
emitted fluorescence by the ICG molecules due to overlap of the absorption and emission
spectra. In the J-aggregate form the excitation wavelength shifts to 834nm and the emission
peaks at 890nm although low quantum yield and strong light scattering does not lend to
accurate measurements|[31].

0.05 1 N —— A =720nm

[\ A =730nm

[\ —— A= 740nm

0.041 | "‘.\ —— A =750nm 0050 | @ ta.2s
—— A =765nm

—— A =770nm

A = 775nm

—— A =778nm

A = 780nm

—— A =790nm

00554 _,_ p.

g
=}
S

0.045 A

ex (1079)
o
o
[
w
~
a

0.040

w
v
o

em/lr

0.035 4

b=
o
o
N
Dz emlh=ex (107%)
o
(=]
w
o
w
N
w

w
o
=]

0.01
0.025 A

Absorption Cross Section o (cm?2 10716)

I
~
w

0.020

I
n
o

~
o
=]

700 750 300 350 200 950 720 730 740 750 760 770 780
Wavelength(nm) A (nm)

(a) (b)

Figure 5.5: A 4.5ppm sample of ICG dye was placed in a lcm cuvette and characterized.
(a)Fluorescence spectrum of 4.5ppm sample (b) Maximum fluorescence and maximum
absorption spectrum of 4.5ppm sample with a pump power of ImW at each wavelength.
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5.3.2 ICG in HCPBF

Low-concentration samples of dye were prepared and used it to fill a 800nm HCPCEF core
and 1550nm HCPBF core and cladding. The measured absorption cross-section of the dye,
shown in Fig.5.6, presents additional absorption effects caused by the fiber, notably the
narrower bandgap of the 800nm HCPBF. Additionally, there is an observed 18nm shift
in the peak absorption from 778nm to 796nm in the 1550nm bandgap-shifted liquid-filled
fiber, while the 800mn liquid-core fiber has an insignificant 4nm shift in peak from 775nm
to 771nm.
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Figure 5.6: Absorption cross-section of ICG samples (a) 2.5 ppm concentration in core of
800nm HCPBF and (b) 4 ppm concentration in core an d cladding of 1550nm HCPBF.

For 800nm core-filled HCPBF, ICG solutions were prepared with HoO and D5O sol-
vents, but fluorescence was only guided in the D5O. In the 800HC fiber there was already
significant loss coming from the narrow bandgap in combination with lower refractive
index contrast of using a liquid medium, as half of the absorption spectrum is outside
the bandgap; The absorption of effects of HoO in the NIR (discussed in chapter 2) and
re-absorption from the overlapping excitation-emission spectra is suspected to be greater
than the number of emitted photons. The fluorescence guided in the 800nm HCPBF was
also influenced by the bandgap, shown in Fig.5.8b. The emission had a large shifts in peak
for excitation between 745 —775nm - wavelengths at the edge of the bandgap and with high
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absorption effects - varying peak fluorescence between 800 and 820nm while for excitation
above 775nm the fluorescence stayed centered at 805nm.

Fluorescence was also in ICG-filled 1550nm HCPBF with D;O as solvent, which had the
best ratio of fluorescence intensity to emission intensity (“fraction of fluorescence”). For a
4ppm ICG sample the fraction of fluorescence are compared in Fig.5.7 for excitation wave-
lengths below the emission wavelength range. The peak fluorescence in the cuvette was at
820nm, but was shifted down 10nm to 810nm in the fiber and the fraction of fluorescence
in 1550nm HCPBF was ~ 35x greater than that measured through the cuvette. For the
3.7ppm sample in core-filled 800nm HCPBF similar fraction of fluorescence to the cuvette
sample were measured at the excitation wavelength of peak absorption(778nm).
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At the maximum absorption wavelength, the fraction of fluorescence and output power
at the excitation wavelength are measured as a function of the input power, shown in
Fig.5.8c. The fraction of fluorescence peaks at an input power of 50uW, while the output
power increases logarithmically and appears to approaching a limit on the transmission.
Overall, the fluorescence efficiency is of 0.00051% in the 800nm HCPBF )., = 778 and
for 1550nm HCPBF 0.014% at \., = 740nm, which is comparable to other optofluidic

waveguides [12].

6
—— A =745
0.05 dor= 755 \ looso
— Aex=T65 5 \
— =775 \
ex \
~ 0.04 I, \/ £0.045
T e =780 4
o 2
2003 Jex = 782 : L0.040
x N\ o
i A O3
::002 | \ /\\f\/\ / \\ /\ 2 {0035
0 / W A :
< | Y\ \\ // / \\ K 2
(S A\ A\ £0.030
001y 1/ pv4 W A
////\/ \J \\&/_/ 1 —. /
) = £0.025
0.00
795 800 805 810 815 820 825 830 835 0 745 750 755 760 765 710 715 780
A (nm) A (nm)
(a) (b)

B

(10°%)

x

/r = e

b

Ia—

805nm) (nW)

Fluorescence Out Power (Aem

—
~

o
o

/ /

/ /
/ /o fsg
S/ E
/ / 20E
e 2
/ // 15"

/

S
\\
\\
=
o
Ouput Power (A

o
&

o
o

1 2 3 4
Input Power (Aex = 780nm) (mW)

()
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cence and optical density against excitation wavelength. (¢) Measured output peak power

and fractional fluorescence as a function of input power.
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Chapter 6

Liquid-Suspended CNT Experiments

6.1 HCPBF Bandgap Overlap with CNT Excitation
and Emission

To successfully collect the CNT fluorescence when suspended within a HCPBF, the
particle emission and excitation must be within the bandgap of the fiber. Taking the
most commonly available HCPBF's, Table 4.1 shows the bandgap range and the central
operating wavelengths for core-filled and fully D,O-filled fibers. In Fig.6.1, the liquid-filled
HCPBF bandgaps are overplayed with the excitation and emission spectrums of CNTs
calculated in the previous section. From this overlay, it appears that 10 chiralities of CNT's
fall within the bandgap of a fully-filled 1550nm HCPBF and one within the bandgap
of fully-filled 1060nm HCPBF. The potential CNT candidates and their characteristics
are listed in Table 6.2 along and their spectrum plotted within the 1550nm fully-filled
bandgap in Fig.6.2.

HCPBF Central Wavelength | Central Wavelength | Bandwidth (nm)
Air (nm) D50 (nm)

HC2000 2000 1144 250

HC1550 1550 887 500

HC1060 1060 606 100

HC800B 800 457 200
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Table 6.1: Thorlabs fiber bandgap shift. The ranges for HC1550 and HC800B are ap-

proximated from spectrum measurements and HC2000 and HC1060 are taken from NKT
datasheets[70, 71].
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Figure 6.1: Hollow-core fiber bandgap overlayed on CNT emission vs. excitation wave-
lengths

QulIN Lab at the University of Waterloo has developed a CNT isolation process using the
surfactant sodium deoxycholate (DOC) in DI water, and are able to produce samples with
(7, 6) and (7, 5) dominant samples. Thus far an experiential set-up for characterizing the
CNT samples was completed, but use of the sample in HCPBF has not yet been completed.
The sample information that has so far been collected is included.
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(TL, m) dt e )\11 )\22
(nm) | (deg) | (nm) | (um)
(6, 1) 0.52 0.13 652.62 | 631.79
(7, 2) 0.65 0.21 802.05 | 625.92
(7, 5) 0.83 0.43 1023.74 | 645.33
(7, 6) 0.89 27.46 | 1119.76 | 647.64
(8,0) 0.64 0 776.01 | 660.25
(8, 3) 0.78 0.27 951.61 | 665.39
9,1) | 0.76 0.09 | 9121 | 691.29
(9,4) | 0.02 0.31 | 1100.63 | 722.39
(10, 2) 0.88 0.16 1053.43 | 736.68
(11, 0) 0.87 0 1036.93 | 744.57

Table 6.2: CNTs with emission and excitation

transmittable through HC1550 filled with D5O.
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6.2 Experiment Set-Up

Due to the absence of a tunable, few nanometer linewidth light source available in the
NPQO lab for excitation wavelengths between 600 — 700nm, one was made by passing a
super continuum source through a 1800g/mm diffraction grating and filtering through an
optical slit. From this set-up, depicted in Fig.6.3, a pump power of 48uW was achieved
for a linewidth of = 1.838 & 0.004nm, tunable over the required excitation bandwidth. For
cuvette measurements, the set-up was modified as shown in Fig.6.4 and used to measure
absorption and fluorescence of the sample .
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Figure 6.3: (a) The experiential used set-up for filtering and selecting the pump source
wavelength from the super continuum source. (b)The spectrum and intensity of the exci-
tation beam at \ = 645nm picked-offed the super continuum source. The power measures
48uW and fwhm= 1.838 4+ 0.004nm.
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6.3 Sorted CNT sample

Sample History

CNT samples were prepared by HeeBong Yang from the QulN Lab at the University of
Waterloo. SG65i powder was purchased from Sigma Aldrich and dispersed in a surfactant
at an initial powder concentration of 1 mg/mL. The sample then underwent a procedure of
purification steps, sorting with polymers & surfactants, and polymer exchange. The final
condition of the sample was 65% (7,5), (7,6) dominant SWCNTSs in DI water with 0.04%
DOC, but at an unknown concentration.

-
g

Figure 6.5: Sorted (7,5), (7,6) dominant CNT sample. Solution appears to have a green
hue.

6.3.1 Sample Characteristics

CNT solutions follow Beer-Lambert’s Law [71, 77], A = log(%) = ¢C'L so the concentra-
tion can be deduced from the measured absorbance. Fig.6.6(a) and the average previously
reported extinction coefficient[75, 76, 77] € = 30.98 mL mg~!'cm™! estimate a sample con-

centration around 0.0042 + 0.0007 mg/mL. Unfortunately no PL was detected from the
sample. The sample was then diluted in 4 steps of serial dilution in order to confirm that
the lack of fluorescence was not due to interference between CNTs due to the concentra-
tion of the sample. However, as shown in Fig.6.7(a), the absorbance of the diluted samples
diminishes indicating that the initial concentration sample was not at a quenching concen-
tration. From Fig.6.7(b), the initial concentration CNT sample transmitted power appears
linear, indicating that the sample absorbance had not yet reached the saturation point.
From Fig.6.9(b), the first-step and second-step diluted samples transmitted power appear
linear, indicating that the sample absorbance had not yet reached the saturation point.
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Figure 6.6: (a) Absorbance spectrum of CNT sorted CNT sample (b)Absorbance of CNT
sorted sample over 60 minutes, the absorbance of the sample stabilizes after 30 minutes.
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Figure 6.7: (a) Serial Dilution of the original concentration ”C” sample. All diluted samples
have a lower difference in absorbance between the expected peak absorbance wavelength
and surrounding wavelengths. (b) The power saturation of the CNT solution compared
to deionized water. The output power remains linear to the input power indicating the
saturation threshold has not yet been reached.
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6.4 Unsorted CNT sample

Despite the high absorption loss from DI water in the excitation wavelength range, fluo-
rescence has been detected for these chiralities of CNTs suspended in DI water before[73],
though there is 23.25% pm 10% decrease in PL intensity when using H,O instead of D,O
for (7, 5) and 42.5% pm 5% for (7,6) and quantum yields are expected to be around 1.04%
and 1.40% respectively. To remove the absorption effects of DI water, measurements were
repeated on a DyO-based sample. Unfortunately, a sorted D,O-based sample was unable
to be prepared due to the need to develop a new sorting recipe coupled with minimum
requirement of 50mL - 100mL of solution to carry out the CNT sorting procedure. Since
the amount of D,O available at the time of the experiment was limited, only an unsorted
sample of CNTs in D,O was prepared.

Sample History

CNT samples at the initial concentration were prepared by HeeBong Yang from the QulIN
Lab at the University of Waterloo. SG65i powder was purchased from Sigma Aldrich and
dispersed in DO at a concentration of 1mg/mL. The sample was then serially diluted from
the initial concentration four times.

‘I_\:,‘” i | —\
mo.

Figure 6.8: Unsorted CNT sample. (left) The initial concentration ”C” CNT sample, black
in color. (center) The first-step dilution sample, 0.1C, gray in hue. (right) The second-step
dilution sample, 0.01C, a clear liquid.

Sample Characteristics

The absorbance of each sample concetration was measured, as shown in Fig. 6.9(a). The
initial concentration sample had near-zero transmission, being too dense of a concentration
to see any discernible optical features, while the third and fourth-step diluted samples
were near-complete transmissible, having too low of a CNT concentration to measure
any discernible optical features. The first and second-step diluted samples each a have
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discernible absorbance spectrum that agree with the sorted sample absorbance spectrum,
with the second-step dilution sample being closest in transmission to the sorted sample.

Unfortunately, there was also no fluorescence detected from any of the DoO CNT sample
concentrations either, indicating that the high absorption effects of H,O are at least not the

main factor in inhibiting the detection of fluorescence from the CNTs. Further investigation
still remains.
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Figure 6.9: (a) Transmission spectrum of the diluted samples from the original concentra-
tion,” C”, sample. The first and second step dilutions have discernible absorbance peaks
corresponding to (7, 5) and (7, 6) dominant CNTs. (b) The power saturation of the first
and second step CN'T dilutions compared to D,O. The output power remains linear to the
input power indicating the saturation threshold has not yet been reached.
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6.5 CNTs in HCPBF

Despite the absence of detected fluorescence from the above sample measurements, the
absorbance measurements confirm the presence and dominance of (7,6) and (7,5) type
CNTs in the samples. The sorted CNTs dispersed in H,O sample was used to fill a 2cm
piece of HCPBF and the transmission spectrum measured, as shown in Fig. 6.11.

The CNT-HCPBF measurements show inconclusive results however due to a transmission
efficiency of less than 0.015%. Using HC1550 HCPBF required 120pum-125pum splicing
chips, but a successful fabrication recipe has not yet been tuned to these smaller-diameter
chips, resulting in poor coupling into the HCPBF.

(a) (b)

Figure 6.10: Modeshape of the selected CNT sample-filled HC1550 HCPBF. (a)The mode-
shape of the fiber measured with the SCS. While modeshape corresponding to light guided
through the core indicates a Gaussian modeshape, the majority of the light is coupled into
the cladding of the fiber. (b) The modeshape of the fiber measured with a single wave-
length source at 852nm.
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Figure 6.11: Measurements of the sorted CNT sample-filled HC1550 HCPBF. (a) The
spectrum for pump power (red ) into the fiber-integrated sample and output power (blue)
measured through the fiber integrated sample. (b) The transmission spectrum.
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Chapter 7

Conclusion

In this thesis use of HCPBFs as a liquid-waveguide was studied. The preservation of light
bandgap guidance through liquid demonstrated by experimentally confirming the scaling
laws for liquid-filled fibers of HoO and D5O. The main results of the thesis were obtained
in the measurements of the interaction of suspended ICG particles within the mode of
the fiber. The dye molecules were excited in the fiber and fully-filled HCPBF guiding
light via optical bandgap exhibited a higher efficiency than that seen in the liquid-core
fiber. Despite difficulty with the coupling, there is high enough efficiency the potential of
creating fluorescent light sources. However, using organic molecules becomes troublesome
due to rapid degradation and photobleaching. Semiconducting CNTs in theory can also
be used as a fluorescent medium, removing the lifespan issues of organic dyes and and
increased tunability through chirality selection processes. The overlap in certain chirality
CNT spectrums and the bandgap of commercially available HCPBF when filled with heavy
water makes further study into their integration warranted.

Future Work

While the results of suspended ICG particles are promising and show a proof-of-concept,
the progression to suspended CNT's in HCPCF is incomplete. The initial tests with a sorted
CNTs sample were inconclusive and further investigation is needed to produce a fluorescent
sample. Future experimental efforts will hopefully lead to uses of CNT's in fiber-integrated
devices. Besides the CN'T samples, one of the main challenges that remains is obtaining
a consistent and high coupling to the HC1550 HCPCF. Butt-coupled mechanical splic-
ing chips fabricated for HC800 HCPCF consistently achieve coupling around 75-80% and
robustly hold the fibers together[20], but the same recipe does not produce high-fidelity
butt-coupled mechanical splicing chips for 1550nm HCPCEF. This is another avenue that

o8



needs to be explored but it is likely to be solved with modest efforts.

After the implementation of the aforementioned improvements, future prospects include
integrating the suspended particle-filled HCPCF into a narrow linewidth external cavity
semiconductor laser (NLECSL) as a gain medium. A potential NLECSL set-up using the
common Littrow configuration depicted in Fig.7.1(a). Narrow line-width dye lasers have

Fiber patch coming from pump source

Fiber patch coming from pump Source

\
N

(a) (b)

Figure 7.1: Example NLECSL configurations integrating the liquid-HCPCF as the gain
medium (a) Littrow configuration (b) Single-wavelength fiber-integrated approach with
FBG.

already been made using liquid dyes as gain medium[31, 80] with applications nonlinear[33]
and atomic optics[381] . With organic dyes like ICG having wide fluorescence spectrum a
tunable laser is desirable, but CNTs typically have fluorescence linewidth around 4-6nm
when isolated and 20nm in bulk samples|[78] will have promise in a fixed-wavelength cav-
ity. For single-wavelength laser configurations, fiber-integrated systems have been demon-
strated using fiber Bragg-gratings as end-reflector of an external cavity system[79]. An
easy integration if using fiber splicing chips Fig.7.1(b).
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Appendix A

Radii Estimates for ICG Aggregates
in HCPBF

For aggregating nanoparticles, the size of the aggregates may be significant in optical
density calculations within HCPBF. Here we calculate the potential range of ICG radii
from the data presented in Chapter 4. While the experimental and calculated number
density for particles within the fiber seem to agree, this study only takes into account
scattering effects which may no be applicable to fluorescing particles. However, this
assumption would certainly be valid when considering dielectric particles dispersed in
liquid fibers.

For ICG dispersed in water, molecule aggregate radii have been measured between 2nm —
200nm [30], with J-aggregates forming at radii > 50nm/[37]. Due to the low concentration
samples of dye used in out experiments, the lower range of molecule diameter is expected,
meeting the Raleigh scattering approximation condition % << 1, the scattering cross-
section is
27T5<2Tparticle)6 N2 -1 2
3\t (N 24 2)

where N = % After applying the parameters above and (A.1) to (3.31), the estimated
concentration of ICG molecules for optically dense medium (ODy,., = 1) has a range of
Nyparticie = 1.5 x 108 ~ 2.0 x 10 molecules and Npgrticre = 8.2 x 107 ~ 1.1 x 10'* molecules
for 1550nm and 800nm HCPBF respectively varying the ICG aggregate radii within the
approximation condition.

For calculations of optical density with ICG molecules in the 1550nm HCPBF, the core
radius is taken as 7. = 5 £ 0.05um with beam waist wy = 4.5 £ 0.05um. For this

L fiper = lem piece of fiber, the number of molecules contained in a perfectly filled core is

(A.1)

gg =
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Figure A.1: (a)The number of molecules to create an optically dense medium as a function
of average particle radius. Inset plot shows the dye concentration as a function of particle
radius.(b) The rate increase in OD as the length of the fiber increases. For OD = 1: a
sample concentration of 3.7ppm in 80nm HCPBF, L., = 2.28cm with a rate of 0.44(?—5).
For 1550nm HCPBF with a sample concentration of 4ppm. L e, = 0.78cm with a rate of
1.27(92)

expected to be

1mol 4dmg

778085 * Tams " " (04m)"(lem) = 2.441 x 10°molecules

(A.2)
Using the measured optical density in the fiber, Fig.5.7b the estimated radius of the ag-
gregate ICG molecules is 7pgrticie = 13.7 £ 0.2nm. Carrying out the same calculations for
the Lyiper = 2cm 800nm HCPBF, the number of molecules contained in a perfectly filled
core will be Npgrticie = 2.54 X 10°. The fiber has a core radius reoe = 3.75 & 0.05um with
beam waist wy = 2.75 £ 0.05 and using the measured optical density in the fiber, Fig.5.8a,
the estimated radius of the aggregate ICG molecules is rpgrticie = 11.5 £ 0.26nm. These
molecule radii are well in agreement, but since the 800nm HCPBF ICG solution is a slightly
lower concentration, the average rp4rticie is expected to form slightly smaller aggregates.

Nparticle = MICG * O * Vfiber =
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