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Nanoscale nonlinear optics using silica nanowires

Eric Mazur Geoffry T. Svacha

ABSTRACT

We have fabricated silica fibers with diameters less than one micrometer and molec-
ularly smooth side walls. We modeled the waveguide properties and demonstrated low-loss
light propagation over tens of millimeters, sufficient for microphotonic device applications.
We manipulated silica nanowires into geometries to demonstrate waveguiding around tight
bends as small as 5 micrometers, evanescent coupling, and wavelength filtering as a ring
resonator. The linear waveguiding properties produced by the large index contrast between
silica and air yield a tight confinement of the mode, which, when combined with the high
electric field intensity in an ultrashort laser pulse, can produce significant nonlinear effects
over lengths of about one millimeter. We studied nonlinear optical properties by observing
the spectral broadening as a probe for the diameter-dependent nonlinearity of the silica
nanowire. Our measurements confirmed the dependence of the generated spectra on the
theoretically calculated effective nonlinearity and diameter-dependent dispersion. Our re-
sults reveal a diameter range for silica nanowires with an enhanced nonlinearity which may
be employed in nonlinear devices. We fabricate a nonlinear Sagnac interferometer using
silica nanowires for optical switching and discuss possibilities for optical logic. Our results
confirm light-by-light modulation, with pulse energies less than a couple of nJ. Combin-
ing top-down and bottom-up fabrication techniques, we use tapered silica fibers to couple
light directly into the waveguiding modes of ZnO nanowires. We experimentally confirm
simulations for the coupling efficiencies and propagation of higher order modes. We also
excite ZnO nanowires with ultrashort laser pulses and compare the spectrum transmitted

along the nanowire waveguide with the spectrum at the excitation spot. Our results show



v

a shifting of the band edge that indicates a local heating of the nanowire by a few hundred
degrees, which is confirmed by finite-element simulation. Finally, we discuss the outlook for

nanoscale nonlinear optical devices.
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Chapter 1

Introduction

1.1 Motivation

Gazing out across the Charles River toward the belfry of the Old North Church,
a group of Paul Revere’s associates stationed in Charlestown were looking for a flash of
light that signified the American Revolution had begun. The signal, a simple one, was a
lantern in a window, which encoded a very important piece of information. A single lantern
indicated that the British military forces would be arriving “by land” while two lanterns
meant they would come “by sea.” On the evening of April 18th, 1775, after hours of staring
at a slim black spire set against the night sky, two faint flickering lights were seen in the
steeple, and Paul Revere began his historic ride through Lexington and Concord to alert
the militia that the British forces were coming by boat into Cambridge [1].

The story of Paul Revere’s ride symbolizes the importance of optical communica-
tion in our society. For thousands of years before Paul Revere, humans used fires, smoke
signals, and flags to encode and transmit all types of military, cultural, and other informa-
tion across long distances. Now, it is difficult to imagine a piece of information that takes

longer than a few seconds to find using the connected optical network that makes up the
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internet.

In 1880, Alexander Graham Bell invented a device called the photophone that was
actually quite similar to lantern signals used by American revolutionaries a century earlier.
The photophone consisted of a flexible mirror that reflected sunlight towards a receiver. The
receiver consisted of a piece of selenium, whose electric resistance varies according to the
degree of illumination [2]. As someone speaks into the transmitting device, sound vibrations
are transformed into vibrations in light by the flexible mirror, which then creates a current
in the receiver circuit resulting in an audible signal from a telephone disk. Bell also carried
out the experiment using an electric light source, successfully transmitting over 86 yards.

Despite Bell’s ingenuity, the photophone, while demonstrating an amazing engi-
neering feat, was ultimately flawed due to the reliance on, and exposure to, environmental
factors. Even with that limitation, the fundamental idea behind Bell’s photophone has a
few similar ideas in common with modern day communications systems. The major differ-

“wire” that transports them to and from

ence is the containment of the light signals in a
the receiver. Contemporaries of Bell were already observing and studying a phenomenon
that would make a wire for light possible.

Almost 40 years prior the demonstration of the photophone, Daniel Colladon per-

formed an experiment that confined light in water flowing from hole in a bucket. He

observed [3]:

I managed to illuminate the interior of a stream in a dark space. I have discov-
ered that this strange arrangement offers in results one of the most beautiful,
and most curious experiments that one can perform in a course on Optics.

John Tyndall later independently repeated this experiment, demonstrating the guiding of
light by total internal reflection [4].
While Colladon, Tyndall, and others studied interesting experimental optical phe-

nomena, James Clerk Maxwell described the theoretical mechanism for the propagation
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of light, as well as how light interacts with materials [5]. To understand how light can be
‘trapped’ inside a stream of water, and ultimately how glass optical fibers can transmit data
across a thousand kilometers, we will examine the interaction between light and matter.
We can summarize the interaction by describing the induced polarization to the incident

electric field. The constitutive relation

P = ¢V - E, (1.1)

where eg = 8.853x 1072 A-s/V-m is the vacuum permeability, and material response is given
by the first order susceptibility tensor x(!). Equation (1.1) describes the linear polarization
response of a material to an applied electric field. While the linear response is certainly not
the only contribution to the polarization, as we will describe below, many optical phenomena
we observe in our daily lives can be explained with the simple relationship in Eq. (1.1).

Maxwell’s equations yield a wave equation describing the propagation of light

1 I*E 0*P

2
E--2~_ 2%
v 2o~ Mo

(1.2)
where c is the vacuum speed of light and pg is the vacuum permeability. Using the relation
poco = 1/c%, and substituting the induced polarization from Eq. (1.1) into Eq. (1.2), if we
assume an instantaneous material response we obtain

(14+x1) 9%E
Q2 a0 (13)

V’E —
which resembles the propagation in free space, but with a wave velocity v = ¢/+/1 + x (1.
We define the index of refraction n = /1 + x(1), which relates the speed of light in a

vacuum to the speed of light in a material.

The index of refraction is a useful parameter when examining how light behaves



Chapter 1: Introduction 4

at an interface between two materials. Light propagating through material A with index
na, when reaching an interface with material B with an index np > na will propagate
with a slower wave velocity through material B. When light approaches the interface at
an angle different from normal incidence, then the leading edge of the wavefront reaches
the interface first and slows down. The trailing edge of the wavefront propagates further in
material A, traveling a farther distance than the leading edge, before it reaches the interface.
The difference in wave velocity in the two materials results in the wavefront changing its
angle, effectively causing light to ‘bend’ at the interface. For the case of ng > n4, the light
bends toward the normal vector, while for ng < n 4 light bends away from the normal, with
the degree of bending determined by the contrast of the index of refraction. By solving

geometrically for the change of the wavefront, we obtain Snell’s Law

nasin(64) = npsin(fp) (1.4)

where 64 and 6p represent the angle of incidence and the angle of refraction, respectively.
This quantitative description of light passing through an interface gives a surprising result
for the case of np < n4, specifically, a range of angles for 64 where sin(fp) > 1. We define
the critical angle 0. = sin_l(nB/nA), such that for 84 > 6., there is no solution for 6g. For
the case when no angle is allowed for the light to enter material B, the light reflects from
the interface and remains in material A. This phenomenon is called total internal refiection,
and it is exactly what Colladon and Tyndall observed when they trapped light in a stream
of water.

Light confined to a wire can be used to transmit binary information, but the
practical application of total internal reflection for data transmission requires a reliable
material and fabrication process. Scientists at Corning first demonstrated a low loss optical

fiber made from fused silica in 1972 [6]. The optical fiber consists of a core region 3 pum
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in diameter of fused silica doped with titanium oxide, and a cladding region about 100 ym
in diameter of pure fused silica. The doping creates a difference of 0.008 in the index of
refraction between the core and cladding, which provides total internal reflection for light
approaching the interface at an angle greater than 84° from the normal (or equivalently,
less than 6° from the plane of the surface). The purity of the material and uniformity of the
fabrication process helped achieve losses of about 10 dB/km, enabling long distance optical
communication with glass fibers.

In 1977, Bell Labs installed the first commercial fiber optic lightwave system in
Chicago [7]. Light, transmitted along an optical fiber, works well as a signal from one end
to the other, but in order to have a network that connects many distinct sites, the signals
need to be routed through a series of nodes. At each node, the address for a particular piece
of information, which is contained within the signal itself through a prearranged protocol,
determines the destination. The process at the nodes takes place in electrical interconnects
that detect the light signal, transform it to an electric signal, process that electric signal to
get the address, and create a new optical signal which is then sent along the proper route.

Almost twenty years prior to the installation in Chicago, scientists at Bell labs
and elsewhere [8, 9] were studying a process to create light which later became the optical
signals in future communications systems, and also fundamentally changed our ability to
study nature with optics. The development of the “laser” brought about unprecedented
intensities of light at the same frequency, polarization, and phase, or, in a quantum me-
chanical description: a large number of photons in the same state. Lasers have since enabled
new methods for imaging, more precise ways to keep time, the creation of new states of
matter, and many other applications.

The invention of the laser also allows us to break the assumption we made in Eq.

(1.1), because the large number of photons in the same state can simultaneously interact
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with the matter, thereby contributing to the material response and allowing nonlinear

phenomena. We can begin to describe this response as

P =cx"V ' E+Pyy, (1.5)

By assuming that the nonlinear polarization Py, can be treated as a perturbation, we can

expand in powers of the electric field as

P=c(xV -E+x? EE+x® .EEE+ ..) (1.6)

with x*)[(m/V)*~1] being the kth-order susceptibility tensor [10]. The additional terms,
with higher powers of electric field, result in the mixing of waves which allows for the
generation of sum and difference frequencies, as well as higher harmonics, of the incident
field. When a laser pulse interacts with a material where the nonlinear contribution to the
polarization is non-neglible, and the dispersive properties of the material are considered,
the evolution of the pulse can become quite complex both spectrally and temporally [11].
This complexity has created tremendous growth of the field of nonlinear optics over the
past 40 years, and allowed for mathematical analogies to be drawn to fields as distant as
black hole event horizon dynamics [12].

For the long distance signal-carrying optical fibers, effects due to nonlinearity
degrade the signal integrity. The study of nonlinear optics describes pulse propagation in
various dispersion and nonlinear regimes, and presents opportunities to minimize signal
degradation. The careful balance of waveguide nonlinearity, anomalous dispersion, and
pulse power can yield a solitary wave, or “soliton”, that propagates without distortion and
which can be used to transmit information along optical fibers [11].

While the understanding of nonlinear optics helps to avoid unwanted signal distor-

tion in an optical communications transmission line, nonlinear systems can have many other
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applications. Many useful components in electrical systems, such as diodes and transistors,
rely upon nonlinear operation. In fact, the electrical interconnects that do the routing and
signal processing at the nodes of an optical network contain hundreds to thousands of these
electrical components. The capacity of optical networks used to transmit information in
metro and long haul networks has followed a doubling trend analogous to Moore’s law,
coined Butter’s Law of Phontonics, that states the capacity doubles every nine months.
That rate is twice the rate of doubling for many performance parameters of the computer
industry. The quicker growth rate for photonics implies that the electrical interconnects
that perform the switching and routing will become the limiting feature of the network.
One promising solution for overcoming this bottleneck is the replacement of the electrical
interconnect with an all-optical circuit.

Optical fibers rapidly replaced copper wires as the preferred transmission lines due
to their large bandwidth and low power consumption. Using standard optical fibers in order
to perform the operations required at the network nodes, such as splitting signal channels
(demultiplexing), processing, and recombining signals (multiplexing), is impractical due to
the physical size of the constituent components. This limitation is analogous to what the
electronics industry faced when increasing the processing power of a computer: increase the
size of the computer, or decrease the size of the components. The photonics industry needs
to address the same concerns: as the number of information channels on an optical fiber
increases from hundreds to thousands, an optical circuit capable of handling that demand
will need to have miniaturized individual components.

The economic push for increased information capacity leads to smaller optical
waveguides and devices that can be incorporated into optical circuits. As we shrink the
components, in particular as the feature size approaches the wavelength of light and below —

we need a fundamental understanding of the interaction of light and matter at the nanoscale.
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For example, unlike electrons flowing in a conducting wire, photons traveling in a nanoscale
waveguide have a substantial evanescent field that is susceptible to surface roughness which
results in scattering. On the other hand, studying light at the nanoscale may provide
opportunities to take advantage of physical phenomena that are not manifested on a larger
scale. For example, metallic and dielectric nanoparticles can exhibit “capacitor-like” and
“inductor-like” responses to an incident optical field; the particles can be arranged to create
an optical circuit whose behavior is analogous to traditional electronic circuits [13].

Many different materials and technologies have been used to make small waveg-
uides, including plasmonic waveguides [14, 15], semiconductor nanowires [16, 17, 18, 19, 20],
and lithographically-defined nanowires [21, 22, 23, 24]. Each fabrication technique brings
its own advantages and limitations, which are frequently linked to the specific material sys-
tem. A few of the concerns when fabricating nanoscale waveguides are the surface roughness,
material absorption, large-scale patterning, geometry restrictions, and susceptibility to the
environment.

In this dissertation, we will be studying the optical properties of silica nanowires
fabricated by a taper-drawing method [25], and ZnO nanowires chemically grown with a
vapor-liquid-solid technique [26]. We explore the possibility of building nanoscale optical
devices that rely on nonlinearity to achieve their function. We demonstrate the power-
dependent transmission of one such device, and discuss how it can integrated for optical

switching and logic into an all-optical circuit.

1.2 Organization of the dissertation

Overall, this dissertation is separated in two parts. The first part of the thesis will

be concerned with using the linear and nonlinear optical properties of silica nanowires for
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assembling microphotonic devices, and the second part of the thesis will cover the potential
use of ZnO nanowires.

Chapter 2 introduces sub-micrometer silica optical fibers and their properties.
We review the fabrication technique, physical properties, device manufacture and their
applications. We focus on the linear optical properties such as the large evanescent field
and the diameter-controlled dispersion.

Chapter 3 discusses nonlinear effects inside nanowires. The relevant parameters
for wave propagation inside a fiber are reviewed and discussed in light of small diameter
fibers. We utilize supercontinuum spectrum broadening as a measure of the nonlinearity of
the fiber. We demonstrate that nonlinearity and dispersion play crucial roles in determining
the wavelength broadening of the supercontinuum.

Chapter 4 presents a silica nanowire Sagnac interferometer. We use the nonlinear
phase accumulated in a loop assembled from a silica nanowire to induce a power-dependent
transmission that may be used for optical switching. We discuss the potential implementa-
tion of the nonlinear Sagnac interferometer as NAND optical logic gate.

Chapter 5 examines the waveguiding properties of ZnO nanowires. The top-down
taper-drawn silica nanowires are used to directly inject light into the waveguiding modes of
the bottom-up chemically grown ZnO nanowires. We experimentally demonstrate coupling
and broadband waveguiding and use simulations to show the role of higher-order modes in
the transmission behavior of ZnO nanowires.

Chapter 6 discusses the transmission characteristics of ZnO nanowires being ex-
cited by a femtosecond-pulsed laser. The transmission spectrum at the output is compared
with excitation spot to reveal a shift in the band edge due to heating of the ZnO nanowire.
Finite-element simulations give a temperature distribution along the wire consistent with

the experimentally band shifting.



Chapter 1: Introduction 10

Chapter 7 summarizes the work contained within the dissertation and discusses the

potential for employing nonlinear effects at the nanoscale to create novel photonic devices.



Chapter 2

Silica nanowires

In this chapter, we introduce nanoscale waveguides fabricated from silica optical
fibers, with a focus on their linear optical properties. We model the waveguides as cylindri-
cal dielectric rods with a high refractive index contrast between silica and air. Calculations
reveal interesting waveguide properties including tight confinement of the mode, a large
evanescent field, and a strongly diameter-dependent dispersion. We discuss the fabrica-
tion techniques for making sub-micrometer diameter silica fibers, examine their physical
properties, and demonstrate the coupling of light from macroscopic light sources into the
silica nanowires via tapered fiber. Their optical properties, including the transmission and
bending loss, were measured experimentally. We also explore possible applications for these
silica fibers in more complex microphotonic devices. These devices will be discussed in
later chapters, along with nonlinear wave propagation, to offer a potential platform for

miniaturized optical switching and logic.

11
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Figure 2.1: The geometry and index of refraction profile for an air-clad silica nanowire. The
value of ng is the index of the cladding of the standard optical fiber preform.

2.1 Linear wave propagation in silica nanowires

In this section, we examine the linear waveguiding properties of nanoscale step-
index cylindrical dielectrics. In particular, we want to understand the propagation of light in
sub-micrometer diameter silica fibers, also referred to as silica nanowires. The waveguiding
modes of cylindrical dielectrics have been heavily studied over the past 50 years [27], thus we
will focus our attention on the propagating modes when the dimensions enter the nanoscale.
The fabrication of silica nanowires from standard optical fibers will be discussed in Section
2.2 and the experimental characterization of their linear optical properties in Section 2.4.
The treatment of waveguiding in ZnO nanowires in Chapter 5 shares much in common with
the analysis presented in this section.

Figure 2.1 describes the geometry of a step-index cylindrical dielectric waveguide.
Even though the index profile appears qualitatively similar to standard step-index optical
fibers, an important difference between standard fibers and silica nanowires is the index

contrast. The difference between germanium-doped silica and fused silica yields a contrast
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of about 1073 for standard fibers, while the index contrast between fused silica and air is
about 0.5. The large increase in index contrast for silica nanowires leads to tight mode
confinement which is essential for the experiments described in Chapters 3 and 4.

To understand the propagation of light in a dielectric material with a refractive
index profile like that shown in Figure 2.1, we rewrite the wave equation for the electric
field from Eq. (1.2), with the polarization, P, from Eq. (1.6) separated into its linear, Py,
and nonlinear parts, Py,

1 0’°E 0*Py, O*Pnr

VE- -2 =

2or Mgz TH T (2.1)

We will focus here on the linear optical waveguiding and ignore the nonlinear contribution
to the polarization Py in this chapter. The linear contribution to the polarization is
P = eoX(I)E, where ¢ is the vacuum permittivity. With that substitution, we can solve
Eq. (2.1) using separation of variables [11](where the direction of propagation is along the

z axis) assuming a solution of the form

E(r,t) = F(z,y)A(z, t)e ), (2.2)

where F'(z,y) gives the shape of the transverse modes, A(z,t) describes the slowly varying
change in the direction of propagation (also referred to as the “pulse envelope”), and the
factor e~ (@)= describes the fast oscillations, if we define the propagation constant Blw) =
n(w)w/c, where c is the speed of light in vacuum. Note that the index of refraction n(w) =
1+ 1Re[x!(w)] appears in the phase of the fast oscillation term, which will be important
when we consider an intensity-dependent index of refraction in the next chapter.

If we consider a quasi-monochromatic source, the spectrum of the electric field is
centered around a frequency wy (also referred to as the “carrier frequency”), and (w) can

be expanded in a Taylor series
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w

Bw) = nw) = fo+ bl — wo) + %ﬁg(w w0t (2.3)

where [, represents the mth derivative of the propagation constant with respect to w

m
Bm = (%) : (2.4)

We can gain physical insight into the wave propagation by examining the terms of
this expansion. The first order term, (31, describes the motion of the pulse envelope, and is
related to the group velocity by (81 = vg_l. The higher order terms describe the dispersion
of the medium, which are important for pulse propagation even when we ignore nonlinear
effects. The dominant contribution comes from the second order term (s, also called group

velocity dispersion (GVD) [28], which is commonly written as the waveguide dispersion

parameter

2mce

Dw=="7%

B2 (2.5)

which can be expressed for experimental purposes in the convenient units of ps/km-nm. For

completeness, we define the material dispersion [28§]

At

Dy =221
M c N2

(2.6)

For a pulse propagating along a waveguide in the fundamental mode, the dispersion is the
sum of the material and waveguide dispersions. We will examine the dependence of the
dispersion on nanowire diameter below.

Keeping the third order term (3, simply called third order dispersion, we neglect

higher order terms and write the expansion for f(w), from Equation (2.3) as
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Blw) = ”(W)g = fo + B1(w — wo) + %52(60 —wp)? + éﬁg(w —wp)?. (2.7)

o=
The term 3 is very small and usually neglected as well, but when operating near the
zero GVD wavelength, or for broadband pulse propagation in fibers, 83 can have a strong
contribution.

When solving for the propagation constant 3 in standard optical fibers, the weakly
guiding approximation, Neore & Neladding, 15 often used to simplify the solutions resulting
in degenerate modes within a narrow range for 3: kngadding < 8 < Ekncore [29]. Due
to their small diameter and high index contrast, light propagation in nanowires cannot
be solved approximately. Solving Maxwell’s equations for the nanowire geometry with no
approximation yields modes that have all six nonzero electric and magnetic field components
[30, 31].

Figure 2.2 shows numerical results for the propagation of the fundamental mode
in a nanoscale cylindrical dielectric waveguide. Figure 2.2a and b show that as the diameter
decreases beyond the wavelength of light, an increasing amount of the Poynting vector is
found outside of the waveguide as evanescent wave. Figure 2.2c plots the percentage of
the electro-magnetic field power propagating inside the core as a function of the nanowire
diameter for three wavelengths of light. Using Figure 2.2d, which plots the critical diameter
for single mode operation, we can make the general statement when less than ~80% of the
power is guided in the core, the nanowire is single mode. Another restatement: when the
nanowire diameter is smaller than A/n, the nanowire is single mode.

The large evanescent field observed in Figure 2.2 affects many of the optical prop-
erties of the nanowire, including the dispersion from Eq. (2.5). Figure 2.3a plots the

calculated dispersion for a laser pulse with 800-nm center wavelength as a function of the
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Figure 2.2: (a) The calculated Poynting vector for the fundamental mode of 633-nm wave-
length light in a silica nanowire with diameter 400 nm and (b) 200 nm. (c) The integrated
power in the core as a function of nanowire diameter for 633-nm, 800-nm, and 1550-nm
wavelength light. (d) The calculated critical diameter for single mode operation as a func-
tion of the wavelength of light. After Refs. [30, 31].

nanowire diameter. For diameters greater than 700 nm, the dispersion is anomalous (shaded
area). In this region, shorter wavelengths travel faster than longer wavelengths and pulse
compression can occur. In the normal dispersion regime (diameters less than 700 nm),
there exists a large fluctuation in the values for total dispersion, reaching a minimum value
of —4.1 ns nm~! km™! for 350-nm diameter. The total dispersion value at this minimum

is about 50 times larger than the bulk material value at the same wavelength, showing
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Figure 2.3: (a) Total dispersion (waveguide plus material) for a laser pulse with wavelength
centered around 800 nm. The shaded area indicates the region of anomalous dispersion.
(b) Total dispersion as a function of wavelength for different fiber diameters.

that the waveguide dispersion term completely dominates the behavior of light in nanoscale
waveguides.

Another important optical property is the wavelength where the dispersion crosses
zero. Figure 2.3b plots the dispersion as a function of wavelength for different nanowire
diameters. The nanowire diameter dependence is strong enough to shift the zero disper-
sion crossing by several hundred nanometers (to around 600-nm wavelength for a 600-nm
diameter fiber) from the bulk material zero crossing around 1.3 pm. This implies that a
specific nanowire diameter can be chosen to propagate a pulse with center wavelength from

600-1500 nm with zero dispersion.

2.2 Fabrication of silica nanowires

In the previous section, we discussed the waveguiding of visible light in silica fibers.
The waveguide modes in a cylindrical dielectric material have been well-studied over the

past 50 years [27]. Even though the critical diameter for single mode operation, which scales
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with A/n, using visible light was known for many years, it remained a technical challenge to
produce silica optical fibers with sub-micrometer diameters that were smooth, uniform, and
strong. Reports on silica fibers with tiny dimension date back to 19th century [32, 33|, but
limited knowledge of waveguide theory and the lack of experimental tools, in particular the
scanning electron microscope (SEM), for characterizing the size and roughness restricted
the investigations to mechanical studies of these fibers. Within the past five years, though,
we have seen dramatic developments in the fabrication of nanoscale optical fibers and in
the application of these nanoscale fibers in novel photonic devices.

There are currently various techniques for achieving nanometer scale silica fibers
with smooth surfaces [25, 34, 35, 36, 37, 38, 39]. We initially demonstrated fabrication
through a two-step pulling process assisted by a sapphire tip [25]. Since the first demon-
stration, sub-micrometer diameter silica wires have been fabricated through flame-brush
tapering [34, 40, 41], COy heated oven [42], and directly from a piece of bulk glass, from
both active [39] and passive [37, 39] materials.

Figure 2.4 describes the fiber pulling technique used to obtain all the fibers de-
scribed in this chapter. First, an optical fiber is heated under a flame and drawn to the point
of breakage at roughly 2-5 micrometers in diameter. The tapered micrometer-diameter sil-
ica fibers float around with the surrounding air currents and have a large Van der Waals
attraction to any surface they touch. In the second step, shown in Figure 2.4a, a sapphire
taper of about 100 pum diameter [43] is used to mechanically stabilize the fiber near the
flame. The micrometer-diameter fiber obtained in the first step is wrapped around the
sapphire tip as shown in Fig. 2.4b. The sapphire is placed partially in the flame, absorbing
the flame’s heat. As heat diffuses along the sapphire taper, the tip’s temperature stabilizes,
minimizing fluctuations from the flame. The temperature of the tip is reduced to slightly be-

low the melting point of silica (~ 2000°C) but still above the softening point (1600°C) [44].
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Figure 2.4: The second step in the fabrication process of silica submicrometer- and nanome-
ters fibers. (a) Schematic diagram of the drawing of the fiber from a coil of a micrometer-
diameter silica fiber wound around the tip of a sapphire taper. The taper is heated with
a CH30H torch with a nozzle diameter of about 6 mm. The wire is drawn in a direction
perpendicular to the sapphire taper. (b) Magnified view of the drawing process. The sap-
phire taper ensures that the temperature distribution in the drawing region remains steady.
(c) Photograph of the self-modulating taper drawing procedure. The silica nanowire is il-
luminated by scattering helium-neon laser light. (d) Diagram showing the self-modulation
technique using the the bent taper region to produce silica nanowires as small as 20 nm in
diameter.

The stability of the heat source is crucial for pulling sub-micrometer diameter fibers with a
smooth surface [45].

Figure 2.4c is a photograph of the second step in the pulling procedure [38]. The
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silica nanowire is illuminated by scattered helium-neon laser light coupled into the standard
optical fiber. We hold the standard fiber at a right angle to the drawing direction to create
a bend in the tapered region that “self-modulates” the tension applied to the nanowire
according to its thickness, as described in Figure 2.4d. The variable tension is more forgiving
of small temperature fluctuations. The standard fiber is pulled away from the wrapped fiber
until breaking, yielding a nanowire. Using this technique we can fabricate silica wires with
diameters as small as 20 nm with lengths up to several tens of millimeters [38].

With this two-step technique, the resulting nanowire is still attached to the mi-
crometer fiber, which is attached via taper to the original standard fiber. Depending on the
application, the nanometer side can be cleaved as shown in Figure 2.10, but for most ap-
plications, in particular optical measurements that require coupling to macroscopic sources
and detectors as described in Fig. 2.11, the nanowire connected to the standard optical
fiber is convenient.

The experiments described in Chapters 3 and 4 demand both input and output
coupling of light to the silica nanowires. We fabricated the nanowires for those experiments
with a conventional fiber tapering setup shown in Figure 2.5. The preform optical fiber is
held by fiber mounts on computer-controlled stages. A hydrogen torch heats the fiber while
the stages pull apart at speeds ranging 0.1-1 mm/s. The resulting connected nanowires have
sub-micrometer dimensions up to a couple of centimeters in length and minimum diameters
as small as 90 nm.

Regardless of the choice of method selected to manufacture a sub-micrometer fiber,
the choice of a heat source is of crucial importance. We use a C H3OH fueled flame for our
two-step method and a hydrogen based flame for our conventional tapering rig. Both flames
have very low carbon content which helps avoid contamination of the fiber surface with soot

or other incompletely burnt particles. Stability of the flame under external perturbations
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Figure 2.5: Schematic diagram showing the computer-controlled fiber drawing process. A
standard optical fiber is placed in two fiber mounts attached to computer-controlled stages
that pull at a chosen velocity for a specified distance. The optical fiber is heated with a
hydrogen torch using a mass-flow controller to meter out reproducible gas flow.

such as air currents and fuel flow is critical for any pulling system to yield consistent results.

2.3 Characterization of silica nanowires

In this section, we examine the nanoscale silica wire fabricated using the process
described in the previous section. We characterize the nanoscale size, uniformity, and
roughness of the silica nanowires using an electron microscope. We also take advantage of
the mechanical properties of the nanowires to manipulate and arrange them into specific
geometries. These techniques are crucial for the linear and nonlinear photonic devices we

will study in the upcoming sections and chapters.
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Figure 2.6: Scanning electron micrographs of silica nanowires. (a) Two parallel 170-nm and
400-nm fibers. (b) Two crossed fibers with 570-nm and 1,100 nm diameters. (c) A silica
nanowire with a diameter of about 50 nm. (d) A coiled 260-nm diameter fiber with a total
length of about 4 mm.

Figure 2.6 shows a collage of scanning electron microscope images of nanowires
with various diameters [25]. Figure 2.6a and b shows various sizes of nanowires assembled
in different geometries with a fiber of about 50 nm diameter shown in Figure 2.6¢. Although
only a small section of fiber is shown in Figure 2.6a-c, the overall length of the fiber exceeds
millimeters with incredible uniformity. Figure 2.6d displays a single nanowire manually
coiled and attached via Van der Waals attraction to a silicon substrate in order to show the
large aspect ratio between length and diameter. The maximum diameter change over the

more than 4 mm of 260-nm fiber is 8 nm, demonstrating a uniformity of 1075.
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Figure 2.7: Electron images of silica nanowires. (a) TEM image of a 240-nm fiber. (b)
TEM image of the surface of a 330-nm silica fiber; Inset: FElectron diffraction pattern
demonstrating the fiber is amorphous.

Figure 2.7a and b are higher magnification images using a transmission electron
microscope (TEM) of the nanowire surface to examine the smoothness [25]. From Fig. 2.7b,
we observe that the fiber’s surface roughness is less then 0.5 nm with the upper bound is
set by the resolution of the TEM used to obtain image. This roughness is comparable to
the 0.16 nm bond distance between Si and O in the SiO2 molecule [44]. We confirm that
the molecular structure of the fiber remains amorphous by using electron diffraction shown
in the inset of Fig. 2.7b.

The large aspect ratio between the diameter and the length of silica nanowires
result in a large flexibility. Figure 2.8 shows how nanowires can be bent, tied, and twisted
without breaking. In Figure 2.8a a 520-nm diameter wire is tied into a knot with a 15
pm diameter. Silica nanowires can be bent to even smaller radii of curvature, which gives
estimated tensile strength is on the order of 5GPa. [25]

The nanowire bends shown in Fig. 2.8 are elastic in nature, which means the
nanowire remains under tension in order to maintain its shape. When the tension is released,

the nanowire straightens out. As mentioned above, the dimensions of these silica nanowires
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Figure 2.8: SEM images of the flexibility and strength of silica nanowires. (a) A 15 um
diameter ring made with a 520-nm diameter silica wire. (b) A pair of twisted 330-nm
diameter wires.

are small enough that the Van der Waals attraction provides a strong contact force to other
surfaces. We use this force not only to immobilize the nanowires on a substrate, but also
to bond one nanowire to another.

Figure 2.9 shows plastically bend silica nanowires [46]. We create these geometries
by elastically bending the nanowires on a sapphire disk, then thermally annealing for about
two hours at 1400 K. The elastic bends become permanent during the annealing, which
provides a technique for avoiding long term fatigue due to bending stress [47, 48].

The tight bends in Figure 2.9b and d are particularly useful for small scale photonic
devices. These figures show that both smooth and sharp bends with radii of curvature
smaller than 5 pm are possible. Unlike planar photonic structures where multiple layers are
involved, the dimensions of a bend are dictated only by the fiber size. In addition, contrary
to other technologies including photonic crystals and semiconductor nanowires, the bent
silica fiber guides light in broadrange of wavelengths, from at least 325 to 1550 nm [46]. As
a reference, the bending radius in optical fibers is on the order of centimeters [49], in SOI

integrated devices 10 um and in photonic crystals about 1 pum [50].
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Figure 2.9: SEM images of silica nanowires with plastic bends. (a) A 9-um diameter loop
on a sapphire substrate formed by elastic bending of a 200-nm diameter fiber. (b) A plastic
bend in an annealed 410-nm diameter wire on a sapphire substrate. (c¢) Double plastic
bends in a 940-nm diameter fiber. (d) Double bend in a 800-nm diameter wire. The sharp
bend has a radius of less than 1 pm.

The silica nanowires are flexible because of their high aspect ratio, but they can
also be cut to specific lengths as shown in Figure 2.10 [46]. Using a pair of sharp metallic
tips to hold the nanowire along one edge, a third tip can be positioned to apply pressure to
the point of breaking the nanowire. Figure 2.10a shows the cleaved end of three different
sizes of nanowires. By repeating this procedure we obtain isolated silica nanowires of a
desired length, as shown in Fig. 2.10b. Silica nanowires can be cut in this fashion and

combined with semiconducting or metallic nanowires into heterostructures.
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Figure 2.10: SEM images of cleaved silica nanowires. (a) 140-,420- and 680-nm diameter
fibers. (b) A 1.5 um long segment cut from a 160-nm diameter fiber.

2.4 Optical properties of silica nanowires

In the previous section, we examined the physical characteristics of silica nanowires.
We measured the nanowire surface smoothness down to the molecular level, and observed
extremely high uniformity over long lengths. These two features are important in order for
the nanowires to act as the dielectric waveguides we studied in Section 2.1. In this section
we show that the silica nanowires we fabricate conduct light similar to standard optical
fibers, but with some important distinctions.

Coupling light into a sub-micrometer diameter silica fiber, or any other nanostruc-
ture, is not a trivial task because the feature size is often smaller than the diffraction-limited
focal spot for visible light. Typical coupling of light into optical fibers requires a microscope
objective whose numerical aperture matches that of the optical fiber, which is mounted on
a three-dimensional stage (or six-dimensional stage, for higher efficiency) to optimize the
throughput. The dimensions of the nanowires make this direct focusing method extremely
inefficient. As mentioned in Section 2.2, our fabrication techniques create silica nanowires

that are still attached on one or both ends to standard optical fiber by a tapered region.
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We can therefore couple into the standard optical fiber by the usual method, and light can
propagate along the tapered region into the nanowire. The efficiency of the tapered region
depends on how adiabatic the shape of the taper is [29], which is determined by the fiber
pulling parameters. Frequently, the specific application determines whether we fabricate a
long, gradual tapered region with high efficiency or an abrupt sharp tapered region with low
efficiency. In either case, some fraction of the power is coupled via taper to the waveguiding
modes (often only the fundamental mode) of the silica nanowires.

Figure 2.11a describes how we couple from one nanowire to another. Light is cou-
pled into a fiber taper and the large evanescent field shown in Figure 2.2 allows for touching
nanowires to couple. Figure 2.11b experimentally demonstrates evanescent coupling to a
nanowire with 633-nm light. The coupled light propagates along the fiber and can be ob-
served from the scattering along its length from contamination on the surface by dust. The
large amount of scattering seen in Figure 2.11b amounts to only a small fraction of the
amount of the power being transmitted. Fig. 2.11c confirms light is guided mostly along
the fiber by purposely intercepting a fiber to induce the scattering of guided light.

Using the coupling scheme described in Figure 2.12a, we can measure the prop-
agation losses of different size fibers. By changing the input coupling location along the
suspended wire, we measure the amount of signal lost for different lengths and determine the
transmission loss directly. Figure 2.12b shows the loss values for 633 nm and 1550 nm [25].
Propagation losses can be reduced substantially by limiting surface contamination from the
environment [46] and by measuring loss directly while pulling the nanowires [51, 34].

The wavelength dependence of the losses can be understood from the theoretical
calculations modeling light propagation in nanowires in Section 2.1. From Figure 2.2c, we
see that for a given wavelength, the power in the core decreases with decreasing nanowire

diameter. We can also understand the source for higher transmission losses at longer wave-
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Figure 2.11: Light coupling into silica nanowires. (a) Schematic diagram for launching light
into a silica fiber using evanescent coupling. (b) Optical microscope image of a 390-nm
diameter taper coupling into a 450-nm diameter silica fiber. (¢) Long time exposure image
of a 633-nm wavelength light guided by a 360-nm diameter fiber in air and intercepted by
a 3-pm fiber on the right. (d) Optical microscope image of 633-nm wavelength light guided
in a 550-nm diameter fiber. The left half of the fiber is suspended in air, while the right
side is supported by a MgFy crystal (n = 1.37).

lengths. For a given nanowire diameter, the longer wavelengths have less power in the
core, thus larger evanescent waves than shorter wavelengths. The light that is the outside
the core will interact with any environmental perturbations at or near the surface, includ-
ing particles of dust or microbends. Thus the greater the evanescent field the higher the
transmission losses.

As shown in Section 2.1, silica nanowires are able guide light with tight confinement
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Figure 2.12: Optical loss measurement of silica nanowires. (a) Optical loss measurement
scheme. Fiber taper 2 is attached at different points along silica nanowire thereby changing
the length of propagation. (b) Measured optical loss of silica fibers at 633-nm (filled circles)
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Figure 2.13: Guiding of light by straight and curved silica nanowires mounted on a silica
aerogel. (a) SEM image of a 450-nm fiber supported on a aerogel. (b) Optical microscopy
image of a 380-nm diameter fiber guiding 633-nm wavelength light on the surface of an
aerogel. The left arrow (yellow) indicates the direction of light propagation; at the right
end of the wire, the light spreads out and scatters on the aerogel surface. (c) Measured
optical loss of straight aerogel supported fibers for 633-nm wavelength.

due to the large index contrast. When using freestanding silica nanowires we maintain the
large contrast due to the surrounding air, but when we place the nanowires on a substrate the
index contrast decreases, in some cases completely. The large index contrast requirement
limits the uses of the nanowires because they cannot be supported on most substrates.

There are some low index materials, such as MgFs crystal, which has an index n = 1.37,
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Figure 2.14: Guiding of light by and bending losses of curved silica nanowires supported
on a silica aerogel. (a) SEM of a 530-nm fiber supported on an aerogel with 8 pm radius
of curvature bend. (b) Optical microscopy of the 530-nm aerogel-supported fiber guiding
633-nm wavelength light across the bend. (c) Measured bending loss in a 90° bend in
aerogel-supported 530-nm wide wires at a wavelength of 633 nm.

that can be used for supporting silica nanowires, but, as shown in Figure 2.11d, the decrease
in contrast causes an increase in scattering.

To tackle this problem we began using mesoporous materials, such as silica aerogel,
as substrates for silica nanowires. The silica aerogel is a tenuous network of pores, on the
order of tens of nanometers [52, 53], and is ultimately composed of more than 90% of air.
This trapping of air makes silica aerogel an excellent thermal insulator, and it also reduces
the refractive index to as small as 1.05. Recently, we also began using glass substrates coated
with a mesoporous silica layer of about 800 nm in thickness [54, 55]. The mesoporous silica
layer has an index of refraction of about 1.18 or less.

We can compare the optical properties of silica nanowires supported by aerogels
to freestanding wires. Figure 2.13a shows a nanowire on top of an aerogel surface under
SEM. Figure 2.13b shows light propagating along a nanowire then diverging from the end
facet. The measured losses in nanowires supported with aerogels are in fact lower than the
first reported losses for free standing wires in Figure 2.12. These results imply that we can
use aerogel substrates with minimal perturbation to the waveguiding properties of the silica

nanowires.
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The bending loss for nanowires supported on aerogel substrates is measured in
Figure 2.14a-c and shows that the minimum bending radius is on the order of 5 ym. The
bending loss presented in Figure 2.13c was measured for a 530-nm diameter wire supported
on an aerogel substrate [46]. The bending loss is calculated by slowly increasing the radius of
curvature of the bend while maintaining the input and output coupling fixed. The loss due
to tight bending ultimately sets a limit for the density of integration for devices assembled

from silica nanowires.

2.5 Applications

There are a variety of interesting applications for nanoscale optical waveguides in-
cluding near-field imaging, biological and chemical sensing, laser-induced breakdown spec-
troscopy, atom cooling and trapping, nano-lasing, and optical computing. In this section,
we will focus on a couple of applications that play a role in the experiments in Chapter 4.
Specifically, we will look at 2 x 2 coupler using a pair of touching silica nanowires, and a
micro-ring resonator assembled from a silica nanowire loop.

We create a 2 x 2 linear coupler by putting two nanowires wires in contact. The
evanescent field of one nanowire overlaps with the other, creating coupled modes which
cause the power distribution to oscillate from one nanowire over a characteristic length.
If the region where the nanowires touch can be tuned across the characteristic length,
the transmission can vary from a 100:0 coupler to a 50:50 coupler. Simulations for silica
nanowires calculate that this change can occur over a region as small as 5 pm [46]. This is
20 times smaller than the usual 100 um overlap region in integrated devices [56].

Figure 2.15a shows the experimental demonstration of a coupler that confirms the

dimensions from the simulation. Light is input at the left side into the bottom nanowire
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Figure 2.15: Optical coupling between aerogel-supported silica wires. The arrows indicate
the direction of light propagation. (a) Optical microscope image of a micrometer-scale
2 X 2 coupler assembled from two 420-nm wide silica fibers. The two fibers overlap less
than 5 pm at the center. Inset: SEM image of the overlap region. (b) Two 390-nm silica
fibers intersecting perpendicularly on an aerogel surface. The bright spot on the right is
intentional scattering to show the power carried inside the fiber. Inset: SEM close-up of
the intersection.

branch and the signal is split into both top and bottom branches in the right side. The
coupler acts as a 3-dB splitter with an insertion loss of 0.5 dB [46]. The inset shows an
SEM microscopy image of the device with no light inputted, demonstrating the dimensions
of the overlap region.

We can understand the 2 x 2 linear coupler by examining the coupled mode equa-

tions [28]

DA, By DPAr
9. 2 arz (28)
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where A; and As are the slowly varying functions describing the electric fields in the
nanowires coming into the coupler, and 7" = t — z/v, is the relative time. The coupling

coefficient, , is the result of the overlap of the modes in the two nanowires, primarily due
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to the substantial evanescent field. Neglecting dispersion over the length of the coupler,
which is reasonable in our case for coupling lengths of about 5 um, we can solve Eqgs. 2.8

and 2.9 assuming only one input along the first nanowire

Ai(z,T) = Agcos(kz) (2.10)

As(z,T) = Agsin(kz) (2.11)

where Ag(T') is the shape of the pulse at z = 0. The results from Eqgs. 2.10 and 2.11 are
analogous to coupled finite quantum wells, which exhibit the same sinusoidal oscillations.

Figure 2.15b shows another interesting optical property of coupling in silica nanowires.
Unlike electrons flowing in a conducting wire, the efficiency of coupling between two nanowires
is angle dependent [57, 58]. For wires crossing at 90° angles, momentum conservation pro-
hibits light from coupling from one wire to another. This implies no crosstalk between
crossed wires, which was confirmed experimentally with extinction ratios of 35 dB [46].
The inset in Figure 2.15b shows an SEM image of a supported wire on top of another. The
design of integrated photonic devices can take advantage of the lack of crosstalk between
perpendicular nanowires to create stacked components in layers, where the angle of crossing
determines whether components will interact.

The other application we want to examine that will help us understand our inter-
ferometer in Chapter 4 is the micro-ring resonator, which has been experimentally demon-
strated [42, 59]. The micro-resonator is composed of two crossing fiber in a geometry similar
to Fig. 2.8a. The largest observed quality factors (Q) for these structures are on the order
of 10° [59]. However, given the low optical losses associated with nanowires, quality factors
in excess of 1010 are expected to be possible [59].

Figure 2.16 shows a micro-ring resonator we assembled with a silica nanowire. The
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Figure 2.16: A micro-ring resonator assembled from a looped silica nanowire. (a) Optical
microscope image the silica nanowire loop after transferring to a glass substrate. (b) The
transmission through the micro-ring resonator as a function of input wavelength of light.

(¢) The power spectrum of the micro-ring resonator obtained by Fast-Fourier Transform of

(b) showing a strong resonance 0.36 nm~*.

optical microscope image in Figure 2.16a provides an estimate for the loop size of 240 ym in
diameter. The oscillations in Figure 2.16b, and the power spectrum in Figure 2.16¢, reveal
the resonant behavior of the silica nanowire loop. The strongest peak at 0.36 nm~! gives
a periodicity of 2.8 nm, which for A = 1524 nm, corresponds to a loop with a diameter
of about 260 pum, which agrees well with our estimate from the microscope image. The
application of the micro-ring resonator illustrates how we can take advantage of the low
loss of the silica nanowires to create a miniaturized device whose operation is based on the

specific geometric details of the device.

2.6 Outlook

One of the largest challenges we face when using silica nanowires to study nanoscale
optical properties is the assembly into more complex devices. We demonstrated a few of
these assemblies, including a coupler and micro-ring resonator, but the manipulation is
currently a manual, serial process. Silica nanowires can be shaped into useful geometries

to prototype a variety of devices, but the repeatability of a specific structure is still quite
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difficult. Another challenge that might help solve the repeatability issue is the ability to
fabricate large quantities of nanowires. We have explored other techniques for fabricating
nanoscale waveguides including lithography and replication molding, but thus far, the taper-
drawn silica fibers, with their low loss, long length, strength and uniformity, have proven
to be a reliable tool for studying nanoscale photonics. We can also use silica nanowires in
combination with nanostructures created by other means. In particular, in Chapter 5 we
use these top-down fabricated silica wires to couple light directly into the waveguide modes

of bottom-up grown ZnO nanowires to study their optical properties.



Chapter 3

Nonlinear optical properties of

silica nanowires

In the previous chapter, we characterized the physical and linear optical proper-
ties of taper-drawn silica nanowires. The large index contrast is responsible for the tight
field confinements and strong diameter-dependence of the dispersion. These properties can
drastically influence the behavior of a pulse propagating along the nanowire. Over the next
few chapters, we explore the potential for using nanoscale optical waveguides to create non-
linear microphotonic devices. In this chapter, we begin by studying the nonlinear optical
properties of silica nanowires.

We continue the theoretical treatment of waves propagating in step-index fibers
by including the nonlinear polarization that we neglected in Section 2.1. We examine the
role of the third-order susceptibility for a nanoscale waveguide with a large evanescent field
by calculating a nonlinear parameter that accounts for the size of the mode. We experi-
mentally characterize the silica nanowire nonlinearity as a function of nanowire diameter by

observing the spectral broadening (also referred to as supercontinuum generation because

36
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of the continuous spectrum created across hundreds of nanometers) of a femtosecond laser
pulse propagating through nanowires [60]. We conceptually discuss the spectral broadening
in terms of the diameter-dependent dispersion and nonlinearity, which ultimately provides
a range of nanowire diameters that can be used for optimal enhancement of the effective

nonlinearity.

3.1 Nonlinear wave propagation in fibers

In this section, we continue the treatment of electro-magnetic wave propagation in
a step-index cylindrical dielectric. Recall the wave equation including the response due to
the induced material polarization, Eq. (2.1). In Section 2.1, we neglected the contribution
from the nonlinear polarization Py, which typically only changes the refractive index by
< 107 [11]. This small value implies that we can include the nonlinear polarization as a
perturbation to the total polarization in Eq. (2.1).

Eq. (1.6) gives the expansion of the polarization in terms of powers of the electric
field and the kth-order susceptibility tensor x(¥). For an arbitrary material, calculating the
contribution due to the nonlinear polarization may require many orders of the susceptibil-
ity tensor, each of which may have an arbitrary time dependence. We will simplify this
complexity by considering an isotropic material whose nonlinear response is instantaneous
and maintains the same polarization. These assumptions are appropriate for pulses prop-
agating in silica with pulse durations > 1ps. For shorter pulses durations, the temporal
vibrational response, or Raman response, of the material can be included as a parameter,
Tr, the Raman gain slope, into Eq. (2.1).

By symmetry considerations for an isotropic material such as amorphous silica,

the even orders of the susceptibility tensor x*) must vanish. We will focus on the first
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nonzero term in Py, which is the third-order susceptibility X(3)- The nonlinear polarization
becomes

Pyr =X -E-E-E. (3.1)

Recalling from Section 2.1, we separate the electric field into a fast oscillation term,
a transverse component, which gives the mode profile, and a slowly-varying longitudinal
component, which describes the envelope of a pulse, as in Eq. (2.2). We use a Taylor
series expansion of the propagation constant [ given in Eq. (2.7) to provide useful values
such as the group velocity and group-velocity dispersion. Accounting for the simplifications
described above, and substituting the electric field and propagation constant into Eq. (2.1),

we obtain an equation for the pulse envelope A(z,t) [28]
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where « is the nonlinear coefficient, o the absorption coefficient, and T the Raman gain
slope time. The co-moving coordinate, T' =t — 31z, is used to shift to the reference frame of
the pulse. The terms on the right hand side of the equation are due to the contribution of the
third-order susceptibility to the nonlinear polarization. We define the nonlinear coefficient
~, which absorbs the material and mode information that contributes to the nonlinear wave

propagation

wo 3 3 wo
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where Ay is the effective area of the mode and ng is the intensity dependent refractive
index coefficient that relates to x ).
The first term on the right hand side of Eq. (3.2) is often referred to as the self-

phase modulation (SPM) term, which leads to spectral broadening. The last two terms in
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the right hand side of the nonlinear wave equation Eq. (3.2) represent self-steeping and the
Raman gain due to the non-instantaneous response, respectively.

Numerical simulations have been used to study pulse propagation under specific
conditions [61, 28], but Eq. (3.2) does not have an analytic solution. Since we are examining
pulses propagating along a waveguide, one useful way to discuss the various mechanisms
in Eq. (3.2) is in terms of the length scale required for a particular mechanism to be-
come significant. If we normalize our variables for the time and the field amplitude to our

experimental parameters [28]

_ L 4
T (3.4)

A(z,7) = V/Pye 20 (z, 1), (3.5)

where T{ represents the initial pulse width and P, represents the peak power of the incident
pulse. The parameters for dispersion and nonlinearity can be represented by particular
length scales which we can compare with the nanowire interaction length, L. We define the

following characteristic lengths

Lp= éi (3.6)

L= \Z (3.7)

Lyi = 71% (3.8)
1

L= o (3.9)

Ly = TE"W (3.10)

as the dispersion length Lp, the third-order dispersion length L/, the nonlinear length Ly,

the nonlinear length associated with self-steepening L, and the Raman length Lj;,. These
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length scales relate experimental quantities, such as the input pulse power Py, the initial
pulse width Tp, the nonlinear parameter v and the dispersion of fiber, to the interaction
length required to influence pulse propagation. By comparing characteristic lengths to each
other, we can determine if one effect will be dominant over the others. We substitute the
normalized parameters from Eqs. (3.4,3.5) and characteristic lengths into the Eq. (3.2)

yielding

ou +3’sgn(ﬁg)62U  lsgn(fs) °U
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which describes nonlinear pulse propagation along a waveguide. Eq. (3.11) shows, when dif-
ferent mechanisms have similar length scales the resulting behavior of the pulse propagation

can become rather complex.

3.2 Silica nanowire nonlinearity

In Section 2.1, we calculated the Poynting vector profile and the fraction of the
propagating power in the core in Figure 2.2. To understand the nonlinear coefficient « from
Eq. (3.3), we need to use information about the mode profile in order to figure out how the
light interacts with the nonlinear material, in our case, the silica. We define a parameter
called the mode field diameter (MFD) as the cross-sectional diameter that contains the
same fraction of power that a corresponding Gaussian-shaped profile contains within the
Gaussian width, w. An equivalent definition for the mode field diameter is 2w defined by
the effective area Acsp = mw? [11].

Figure 3.1 plots the mode field diameter at 800 nm wavelength for nanowires of

different diameters. The mode field diameter decreases almost linearly with decreasing core



Chapter 3: Nonlinear optical properties of silica nanowires 41

3

=3

=

S 2

(O]

€

©

©

©

2 1k

(]

©

(@]

&
0 | |
0 500 1000 1500

diameter (nm)

Figure 3.1: Mode field diameter for 800 nm as a function of the nanowire diameter. Dashed
line indicates a 1:1 ratio.

size until the core is about the size of the wavelength. The mode field diameter reaches
a minimum around when the nanowire is around the size of the wavelength, increasing
drastically as the core decreases. The growth of the mode size is observed in Figure 2.2a
and b as the larger evanescent field decays exponentially with increasing distance from the
core. The dashed line indicates where the nanowire diameter equals the MFD.

We can use the mode field area obtained from Figure 3.1 to determine the diameter
region where the mode is the most tightly confined. The nonlinear parameter + cannot be
calculated from the simplified Eq. 3.3 for a silica nanowire because we can see in Figure
3.1 that the mode can spread out beyond the nanowire, therefore the nonlinearity for silica
does not completely describe the nonlinearity of the nanowire waveguide. The effective

nonlinearity for a waveguide is calculated using the Poynting vector S, [62].
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Figure 3.2: Effective nonlinearity () for a 800-nm center wavelength pulse as a function of
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(3.12)
remembering that the Poyting vector S, = (E x H*),. Eq. 3.12 takes into account the
possibility for inhomogeous nonlinear refractive index with ns in Eq. 3.12 being spatially
dependent. For silica nanowires, the nonlinear index of the air cladding is three orders of
magnitude smaller than the that of the silica core, so the integral in the numerator for the
effective nonlinearity is restricted to the core.

Figure 3.2 plots the effective nonlinearity v as a function of the nanowire diameter
for a 800-nm center wavelength pulse. As expected from Eq. 3.12, v resembles the inverse of
the mode field diameter shown in Fig. 3.1. For large diameters, the nonlinearity approaches

that of bulk silica. At the diameter where the mode field is the smallest (about 550 nm), the

nonlinearity peaks at 660 W—'km~!. The peak value for the nonlinearity inside a nanowire
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is much larger than those for a standard single mode fiber. The nonlinearity for a 10 pm?
mode area fiber is 22 times smaller at 30 W~ km ™! [11]. For small diameters, as expected
from the mode field diameter calculations, the nonlinearity decreases approaching zero for
diameters below 300 nm. The vanishingly small nonlinearity is a result of large evanescent

field that experiences mostly the nonlinearity of the surrounding air.

3.3 Experimental setup

The behavior of v calculated in Figure 3.2 shows a strong diameter dependence. In
this section, we describe the setup used to experimentally probe the nanowire nonlinearity
as a function of diameter by propagating a femtosecond pulse along a silica nanowire.

To fabricate silica nanowires in order to study the nonlinear optical properties of
nanoscale waveguides, we used the conventional fiber tapering technique with computer-
controlled stages described in Section 2.2. The parameters for the fiber pulling system,
including speed, acceleration, tension and position of flame, were optimized to yield rela-
tively large (tens of mm) lengths of nearly constant diameter fiber. We tested both single
and multimode fibers, and observed that the final diameter of the tapered fibers were equiv-
alent independent of the initial fiber size (with different fiber pulling parameters). We chose
a commercial 50 pum core/125 pm cladding multimode fibers as “preform” for drawing in
order to minimize nonlinear effects that might occur in either the standard optical fiber or
the tapered region of the fiber. The diameter profile for each pulled fiber was measured
using a scanning electron microscope.

The laser pulses for the experiments described below are generated by a 250-kHz
femtosecond laser system with 800-nm central wavelength, 90-fs minimum pulse duration

and 4-uJ maximum pulse energy. Because the fibers are tapered, the laser pulse propagates
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through some length of untapered fiber at the input and output side. Hence, we need to
control the dispersion of the input pulse so that a short pulse is delivered at the nanowire
part of the fiber. By tuning a grating compressor the pulse’s dispersion can be changed,
pre-compensating for the input fiber dispersion, and shifting the position of the shortest
pulse inside the fiber. For example, we confirmed the delivery of pulses as short as 200 fs
at the output of a 25-cm long standard fiber using a commercial autocorrelator.

The output signal from each fiber is directed to a calibrated fiber-based spectrom-
eter and time-averaged for at least 1 us. The spectral range for all spectra shown is dictated
by the calibration light source of the spectrometer, being restricted to the range 380-1050
nm. We measure the overall transmission at 800-nm wavelength light at low intensities
for each fiber. We then increase the input laser pulse energy in steps up to the damage

threshold of the fiber’s front face (< 360 nJ) while recording the spectrum.

3.4 Results

Figure 3.3 shows the diameter profiles of six representative nanowires as measured
by a scanning electron microscope. The average diameter of the nanowire for the region
less than 1-pm of the tapered fibers is shown at the top right of every profile. Although
the six fibers shown have different interaction lengths and minimum diameters, we refer to
each fiber by its average diameter.

We observe from Figure 3.3 that the tapers on either side are sharp and not
necessarily symmetric. As in previously reported experiments [63], significant transmission
losses occur at the taper region (~ 70%). We can fabricate longer tapered regions to reduce
the loss in that region, but we want to minimize the interaction length the tapered region

which may contribute to the output spectrum, therefore we make a sharp taper. Using this
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Figure 3.3: Diameter profiles of a set of six representative fibers. The averaged diameter
of the sub-micrometer part of the fiber is shown at the top of each figure and indicated by
the dashed line.

technique, we neglect the contribution from the tapered region when examining the spectral
broadening.

For each fiber shown in Fig. 3.3, we measured the output spectrum generated by
a femtosecond laser pulse input. The six spectra in Figure 3.4 are representative of about
30 different spectra taken for fibers with minimum diameters ranging from 90 nm to 1600
nm. Figure 3.4a shows the spectrum for a fiber with an average diameter of 360 nm. The
small broadening shown in Fig. 3.4a is insensitive to changes in laser pulse energy ranging
from of 150 pJ to 500 pJ. Figs. 3.4b-d show increasingly broader spectra with a growing
asymmetry. In Fig. 3.4e we observe a minor reduction in broadening and the disappearance
of features in the infrared. The spectrum observed for the 1200-nm diameter fiber (Fig.
3.4f) is clearly distinct from all other spectra in Figure 3.4. There is no transmitted light in

the range 500-700 nm, and the spectrum has sharp peaks around 440 nm and in the near
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Figure 3.4: Spectral broadening for the six fibers of Figure 3.3. The transmitted pulse
energies are 0.3, 4, 6, 4, 7 and 2.5 nJ, respectively.

infrared.

Figure 3.5 shows the evolution of the spectrum shown in Fig. 3.4f as a function of
energy. At low energy, Fig. 3.5a, the pulse spectrum broadens in the infrared and displays
a number of sharp features. As the energy is increased, sharp features also show up on the
blue side. We observe that the features at 415 and 437 nm on the blue side are not the
second harmonic frequencies of the two infrared peaks at 900 and 925 nm.

For fibers with an average diameter below 300 nm, we observe considerable variance
from fiber to fiber of the amplitude and shape of the spectrum. We attribute the variance
to contamination of the surfaces, leading to large wavelength dependent losses. From our
definition of average diameter, a sub 300nm average diameter fiber has a minimum diameter
below 200 nm. The mode field at 800-nm wavelength has less than 10% of its power confined

inside a fiber with 200-nm diameter (see Figure 2.2c). The large evanescent field is extremely
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Figure 3.5: Evolution of the spectrum generated by a 1200-nm minimum diameter fiber
with increasing transmitted pulse energy.

sensitive to contamination of the surfaces [30]. Any light signal propagating inside a fiber
with sub-200 nm diameter experiences significant propagation losses at a wavelength of 800
nm if the surface is contaminated. If we isolate only the spectra with large signal levels (i.e.
small losses), the output spectra is nearly identical to the input laser spectrum, indicating
that no broadening occurs.

Figure 3.6 shows a qualitative visual inspection of scattered light when femtosecond
laser pulses are propagating along silica nanowires. Since 800-nm wavelength light is outside
the visual range for our eyes, the colors in the photographs come from one or more nonlinear
effects. The smooth progression of colors in Figure 3.6a and b suggest that the nonlinear
effects responsible for generating supercontinuum occur in the nanowire region. Figure
3.6¢ shows a progression of colors as well as bright scattering centers suggestive of surface
contamination or abrupt nanowire diameter changes. The scattered light in Figure 3.6d

shows a relatively uniform blue color in the nanowire region suggesting the color generation
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Figure 3.6: Photograph of scattered supercontinuum light generated by femtosecond laser
pulses propagating in silica nanowires. The pulses are coupled in from the left side of the
pictures and propagate to the right. (a) and (b) Smooth, uniform progression of colors
in the scattered light. (c¢) Uneven scattering indicates surface contamination or abrupt

nanowire diameter changes. (d) Scattered light shows no progression in color indicating
that the colors may be generated outside of the nanowire region.

occurs in a very short interaction length or outside of the nanowire region.

3.5 Discussion

Previous theoretical calculations show the that the nonlinear parameter v is highly
diameter dependent for a bare silica fiber with nanoscale dimensions [62]. The optimal

dimensions for nonlinear interactions in silica nanowires reach a maximum for diameters of
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Figure 3.7: Calculated values for the nonlinearity (solid curve) and dispersion coefficient
(dashed curve) for an 800-nm wavelength pulse as a function of the fiber diameter. The
values for dispersion (D) are calculated for 800 nm from Ref. [30], while the value for the
effective nonlinearity of a silica nanowire is calculated using Ref. [62]. The arrows mark the
diameters of the fibers from in Figures 3.3 and 3.4.

about 550 nm at a wavelength of 800 nm [62]. Figure 3.7 plots the calculated values for
the nonlinearity v (solid curve) and for the dispersion coefficient D (dashed curve) of an
800-nm wavelength laser pulse. For reference, the black arrows mark the diameters of the
fibers presented in Figures 3.3 and 3.4.

Comparing the width of the spectra in Fig. 3.4 with the nonlinearity shown in
Figure 3.7, we see that the spectral width grows in agreement with the increase in fiber non-
linearity. When the fiber diameter is below 300 nm, = is negligible and we observe almost no
broadening and the spectrum does not change much when the input pulse energy is doubled.
As the fiber diameter increases (300-800 nm), the nonlinearity quickly grows and nonlinear
effects manifest themselves. The measured supercontinuum spectrum is broadest for fibers

with average diameter between 500-750 nm, which matches the peak in the calculated ~.
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As we exceed 800-nm diameter wires, the generated spectrum narrows, in agreement with
the reduced value for ~.

We can examine the influence of dispersion by comparing the spectra for the
two silica nanowires with average diameters of 445 nm and 700 nm. The nonlinearity ~y
is approximately the same for both, but the dispersion for 800-nm light is an order of
magnitude larger for the 445-nm fiber than it is for the 700-nm diameter fiber (Figure 3.7).
The large dispersion explains the narrower spectrum for the 445-nm nanowire than the one
for the 700-nm nanowire. Nanowires with diameters outside the range 250 — 500 nm, the
laser pulse still suffer from dispersion, but the dispersion length becomes orders of magnitude
larger than the interaction length in the nanowire. For nanoscale device fabrication, the
ability to select waveguide dimensions that control the nonlinear pulse propagation is a
useful method for creating regions of greater and lesser nonlinearity from the same material
system.

The relative contributions of dispersion and nonlinearity to the spectral broadening
can be determined by comparing the respective length scales with the length of the nanowire.
The dispersion length from Eq. (3.6) and the nonlinear length from Eq. (3.8) are shown
in Table 3.1 for the pulse width Ty = 200 fs, the wavelength A = 0.8 um, a pulse energy
Ey =1 nJ. In comparison, the average effective length L of the fibers is ~20 mm.

From Table 3.1 [60], we see that for nanowires with diameters less than 200 nm,
Lp,Ly; > L, and so nonlinear effects do not play a role in the pulse propagation, in
agreement with the spectra measured for these diameters. From 200 — 500 nm, Ly <
L ~ Lp and nonlinear effects dominate but the dispersion is very large and so the pulse
stretches, reducing the intensity before any significant broadening occurs. The dispersion
is smaller, thus the dispersion length becomes larger as the diameter increases beyond 500

nm with L ~ L,; < Lp for 500 — 800 nm diameters, indicating that only nonlinear effects
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200 -370 2.5 260 400
400 -3500 413 10 2.4
600 -425 645 70 1.6
800 160 500 190 2 9.6
1200 130 278 230 3.6 7.9

Table 3.1: Physical parameters relevant to the propagation of intense 800-nm laser pulses
in different diameter fibers. The values for dispersion (D) are calculated for 800 nm ac-
cording to reference [30], while the value for the effective nonlinearity of a bare silica fiber
is calculated according to reference [62]. The dispersion length Lp, the nonlinear length
L1, and the soliton number N are calculated according to [28]. The bottom two rows are
in the anomalous dispersion region for an 800-nm laser pulse.

contribute significantly in this range.

Silica nanowires with diameters in the range of 700 — 1000 nm have anomalous
dispersion for laser pulses centered around 800 nm. When the pulse propagates under
anomalous dispersion, the interplay between self-phase modulation and anomalous disper-
sion make soliton formation possible [28]. This shows how the dispersive properties of a
waveguide can limit spectral broadening through a different mechanism. For soliton forma-
tion to occur the dimensionless number N = (Lp/L NL)l/ 2 must be greater than or equal
to 1. As the values in Table 3.1 show, N is significantly larger than one for the bottom two
rows, thus we expect higher order solitons to be excited.

In the anomalous dispersion regime, our spectra show less broadening and the
appearance of sharp soliton-like features. Higher order solitons are unstable and will break
up into fundamental solitons in the presence of perturbations such as third order dispersion
[28, 64, 65, 66]. The generation of strong blue-shifted peaks as observed in the spectrum for

a 1200-nm nanowire is attributed to higher-order solition self-splitting [67, 68, 69, 66, 70].
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The spectra observed for nanowire diameters in the anomalous dispersion regime
(diameters ;j, 700 nm) generated with femtosecond laser pulses differ from previous work with
fibers of similar diameters with nanosecond pulses [34]. The supercontinuum generated with
532-nm nanosecond pulses propagating in the anomalous dispersion regime has an almost
flat 300-nm-wide spectrum [34]. From Figure 3.4e and f, we see that for nanowires with
diameters with diameters greater than 700 nm, the spectra generated with femtosecond
pulses are not flat and about 200-nm wide. We observe soliton formation at low energies
followed by higher-order soliton self-splitting as the energy is increased. Although it is
known that at high energies the soliton induced spectra can form a continuum of wavelengths
[67, 68, 69, 66, 70], we are not able to achieve such high intensities without damaging the
fibers.

Previous work with nanowires in the normal dispersion regime using femtosecond
laser pulses claims that dispersion limits the broadening into infrared wavelengths [63]. The
reported spectrum generated by a femtosecond laser pulse propagating in 554-pm-diameter
tapered PCF had a sharp cutoff in the long wavelength side [63]. We do not observe any
sharp cutoff for fibers with a diameter greater than 200 nm, but it is difficult to compare our
experiment to previous work with femtosecond laser pulses [63] because it is unclear how
to define the effective core size and interaction length of tapered fibers. Nevertheless, we
believe that our results show that normal dispersion does not limit the infrared broadening
of the supercontinuum spectrum.

We see from Table 3.1 that for nanowires with diameters smaller than 200 nm, the
effective length is an order of magnitude smaller than Lp and Ly L, and so nonlinear effects
do not play a role in the pulse propagation. Although we did not measure any nanowires
with average diameters below 200 nm, we observed hardly any broadening in nanowires with

minimum diameters below 200 nm. For nanowires with those dimensions, more than 90%
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of the light is guided outside the silica core and so the effects of dispersion and nonlinearity
are approach that of air. Consequently, a short pulse propagating in these fibers undergoes
no spectral dispersion or broadening while still being guided by the fiber, suggesting that
fibers with diameters smaller than 200 nm may be ideal for the guiding of intense, short

pulses with minimal distortion.

3.6 Conclusions

We explored the nonlinear wave propagation along silica nanowires and calculated
the effective nonlinearity taking into account the large evanescent field contribution to the
waveguide mode. We experimentally confirmed the diameter dependence of the nonlinear-
ity by using supercontinuum generation as a probe for characterizing the nonlinear optical
properties of silica nanowires. The observed supercontinuum generation results from an
interplay between the diameter-dependent nonlinearity and the dispersion of the fiber. The
maximum broadening occurs for nanowires with diameters around 500 nm. Nanowires with
diameters less than 200 nm appear to have negligible dispersion and nonlinearity making
these waveguides useful for propagation of intense, short pulses with minimal distortion.
The reduction of the interaction length to ~20 mm and the low energy thresholds, super-
continuum generation in tapered fibers is a viable solution for coherent white-light source

in nanophotonics.

3.7 Outlook

The investigation into the nonlinearity of the fiber through supercontinuum gen-
eration indicates that 500-nm diameter wires have an enhanced nonlinear parameter. Using

intense laser propagation, we can take advantage of this enhancement in order to create



Chapter 3: Nonlinear optical properties of silica nanowires 54

nonlinear optical devices. In Chapter 2, we showed the fabrication of a variety of linear
optical devices including a 2 x 2 coupler and a micro-ring resonator. The short interaction
length required for substantial nonlinear effects to occur implies that we can create devices
whose operation relies on the diameter dependent behavior of the nonlinearity. The nonlin-
ear propagation of light in nanoscale waveguides creates opportunities for nanoscale optical
switching and optical logic and we will investigate one such device based on the Sagnac
interferometer geometry in Chapter 4.

It is also useful to explore the possibility of using other material systems. The
experiments performed in this chapter used nanowires drawn from optical fiber-quality
silica, which is purified to produce the lowest losses and nonlinearity in order to maintain
signal integrity over long distances. Nanowires fabricated from most other materials have
a higher refractive index and will exhibit a higher nonlinearity, and may have tolerable
losses over the small interaction lengths required for nonlinear device operation. We will

investigate the use of ZnO nanowires as a candidate for these devices in Chapters 5 and 6.



Chapter 4

Nonlinear Sagnac interferometer

using silica nanowires

In the previous chapter, we demonstrated that silica nanowires can be used as a
model system for studying nonlinear optics at the nanoscale due to the enhanced nonlinear
parameter, v, and the nanowire diameter dependence of the waveguide dispersion. The
top-down taper-drawing fabrication method allows for large interaction lengths (tens of
millimeters) and the coupling of light from macroscopic sources to the nanoscale. The results
from Chapter 3 show an optimal nanowire diameter for enhancing nonlinear effects in silica
nanowires. We now consider experimental approaches that combine our understanding of
the nonlinearity with our expertise in assembling photonic devices using silica nanowires.

In this chapter, we show the first demonstration of a nonlinear Sagnac interferom-
eter using silica nanowires. This device is a basic component in the architecture for more
complex optical devices that perform channel demultiplexing [72], pulse shaping [73], opti-
cal logic operations [74], and passive mode-locking for fiber lasers [75, 76]. The motivation

for using silica nanowires to construct a Sagnac interferometer is to reduce the dimensions

95
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enough for integration in microphotonic circuits.

We demonstrate all-optical modulation of ultrashort laser pulses (800 nm, 1 ps)
with pulse energies on order of one nanoJoule. Laser pulses are injected into a Sagnac inter-
ferometer that is fabricated from a single silica nanowire with minimum diameter of 550 nm.
The transmitted power through the Sagnac interferometer displays a nonlinear dependence
on the input power. The relatively low pulse energy required to produce nonlinear effects
in subwavelength silica nanowires is promising for optical switching and logic in integrated

nonlinear microphotonics.

4.1 Background

Optical interferometry is a powerful tool in physics and astronomy with such wide-
ranging applications as dispelling the existence of aether [77], detecting gravitational waves
[78], sensing biological and chemical agents [79], and mimicking the iridescence of butterfly
wings [80, 81]. There are many different types of interferometers; for example, perhaps the
most familiar is the Michelson-Morley interferometer, shown in Figure 4.1, which has two
independent paths that recombine to create an interference pattern at the detector. Small
changes in the length of one of the paths yield a phase difference that causes a change in
the interference pattern. Detection of the interference pattern reveals small phase changes
and enables precise measurements.

The Sagnac interferometer configuration, shown in Figure 4.1, differs from the
Michelson-Morley configuration in that counterpropagating beams that share the same path
[82]. Even though this arrangement requires the two paths to have an identical length, a
phase difference can occur when the system experiences rotation. The finite speed of light

means that a rotation will shorten the path for one direction of propagation and lengthen
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Figure 4.1: Diagram of a Michelson-Morley and a Sagnac interferometer. The Michelson-
Morley configuration has two independent propagation paths, whereas the Sagnac configu-
ration has a single shared path of counterpropagating beams.

the path for the other direction, which Georges Sagnac was able to experimentally observe
and explain in 1913 [83, 84].

The ability of the Sagnac interferometer to detect rotations is useful for such
application as a gyroscope. Early Sagnac interferometer-based gyroscopes measured the
angular velocity of the Earth [85], and were envisioned to be useful for ship navigation [86].
Modern gyroscopes in inertial guidance systems provide 3D angular information to aircraft
and satellites using ring lasers [87, 88, 89] as well as fiber-optic gyroscopes [90, 91].

The geometry of the Sagnac interferometer is easily reproduced using optical fibers
by replacing the beam splitter with a 2x2 fiber coupler, as shown in Figure 4.2. The optical

fiber can be coiled up to produce large path lengths in a relatively small packaging volume,
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Figure 4.2: Diagram of a fiber Sagnac interferometer showing the clockwise and counter-
clockwise paths and the directions of the input, reflected and transmitted light. The coupling
region in our experiment results from evanescent coupling between touching silica nanowires.

which allows for a more sensitive measurement for the gyroscopic application mentioned
above.

Using optical fiber provides another method for inducing a phase difference be-
tween the clockwise and counter-clockwise propagating beams: the optical Kerr effect.
The intensity dependent index of refraction contributes to an accumulated nonlinear phase
around the loop that can be different for the two paths, which will be described below.

In Chapter 3, we showed that the tight confinement of the mode in silica nanowires
enhances the nonlinear parameter, v, from Eq. (3.12), generating supercontinuum when

femtosecond-laser pulses are launched into these nanowires [60]. In Chapter 2, we demon-
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strated that evanescent coupling between two silica nanowires can be used to fabricate
3-dB couplers [46]. The enhanced nonlinearity and evanescent coupling properties suggest
that a nonlinear Sagnac interferometer can be fabricated from silica nanowires. In such
a configuration, the coupling region shown in Figure 4.2 results from touching two silica
nanowires.

We proceed to describe the equations governing the nonlinear Sagnac interferom-
eter [28]. In Section 2.1, we described the electric field inside a fiber by Eq. 2.2, which has

a fast oscillation term e~"#(“)* that we will now write as e ' where the phase is defined

z. (4.1)

We expand the index of refraction to include intensity-dependent coeflicient ng

P
n =ng—+nel = no + ng—>—. (4.2)
Aesy

where Py is the peak input power and A.¢s is the effective area. The nonlinear index
coefficient is related to the third-order susceptibility ny = S%Re[xgj?m] [11], which is also
related to the nonlinear parameter v in Eq. (3.3). Rewriting the phase in Eq. (4.1) with

those substitutions

¢ = ?z +vPyz = Bz + vPyz. (4.3)

where the first term is the linear phase, ¢, we found in Section 2.1, and the second term
is the nonlinear phase, ¢n7..

To understand how the nonlinear phase will impact the operation of a nonlinear
Sagnac interferometer, we need to include the coupling region. We will treat this region as

a linear 2x2 coupler similar to the device we showed in Chaper 2. Egs. (2.10) and (2.11)
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give the resulting electric fields in the output ports. We can define a coupling parameter

that absorbs all the details of the coupling region

p = cos?(kl.) (4.4)

where [. is the length of the coupler. This substitution, and the trigonometric identity
cos?(z) +sin?(z) = 1, allows us to rewrite Eqs. (2.10) and (2.11) for the case of our Sagnac

interferometer

Aew = /pAg (4.5)
Acew = i7/T = pAo, (4.6)

where Ay is the slowly varying longitudinal function that describes the input electric field,
and Ag, and A.q, describe the clockwise and counter-clockwise fields shown in Figure 4.2.
The fraction of the field that “hops” from one fiber to the other acquires a m/2 phase shift,
indicated by i, that is completely analogous to the phase shift induced by reflecting off or
passing through a half-silvered mirror in the Sagnac geometry shown in Figure 4.1.

The clockwise and counter-clockwise fields both accumulate the nonlinear phase
given by Eq. (4.3) as they propagate around the loop. These phases can be different because
the peak power of the counter-propagating pulses depends on the coupling parameter p. The
pulses then recombine at the coupler interferometrically resulting in the transmitted and
reflected pulses shown in Figure 4.2. To calculate the transmitted field, we add together the
components from the clockwise and counter-clockwise fields as they go through the coupler

again
Atrans =pAge®e (from the cw path)

— (1 = p)AgeiPecw (from the ccw path) (4.7)
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where ¢, and ¢qey are the respective accumulated phases along the length of the loop L.

Substituting in the phase from Eq. (4.3), and squaring the electric field gives

‘Atrans ‘2
| Aol

=1—-2p(1 —p)(1+ cos[(1 —2p)yPyL]). (4.8)

Equation (4.8), also referred to as the transmittivity, reveals how the linear phase
cancels perfectly, and gives a condition under which a Sagnac interferometer can act as a
fiber-loop mirror [28]. In particular, using a 3-dB coupler in the coupling region of Figure
4.2, corresponding to a value p = 0.5, will yield |Asans|?/|A0/> = 0. We can physically
interpret this result as the forward and counter-propagating fields canceling out exactly at
the output port, resulting in a perfect reflection of the incoming wave back along the input
port. Using a fiber-based Sagnac interferometer in this mode of operation has applications
in the fabrication of fiber lasers.

When the coupler does not equally split the incoming signal, i.e. p # 0.5, the re-

flection and transmission become power-dependent and vary sinusoidally with (1—2p)yPyL.

Thus, when the cosine term in Eq. 4.8 undergoes a full oscillation, or more precisely [28]

(1 =2p)yPoL = (2m —1)m (4.9)

where m is and integer, we can achieve optical switching. Figure 4.3 shows the calculated
transmitted power as a function of input power for continuous-wave laser light at two
values of coupling parameter p near 0.5 using the standard optical fiber value of v = 10
W-lkm~! and a fiber length L = 100 m. The split signals accumulate different amounts
of nonlinear phase (Eq. (4.3)) while propagating around the loop. This physical behavior
has been demonstrated for switching and logic operations [74, 92, 93]. For example, the
interferometer can be designed such that when two signals are fed into the input port, a

transmitted signal at the output port is seen only when both signals are synchronous. The
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Figure 4.3: Transmitted power as a function of input power for a nonlinear Sagnac inter-
ferometer. The transmission exhibits sinusoidal oscillations with increasing input power for
coupling parameters p of 0.40 and 0.45. After Ref. [28].

nonlinear effect of the Sagnac interferometer allows the combined intensity of two signals

to be high enough to cause switching, but one signal alone is reflected [94].

4.2 Experimental Setup

To construct a nonlinear Sagnac interferometer, we fabricate silica nanowires by
the conventional taper-drawing method described in Section 2.2, which are connected via
taper on both ends to single-mode standard optical fiber for convenient input and measure-
ment. Our results in Section 3.4, studying the supercontinuum generated by femtosecond
laser pulses in silica nanowires of various diameters, show that the largest effective non-

linearity is achieved for nanowires with diameters in the range of 500 to 800 nm. Using a
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Figure 4.4: Schematic diagram of the experimental setup used to measure the transmitted
power as a function of input power. The femtosecond laser pulses pass through a trans-
mission grating pair and a variable attenuator before coupling into the optical fiber with a
microscope objective.

variety of techniques involving micro-manipulators, air currents, and foldable mounts, we
assemble the silica nanowires into the geometry shown in Figure 4.2, either free-standing
or on a low-loss aerogel substrate. The evanescent coupling in the overlap region of the
incoming and outgoing fiber, similar to Figure 2.8b, can be tuned similarly to our variable
couplers [46] shown in Figure 2.15.

To characterize the linear and nonlinear response of the silica nanowire Sagnac
interferometer, we couple pulses from a femtosecond laser oscillator (800 nm; 60 fs; 11MHz;
80 nJ) [95] through a transmission grating pair and a variable attenuator into standard
optical fiber using a 10x microscope objective, as shown in Figure 4.4. Pulses couple to the
nanowire via tapered fiber, then pass through the Sagnac loop, couple via a second taper
to standard fiber and are collected by a photodiode or spectrometer. The Sagnac loop is
situated over an inverted microscope for positioning and imaging the in situ nanowires.

Following the transmission measurements, we transfer nanowires to a silicon substrate for
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imaging using the SEM.

The transmission grating pair is used to pre-compensate for the length of standard
optical fiber on the input side of the Sagnac loop [96]. The gratings have specifications of
20x20 mm, 600 lines/mm, blaze angle of 13.8 degrees, and a transmission efficiency of about
90% [97]. We align the first grating by finding the angle where the 0 degree transmission is
minimum; this is when most of the power is in the first order reflection. The second grating is
on a translation stage for an adjustable grating spacing. After optimizing the transmission
efficiency, the beam hits a corner mirror pair, which sends the beam back along exactly
the same path below the incoming beam, where it reflects off of a short, square pickoff
mirror. We measure an efficiency through the grating pair of 0.64, which is very close to
the maximum efficiency for passing through the gratings four times (0.9% = 0.656).

In order to control the input power into the Sagnac interferometer, we send the
pre-compensated pulse through a variable attenuator, which consists of a half-wave plate, a
polarizing beam-splitter cube, and an etalon. The half-wave plate is mounted on a computer-
controlled rotation stage with an angular resolution of < 0.01°. We use the etalon to “pick-
off” a few percent of the light, which is detected by a photodiode and used for calibration

of the input power.

4.3 Results

Figure 4.5 shows the experimentally measured transmission through a silica nanowire
Sagnac interferometer. We observe a change from the linear behavior of transmission in
Figure 4.5a, into a distinct nonlinear transmission in Figure 4.5b. We acquired data over
multiple sweeps through the same range of average input power. While all sweeps main-

tain the same the qualitative shape, some shifts in the measured transmission occur due to
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Figure 4.5: Experimentally measured transmission as a function of the input power of the
Sagnac loop shown in Figure 4.7c. (a) Transmission for a “quasi-cw” pulse. (b) Transmission
for pulse with the experimentally determined optimal pre-compensation for 20 cm of single
mode optical fiber.

motion of the nanowire loop region over the time the measurements are taken. Based on
autocorrelation traces of pulses traveling through 20 cm of single mode fiber, the grating
pair separation for the data in Figure 4.5a corresponds to a pulse width of > 1 ps. The
grating separation for the data in Figure 4.5b gave an autocorrelator trace of 720 fs, which
corresponds to a 510 fs pulse width.

Figure 4.6 shows the spectra at two powers for the Sagnac interferometer with
optimal pre-compensation used to collect the data in Figure 4.5b. The low power trans-
mission yields a spectrum very similar to the input laser spectrum, whereas the high power
transmission generates a broadened spectrum of about 15 nm in bandwidth. The observed
broadening of the spectra is consistent with the operation of a nonlinear switch by self-phase
modulation, which requires new frequencies to be generated to create the phase difference.

Figure 4.7 gives the details of the silica nanowire that we measured to acquire the
data in Figure 4.5. By collecting a series of nanowire diameter measurements using the

SEM, an example of which is shown in Figure 4.7d, we obtain the fiber diameter profile
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Figure 4.6: The transmitted spectra for the silica nanowire Sagnac interferometer in Figure
4.5. The spectrum broadens from the input laser line at low powers (dotted line) to about
15 nm at high powers (solid line).

shown in Figure 4.7a and b. Figure 4.7c is a microscope image of the assembled Sagnac
interferometer, which provides an estimate for the length of the loop of approximately 500
Jam.

The photograph in Figure 4.8 shows a different Sagnac interferometer assembled
from a silica nanowire and supported on a mesoporous silica substrate. Using an amplified
femtosecond pulse laser system, we can increase the input power up to the range for super-
continuum generation that we found in Chapter 3. We observe broadband scattered light

in the Sagnac loop and along the output fiber.
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Figure 4.7: Details of the silica nanowire used to acquire the data in Figure 4.5. (a) Nanowire
diameter profile as measured by SEM, with (b) finer scale on the sub-2 pum diameter region.
(c) Microscope image of the free-standing Sagnac loop assembled with this nanowire, here
shown with continuous-wave laser input. (d) Sample SEM measurement of the diameter of
the silica nanowire.

4.4 Discussion

Our motivation for building a Sagnac interferometer using silica nanowires is to
learn about the fundamental waveguiding of light at the nanoscale and to miniaturize the
“footprint” required for optical switching, allowing for integration into microphotonic de-
vices. The first experimental demonstration of all-optical switching using a nonlinear Sagnac
interferometer involved a 25-meter loop of germanium-doped silica telecom fiber with a cou-

pling parameter p = 0.38 [98]. The experiment, based on the design proposed in Ref. [74],
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Figure 4.8: Generation of supercontinuum light in a silica nanowire Sagnac loop on a
mesoporous silica substrate. The photograph also shows reflections of the input and output
fibers, as well as the loop itself, from the glass slide below the mesoporous silica layer.

measured an increase in the transmittivity (Eq. (4.8)) to just over 60% for 850 ns pulses
with peak power of about 30 W, and similar results for pulses of 180 ps in duration. The
transmitted pulse shows narrowing since the switching occurs for the central, higher power
part of the pulse [98]; this can be useful for applications in pulse shaping and cleanup [28].
Subsequent work showed that pulses can be switched entirely by using soliton pulses, which
acquire a uniform nonlinear phase across the pulse [99]. Soliton switching has applications
in demultiplexing [100] and other complex optical processing. Recent nonlinear Sagnac
interferometers using semiconductor optical amplifiers (SOA) [101] can achieve switching
with significantly lower peak powers and a shorter interaction length due to the gain in the
SOA region.

In order to compare our silica nanowire Sagnac interferometer to previous results,
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we must examine in detail the data in Figure 4.5, which exhibits a nonlinear transmission.
Even though we do not observe the deep modulation that the calculated transmission in
Figure 4.3 shows, we see a clear departure from linear transmission. To understand the
curvature seen in Figure 4.5b, we fit our data to Eq. (4.8), as shown in Figure 4.9. We

calculate the peak power from the average input power using

Py =Ty v Paye, (4.10)

where Tj is the pulse width and v is the repetition rate of the laser (11 MHz). We perform
the fit with two free parameters, p and the combined term LT}, 1y=1, and an overall scaling
factor.

The fit displays excellent agreement with the data and provides a value for the
coupling parameter of p = 0.08. The motion of the free-standing Sagnac loop due to air
currents is responsible for the uncertainty of about 10% across different power sweeps.
Assuming values of L = 0.5 mm and v = 0.5 W~'km™!, the other free parameter of the
fit gives a nonsensical value for the pulse width. The failure to acquire a meaningful value
for the pulse width indicates that we have not accounted for a loss mechanism between
the Sagnac loop and the measured output power. If we assume a pulse width of Ty = 1
ps, which is reasonable based on autocorrelation traces, the fit parameter implies a loss of
about 5 x 10™%, which may occur in the coupling region, output taper region, or in the
collection. Future experiments will need to address this non-neglible loss in order to make
the terms in the data fit more precise. Even with that limitation, the fit gives an upper limit
for the pulse energy required for a m phase shift of 2 nJ, which compares well with values
from previous work using silica optical fiber (about 5 nJ [98]), and using SOA (about 1
nJ [102]). Ultimately, the fit shows that our silica nanowire Sagnac inteferometer is capable

of modulating light by light with relatively low energies over a small length scale.
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Figure 4.9: The fit of the measured transmission from Figure 4.5 to Eq. (4.8), which yields
a coupling parameter p = 0.08.

We do not see the deep modulations in Figure 4.3 because of the relatively low
value of the coupling parameter. As the coupling parameter approaches 0.5, the extinction
of the transmission becomes stronger and the oscillation period increases (because the term
(1 — 2p) multiplies by the nonlinear phase in Eq. (4.8)). As a consequence, to measure the
deep modulations in transmission due to a nonlinear Sagnac interferometer with a coupling
parameter near 0.5, we need to reach larger values of the term v Py L.

We can increase v from Eq. (??) by increasing the nonlinear coefficient ng, or by
decreasing the effective A.rr. We can satisfy both by selecting a different material system
with a higher refractive index ng. In general, materials with higher refractive indices also
have higher nonlinear coefficients [103]. In addition, the minimum mode field diameter

scales with the wavelength of light inside a material A\ = A\g/ng, where \g is the vacuum
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wavelength [30]. Thus, the higher the refractive index, the tighter the potential mode
confinement, resulting in a smaller A.f;. Chapters 5 and 6 will explore the possibility of
using the ZnO material system to take advantage of the higher index and nonlinearity that
contribute to larger values of ~.

Increasing the other two parts of the nonlinear phase, Py and L, is more straight-
forward. The length of the Sagnac loop L can be made longer by multiple coiling, however,
experimentally, the fabrication process creates an upper limit of about 1 cm. The peak
power Py, on the other hand, given in Eq. (4.10), can be increased much more readily. We
assume that our pulse width Tp is on the order of 1 ps. Presumably, we should be able to
re-compress the pulse close to 100 fs, but in the region where the dispersion is close to zero
(around 700 nm in diameter as shown in Figure 3.7), we may also need to compensate for
third-order dispersion. In addition to decreasing the pulse width, we can increase the pulse
energy by as much as a factor of 10* by repeating these experiments using an amplified
femtosecond laser system. Lastly, we can improve the loss in the tapered region of the silica
fiber so that more of the power coupled into the standard optical fiber is coupled into the
nanowire Sagnac loop.

The photograph in Figure 4.8 shows that we can reproduce the supercontinuum
generation that we observed in Chapter 3 by using an amplified femtosecond laser source.
Experimentally testing over 50 fibers revealed no switching behavior in Sagnac loops that
were generating supercontinuum light. It is likely that when the spectrum broadens beyond
a certain range, the dispersion, which we can see from Figure 2.3, chirps and distorts
the pulse, effectively “washing out” the interference effects. Measuring the broadening in
the output spectrum of a silica nanowire loop at increased input powers can be used to

characterize the nanowire and may have other applications.
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4.5 Conclusions

In this chapter, we showed the first demonstration of a nonlinear Sagnac interfer-
ometer fabricated with silica nanowires. We measured the transmitted power as a function
of input power and observed a distinct nonlinear response that indicates light-by-light mod-
ulation. We fit the nonlinear transmission to theoretical predictions to obtain physically
relevant parameters. The fit displays excellent agreement with the data and gives a value
for the coupling parameter of p = 0.08. The relatively low value of the coupling parameter
accounts for the lack of deep modulations in transmission. The fit also gives a value for the
phase of the oscillation that implies an unknown loss mechanism between the power in the
Sagnac loop and the measured output power. Using estimates that were measured by other
means for the nonlinear parameter, interaction length, and pulse duration, we calculate
and upper limit of 2 nJ for the pulse energy required to achieve a 7w phase shift. We also
increased the input power in the Sagnac loop using an amplified femtosecond laser system
and observed supercontinuum generation but no switching behavior.

Our motivation for building a Sagnac interferometer using silica nanowires is to
understand the fundamental properties of nonlinear optics at the nanoscale as well as to
explore the practical applications that come from the miniaturization of photonic devices
that allow for their integration. Our Sagnac loop achieves substantial nonlinear effects in
less than a millimeter with relatively low pulse energies (fewer than a couple nanojoules).
Future experiments will need to address the non-neglible loss in order to better understand
the contribution of such parameters as the nonlinear parameter and the pulse duration.

For application as a nonlinear switch, the desirable deep modulation in transmitted
power requires larger coupling and the ability to reach higher values of the nonlinear phase

(yPoL). We can increase v by choosing materials with higher refractive indices and higher
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nolinearity. In particular, we will examine the use of ZnO nanowires in the next two
chapters as an example of a semiconductor material system for potential integration of

nonlinear photonic devices.

4.6 Limitations and Outlook

As we have shown in Chapters 2 and 3, silica nanowires are a model system for
studying nonlinear optics at the nanoscale because of their low loss and tight mode confine-
ment. We take advantage of our top-down taper-drawn fabrication of nanowires to rapidly
prototype microphotonic devices, but some difficulties and limitations exist in considering
the future implementation of these devices. In particular, the narrow window of nanowire
diameters, lower limits on the interaction lengths and input powers, and complicated pro-
cedures for micro-manipulation make repeatability and comparison difficult. We also often
find that the Van der Waals attraction of the silica nanowires causes free-standing Sagnac
loops to create complex tangles that result in the complete scattering of input light. This
difficulty appeals to the use of mesoporous substrates, which we also employed. However,
while assembling the Sagnac loop, we frequently needed to drag the nanowire repeatedly
across the mesoporous surface, which would often cause the accumulation of nano-particles
that we observed with the SEM. These particles effectively degrade the surface quality of
the nanowires and can contribute to scattering.

Another limitation comes from the choice of silica as a nonlinear material in the
Sagnac loop. The “preform” for a silica nanowire is a standard telecom optical fiber, which
is highly purified to prevent absorption and loss and to reduce the nonlinearity that would
destroy the integrity of digital information being transmitted over long distances. As we

discussed, complete nonlinear switching in a Sagnac interferometer occurs for near 3-dB
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coupling and requires a larger peak power in the loop for silica. Since optical fiber quality
silica has one of the lowest material nonlinearities, nanowires of almost all other materials
will have higher nonlinearity; this can increase the accumulated nonlinear phase without
requiring an increase in the peak power. The ZnO nanowires we study in the next two
chapters have a material nonlinearity of about 50 times that of silica [103].

Previous experiments accounted for depolarization of the light while propagating
around the Sagnac loop [98, 99]. Even though the propagation lengths are substantially
smaller in our experiment (as a result of using silica nanowires to tightly confine the trans-
verse mode), the evanescent field is large enough that surface contaminants, microbends,
and tensions may lead to unknown depolarization effects. In general, fiber couplers con-
tribute to depolarization, and evanescent field coupling between two nanowires is likely
polarization dependent as well. This implies that future implementations of our device will
need to include polarization modeling in the design and operation.

The limitations described above do not present any fundamental barriers to the
miniaturization of a nonlinear Sagnac interferometer for integration in microphotonic de-
vices. The experimental difficulties can be overcome by improving the micro-manipulation
procedure and taking advantage of other materials and standardized fabrication techniques.
If we look ahead at the potential use of these devices, we can envision not only all-optical
switching but applications in optical logic as well.

Using the knowledge obtained by manufacturing and characterizing nonlinear
Sagnac interferometers, we have a positive outlook for miniaturized, microscale structures
made from silica (and potentially other materials), that can act as all-optical logic gates by
employing ultrashort laser pulses as input signals. Previous all-optical logic gates based on
this principle have been demonstrated [74, 93], but in general require hundreds of meters

of custom-made optical fiber and high powers to achieve the desired functionality. Recent
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Figure 4.10: Schematic diagram of an optical NAND gate using a nonlinear Sagnac inter-
ferometer. Using input ports A and B and control port C, a Sagnac loop with a specifically
chosen coupling gives a transmission that can be used for optical logic. An input pulse
energy can be chosen as a logical “1” such that combinations of inputs give logical outputs
at port Q (logical “0” in gray on the plot) yielding a truth table representing a NAND gate.

experiments using planar waveguides and an SOA as the nonlinear element have reduced
the device size to a few mm? [92].

Basic logic operations such as AND, XOR, and inversion have already been shown
in the Sagnac interferometer configuration using standard-size optical fiber [92]. Figure
4.10 details the configuration of a Sagnac interferometer that displays transmission behavior

corresponding to NAND gate operation, where the powers shown are arbitrary. The NAND
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gate, in particular, is a universal gate from which all other operations can be performed. We
demonstrated the assembly of a similar structure using silica nanowires, but the assembly
in Figure 4.10 could be a combination of materials, including active materials that may
be pumped to provide gain. Ultrashort pulses from a Ti:sapphire laser or microchip-pulsed
laser can be used as input signals at ports A and B and control port C leading to a nonlinear
Sagnac interferometer. The phase shift induced by the combination of pulses at the input
provides the mechanism for the switching and logic. More precisely, the power of the input
signal is chosen to yield a logical “1”, and coupling parameter is chosen so that multiple
input pulses yield either logical “0” or logical “1” at port @, as given in the truth table.
In conclusion, we foresee a flexible optical logic gate for processing ultrafast optical

2. Furthermore,

signals that can reduce the required footprint to less than 100 x 100 pm
the use of subwavelength-diameter silica wires enables rapid assembly and quick geometry
modification, as well as provides the important connection from macroscopic light sources

to nanoscopic waveguides and devices. Employing nonlinear optics at the nanoscale creates

an excellent platform upon which highly-integrated optical circuits can be built.



Chapter 5

Waveguiding in ZnO nanowires

As shown in Section 2.1 discussing silica nanowires, a large index contrast provides
for tight confinement of the mode, which is useful for enhancing the nonlinear parameter,
v from Eq. (3.3), and allowing for the fabrication of nanoscale nonlinear photonic devices.
Semiconductor material systems such as silicon, indium phosphide, and zinc oxide (ZnO),
in general, have higher refractive indices than silica [103], allowing for tighter mode confine-
ment. Semiconductor materials employed in photonic devices can act as passive waveguides,
and can also exhibit active optical properties that depend on the free-carrier concentration.
This chapter will focus exclusively on the passive waveguiding properties of ZnO nanowires,
whereas chapter 6 will discuss the transmission characteristics and heating that result from
femtosecond-pulse excitation of ZnO nanowires.

We use tapered silica fibers and nanowires to inject laser light and broadband
sources into ZnO nanowires with diameters around 250 nm to study their waveguiding
properties. We find that high-order waveguide modes are frequently excited and carry
significant intensity at the wire surface. Numerical simulations reproduce the experimental

observations and indicate a coupling efficiency for visible light between silica and ZnO
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nanowires of around 50% for a variety of coupling angles. Experimentally we find an
emission angle from the ZnO nanowires of about 90°, in agreement with the simulations.
In this chapter, we show that the combination of silica nanowires, which are fab-
ricated in a top-down approach, and ZnO nanowires, obtained from a bottom-up growth
process, allows a detailed experimental investigation of the passive waveguiding properties
of the semiconductor nanowires. By carrying out numerical finite-difference time-domain
simulations we find that it is possible to achieve a high coupling efficiency from the tapered
silica fibers into ZnO. We study the evanescent field of ZnO nanowires as a function of
their diameter and analyze the condition for single-mode and multi-mode waveguiding. In
both the experiments and simulations we find that for typical ZnO nanowire diameters of
about 250 nm and laser light in the visible spectral region, the coupling from silica to ZnO
nanowires frequently leads to the excitation of high-order waveguide modes. We also use
our combination of silica and ZnO nanowires to study the emission of low-order waveg-
uide modes from the end facets of the ZnO nanowires and compare the results with our

simulations.

5.1 The ZnO material system

The investigation of the structural, electrical and optical properties of semicon-
ductor nanowires has been an active field of research for the past couple of years because
these nanowires afford a large variety of novel nanoscale electronic and optoelectronic de-
vices like piezoelectric nanogenerators [104], field effect transistors [105], light emitting
diodes [106, 107], lasers [108, 109] and waveguides [108, 109, 18, 110, 111]. These applica-
tions are feasible because the high crystalline quality, low defect density, smooth sidewalls,

and well-defined end facets of the nanowires make them suitable as waveguides and res-
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Figure 5.1: The real and imaginary refractive index of bulk ZnO.

onators for optical modes in the visible or near IR spectrum.

In particular, nanowires made of the large bandgap, wurtzite II-VI semiconduc-
tor zinc oxide (ZnO) have been extensively investigated because this material system is a
promising candidate for the fabrication of nanoscale light emitters in the near-UV spectral
region [112, 113, 114]. Furthermore, ZnO is an easy to handle, non-toxic material possessing
a large exciton binding energy (60 meV), [111] which allows efficient excitonic light-emission
processes even at room temperature. ZnO nanowires can be grown in large quantities in a
well-defined diameter range up to lengths of several tens of micrometers in high-temperature
vapor-liquid-solid growth processes, sometimes with gold as catalyst.

The real and imaginary parts of the refractive index of bulk ZnO is shown in
Figure 5.1. The notable features of the ZnO refractive index are the absorption peak

centered around 370 nm, corresponding to the room-temperature ZnO band-gap of 3.37
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Figure 5.2: The as-grown ZnO nanowires with lengths up to 100 ym long and diameters
40 and 500 nm. The inset shows the hexagonal cross-section of the ZnO nanowires. After
Ref. [114]

eV [112, 115], and the relatively flat value of n = 2.0 across most of the visible spectrum.
Since the index contrast between ZnO and air is higher than the contrast between silica
and air, the mode confinement will be stronger in ZnO wires than in silica wires of similar
diameter. The waveguide simulations in Section 5.3 use the value of n = 2.0 for the material
index of ZnO. The roughly flat value of the index through the visible regime allows for the
scalability of the important parameters of the simulations, such as dz,0, dsiica, and A.
We synthesized single crystalline zinc oxide (ZnO) nanowires in a horizontal tube
furnace by a vapor transport technique [26]. High-purity ZnO powder was placed in an
alumina boat and heated to an evaporation temperature of 1620 K. Silicon substrates cov-
ered with a 4-nm thin Au film were placed at the cooler end of the tube furnace with a

temperature of around 1370 K. The vapor was transported at a pressure of 100 mbar by
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Ar gas flow of 50 sccm to the substrates initiating the catalytic driven vapor-liquid-solid
(VLS) growth process [116] of the ZnO nanowires. The as-deposited nanowires are typically
up to 100 pm long and between 40 and 500 nm in diameter, as determined by scanning
electron microscopy (SEM), shown in Figure 5.2. Energy-dispersive spectrometry reveals
only stoichiometric zinc and oxygen signals; transmission electron microscopy and x-ray
diffraction confirm that the nanowires are of wurtzite structure and the c-axis is in the

growth direction.

5.2 Experimental Setup

We mechanically disperse 20-um to 80-pm long ZnO nanowires onto thin glass
substrates coated with a 800-nm thick mesoporous silica film [54, 55]. The mesoporous
films have monodisperse, 8-nm wide pores and are deposited using a dip-coating process.
The resulting films have a refractive index of about n = 1.185 throughout the visible
spectral region, [54] preventing parasitic coupling into the substrates. Combined with their
extremely high homogeneity and flatness, these layers also help minimize losses and noise
due to scattering at the output sides of the silica and ZnO nanowires, which is crucial
when investigating coupling and waveguiding processes. Because the refractive index of
mesoporous silica is much lower than that of both the silica and ZnO nanowires, we can
treat the nanowires as freestanding, air-clad waveguides in our numerical simulations.

To couple light into the semiconductor nanowires we use silica nanowires fabricated
by techniques described in Section 2.2. Silica nanowires and tapered fibers are fabricated
by taper drawing from standard silica optical fibers [25] with lengths of up to several tens of
millimeters and a high diameter uniformity. External laser light and white light sources can

be easily coupled into the silica nanowires through the macroscopic optical fiber to which
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Figure 5.3: Diagram of the experimental setup for coupling light from tapered silica fibers
into ZnO nanowires.

the nanowires are still attached. The tapered and submicrometer diameter silica wires used
for these experiments were produced using a conventional fiber tapering technique [60].
The fiber-pulling setup consists of a regulated hydrogen torch and two computer-controlled
linear stages as shown in Figure 2.5. The parameters for the fiber-pulling system, such as
speed, acceleration, fiber tension and position of the flame, were optimized to yield low-loss
taper regions.

To study the coupling and waveguiding properties of the ZnO nanowires, we
launched continuous wave laser light (A = 532 nm, P = 1 mW) and broadband white
light (P = 1 W) into a silica optical fiber mounted on a micropositioning stage as shown
in the diagram in Figure 5.3. We used either the as-fabricated silica nanowires or cut them
off close to the tapered region, using the end of the tapered region to couple light into the
ZnO nanowires. We observed the coupling using an inverted microscope with a 100x oil-
immersion objective (numerical aperture 1.4) and used the micropositioning stage to bring

the end of the silica fiber near an individual ZnO nanowire.
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Figure 5.4: Waveguiding in single ZnO nanowires. (a) Tapered silica fiber close to the
nanowire but no coupling. (b) Coupling of light into a low-order waveguide mode of the
ZnO nanowire. (c) Nanowire with imperfections leading to additional losses and two output
points. (d) Coupling between two ZnO nanowires lying on top of each other.

5.3 Results

Figure 5.4 shows the coupling of green laser light from the tapered silica fiber into
a ZnO nanowire. We observe no coupling between the two waveguides at all (Fig. 5.4a)
until the distance between them is smaller than about 1 pm and light is seen exiting the
end facet (Fig. 5.4b). Figure 5.4c shows the emission of light from a growth imperfection
along the length of the nanowire. In Fig. 5.4d we show that light also couples efficiently

between two ZnO nanowires lying on top of each other.
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Figure 5.5: Diameter and wavelength dependence of the fraction of power guided in the
lowest order HE11 mode inside a cylindrical ZnO nanowire. The remaining part of the power
is guided in the evanescent field. The crosses show the transition between the single-mode
and multi-mode waveguiding regimes (single-mode guiding occurs for diameters smaller
than that at the cross).

In order to understand the relevant properties and mechanisms that govern the
waveguiding and coupling observed in Figure 5.4, we performed numerical simulations of the
mode distribution in the visible part of the spectrum, where ZnO is completely transparent.
We started with an analytically solvable model [30] treating the ZnO nanowire as a perfect
cylinder, neglecting its hexagonal structure. The simulations include the dispersion of ZnO
by approximating the refractive index with a Sellmeier type equation [115].

In Figure 5.5 we show the wire-diameter and wavelength dependence of the cal-
culated power of the lowest-order HE11 mode that is carried inside the cylindrical ZnO
nanowire. In comparison with the same calculations for silica nanowires, shown in Figure

2.2¢, the power in the core for ZnO nanowires is higher for a given diameter nanowire. The
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crosses mark the transition from single-mode to multi-mode waveguiding obtained from the
condition [30] for single-mode waveguiding: 27d/\o(n? — n2;.)/? < 2.405, where d is the
wire diameter, Ay the vacuum wavelength, and n; and ng;, are the refractive indices of ZnO
and air, respectively. The transition occurs when the power guided in the ZnO nanowires
is less than about 80%.

The calculation in Figure 5.6 shows explicitly the transition from multi-mode
waveguiding to single-mode waveguiding for a given diameter of a ZnO nanowire and wave-
length of light. The critical diameter for single-mode waveguiding is in the range between
d = 350 nm (A = 800 nm) and d = 150 nm (A = 400 nm). Figure 5.5 shows that the
fraction of power guided inside the nanowire sharply decreases below the critical diameter,
especially at short wavelengths. The results in Figure 5.5 and Figure 5.6 agree with previous
results obtained for silica and silicon nanowires [30]. The diameters of the ZnO nanowires
used here is about 250 nm, thus we expect higher-order waveguiding for wavelengths below
~600 nm.

Figure 5.7a and b show that a slight change in the alignment of the silica tapered
fiber with respect to the ZnO nanowire dramatically changes the coupling and waveguiding
conditions. In Figure 5.7a the coupling, guiding and emission of the waveguide mode is the
same as in Figure 5.4b, but a small adjustment of the tapered fiber leads to the excitation
of high-order waveguide modes (Fig. 5.7b). These high-order modes carry a significant
additional fraction of power at the nanowire surface and even outside the nanowire as
evanescent fields. This can be seen by comparing the emitted intensities at the nanowire
ends in Figures 5.7a and 5.7b.

High-order modes can also be generated at imperfections along the ZnO nanowire.
Figure 5.7c shows a transition from single-mode to multimode waveguiding along a nanowire.

An SEM picture of that nanowire shows that the diameter of the nanowire increases at the
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Figure 5.6: Calculation of the single mode and multi mode regimes for a range of ZnO
nanowire diameters and wavelengths.

transition point (Fig. 5.7d). We observed many nanowires that exhibited a similar single-
to multimode transition.

We also directly couple broadband light into the waveguide modes of ZnO nanowires.
Figure 5.8 shows a white light source launched along a ZnO nanowire via a silica fiber ta-
per. The wavelength-dependent loss shown in Figure 5.8a reveals another indication of the
nanowire diameter change seen in Figure 5.7d. Broadband waveguiding is observed in both
the bright field and dark field images in Figure 5.8b.

An enlarged view of the end of the nanowire in Fig. 5.7a shows the emission
profile (Figure 5.9a). The dashed white lines show that the cone emission angle is about
90°. Figure 5.9b shows a finite-difference time domain (FDTD) simulation [117] of the
emission of a single-mode pulse from a ZnO nanowire using a constant index of refraction

(n = 2), which, as Figure 5.1 shows, is a reasonable approximation for visible wavelengths.
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Figure 5.7: Experimental observation multi-mode waveguiding. Top row: a slight change
in the alignment of the silica nanowire changes the mode excited in the ZnO nanowire
from (a) a low-order to (b) a high-order mode with a significant intensity guided at the
surface. Scattering at the high-quality substrates leads to low losses of this mode which
make this mode visible under the microscope. (c¢) High-order mode can also be excited
when the diameter of the nanowire changes. (d) SEM picture showing the diameter change
that causes the excitation of the higher-order modes in (c).

We plot the square of the electric field in the z-direction (perpendicular to the plane of the
figure) after the pulse has been emitted from the right end of the nanowire. A small fraction
of the light has been reflected and travels back to the left inside the nanowire. The lateral
dimensions are given in units of the ZnO nanowire diameter dz,o and the wavelength has
been chosen to be 2.66dz,0, which corresponds to the situation in Figure 5.9a (A = 532

nm and d = 200 nm). The simulation confirms our experimental observation of directed
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Figure 5.8: A white light source coupled from silica tapered fiber into ZnO nanowires. (a)
The ZnO nanowire in Figure 5.7c reveals wavelength-dependent losses when white light is
launched into the waveguide. (b) Bright and dark field images of broadband waveguiding
in a ZnO nanowire. Both images were taken at the same magnification.

Figure 5.9: (a) Magnified view of the conical emission of a low-order guided mode from
a ZnO nanowire. The emission angle is approximately 90° (dotted lines). (b) FDTD
calculation of the square of the electric field of a light pulse propagating along a nanowire
of diameter d with a wavelength of 2.66d.

emission from the nanowire waveguide mode into a cone with an angle of about 90° as
indicated by the dotted white lines in Figure 5.9a.
As our results in Figures 5.5 and 5.7 demonstrate, ZnO nanowires with diameters

around 200 nm can serve as multimode waveguides for visible light. In order to determine
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the maximum achievable coupling efficiency and to understand the origin and properties of
the high-order waveguide modes, we numerically simulated the waveguiding and coupling
between silica and ZnO nanowires using the FDTD technique [117]. The results of the
FDTD simulations are scalable if the wavelength and the lateral dimensions of the nanowires
are multiplied by the same number, over the region where the linear refractive indices of the
involved materials are constant. For the simulations presented here, we assume constant
refractive indices of nz,0 = 2, nsitica = 1.46, and ng;, = 1, which is a good approximation
for the wavelength range between 400 nm and 1000 nm. We simulated the propagation of a
pulse from a silica to a ZnO nanowire for various angles between the symmetry axes of the
junction, as shown in the inset in Figure 5.10. A light pulse uniformly illuminates the left
end of the silica fiber, exciting a low-order mode that travels to the right. At the interface
between the silica and the ZnO nanowire, part of the pulse is reflected, a second part is
scattered, and a third part is coupled into the waveguide modes of the ZnO nanowire.

To estimate the coupling efficiency, we calculated the transmission into the ZnO
nanowire by dividing the integrated power in the ZnO nanowire by the integrated power
coupled into the silica nanowire. Figure 5.10 shows how this transmission depends on the
angle between the nanowires given a diameter ratio of dg;j;cq = 4dz,0 and letting the central
wavelength of the light pulse (measured in vacuum) be three times the diameter of the ZnO
nanowire, so that A = 600 nm, dz,, 0 = 200 nm, and d;j;c, = 800 nm, in accordance with
our experimental conditions. The simulations show that the coupling efficiency exceeds 0.50
for angles up to 50°. For angles larger than 50° the transmission decreases substantially, but
remains above 0.10 even when the nanowires are perpendicular to each other. Varying the
wavelength between 2dz,0 and 4dz,o (not shown here) changes the transmission by less
than 0.1. Likewise, we find that the transmission depends weakly (< 0.1) on the diameter

ratio for the range 2 < dz,0/dsilica < 4. Introducing a small gap between the two nanowires
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Figure 5.10: Coupling efficiency between a silica fiber with 1 pm diameter and a ZnO
nanowire with 250 nm obtained from numerical FDTD simulations. Transmission as a
function of the angle between the silica fiber and the ZnO nanowire. The inset shows the
geometry used in the simulation.

(gap length < A/5) decreases the transmission by only a few percent.

Figure 5.11 shows the wavelength dependence of the transmission for two nanowire
angles of 10° and 60°. The wavelength scale covers the range from 2dyz,o to 4dz,o which
corresponds to 400 nm < A < 800 nm for our experimental condition (dz,o = 200 nm). For
both angles, the transmission spectra show the same general wavelength dependence. The
main difference between the two angles is that the transmission at 60° is about 0.10 — 0.25
smaller. This difference is in line with the results presented in Figure 5.10. The transmission
spectra show that the coupling efficiency decreases as we decrease the wavelength from a
value of 4dz,0; the simulations show that this decrease is due to increased scattering at the
interface between the nanowires. Below a wavelength of 2.5d 7,0 the transmission increases

sharply for both angles. At an angle of 10° the transmission exceeds 0.7, significantly higher
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Figure 5.11: Coupling efficiency between a silica fiber with 1 pum diameter and a ZnO
nanowire with 250 nm obtained from numerical FDTD simulations. Transmission as a
function of the wavelength for two different coupling angles. The inset shows the simulated
two-dimensional electric field profiles in the ZnO nanowire at A/d = 2.2 and 2.8.

than at longer wavelengths.

The inset in Figure 5.11 shows the mode profiles of the transmitted pulse at wave-
lengths of 2.2d 7,0 and 2.8dz,0. The blue and the red correspond to maximum negative and
positive amplitudes of the electric field, respectively. The profile for the long-wavelength
pulse shows a low-order mode with a noticeable zigzag-like propagation through the ZnO
nanowire. The profile for the short-wavelength pulse shows additional high-order mode com-
ponents with strong field amplitudes at the nanowire surface and significant evanescent-field

amplitudes.
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5.4 Discussion

Although the photoluminescence properties of semiconductor nanowires have been
studied experimentally [112, 113, 118, 119], their waveguiding properties remain largely
unexplored. One reason is the lack of a robust, efficient, and well-understood optical tech-
nique to study individual nanowires. Figure 5.4 shows that silica tapered fibers and silica
nanowires are convenient, robust, and efficient tools to controllably inject light into the
waveguide modes of individual semiconductor nanowires. As Figures 5.4a and 5.4b show
that a considerable amount of light can be coupled into ZnO nanowires even when the an-
gle between the two waveguides is large. Our technique thus permits the convenient and
systematic study of the waveguiding properties of semiconductor nanowires. The technique
can also be used to scan nanowires for potential imperfections and sources of additional loss
(as shown in Figure 5.4c) before they are further processed into devices. The simple two-
nanowire system in Figure 5.4d shows that silica tapered fibers can be used to characterize
the performance and loss of more complex optical nanowire circuits.

The low-index and low-loss mesoporous silica substrates prevent parasitic scat-
tering from overshadowing the waveguiding characteristics. Because no light is emitted or
scattered from any other part but the nanowires end facet (Fig. 5.4b), we can conclude that
no significant losses occur during the waveguiding of low-order modes in the ZnO nanowire.
The large index contrast between the waveguide materials and the mesoporous silica allows
us to directly compare experimental results with simulations of air-clad waveguides.

The index of refraction n of semiconductor nanowires typically ranges between
2 and 4 and so the wavelength Ay, /n in these materials is substantially reduced. Con-
sequently the critical diameter for single mode waveguiding is distinctly smaller than for

silica nanowires. Conversely, for a nanowire of fixed diameter, the limit for single-mode
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waveguiding is farther into the blue spectral region than for silica nanowires. Figure 5.5
shows that at the single-mode cutoff for ZnO (n = 2), 80% of the mode energy is confined
in a small spatial region with a diameter between 150 and 350 nm, which is precisely the
range of diameters for VLS-grown ZnO nanowires. The strong confinement is very desirable
for efficient and low-loss waveguiding and wiring of light at the nanoscale.

The large index contrast between the ZnO and silica nanowires causes the exci-
tation of high-order modes with substantial evanescent fields in ZnO nanowires, even for
nanowires with diameters just slightly exceeding the single mode limit. As the high-order
mode propagates, these evanescent fields scatter at the surface of the nanowire, leading to
the green appearance in Figure 5.7b.

The experimental results in Figure 5.7a,b and the simulations in Figure 5.10b
both show that the excitation of high-order modes is controlled by the alignment between
the nanowires. Depending on the application, either low- or high-order modes may be
preferable. For example, the strong confiment provided by low-order modes enables low-
loss nanoscale waveguiding. Likewise, low-order modes would maximize the overlap between
the optical field and the semiconductor material in semiconductor amplifiers. On the other
hand, high-order modes could be used to achieve efficient evanescent sensing and enhance
coupling efficiency, as demonstrated in Figures 5.7a and b.

Our experiments show that the acceptance angle for launching waves into ZnO
nanowires is large. Because the propagation of light is reversible, the acceptance and emis-
sion angles should be the same. Indeed, the emission cone angle of the nanowires is approx-
imately 90°, as shown in Figure 5.9. While this angle is large, the emission is still clearly
directed and the nanowire ends cannot be considered point sources, as previously reported
for actively emitting short ZnO nanowires [120].

The FDTD simulations presented in Figure 5.9 confirm the high coupling efficiency
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between the waveguide modes in the silica fibers and ZnO nanowires. Although the experi-
mentally achievable efficiency might still be significantly below the theoretical value of 0.50,
the simulations show that the efficiency is varies little for changes in alignment for angles
less than 50°. This maximum angle of 50° is in excellent agreement with the experimental
observation of a 90° cone angle for emission in Figure 5.9. Within experimental accuracy
this cone angle is approximately twice the angle at which the coupling efficiency starts to
decrease, as theoretically expected. The simulations show that the main physical parameter
that determines the coupling efficiency is the large index contrast between both waveguide
materials.

Figure 5.11 shows that for wavelengths above 2.5dz,0 the transmission increases
with increasing wavelength. The profiles of the electric field obtained in the simulations
reveal that as the wavelength increases, scattering at the interface between the two wires
decreases, increasing the amount of light that is coupled to the ZnO nanowire. For all
angles studied the transmission reaches a minimum at wavelengths around 2.5dz,0. Below
this wavelength the transmission is significantly higher. As the single mode cutoff regime
in Figure 5.6 and the mode profiles in the inset of Figure 5.11 show, this increase coincides
with the excitation of high-order modes during the coupling from the silica to the ZnO

nanowire.

5.5 Conclusions

In summary, we used silica nanowires and tapered fibers to efficiently and control-
lably inject laser light into individual ZnO nanowires and study their waveguiding properties.
The ZnO nanowires are placed on glass substrates covered with a layer of low-index meso-

porous silica to prevent coupling of light from the silica tapered fibers into the glass substrate
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and achieve very low parasitic scattering at the nanowire output facets. Finite-difference
time domain simulations reveal the dependence of the coupling efficiency from the silica
into the ZnO nanowires on the angle between them and on the wavelength of the guided
modes. The maximum efficiency can theoretically reach 50%. We showed that high-order
waveguide modes with high intensities at the nanowire surface are frequently excited when
light is coupled between nanowire waveguides of different refractive indices. We studied
the single- and multimode waveguiding conditions for ZnO nanowires in numerical simula-
tions and calculated the evanescent field strength of the lowest order mode of a cylindrical
ZnO nanowire. We analyzed the emission of waveguide modes for ZnO nanowires (d ~ 200
nm) both experimentally and in simulation and found a typical emission angle of 90°. The
wavelength dependence of the transmission efficiency and the behavior of high-order modes
presented here facilitate the interpretation of semiconductor nanowire experiments and the

optimization of semiconductor nanowire devices.



Chapter 6

Femtosecond pulse excitation of

Zn 0O nanowires

In Chapter 5, we used a technique of coupling broadband and laser light di-
rectly into the waveguiding modes of ZnO nanowires by means of tapered silica fibers
and nanowires. The combination of the top-down fabrication of silica nanowires with the
bottom-up fabrication of ZnO nanowires allowed us to study the passive waveguiding prop-
erties and to characterize the quality of the ZnO nanowires. As we have shown in chapters
3 and 4, we can use silica nanowires to assemble nonlinear microphotonic devices. ZnO
nanowires, with their higher index and nonlinearity [121, 115, 122, 123, 124], and the high
degree of control over the growth parameters [26], are also promising candidates for micro-
and nanophotonic device fabrication.

In this chapter, we examine the response of single ZnO nanowires to excitation
from femtosecond-laser pulses. We measured the transmission characteristics of single ZnO
nanowires under femtosecond-pulse excitation. We find that the excitation generates the

second harmonic and photoluminescence in the ZnO nanowire, which couples into low-order
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waveguide modes of the nanowire but with distinctly different efficiencies. We measure the
transmission spectrum of a single ZnO nanowire for near-UV light generated by interband
recombination processes. The transmission spectrum allows us to determine the absorption
edge of the excited nanowire and to study the temperature profile of the nanowire under
femtosecond-pulse excitation, which agrees with finite-element simulations of local heating
in a ZnO nanowire. Ultimately, understanding how various thermal and mechanical proper-
ties that affect the nanowire transmission properties will become important concerns when

engineering future nonlinear photonic devices.

6.1 ZnO as a nonlinear material system

Zinc oxide (Zn0O) is a non-toxic, wide-bandgap semiconductor used in electronic
and near-UV optoelectronic devices such as sensors, light emitters and detectors [112, 125].
ZnO has received much attention because it is easy to fabricate large quantities of high-
quality ZnO nanowires with diameters of a few hundred nanometers and lengths of sev-
eral tens of micrometers [106, 108, 26]. Such nanowires are transparent throughout the
visible spectral region, due to the large room-temperature band gap Fy,, = 3.37 eV of
ZnO [112, 115]. Furthermore, because of the large refractive index of ZnO across the visible
spectrum (n > 2) [115], ZnO nanowires are excellent low-loss sub-wavelength waveguides.
The large index provides tight optical confinement for low-order modes and also results in a
large acceptance angle for coupling light into the nanowire waveguide. Although the hexag-
onal cross-section of the nanowires influences the intensity profile of higher-order modes,
the lowest order mode exhibits almost circular symmetry inside the nanowire [109]. The
semiconducting properties of the material permit the fabrication of nanowire devices in

which gain and refractive index can be electrically modulated [106, 108, 107, 19, 18]. How-
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ever, efficient and reliable p-type doping of ZnO remains an unsolved problem hindering
the design of electrically operated nanowire devices [125].

Because ZnO is a highly polar semiconductor it is frequently used for frequency
doubling of intense ultrashort laser pulses [126]. Several studies report on the non-linear
coefficients [126, 124, 122, 123, 127] of c¢-plane and a-plane ZnO thin films, and on second-
harmonic generation [128] and polariton effects [120] in ZnO nanowires.

In this work, we show that excitation of individual ZnO nanowires with ultrashort
laser pulses excites waveguide modes in the nanowires. We study the coupling and transmis-
sion efficiency of the photoluminescence and second-harmonic generation in the nanowire.
We perform transmission measurements on a single nanowire and determine the absorption
edge of the highly excited semiconductor material. The absorption edge allows us to deduce
an upper limit for the local temperature of the nanowire close to the excitation spot. We
perform finite-element simulations to model the heat distribution of a ZnO nanowire under
excitation with intense femtosecond-laser pulses. These simulations show how light-induced
thermal effects change the nanowire transmission properties which provides a window for

studying fundamental material properties of the ZnO nanowires.

6.2 Experimental Setup

We grow ZnO nanowires by a vapor transport technique using high-purity ZnO
powder as source material [26] as described in Section 5.2. We mechanically disperse the
nanowires onto glass slides that are covered with 800-nm thick films of mesoporous silica
[54, 55], yielding nanowires of 20 — 60 pm length, 200 — 400 nm diameter, and a separation
between the nanowires that is large enough to study single nanowires. The mesoporous silica

films have a low refractive index, n = 1.185, throughout the whole visible spectrum [54, 55].
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Figure 6.1: Schematic diagram of our experimental setup. A ZnO nanowire is lying on a
glass slide covered with a 800-nm layer of low-index mesoporous silica. The nanowire is
excited from the top perpendicular to one of its a-planes. The emission from the nanowire
is observed with an inverted microscope.

The low index creates a large index contrast An = 0.8 between nanowire and substrate,
which, when combined with the high homogeneity and flatness of the mesoporous layer,
helps prevent parasitic scattering and coupling into the substrate.

We performed the experiments described in this chapter using an inverted micro-
scope, shown schematically in Figure 6.1. The nanowires are excited from the top with the
fundamental 800-nm pulses from a femtosecond laser oscillator (60 fs; 11 MHz; 80 nJ) [95].
The incident radiation is normal to the waveguide direction of the nanowires. A reflection
type objective (40x; 0.5 NA) focuses the laser pulses onto the nanowires to a spot size with
a diameter < 10 um. We estimate the typical excitation fluence at the excitation spot to be

0.45 kJ/m?, well below the damage threshold for ZnO nanowires which we determined to
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Figure 6.2: Microscope image of a single ZnO nanowire under infrared fs-pulse excitation.
(a) At low fluence, the position of the nanowire and the location of the excitation spot
are shown. (b) Near the excitation spot residual infrared light, blue and green photolumi-
nescence, and second harmonic light can be observed. The far end of the nanowire shows
emission of photoluminescence that is guided along the length of the nanowire without
visible waveguiding losses.

be about 5 — 10 times higher. Using a fiber-coupled spectrometer, we spatially resolve the
emission spectrum of the nanowire at the image plane of an output port of the microscope.
A BG40 color-glass filter attenuates the 800-nm signal from the excitation pulses while
providing high and nearly constant transmission over the entire ZnO emission spectrum

(transmission between 0.85 and 0.90 between 350 and 550 nm).

6.3 Results

Figure 6.2 shows a microscope image of a ZnO nanowire excited at one end with
800-nm fs pulses. At low fluence, as shown in Figure 6.2a, we align the location of the
excitation spot to the position of the ZnO nanowire. In spite of the BG40 filter, residual
red light is still clearly visible around the excitation spot. Increasing the excitation fluence
to 0.45 kJ/m? as shown in Figure 6.2b, we observe blue and green emission close to the

excitation spot.
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Figure 6.3: Spectrum of the light collected directly at the excitation spot of a single nanowire
irradiated by 800-nm fs pulses. The second harmonic (SHG) of the laser line is clearly visible
at 400 nm on top of a photoluminescence (PL) pedestal ranging from 370 —450 nm. Between
475 nm and 575 nm we find weak green emission from deep centers.

Figure 6.3 shows a spectrum of the emission. In addition to a pronounced second-
harmonic peak at 400 nm, the spectrum shows photoluminescence from excitonic recombi-
nation located at 385 nm and from deep centers in the ZnO nanowires centered around 500
nm [125]. Figure 6.2 also shows that part of the photoluminescence and second-harmonic
of the excitation pulses is guided to the far end of the nanowire where we can clearly see
the blue and green components of the emission from the waveguide mode. Apart from the
regions directly around the excitation spot and at the far end of the nanowire, no further
emission from the nanowire waveguide is visible.

Figure 6.4 compares the spectra measured directly at the excitation spot (input)
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Figure 6.4: Emission spectrum of a single nanowire at the excitation spot (input) and
spectrum of the light emitted at the other end of the nanowire 25 um away from the
excitation spot (output).

and at the far end of the nanowire, 25 um away from the excitation spot (output). As
expected, the output intensity is distinctly weaker than the input intensity. The peak due
to second-harmonic generation is absent in the output spectrum. Below 390 nm, the output
intensity drops sharply to the noise level, even though the input intensity is still significant.
At long wavelengths, the output spectrum follows the same general trend as the input
spectrum.

To understand the relation between the two spectra in Figure 6.4, we plot their
ratio Ioye /I in Figure 6.5. For comparison we also show the input spectrum on a linear
scale. The ratio Iy /Iy in Figure 6.5 can be interpreted as a transmission spectrum that

also accounts for the different coupling efficiencies of the photoluminescence and second-
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Figure 6.5: Ratio of the output to input intensity for a single nanowire. The input spectrum
is also shown for comparison. The spectra are divided into four regions discussed in the
text.

harmonic generation into the waveguide modes of the nanowire waveguide. We can identify
four different regions in this transmission spectrum. In region I the I, /I, is close to
zero even though we observe considerable intensity in the corresponding part of the input
spectrum. In region II the photoluminescence in the input spectrum is maximum and
Iout/Lin, has a local maximum. Region III, which is at the position of the second-harmonic
in the input spectrum, shows a decrease in Iy /I;n. In Region IV Iy, /1;, increases again
to the same approximately constant value as in region II and the input spectrum shows
contributions from the photoluminescence.

In Figures 6.6 and 6.7, we show the results of 3D finite-element simulations of the

temperature distribution in a hexagonal ZnO nanowire. The nanowire, with a length of



Chapter 6: Femtosecond pulse excitation of ZnO nanowires 104

100

150

200

i

mesoporous
mesoporous silica silica

Figure 6.6: Finite-element simulations of the temperature profiles of a ZnO nanowire heated
at one end and lying on a glass substrate that is covered with a layer of mesoporous silica.
(a) Color-coded 2D temperature profiles in the z-y and x-z planes for z = 0 and y = 0 pm,
respectively. (b) Temperature profile in the z-y plane for x = 7.5 um.

15 pm and a diameter of 200 nm (measured from edge to edge of the hexagon), is lying
on a glass substrate covered with a 1-pum thick layer of mesoporous silica. The ratios of
the thermal conductivities ¢zn0/Cmesoporous sitica/Cglass/Cair are taken to be 10/0.1/1/0.02
[129]. The value for cz,o takes into account a ten-fold reduction in thermal conductivity
of nanostructures compared to bulk samples [129].

In the simulation the nanowire is heated up to a temperature of 600 K by adding
a constant heat source at one end of the nanowire (the heat source is modeled by adding
a 2-pm long internally-heated piece of nanowire to the actual nanowire). We obtained the
results shown in Figures 6.6 and 6.7 by numerically solving the heat-conductivity equation
for the system. The computational cell extends from —450 pym to +450 pm in the z- and
y-directions, and from —15 pm to +15 pm in z-direction. The boundaries are kept at a

constant 1" = 300 K. The nanowire is centered at the origin of the computational cell.
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Figure 6.7: Finite-element simulations of the temperature profiles of a ZnO nanowire heated
at one end and lying on a glass substrate that is covered with a layer of mesoporous silica.
Temperature increase T — Tyroom as a function of z for y = 0 um, z = 0 pm plotted on a
logarithmic scale.

The heated piece of nanowire piece is located in the region between z = 7.5 and 9.5 pm.
Figure 6.6a shows color-coded two-dimensional temperature profiles of the nanowire in the
z-y plane at z = 0 and the z-z plane at y = 0, respectively. In Figure 6.6b, we show the
temperature profile in the y-z plane at = 7.5 (adjacent to the heated region z = 7.5 to
9.5).

The one-dimensional temperature increase 1" — T}, along the x-direction of the
nanowire is plotted in Figure 6.7 for y = 0, z = 0. The simulations demonstrate an
almost exponential decay of the temperature difference T'— T}.o0 along the nanowire. The
simulation in Figure 6.7 gives a characteristic length scale of about 3.5 ym for a ten-fold

decrease in T — Tioom.-
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6.4 Discussion

Figures 6.2 and 6.3 show that it is possible to efficiently excite near band-edge pho-
toluminescence and second-harmonic radiation in ZnO nanowires using 800-nm femtosecond
laser pulses incident normal to the nanowires. Radiation incident normal to the c-plane of
ZnO leads to a vanishing contribution from y(?) [126] but radiation normal to the a-plane of
microcrystalline ZnO layers was shown to be especially favorable for second-harmonic gen-
eration [127]. Our results confirm similar behavior for ZnO nanowires; excitation normal
to the side surfaces leads to efficient second-harmonic generation. In contrast to previously
published results [128, 120], however, we observe only weak deep-level emission because of
the high crystalline quality of our high-temperature grown nanowires.

Figures 6.4 and 6.5 show that the different contributions of the excited nanowire
emission couple into the waveguide modes of the nanowire with distinctly different efficien-
cies. The minimum in the transmission spectrum in region III of Figure 6.5 at the spectral
position of the second-harmonic emission can be explained by the directed nature of the
second-harmonic generation process. Because the nanowire is excited perpendicular to its
waveguiding direction, the second harmonic of the excitation pulses is also preferentially
emitted perpendicular to the waveguide. The large acceptance angle of the ZnO nanowires
(about 40°, measured with respect to the symmetry axis of the waveguide [130]) and NA of
the reflective objective used for excitation (0.50), however, still permits part of the second
harmonic to couple into waveguide modes, albeit with a distinctly lower efficiency than
the isotropically emitted photoluminescence. This lower coupling efficiency explains the
decrease in I,y /1y at the second-harmonic wavelength in region III of Figure 6.5.

The small value of in Iy /I, in region I of Figure 6.5 can be attributed to reab-

sorption of the photoluminescence as it is guided along the nanowire. Under high-excitation
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conditions photoluminescence emission lines in semiconductors are significantly broadened
and shifted by heating, band-gap renormalization, screening and state filling [131]. The
short-wavelength photoluminescence is sufficiently energetic to induce transitions across the
band gap and is therefore absorbed in the unexcited part of the nanowire. This interband
absorption reduces the transmission to almost zero in region I in Figure 6.5.

We expect excitation of the nanowire with an 11-MHz train of intense ultrashort
laser pulses to heat the nanowire substantially. In a highly excited semiconductor, an
increase in temperature and screening both reduce the band gap [131, 132]. Indeed, the
absorption edge in Figure 6.5 at A = (385 £ 5) nm, corresponding to a band gap energy
Egap = (3.22£0.04) eV, is shifted down from the room temperature value of the ZnO band
gap, Egqp = 3.370 eV, by an amount AE = (150 & 40) meV [125, 133]. The observed
shift in the band edge in Figure 6.5 thus allows us to determine an upper limit for the
temperature of the nanowire. To first order, we can ignore the screening effects for the
excited nanowires [134]. Under this approximation, we can use the results from Ref. [133],
reproduced in Figure 6.8, to convert the band-gap shift observed in our experiments to a
corresponding temperature 7' = (580+50) K of the ZnO nanowire. The rise in temperature
of about 300 K is still significantly below the melting temperature of the material.

The finite-element simulation of the temperature distribution in Figures 6.6a and
6.7 shows that only a 3-um region around the excitation spot is heated significantly. The
relatively high thermal conductivity of the nanowire material compared to that of the
surrounding air and substrate produces the almost perfect exponential temperature decay
along the length of the nanowire. A few micrometers of nanowire material with a redshifted
bandgap, however, are long enough for the waveguide modes to experience substantial
absorption because typical absorption lengths in ZnO are around 300 nm. The numerical

simulations therefore confirm that the local heating of nanowires under excitation with
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Figure 6.8: ZnO band-gap shift as a function of temperature. The dashed line shows the
measured band-gap shift and the corresponding nanowire temperature with the shaded
region showing the uncertainty. After Ref. [133].

intense femtosecond laser pulses can have a significant effect that needs to be taken into

consideration when interpreting experimental results.

6.5 Conclusions

In summary, we generated blue and green photoluminescence and second harmonic
radiation by femtosecond multiphoton excitation of individual ZnO nanowires. We find that
each of these contributions to the excited-nanowire emission couple into waveguide modes of
the nanowire. By comparing the emission spectra at the input and output of the nanowire we
can measure the transmission of a single nanowire. The resulting transmission spectra show

that the photoluminescence and the second harmonic couple into the waveguide modes with
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distinctly different efficiencies because the photoluminescence emission is isotropic, while
the second harmonic generation is mainly directed normal to the axis of the nanowire.
The transmission spectra also show that the band gap of the excited nanowire is
shifted to lower energy due to the elevated temperature of the nanowire at the excitation
spot and due to screening effects in the highly excited nanowire. Our results reveal an
upper limit for the temperature at the excitation spot of 7' = (580 £ 50) K under excitation
with an 11-MHz pulse train of 60-fs pulses with an excitation fluence of 0.45 kJ/m?. We
performed numerical simulations of the temperature distribution in a single ZnO nanowire
that yield a nearly exponentially decreasing temperature profile along the nanowire. The
temperature increase drops by one order of magnitude after a characteristic length of about
3.5 pm in the ZnO nanowire confirming the importance of local laser heating for the optical
properties of these nanowires. Our results demonstrate that nonlinear fs-pulse excitation
of semiconductor nanowires is a convenient method to study the transmission properties
of individual nanowire waveguides. The same method will also be useful for analyzing the
transmission characteristics of nanowire heterostructures and for studying the interaction

of waveguide modes and their evanescent contributions with surrounding media.

6.6 Outlook

The results from Chapter 5 show the potential for ZnO nanowires as passive waveg-
uiding structures. In this chapter we found the ZnO material system promising for nonlinear
nanoscale photonic devices. Integration of the bottom-up chemically grown ZnO nanowires,
with their high degree of uniformity and control of dopants, creates new possibilities by
confining the mode tighter and reducing the peak power needed to produce substantial

nonlinear effects.
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Future experiments may take further advantage of changing material parameters,
or simultaneous electrical operation, to introduce new functionality for optical devices.
Experiments combining semiconducting and silica nanowires open up opportunities to better
control the nonlinearity and dispersion in specific regions of interest. In particular, using
the Sagnac interferometer geometry from Chapter 4, ZnO nanowires of specified lengths can
be placed along along the Sagnac loop to provide a higher nonlinearity without increasing
the size of the structure. Combinations of this type will prove useful for reducing the pulse

energies required to achieve useful nonlinear device operation.



Chapter 7

Summary and outlook

This dissertation explored the linear and nonlinear optical properties of silica
nanowires for assembling microphotonic devices and examined the possibility of combining
silica and semiconductor nanowires, specifically ZnO, to build nanoscale photonic devices
with new functionality enabled by the nonlinear interaction of light with matter.

The properties of the sub-micrometer silica optical fibers, as a result of the fabri-
cation technique, lend themselves to a variety of applications. We demonstrated that the
smooth sidewalls and high degree of uniformity allow low-loss waveguiding for optical and
near-infrared wavelengths of light. Our numerical simulations showed that the high index
contrast between silica and air contribute to the tight confinement of the mode and substan-
tial evanescent field surrounding the nanowire. The physical properties, such as flexibility
and strength, enable manipulation and assembly of the nanowires into more complicated
structures like bends, couplers, and resonators.

The large evanescent field creates a strong interaction between silica nanowires and
the environment. The well-understood surface chemistry of glass means the nanowires can

be functionalized to interact with specific chemical or biological species in the surrounding
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gaseous or liquid cladding. Assembling the nanowires into a resonator or interferometer
geometry can substantially enhance the sensitivity of a functionalized nanowire down to
the single molecule level.

Silica nanowires can also be used to manipulate single atoms. Cold atoms in
a magneto-optical trap can be loaded into a quazi-atomic state around a silica nanowire
[135, 136, 137]. Off-resonant light propagating along the nanowire creates an evanescent
field whose intensity causes a level shifting which attracts the atoms to the nanowire. The
attraction can be balanced by the circular motion of the atom around the wire, giving rise
to “orbital” levels like those calculated for the Bohr atom.

By aligning the end face of a silica nanowire or sharp taper perpendicular to a
surface, we can deliver high power pulses to a surface of interest. With sufficient power
and dispersion management, the pulses can create a plasma on the surface, which upon
re-combination, will emit spectral lines that can be used to identify the composition of
the material at the surface. The emitted light from this process, also referred to as laser-
induced breakdown spectroscopy, can be collected by separate optics or by the pulse delivery
nanowire itself. The tight confinement of light in a silica nanowire suggests that sub-
micrometer spectral identification may be possible.

We also discussed the nonlinear effects inside nanowires. We demonstrated su-
percontinuum generation, and used the spectral broadening as a probe of the nonlinearity
of the nanowire. One application for the generated light is a coherent white light source
in nanoscale optical devices. We also envision submersing the nanowires in solutions with
nonlinearity, and potentially gain, tailored to a specific spectral region. Nonlinear optical
processes in silica nanowires can be used for wavelength conversion to produce optical delay
lines based on the difference in group velocity, or other slow-light techniques [138, 139].

We demonstrated the first silica nanowire Sagnac interferometer to show the po-
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tential use of nonlinear microphotonic devices for integrated optical circuits. We observed
a power-dependent transmission that may be used for optical switching, and discussed the
potential implementation of the nonlinear Sagnac interferometer as NAND optical logic
gate. Future experiments will take advantage of heterostructures that will increase the
nonlinearity and thereby reduce the required interaction length and operating power.

We examined one potential heterostructure by studying the waveguiding properties
of ZnO nanowires. We used silica nanowires to directly inject light into the waveguiding
modes of the ZnO nanowires. We also studied the transmission characteristics of ZnO
nanowires being excited by a fs-pulsed laser. We demonstrated that the excitation of ZnO
nanowires with light can change the optical properties of the nanowire waveguide. Combi-
nations of different types of nanowires can provide opportunities to exploit the material and
waveguiding properties that will ultimately enable new functionality in nanoscale optical
circuits.

Research with silica nanowires has also created a broader impact in middle school
and high school education. The Massachusetts school system has recently added nanotech-
nology into the state curriculum as a method for integrating math, chemistry, biology,
physics, and engineering. While nanotechnology is indeed heavily multidisciplinary, the
concepts are difficult to visualize, and “hands-on” experience usually requires expensive
equipment. The fact that silica nanowires can be fabricated by hand, at a low cost, presents

an opportunity to bring modern nanoscale research to the classroom.
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