23

Nanophotonics and Nanofibers

Limin Tong
State Key Laboratory of Modern Optical Instrumentation, and Department of
Optical Engineering, Zhejiang University, Hangzhou 310027, China

Eric Mazur
Department of Physics and School of Engineering and Applied Sciences,
Harvard University, Cambridge, Massachusetts, USA

28.1. INTRODUCTION

Nanophotonics is a fusion of photonics and nanotechnology, and is defined as
nanoscale optical science and technology that includes nanoscale confinement of
radiation, nanoscale confinement of matter, and nanoscale photoprocesses for
nanofabrication [1-3]. While photonics has been widely used for fiber-optic data
communication for decades, the application of nanotechnology for optical com-
munication is an emerging technology. The basic motivation for incorporating
photonics with nanotechnology is spurred by the requirement of increased inte-
gration of photonic devices for a variety of applications such as higher data
transmission rates, faster response, lower energy consumption, and denser data
storage [2]. For example, to reach an optical data transmission rate as high as
10Tb/s, the size of photonic matrix switching devices should be reduced to
100-nm scale [4].

Historically, the nanotechnology was first proposed by Richard Feynman in
his famous talk “There’s Plenty of Room at the Bottom”—in the 1959 Annual
Meeting of the American Physical Society [5] and has been thriving since the
1980s. Now, incorporated with physics, chemistry, materials, electronics, and
biology, nanotechnology has spawned a number of new multidisciplinary areas.
Compared with many other nano-incorporated fields such as nanoelectronics,
nanophotonics is relatively new. In the past century, the application of nanotech-
nology in optics or photonics has usually been associated with the near-field
scanning optical microscope (NSOM), with emphasis on near-field optics [6-8].
Recently, the rapid development of nanotechnology in photonics, together with
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the emerging new frontiers such as surface plasmonics, optical antennas,
negative-index metamaterials, and nanofibers in subwavelength optics [9], has
greatly broadened the topic to cover a wider scope of light-matter interactions on
the nanoscale, and brought new opportunities for future photonic applications,
including optical communications, sensing, computing, and storage.

To illustrate this nano-induced potential for future fiber-optic data communica-
tion, this chapter provides brief introductions to nanophotonics and nanofibers,
with the hope of providing insight to stimulate deeper understanding of this new
frontier.

28.2. NANOPHOTONICS

The basic foundation of nanophotonics involves light-matter interaction on
the nanometer scale, which is usually extended to subwavelength scale within the
optical domain [3]. Physically speaking, in almost all nanophotonic processes
concerned, light interacts with electrons (or, equivalently, electrons such as holes
and excitons) inside the concerned materials. Therefore, theoretically most of the
nanophotonic processes can be fully described by the Maxwell equations and the
Schrodinger equation. However, the mesoscopic feature size of the nanophotonic
structure, ranging from the atomic scale to the wavelength of the light, makes it
difficult or impossible to precisely treat these systems the same way as individual
constituents (e.g., a single or cluster of atoms) or large ensembles (e.g., a bulk
material) without the perceptible or sometimes predominant optical near-field,
surface, and quantum effects.

As has been mentioned, nanophotonics covers a broader area ranging from
nanoscale optical engineering and quantum optics to biotechnology. Within the
scope of this book, or more specifically on the technological side of optical
communication, we are attempting to provide a conceptual introduction to some
relative topics, including evanescent waves, surface plasmonics, and quantum
confined effects. While we cannot claim comprehensive coverage of all relative
topics, we hope that this work will serve as a valuable reference for the
readers.

28.2.1. Optical Near-Field and Evanescent Waves

The near-field can be defined as the extension outside a given material of the
field existing inside this material [10]. Generally, the amplitude of near-field
maintains an evident value in the vicinity of the material boundary but decays
very rapidly along the direction perpendicular to the interface, giving rise to
the so-called evanescent wave character of the near-field. In optics, the field
is manifested by the electromagnetic waves, and near-field optics deals with
phenomena involving evanescent electromagnetic waves. In most cases, when
the size of the structure goes to a subwavelength or a smaller scale, the effect
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of evanescent field becomes significant, making it one of the primary topics of
nanophotonics.

Historically, the research of optical evanescent waves can be traced back four
hundred years [11], when Sir Isaac Newton investigated the frustrated total reflec-
tion of a prism. As schematically illustrated in Fig. 28.1, in one of his experiments,
Newton placed a prism against a lens and observed that the light intensity trans-
ferred onto the lens was located on an area of the lens much larger than the point
of contact. The result indicates that, when the air gap between the lens and the
prism is very small, light confined by the prism tunnels through the gap and leaks
into the lens, which is attributed to the existence of evanescent waves in the vicin-
ity of the reflection surface.

Mathematically, evanescent fields in total reflection can be described using
Maxwell’s equations and boundary conditions of the electromagnetic fields. As a
typical example, shown in Fig. 28.2 is reflection of light on a plane interface of
two dielectric media with refractive indices of n, and n,, respectively. Assume the
incident light with the wavelength of A to be a plane wave with an electric
component E; = E;e"®**=®_ When the incident angle 0, is larger than the
critical angle 0, [0, = sin™'(n,/n,)], total reflection occurs with a penetration field
(z > 0 region) E; = E;e #5790 where
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Figure 28.1 Schematic illustration of the frustrated total reflection of a prism.
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Figure 28.2 Reflection of light on a plane interface.
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where x is real. The penetration field is then written as
By = e Ptk (28.3)

Therefore, E; is an evanescent field and decays exponentially along the z-direction
with a penetration depth

oL L (28.4)
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For reference, with a green light (A~500nm) and an angle of incidence of 60°,
assume n; and n, to be 1.5 (e.g., glass) and 1.0 (air); the penetration length d is
about 100 nm.

Evanescent-field-induced effects are observed in many macroscopic struc-
tures. For example, Goos-Hénchen shifts in standard optical fibers [12]. How-
ever, when the feature size of an optical structure goes to subwavelength or
nanometer scale, the effect of evanescent field will be dominant. For example,
when a He-Ne laser (633-nm wavelength) is guided along a 200-nm-diameter
air-clad silica nanofiber, over 90% of the light energy is guided outside the silica
core as evanescent waves [13]. The high fraction of evanescent waves may lead
to significant enhancement of the optical interaction between closely located
structures [14] and may find a variety of nanophotonic applications, including
evanescent-field-based optical coupling, sensing, manipulation, excitation, and
nonlinear effects.

The characterization of evanescent fields has been greatly facilitated by the
invention of the near-field scanning optical microscope (NSOM) [15]. When
scanning and picking up signals by a near-field probe that is kept less than 10nm
away from the interface, NSOM can efficiently collect light energy carried by
the evanescent field and offer a spatial resolution better than 50nm. By operat-
ing it reversely, NSOM can also be used for launching light into a very small
area for highly localized excitation. The capability for picking up evanescent
waves and imaging beyond the optical diffraction limit makes the NSOM
a powerful tool for both investigation and modification of nanophotonic
structures.
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28.2.2. Surface Plasmon Resonance

Surface plasmon resonance (SPR) is the collective oscillation of electrons on
the interface between a metal and a dielectric medium. This kind of oscillation,
highly localized on the surface of the metal-dielectric boundary, decays quickly
along the direction perpendicular to the interface. One of the well-known early
works on SPR was reported by R. H. Ritchie in 1957 [16], in which the plasma
losses by fast electrons in thin metallic films were investigated theoretically. In
1970s, J. Shoenwald et al. experimentally observed the propagation of surface
polaritons on a metal-air surface at optical frequencies [17]. Due to the low-loss
feature of metals at infrared wavelength, they found that these localized surface
waves could propagate over macroscopic distances. Recently, incorporated with
nanotechnology, SPR has brought considerable changes in the optical properties
of nanostructures, such as enhanced transmission in subwavelength aperture and
optical waveguiding in metal nanoparticle chains [18-20].

A schematic illustration of SPR is shown in Fig. 28.3. Assume an interface
located at z = O to be the interface of the two media with permittivities of €,
(Medium 1) and £, (Medium 2), respectively. The surface wave propagated along
y-direction. To keep the electromagnetic energy around the interface, the bound-
ary conditions and the symmetry of the electric fields (i.e., the z-components
of the electric field in the two half spaces should always take opposite signs)
require that

g = —Cg, (28.5)

where C is a positive constant.

Equation (28.5) means that for sustaining a surface wave, the permittivities of
the two media should take opposite signs. At optical frequency, dielectric (e.g.,
air) and metal (e.g., silver) are the best choices.

Medium 1 &

Medium2 &,

Figure 28.3 Schematic illustration of surface plasmon resonance (SPR).
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By solving Maxwell’s equations under appropriate boundary conditions, the
dispersion relation for these surface waves can be obtained as [20]

§&,

k,=k, =
g +€,

Y.

(28.6)
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Generally, the momentum of the surface wave (k,) obtained in Eq. (28.6) is
larger than that of the light wave propagating in free space (i.e., in medium 1),
indicating the difficulty for direct coupling between the free-space light and the
surface waves.

To achieve efficient coupling between the light and the surface wave, there are
several approaches for compensation of the momentum mismatch [17], among
which the introduction of periodic structures is one of the most effective
and practical approaches. As shown in Fig. 28.4, when a light beam is incident
on a one-dimensional grating with a period of H, the momentum of light in the
y-direction is

o ety g =0 (28.7)
A H

where 0 is the angle of incidence, A is the wavelength of the light, and 7 is an
integer. The second term in the right side of Eq. (28.7) is the additional momentum
from the grating, which can be used for compensating the momentum mismatch.
To get a high coupling efficiency within the visible or near-infrared spectral range,
the grating period H should be on a subwavelength or nanometer scale.

The potential of SPR for future optical data processing originates from its
capability of utilizing low-dimensional surface waves to provide deep subwave-
length or nanoscale confinement, guidance, and switch of light energy [21]. For
example, in 2003, S. A. Maier et al. demonstrated light energy transport in metal
nanoparticle plasmon waveguides at 570-nm wavelength [19]. The cross section
of the particle chain is below 100nm, and a 0.5-um propagation length was

Figure 28.4 Schematic diagram of grating coupling between free-space light and surface plasmon
waves.
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observed. More recently, SPR-based photonic devices such as optical interferom-
eters, filters, and resonators have been demonstrated [22, 23].

28.2.3. Quantum Confined Effects

Generally, the wave-like nature of the electrons becomes obvious when the
dimension of the confinement approaches or becomes smaller than the de Broglie
wavelength of the electron. In most cases, this kind of quantum confinement is
obtained or enhanced by size reduction of the nanostructure, and can be used to
control and sometimes introduce new optical properties of the nanostructures.

Nanostructurized inorganic semiconductor is one of the most important and
widely used materials for manifestation of the quantum confinement effect, which
provides an added dimension to the highly active area of “bandgap engineering”
of the semiconductor bandgap [3]. So far, the quantum-confined structures of
many different types of semiconductors have been demonstrated, such as quantum
wells, quantum wires, quantum dots, and superlattices.

For a brief introduction, Fig. 28.5 shows a schematic illustration of a quantum
well, in which a layer of a small bandgap semiconductor with thickness on the
nanometer scale is sandwiched between two layers of a wider bandgap semicon-
ductor. The layered structure provides the potential for confining the electrons
and the holes, resulting in quantized energy levels of these charge carriers when
their kinetic energies are lower than the potential provided by the well. In a sim-
plest case that the potential well is a one-dimension box with infinite height, the
energy of the electron in the conduction band is given as [3]

v

Figure 28.5 Schematic diagram of a quantum well.
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where % is the Planck constant, / is width of the well, E. is the lowest energy of
the electron at the bottom of the conduction band, m* is the effective mass of
the electron, » is an integer larger than zero, and k, and k, are momentum of the
electron in the x- and y-direction. The second term on the right-hand side repre-
sents the quantized energy. Since the minimum value of 7 is 1, the quantization
increases the energy of the electron in the conduction band. For the hole in the
valence band, the quantization decreases its energy because of its positive charge.
Therefore, the bandgap of the semiconductor in the quantum well is increased
and becomes size-dependent.

Besides the change of the energy, another important feature of quantum
confined structure is the modification of the density of the states (DOS), which
is also directly associated with the optical properties of the nanostructure.
For example, in bulk materials, the DOS of an electron is zero at the bottom
of the conduction band and is continuously increased with increasing energy,
while in a quantum dot, the DOS is a series of discontinuous peaks. That
means DOS has discrete values only at some allowed energy, which is
similar to the energy level of an atom and makes the quantum dot an
“artificial atom”.

The quantum effects in nanostructures bring new opportunities for nanopho-
tonic devices. For example, compared with heterostructure lasers without tight
quantum confinement, quantum well lasers offer lower threshold, narrow spectral
gain, and much higher modulation frequency [24]. Another example is the quan-
tum cascade laser that relies on the intraband transition of electrons between
subbands generated by quantum confinement in quantum well superlattices [25],
which provides an excellent solution for the infrared laser source. More recently,
nanophotonic NOT gates using near-field optically coupled quantum dots [26]
have been experimentally demonstrated.

28.3. NANOFIBERS

Glass fiber is no doubt the backbone of optic data communication and optical
networking [27]. Recent advances in nanophotonics have spurred efforts for the
miniaturization of optical fibers and fiber-optic devices. When the diameter of a
fiber goes well below 1 micrometer, it is called a nanofiber. The nanofiber is
usually operated with large index contrast between the glass core and the cladding
atmosphere (e.g., air). The small diameter of a nanofiber and the large core-
cladding index contrast yields a number of interesting optical properties such as
tight optical confinement, large evanescent fields, strong field enhancement, and
large waveguide dispersions. An important motivation for nanoscale fiber optics
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is its potential usefulness as building blocks in future micro- or nanophotonic
devices for optical communications, sensors, and other purposes.

28.3.1. Nanofiber Fabrication

The optical nanofibers introduced here are fabricated by high-temperature
taper drawing of standard optical fibers or bulk glasses, which is a top-down
process that permits the fabrication of nanofibers with high uniformities [28—30].
Figure 28.6 shows typical electron microscope images of silica nanofibers drawn
from standard optical fibers. For example, Fig. 28.6(a) is a scanning electron
microscope (SEM) image of a 50-nm-diameter nanofiber; the high uniformity of
its diameter is clearly seen. In Fig. 28.6(b), a 260-nm-diameter silica nanofiber
is coiled up to show its length. Figure 28.6(c) is an SEM image of silica nanofibers
with diameters ranging from 230 to 660 nm, all with high uniformities. To inves-
tigate the sidewall roughness, Fig. 28.6(d) shows a higher-magnification transmis-
sion electron microscope (TEM) image of a 330-nm-diameter silica nanofiber.
No visible irregularity is found.

Besides the silica fiber, a variety of other types of glasses (e.g.,
phosphate, fluoride, and tellurite glasses) have also been drawn into

Figure 28.6 Electron microscope images of silica nanofibers taper-drawn from standard optical
fibers. (a) SEM image of a 50-nm-diameter nanofiber. (b) SEM image of a coiled 260-nm-diameter
nanofiber with a total length of about 4 mm. (c) SEM image of nanofibers with diameters ranging
from 230 to 660nm. (d) TEM image of the sidewall of a 330-nm-diameter nanofiber; the electron
diffraction pattern (inset) shows that the fiber is amorphous. (Adapted from Ref. 28.)
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Figure 28.7 SEM images of silica nanofibers patterned with micromanipulation. (a) A bend of 5-um
radius formed with a 410-nm-diameter nanofiber. (b) Two twisted 400-nm-diameter nanofibers. (c) A
14.5-um-diameter ring assembled using a 520-nm-diameter nanofiber. (d) Flat end faces of a 140-,
420- and 680-nm-diameter nanofibers obtained using a bend-to-fracture process.

highly uniform nanofibers, with diameters down to 50nm and lengths up to
millimeters [30].

Because of their high uniformities, taper-drawn nanofibers also show favorable
mechanical properties for micromanipulation and processing. Shown in Fig. 28.7
are SEM images of silica nanofibers patterned with micromanipulation, in which
Fig. 28.7(a) is a bend of 5-um radius formed with a 410-nm diameter nanofiber,
Fig. 28.7(b) is two twisted 400-nm-diameter nanofibers, Fig. 28.7(c) shows a
14.5-um diameter ring assembled with a 520-nm-diameter nanofiber, and Fig.
28.7(d) shows flat end faces of a 140-, 420- and 680-nm diameter nanofibers
obtained using a bend-to-fracture process [31]. The high flexibilities of the nano-
fibers shown in Fig. 28.7 are favorable for their practical applications in micro-
and nanophotonic devices.

28.3.2. Optical Waveguiding Properties

Because of the cylindrical symmetry, the guiding behavior of an optical nanofiber
can be obtained using analytical solutions of Maxwell’s equations [13, 32]. Nor-
malized propagation constants /k, (also known as the effective index; here B is
the propagation constant, and k, = 21/A¢) of the first four modes of air-clad silica
nanofiber are shown in Fig. 28.8(a). When the normalized fiber diameter D/A, falls
below 0.73 (the dotted line indicates the cut-off condition for single mode), the
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Figure 28.8 Optical wave-guiding properties of air-clad silica nanofibers. (a) Normalized propaga-
tion constants /k, of the first four modes. The dotted line indicates the cutoff condition. (b) Fractional
power of HE,; mode inside the core at 633- and 1550-nm wavelengths. (c) and (d) Z-component
Poynting vector in 457- and 229-nm-diameter fibers at 633-nm wavelength, respectively. Mesh, inside
silica core; gradient, outside the core.

fiber is a single-mode waveguide. Fig. 28.8(b) shows the fractional power of the
fundamental mode (HE;;) inside the core at 633- and 1550-nm wavelengths,
respectively. For example, at the single-mode cutoff diameter (Dgy), more
than 80% of the light energy is guided inside the fiber, demonstrating its tight-
confinement ability. When the fiber diameter reduces to 0.5 Dsy;, for example,
229 nm at 633-nm wavelength, about 86% of light power propagates outside the
fiber as evanescent waves. For comparison, Figs. 28.8(c) and 28.8(d) give the
Poynting vector (along the propagation direction z) of the fundamental mode at
633-nm wavelength with fiber diameters of 457nm (Dgy) and 229nm (0.5 Dsyy),
respectively. Tight confinement is helpful to reduce the bending loss in a sharp
bend; weak confinement, on the other hand, facilitates the light coupling from one
wire to another. These favorable guiding properties make the nanofiber promising
for building evanescent-coupling-based devices with ultra-compact sizes.
Experimentally, for a nanofiber that is connected to a standard fiber through
the tapering region, light guided in the standard fiber can be directly squeezed
into the nanofiber through the tapering region. For a nanofiber with both ends
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Figure 28.9 Launching light into an optical nanofiber. (a) Schematic diagram for launching light
into a nanofiber using the evanescent coupling method. (b) Optical microscope image of a
390-nm-diameter silica nanofiber coupling light into a 450-nm-diameter silica nanofiber. (Adapted
from Ref. [28].)

freestanding, light can be launched using an evanescent coupling method. As
shown in Fig. 28.9, light is first sent into the core of a standard fiber that is tapered
down to a nanofiber; the nanotaper is then used to evanescently couple the light
into the specified nanofiber by overlapping the two in parallel. For two nanofibers
with the same diameter and refractive index, the coupling efficiency of this kind
of evanescent coupling can be higher than 97% [31]; for nanofibers with large
difference in refractive index, for example, coupling a 633-nm-wavelength light
from a silica nanofiber (1.46 in refractive index) to a tellurite nanofiber (2.0 in
index), the coupling efficiency can go up to 90% when the fiber diameter and
overlapping length are properly selected [14].

Because of their extraordinary uniformities, taper-drawn nanofibers guide light
with low optical losses. Typical loss of taper-drawn glass nanofibers measured at
the critical diameter for single-mode operation is lower than 0.1dB/mm [30], with
the lowest loss of about 0.001dB/mm measured in silica nanofibers [33], which
is much lower than the optical loss of other subwavelength-structures such as
surface plasmon waveguides or nanowires fabricated with other methods. The
low optical loss, tight optical confinement, strong evanescent field, high unifor-
mity, and mechanical strength make nanofibers promising building blocks for
micro- or nanophotonic components.

28.3.3. Device Applications

A variety of micro- or nanoscale photonic components or devices, including
optical couplers, interferometers, resonators, and sensors, have been demonstrated
using taper-drawn nanofibers [30, 31, 34-39]. Because of their small size, low
optical loss, evanescent wave guiding, and mechanical flexibility, these devices
show high potential for applications in optical communications and sensors.

Figure 28.10 shows a microscale optical coupler assembled from two tellurite
glass nanofibers with diameters of 350 and 450 nm, respectively. When 633-nm-
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Figure 28.10 Optical micrograph of an optical coupler assembled using two tellurite glass nano-
fibers (350 and 450 nm in diameter, respectively) on the surface of silica glass. The coupler splits the
633-nm-wavelength light equally. (Adapted from Ref. [30].)
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Figure 28.11 Nanofiber-assembled knot resonator. (a) Optical micrograph of a 150-um-diameter
microknot assembled with an 880-nm-diameter silica fiber. (b) Transmission spectrum of the microknot
shown in (a).

wavelength light is launched into the bottom left arm, the coupler splits the flow
of light in two, working as a 3-dB splitter with almost no excess loss. The overlap
length of less than 5um is much shorter than the transfer length required by
conventional fused couplers made from larger-diameter fiber tapers [40].

When tying a nanofiber into a loop or a knot, a microresonator can be obtained
through the evanescent coupling at the joined area. For example, Fig. 28.11(a)
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shows a 150-um-diameter microknot assembled with an 880-nm-diameter fiber.
The measured transmittance of this microknot for wavelengths near 1550 nm is
shown in Fig. 28.11(b). The spectral response of the knot clearly shows optical
resonances with a Q-factor higher than 1000. Recently, microcoil/loop resonators
with Q-factors as high as 95,000 have been realized [41], and a proposed
microcoil resonator with self-coupling turns is expected to display a Q-factor as
high as 10'° [42].

Based on microresonators, a series of photonic devices can be realized.
Recently, knot-resonator-based add-drop filters and lasers have been experi-
mentally realized using micrometer-diameter silica fibers and rare-earth doped
phosphate glass fibers [43, 44]. Rare-earth doped nanofiber ring lasers with much
smaller sizes have been theoretically predicted [45], indicating the possibility to
develop much more compact devices using nanofibers for optical communications
and sensors.
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