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Abstract

Nanophotonics has greatly benefited from the unique ability of surface plasmons to
confine optical modes to volumes well below the diffraction limit of light. Plasmonics
is an emerging area of research that opens the path for controlling light-matter inter-
actions on the subwavelength scale, enabling truly nanophotonic technologies that are
unattainable with conventional diffraction-limited optical components. Novel surface
plasmon devices exploit electromagnetic waves confined to the interface between a
metal and a dielectric, and permit the researcher to shrink light to dimensions previ-
ously inaccessible with optics. The extremely high and localized fields in plasmonic
nanocavities are finding applications in research areas such as single-molecule sensing,
nano-lasers, and photothermal tumor ablation, among others.

This thesis explores, both experimentally and theoretically, light emission in a
number of plasmonic nanostructures. We present cathodoluminescence imaging spec-
troscopy as a new method of characterizing surface plasmons on metal films and
localized in nanocavity resonators, with experimental observations supported by ana-
lytical calculations and electromagnetic simulation. This technique enables extremely
localized surface plasmon excitation, a feature we exploit in both planar metal geome-
tries and plasmonic nanocavities. We also study a specific nanocavity geometry, the
plasmonic core-shell nanowire resonator, investigating both passive and active semi-
conductor core materials. This geometry allows precise control of the local density of
optical states (LDOS), exhibiting the highest LDOS and smallest mode volumes in
structures with dimensions as small as A/50. Moreover, we discuss the Purcell effect
as it applies to plasmonic nanocavities, and calculate enhancements in the radiative
decay rate of more than 3000x in the smallest structures. These results demon-
strate the promise of plasmonics to enable truly nanophotonic technologies and to

manipulate light at the nanoscale.
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Chapter 1

Introduction

1.1 Optics at the Nanoscale

The interaction of light with matter is one of the most significant processes on the
planet, forming the basis of some of the most famous scientific discoveries to date.
However, since its inception more than four hundred years ago, any advances in the
field of optics have been limited by diffraction. This restricts the size of all optical
components to dimensions greater than half the wavelength of light it supports [1].
It has only been in the past decade that researchers have finally developed a tech-
nology that beats the diffraction limit, instigating a revolution in optics. Plasmonics
is an emerging area of research that opens the path for controlling light-matter in-
teractions on the subwavelength scale, enabling truly nanophotonic technologies that
are unattainable with conventional diffraction-limited optical components. Novel sur-
face plasmon devices exploit electromagnetic waves confined to the interface between
a metal and a dielectric and permit the researcher to “shrink” light to dimensions
previously inaccessible with optics.

Although scientists take credit for revolutionizing this field fairly recently, in truth
nanophotonics, and specifically plasmonics, has been in practical applications since
the 4th century. Figure 1.1a shows a photograph of the Lycurgus cup from 4th
century Rome, which consists of metallic nanoparticles suspended within a glass ma-
trix. Because of plasmonic excitation of electrons in the metallic particles, the cup
absorbs and scatters the short wavelengths of the visible spectrum, blue and green
light. Therefore, when viewed in reflection, the plasmonic scattering gives the cup a

greenish hue. If instead a white light source is placed within the goblet, the metal



Figure 1.1. (a) The Lycurgus cup from 4th century Rome consists
of small metal nanoparticles suspended within the glass matrix. Be-
cause of plasmonic excitation of electrons in the metallic particles,
the plasmonic scattering in reflection gives the cup a greenish hue
(inset). If a white light source is placed within the goblet, the
glass appears red because it transmits only the longer wavelengths of
the visible spectrum and absorbs the shorter ones (image from [2]).

2th

(b) The famous Rose window in Sainte Chapelle (12" century Paris)

has its brilliant colors because of a similar phenomenon (image by

B. Didier).

nanoparticles in the glass transmit the longer wavelengths of the visible spctrum and
absorb the shorter ones, and the cup appears red. The brilliant colors in the famous
stained-glass Rose window of Sainte Chapelle in 12th century Paris (Figure 1.1b) are
created using this same technique, as the scattering and transmissive properties of

metal nanoparticles are strongly shape and size dependent.

1.2 What are Surface Plasmons?

Surface plasmons are longitudinal charge-density fluctuations at the interface between
a metal and a dielectric [3]. They resemble photons, but are nonradiative in nature
and generally exhibit much shorter wavelengths than photons in free space. Surface

plasmons essentially exist in two forms, as localized surface plasmons (SPs) and as



b Dielectric €

Figure 1.2. (a) Example of a particle plasmon. An incident elec-
tromagnetic field causes a disturbance of the electron cloud in the
particle (negative charges), leaving behind a positively charged por-
tion of the particle. The electron cloud then oscillates at the dipole
plasmon resonance frequency. (b) Surface plasmons are also sup-
ported at the planar interface between a dielectric (¢2) and a metal
(¢1(w)). Here, an incident field excites a charge-compression wave

that propagates along the metal/dielectric interface.

propagating surface plasmon polaritons (SPPs). An example of localized SPs are
those supported by metal nanoparticles, illustrated schematically in Figure 1.2a. In
this case, an incident electromagnetic field causes the electron cloud in the nanopar-
ticle to oscillate coherently, resulting in positive and negative charge polarization. A
restoring force arises from the Coulomb attraction between the displaced electrons
and the positively charged nuclei, and the electron cloud oscillates at the dipolar
plasmon resonance frequency [4]. These nanoparticles find applications in surface
enhanced Raman spectroscopy [5, 6, 7], photothermal tumor ablation [8], and en-
hanced absorption in solar cells (see [9] and references therein), among others. In
planar geometries, surface plasmons propagate as a longitudinal charge-compression
wave at the interface of a metal and dielectric. As illustrated in Figure 1.2b, the field
penetrates more significantly into the dielectric half-space than the metal, although

both of these distances can be subwavelength.



1.3 Single-Interface Surface Plasmons

In this section, we will derive the single-interface surface plasmon dispersion relation
[10]. We start with Maxwell’s equations, which describe macroscopic electromag-

netism:

VD = pext (1.1a)
V.-B=0 (1.1b)
0B
oD

These equations relate the fields D (dielectric displacement), E (electric field), B
(magnetic induction), and H (magnetic field) to pexs (external charge density) and
Jext (external current density). Limiting ourselves to isotropic, linear, nonmagnetic

media, we also have

D =¢icE (1.2a)

B = pouH, (1.2b)

where ¢y and pg are the electric permittivity and magnetic permeability, respectively,
e is the dielectric constant (relative permittivity), and p = 1 defines the relative
permeability of nonmagnetic media.
Combining (1.1c) and (1.1d), we can derive the wave equation,
0°D

Dt 1.
VXV x Moatz, (3)

the basis of electromagnetic wave theory. If we assume harmonic time dependence
E(r,t) = E(r)e™™", (1.3) simplifies to its more familiar form as the Helmholtz equa-
tion,

V?E + kgeE = 0, (1.4)



where ky = w/c is the wave vector of the propagating wave in vacuum, w is frequency,
and c is the speed of light in vacuum.

To find a solution to the Helmholtz equation, we assume a one-dimensional ge-
ometry with propagation in the +x direction along the interface z = 0, as seen in

Figure 1.2b. Thus, the functional form of our solution is
E(z,y, z,t) = B(2)e¥e ! (1.5)

where 3 = k, is the propagation constant. Plugging this into (1.4) gives the desired

form of the wave equation,

O*E(z)
022

+ (kje — B*) E=0, (1.6)

with a similar expression for the magnetic field H. To solve for the spatial field profile
and dispersion relation of propagating waves, we seek specific expressions for E and
H. These waves propagate at the interface between a conducting half-space (z < 0)
with complex dielectric function ¢;(w), and a non-absorbing half-space (z > 0) of
dielectric material with real dielectric constant 5 (Figure 1.2b). For metals, this
implies Rele;] < 0, which is satisfied at frequencies below the plasma frequency
wp. We also expect this propagating wave at the metal-dielectric interface to decay
evanescently into both media.

Plugging (1.5) into Maxwell’s equations, we find two sets of solutions with differing
polarizations. The first are transverse magnetic (TM) solutions where the only non-
zero field components are E,, E,, and H,. In this case, we find for z > 0 (in the

dielectric),

H,(2) = Age'Pre k22 (1.7a)
1
E.(z) =14 koe'Pe k22 (1.7b)
WEpE2
s _
E.(2) = —A ——¢Prehe? 1.
(2) IW60€2e e (1.7¢)



and for z < 0 (in the metal),

H,(2) = AjePmek1= (1.8a)
E.(z) = —A kyePek1z 1.8b
(2) v 1%081 1€ e ( )
B
E = A, Prehz 1.
.(2) 1w€0€1e e™, (1.8¢)

where k; = k,;, is the z component of the wave vector in media ¢ = 1 (metal) and
i = 2 (dielectric). Applying boundary conditions requiring continuity of H, and ¢;E,
at the interface, we find that A; = Ay and ko/k; = —e3/e1. Also solving the wave

equation for H, gives

k2 = 3 — kie (1.9a)
k3 = 3 — kjeo. (1.9b)
Finally, this gives us the dispersion relation:

€1€9
€1+82.

B = ko (1.10)

If we also seek transverse electric (TE) modes, where H,, H,, and E, are the only
non-zero field components, we find that no surface modes confined to the interface
can exist with this polarization. Thus, SPPs only exist for TM polarization.

Reexamining the dispersion relation of (1.10), we see that there is a resonant

condition when e1(w) = —ey, satisfied at the surface plasmon resonance,

_Y (1.11)
V1 %—827

wsp -

where wg, is the surface plasmon resonance frequency and wy, is the bulk plasma
frequency of the metal. The surface plasmon dispersion relation for Ag/air is plotted
in Figure 1.3 as energy (fw) versus k,. The light line (LL) in air is plotted in

gray (E = hw = hck,). For energies below the surface plasmon resonance, the
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Figure 1.3. Dispersion relation for a single-interface (Ag/air) SPP,
as in (1.10). The light line (LL) is plotted in gray, and the SPP
dispersion in black. The light gray shaded region to the right of the
LL indicates bound surface modes (E < hwsp), while the region to
the left of the LL holds radiative modes (E > fww,). The inset im-
ages show that near the surface plasmon resonance (hws,), fields are
highly localized at the metal/dielectric interface in the z direction
(strong field confinement). At lower energies when the SPP disper-
sion lies closer to the LL, fields penetrate more significantly into the

dielectric environment (weak field confinement).



SPP dispersion lies to the right of the LL. Thus, at a given free-space energy, the
SPP accesses larger k-vectors, or shorter wavelengths A = 27/k,, than its free-space
counterpart. This effect becomes more pronounced nearer to the surface plasmon
resonance. Because of this so-called momentum mismatch, photons in free space
cannot directly excite SPPs. Several strategies have been developed to overcome
this, such as those mentioned in Section 1.4. Also shown in Figure 1.3 are schematics
of the field penetration into the dielectric (air) for different regions of the dispersion
diagram. At low energies when the SPP dispersion lies very close to the light line,
there is weak field confinement in the z direction. Approaching resonance, the fields
are more tightly confined to the Ag/air interface with higher field intensity as well.
Above the bulk plasma frequency (E > fuw,), when the metal becomes transpar-
ent, modes are no longer bound to the interface and are instead radiative modes,
and between the bulk plasma resonance and the surface plasmon resonance are the
quasi-bound modes [11]. We can also calculate the propagation length of the SPPs
along the metal/dielectric interface. The fields depend on x as e*#*, so we define the

propagation distance Lgpp as

2 2
Lspp = Re[id] w3 (1.12)

If we consider a planar multilayer system consisting of not just a single metal-
lodielectric interface, but two, we create the metal-insulator-metal (MIM) waveguide
shown schematically in Figure 1.4. The MIM geometry more significantly confines the
electromagnetic fields in the dielectric region than a single metallodielectric surface
[12]. As illustrated in Figure 1.4, an Ag/SiOs/Ag waveguide with SiOq thicknesses
of 30 nm “shrinks” light that in free space has a wavelength \,;, = 620 nm down
to a SP wavelength of Ay, = 200 nm. Thinner insulator thicknesses allow accessing
even larger k—vectors or shorter wavelengths, Ay, < Auir/10. This was experimentally

demonstrated in an Au/SiOy/Au geometry by Miyazaki and Kurokawa [13].



A, =620 nm

Figure 1.4. Top: a photon in free space at a wavelength of \,;, =

620 nm, or an energy of 2 eV. Bottom: Inside a planar Ag-SiOs-Ag
metal-insulator-metal (MIM) waveguide, light of this same energy
is sustained as surface plasmons with a much shorter wavelength
Asp-  For a 30 nm thick insulator, Ay, = 200 nm; 10 nm thick,
Asp = 120 nm; 3 nm thick, Ay, = 40 nm—less than 1/10 of the

free-space wavelength.

1.4 Exciting Surface Plasmons

As illustrated by the dispersion diagram in Figure 1.3, there is a mismatch in the
momentum between the surface plasmon and free-space photons at a given energy.
Because of this, clever strategies must be devised to efficiently excite SPs with light. A
number of geometries have been developed to achieve this, several of which are shown
in Figure 1.5. First, a grating can be defined in the metal film with a periodic spacing
A that matches the appropriate in-plane momentum of the SP, k, = ksin 6, as shown
in Figure 1.5b [10]. In this case, phase-matching is satisfied when § = ksin 0+27wm/A,
where m is an integer. The reverse process can also take place: surface plasmons
propagating along a metal /dielectric interface with a grating can radiate into free
space.

More generally, any subwavelength scatterer on the metal film, such as random
surface roughness with dimension a;, can be used to somewhat less efficiently couple
free-space photons at a number of different k—vectors (Figure 1.5¢). In this case, the

phase-matching condition is § = ksin 0 + Ak, where Ak = 27rm/a;. Again, roughness
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Figure 1.5. Methods of exciting surface plasmons at an Ag/air in-

terface. (a) SP dispersion diagram (SP), showing the light line in air
(LLair, w = ck), the light line in SiOy (LLgio,, w = ck/ngio,, and the

momentum mismatch Ak. A number of techniques have been devel-

oped to couple free-space photons into SPs at the Ag/air interface,

such as (b) grating couplers, (c) subwavelength scatterers, (d) prism

couplers, (e) near-field probes, and (f) electron-beam excitation. See

text for details.
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or designed localized scatterers can also be used to outcouple bound surface plasmons
into free space.

Additionally, we can take advantage of total internal reflection inside a prism of
refractive index n that differs from air, such as SiO,. As indicated in Figure 1.5a,
the light inside the prism has a wavevector that overlaps with a portion of the Ag/air
SP dispersion relation. As shown in in Figure 1.5d, total internal reflection occurs at
the prism/air interface, exciting surface plasmons by tunneling below to the Ag/air
interface. This is known as the Otto configuration [14], and a similar geometry as the
Kretschmann configuration [15].

A near-field probe with an aperture that is much much smaller than the wavelength
of light can also be used to excite surface plasmons at much smaller length scales [16],
as seen in Figure 1.5e. The subwavelength aperture a << A allows a number of wave
vectors near the desired [, allowing phase-matched excitation of surface plasmons.

Alternatively, we desire methods of exciting surface plasmons that do not require
incident photons. In Figure 1.5f, we consider a high-energy electron beam imping-
ing on a metal surface that disturbs the equilibrium electron plasma in the metal,
directly and locally exciting surface plasmons as the electrons at the surface of the
metal oscillate (see [17] and references therein). This is the basis of cathodolumines-
cence spectroscopy as it applies to plasmonics, a technique utilized in Chapter 2 and

Chapter 3 of this thesis.

1.5 Scope of This Thesis

This thesis is devoted to the investigation, both experimental and theoretical, of light
emission in a number of plasmonic nanostructures. The first two chapters of this thesis
present cathodoluminescence imaging spectroscopy as a new technique for character-
izing surface plasmons on metal films and localized in nanocavity resonators, with
experimental observations supported by analytical calculations and electromagnetic
simulation.

In Chapter 2, we develop CL imaging spectroscopy as a tool for investigating

11



metallic films and nanostructures. This technique enables extremely localized sur-
face plasmon excitation, a feature we exploit in both planar metal geometries and
plasmonic nanocavities. We use CL to excite SPPs that propagate along an Ag or
Au film, ultimately outcoupling via nanofabricated gratings, and from the emitted
CL intensity determine the near-resonance SPP propagation distances. We also find
good agreement between measured values and those expected from analytical calcu-
lations. Moreover, we demonstrate that CL can be used to excite localized SPs in a
nanocavity geometry consisting of a semiconductor nanowire encapsulated in an Ag
film. The incident electron beam excites both band-edge luminescence in the ZnO,
as well as SP resonances of the Ag film.

We apply this same technique to excite and image modes in more complex res-
onator geometries in Chapter 3. The specific structure chosen is an annular nanores-
onator, consisting of concentric grooves in a metal film that surround a flat plateau.
Scanning the electron beam across the surface of the resonator yields cathodolumines-
cence emission that, when correlated with the excitation position, enables mapping
the spatial variation of specific plasmonic modes. This analysis is performed in both
Ag and Au resonators, and the experimental observations are supported by simula-
tions of the electric field profiles of the modes, as well as calculations of the predicted
CL emission.

The latter portion of this thesis is devoted to a specific plasmonic nanocavity
geometry, the core-shell nanowire resonator. In Chapter 4, we embark on a theoreti-
cal investigation of the modes supported by the Si-Ag core-shell nanowire resonator.
We find that this geometry sustains modes in structures with dimensions as small as
A/50. We also discuss the Purcell effect as it applies to plasmonic nanocavities, and
demonstrate that the core-shell nanowire resonator can enhance the rate of sponta-
neous emission. Chapter 5 explains two routes to fabricating these structures, as well
as methods we use to characterize their optical properties.

Chapter 6 considers active core-shell nanowire resonators that contain bright III-
V semiconductor core materials. We design these structures such that the resonator

mode dramatically enhances the rate of spontaneous emission at the emitting wave-
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length of the active material, and calculate total decay rate enhancements above
8000 x the emission rate in free space. Furthermore, theory predicts that this geome-
try reorients the direction of far-field radiation, a feature crucial for designing on-chip,
directional light-emitting diodes. Finally, Chapter 7 provides a thesis summary and

outlook.
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Chapter 2
Cathodoluminescence Imaging
Spectroscopy: A Tool for Investigating

Metallic Films and Nanostructures

2.1 Introduction

Understanding nanoscale optical phenomena is critical for the future miniaturiza-
tion of photonic components. Traditional optical probes are limited in resolution by
diffraction to dimensions greater than /2. This so-called diffraction limit has been
pushed to tens of nanometers using near-field excitation or detection techniques. Un-
like photons, electrons are not subject to the diffraction limit of light and can be
focused to extremely small spot sizes (<5 nm in a scanning electron microscope,
<1 A in a transmission electron microscope). Thus, electron microscopes are the best
tools for obtaining high spatial resolution in excitation. Furthermore, electrons can
penetrate through optically thick layers, simultaneously providing information about
surface and bulk optical properties [18, 19].

In this chapter, we will show that a combination of scanning electron microscopy
(SEM) and cathodoluminescence (CL) imaging spectroscopy can be used to gener-
ate propagating surface plasmon polaritons (SPPs) and localized surface plasmons
(SPs) on a nanometer scale. We use CL emission from planar metal films fabricated
with gratings to determine the propagation distance of near-resonance SPPs. Also,
semiconductor nanowires sandwiched between two metal layers illustrate that this

technique can be used to excite and image localized surface plasmon resonances.
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2.2 Cathodoluminescence Imaging Spectroscopy

As we mentioned in Section 1.4, focused electron beam excitation can be used as
a tool for investigating plasmonic structures with extremely high spatial resolution
and without the requirement of generating and incoupling incident photons. In a
transmission electron microscope (TEM), electron energy-loss spectroscopy (EELS)
measures the energy loss of inelastically scattered electrons that penetrate through
a thin sample, allowing identification of the plasmon resonance. This method has
been used to map out SPP dispersion in thin metal films [20, 21| and to determine
modes of a number of plasmonic nanostructures such as spheres [22], nanotriangles
[23], and nanoholes [24], among others. While the spatial and energy resolution of
this technique surpasses many other methods, EELS requires samples to be electron
transparent, or to have thickness of <100 nm, impractical for a number of applications.

In contrast, cathodoluminescence spectroscopy measures the emitted photons that
result from electron beam excitation. The high-energy electrons in a SEM or a TEM
impinge on a sample, and the resulting light emission is collected by a mirror located
above the sample and sent to detectors. In semiconductors, CL emission is domi-
nated by electron-hole pair excitation and recombination [25]. When the incident
beam is scanned across the sample and the resulting light emission is correlated with
excitation position, the spatial position of microstructural defects can be determined
[26]. We have chosen to use this technique to investigate plasmonic structures in
a SEM, which eliminates the constraint on sample thickness. Previously, CL in a
TEM was used to image dipole and quadrupole modes of metal nanoparticles [27]
and nanoholes 28], and more recently in a SEM to map modes of nanowires [29] and
annular nanoresonators [30], whispering-gallery modes in annular grooves [31], and
SPP Fabry-Perot resonators [32].

To investigate metallic films and nanostructures using CL here, a 30 keV electron
beam from a FEI XL-30 SFEG SEM with a beam diameter of approximately 5 nm
irradiates the sample. This beam passes through an aperture in a paraboloidal mirror

and scans across the surface of the sample. The outcoupled light is collected by
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the mirror with an acceptance angle of +80° from the surface normal, and through
software is correlated with the excitation position. An aluminium waveguide attached
to the mirror sends the collected light through a monochromator (set to a central
wavelength) and into a photomultiplier tube (PMT) or charge-coupled device (CCD)
detector. This is shown schematically in Figure 2.1a.

To measure SPP propagation distance, we excite SPPs at a well-known distance
from a nanoscale grating in the metal film. The grating couples the SPPs to free-space
photon modes detected in the far field, and the SPP damping is probed by varying the
distance between excitation spot and grating (see schematic in Figure 2.2a and 2.2b).
Experiments were performed on both Ag and Au films, at frequencies ranging from
close to resonance to the near-infrared. The experimentally determined propagation
lengths were compared with the values expected for perfectly smooth films, calculated
using the optical constants measured on the samples under study.

To perform spectrally resolved CL imaging, such as the results presented in Sec-
tion 2.4, the position of the scanning electron beam is correlated with the collected
light emission. The result is a hyperspectral image of CL emission that varies spa-
tially with excitation position and spectrally with wavelength. Slices in wavelength
through this image reveal the regions of most efficient excitation and outcoupling of
CL intensity. This, along with CL spectroscopy, is used to characterize Ag-coated

7ZnO nanowires.

2.3 Measuring SPP Propagation Length Near Res-
onance

As the dielectric constants of plasmonic metals are dispersive, the propagation length
of SPPs is strongly frequency dependent, as seen in Figure 2.3 [11]. In the visible and
near-infrared, propagation distances as long as 100 um have been measured for Ag
and Au films [33]. Near the surface plasmon resonance frequency, in the UV /visible

for Ag and Au, the propagation lengths are much shorter, and it becomes increas-
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Electron Beam

Figure 2.1. (a) Schematic illustration and (b) camera image of
cathodoluminescence experimental setup. The electron beam passes
through an aperture in a paraboloidal mirror and scans across
the surface of the sample. The emitted light is captured by the
paraboloidal mirror, sent through a lightguide and into detection

optics (grating monochromator, PMT detector, and CCD detector).
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Figure 2.2. Schematic of excitation and outcoupling of surface
plasmon polaritons on samples made by (a) FIB milling (Ag) and
(b) electron beam lithography (Au). The electron beam is incident
normal to the surface of the metal film with varying distance from
the grating edge. Far-field radiation from the grating is then col-
lected and analyzed. SEM images of the Ag and Au gratings are

shown in (c¢) and (d), respectively.

18



Energy (eV)
-3 3.0 20 15 i i 1.0 0.8

Propagation Distance (m)

10 s 200 400 600 800 |
Wavelength (nm)
10-9 1 | L | L L L )
200 800 1400 2000

Vacuum Wavelength (nm)

Figure 2.3. SPP propagation length for the Ag/SiOy geometry calcu-
lated using the optical constants of Johnson and Christy [34] (solid)
and Palik [35, 36] (dotted). A vanishing propagation length occurs
at the surface plasmon resonance, located at A = 355 nm (358 nm)
for Palik (JC). The local maximum at 320 nm coincides with the
transition between quasi-bound (QB) and radiative (RPP) modes.
Inset: Comparison of SP propagation for Ag/Air, Ag/SiO,, and
Ag/Si geometries plotted about the SP resonance. From [11].

ingly difficult to experimentally determine these distances with conventional optical
techniques. Interestingly, it is this frequency range just below the surface plasmon res-
onance that holds the greatest potential for photonics because the wavelength of the
SPPs in this region is much shorter than its free-space counterpart, the group velocity
is reduced, and the electric fields are highly concentrated. The near-resonance SPPs
therefore have the potential to enable the miniaturization of optoelectronic devices,
to control the propagation of optical pulses, and to concentrate light in nanoscale
volumes. In light of these applications, it is important to understand the propagation

lengths of near-resonance SPPs.
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2.3.1 Grating Fabrication

Ag and Au films patterned with gratings were fabricated by two different methods.
First, a 400 nm thick Ag layer was evaporated onto a quartz substrate. With a focused
ion beam (FIB) using a liquid Ga™ source, gratings with 500 nm pitch and a depth
of 50 nm were milled in the silver, as illustrated in Figure 2.2a. A second sample
was fabricated using electron beam lithography (EBL) to pattern grating structures
with a pitch of 500 nm in a poly(methyl methacrylate) (PMMA) layer, spun on a
Si wafer. By developing the exposed PMMA and etching the Si in a SFg plasma,
grating structures with an approximate depth of 70 nm were transferred to the Si
substrate. An Au film with a thickness of 70 nm was then deposited on the Si by
thermal evaporation, shown schematically in Figure 2.2b. Figures 2.2c and 2.2d show

top-view SEM images of gratings fabricated with FIB milling and EBL, respectively.

2.3.2 CL Measurements

When focusing the electron beam at the edge of a grating, a broad spectrum was
observed with a maximum in emitted CL intensity at the surface plasmon resonance.
The monochromator was set to several wavelengths above this resonance to compare
the CL emission intensity with varying beam position for different photon energies.
CL intensity line profiles were either collected by the analysis of two-dimensional
images, or using a single line scan.

Figure 2.4a shows the CL intensity collected from the Ag film as a function of
distance between the exciting electron beam and the edge of the grating. Data was
collected at wavelengths of A = 400, 500, and 600 nm. An exponential decay in
intensity is observed as the electron beam moves away from the grating. This intensity
decay is slower for longer wavelengths, implying longer SPP propagation lengths at
longer wavelengths. CL intensity profiles were also collected on Au films, and are
plotted in Figure 2.4b for A = 550 and 600 nm. Signal-to-noise ratios proved to be
smaller due to lower signal levels in this case, but similar intensity decays can be

discerned at longer wavelengths than for Ag.
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Figure 2.4. Cathodoluminescence intensity (open and closed circles)
as a function of distance between the electron beam and grating edge
for (a) an Ag film, with profiles collected at A=400, 500, and 600 nm,
and (b) an Au film, with profiles collected at A=550 and 600 nm.
A constant background is subtracted from all curves that are then
normalized and shifted vertically along the CL intensity axis for
clarity. Fits of (2.1) to the data using the angle-dependent grating
coupling efficiencies a(f) = 6(0) and «(f) = 1/7 are shown as solid
and dashed curves, respectively. The two models overlap in these
plots in most cases. The inset in (b) schematically demonstrates
that the electron beam acts as a point source of SPPs that propagate

toward the grating over a broad angular range.
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We note that all CL data curves exhibit a significant background intensity that is
constant far away from the grating. This may be attributed to radiation from SPPs
that couple out from random surface roughness. In order to compare the CL intensity
decays for different wavelengths, normalized intensity is plotted in Figure 2.4 after the
subtraction of these background values, determined using the fit procedure described

below, and the curves are each shifted vertically for clarity.

2.3.3 Comparison with Theory

To correlate the CL intensity decays with the exponential decay of SPPs, we note
that the electron beam generates SPPs in a point source. After excitation, the SPPs
propagate over a large angular range toward the grating (see inset in Figure 2.4b).
The measured CL intensity as a function of distance between the excitation spot and

the grating edge x is therefore described by

w/2 e
I(2) = I, + Io / o (6)cTFE T o), 2.1)

—7/2

where [}, is the background intensity, Ij is the SPP intensity scattered at the grating
edge, Lspp is the SPP propagation length, and «(#) is the angle-dependent grating
coupling efficiency. The latter is unknown, but assuming that it is a monotonically
decreasing function of 8, we can obtain upper and lower estimated limits to Lgpp from
the measured CL intensity profiles using a(f) = 1/7 and «(f) = 6(0), respectively,
where 0 denotes the Dirac delta function. Both models were fitted to the CL data
using nonlinear regression, yielding estimations of Lgpp and the background intensity
I,. The latter amounted to typically one to three times [y. The fits to the data
displayed in Figure 2.4 are plotted through the data as solid and dashed curves for
a(f) = d(0) and «(0) = 1/m, respectively.

Measurements were also performed at other wavelengths, and the fitted upper
and lower bounds to Lgpp are shown versus collection wavelength in Figure 2.5. For
both Ag (closed symbols) and Au (open symbols), a clear increasing trend is observed

as the wavelength increases above resonance. Figure 2.5 also shows the calculated
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Figure 2.5. SPP propagation lengths Lgpp fitted from CL intensity
data as in Figure 2.4 versus wavelength for Ag (closed symbols)
and Au (open symbols). The values obtained using «/(f) = 1/7 are
represented by triangles, and those using a/(#) = §(6) by circles. The
solid lines are the calculation of SPP propagation lengths for Ag and
Au using experimental data for the dielectric constant considering
bulk absorption in the film and leakage radiation. The inset shows

several 30 keV electron trajectories in a plane at a depth of 20 nm.

propagation lengths as a function of wavelength on perfectly smooth films. For the
optically thick Ag film, this value is obtained by considering only bulk absorption

losses [3]:

Lare = (28) = o [ (122 ], 22)

14+¢en,
where k! is the imaginary part of the SPP wavevector, ¢, is the complex dielectric
function of the metal, ¢ is the speed of light in vacuum, and w is the frequency.

For the 70 nm Au film, in addition to absorption losses, the SPPs propagating at
the vacuum /metal interface lose energy due to leakage radiation into the Si substrate.
The propagation length including this radiation loss was obtained from the imaginary
part of the SPP wave vector calculated by solving the dispersion relation for the

vacuum/Au/Si system [37]. For both samples, the propagation lengths are calculated
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using experimental values for ¢, determined from ellipsometry measurements on the
metal films used. The surface plasmon resonance wavelengths predicted from these
complex dielectric constants are 340 nm for silver and 540 nm for gold.

Irrespective of the functional form of (), a difference between measured and
calculated dampings is observed that may be due to several additional loss processes.
One of them is surface roughness of the films [38], which causes in-plane scattering of
SPPs and coupling of SPPs to far-field radiation [39]. Additionally, grain boundaries
and surface impurities could have a detrimental effect on SPP propagation. The fact
that the observed propagation lengths on the Ag sample appear to deviate further
from the calculated values than those on the Au sample cold arise from differences in

surface morphologies and impurities.

2.4 Investigating Semiconductor-Metal Nanostruc-
tures Using Cathodoluminescence

Cathodoluminescence imaging spectroscopy has been used for quite some time to
correlate microstructural defects in semiconductors with light emission intensity [26].
In this section, we investigate an Ag-coated ZnO nanowire shown schematically in
Figure 2.6 using CL. One of the benefits of CL spectroscopy over conventional optical
techniques is that an electron beam can penetrate through an optically thick film.
We take advantage of this feature here by exciting through the top Ag layer and into

the ZnO nanowire, and observing the resulting luminescence.

2.4.1 Sample Fabrication

ZnO nanowires approximately 100 nm diameter and 10 pm tall are grown by chemical
vapor deposition on a sapphire substrate using Au as the catalyst [40, 41]. After son-
ication in isopropyl alcohol (IPA), nanowires are dropcast onto a Si substrate coated
with 100 nm Ag. A second Ag layer 100 nm thick is evaporated, with the longitudinal

cross section shown schematically in Figure 2.6a. To create shorter nanowires, the
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Figure 2.6. (a) Schematic cross section of a ZnO nanowire dropcast
on an Ag film, and then overcoated with Ag. (b) Shorter resonators
are created by cutting the wire into segments using a FIB. (c¢) Top-

view SEM image of the Ag-coated ZnO nanowire after FIB cutting.
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Figure 2.7. Monte Carlo simulation of electron trajectories [42] in a
4-layer system consisting of Ag/ZnO/Ag (each 100 nm thick) on Si
for an incident electron beam with 5 nm diameter at (a) 10 keV and

(b) 30 keV.

coated NW is cut with a FIB to segments approximately 1 pum long (Figures 2.6b
and 2.6¢). After measurements, an additional layer of 20 nm Cr is thermally evapo-
rated over the sample to damp surface plasmons on the outer Ag/air interface, and

CL measurements are repeated.

2.4.2 CL Spectroscopy and Imaging

Unlike for the grating structure studied in Section 2.3, the electron beam excitation
conditions for the Ag-coated ZnO nanowires is optimized for maximum interaction
volume in the semiconductor. As a result, the spatial resolution is degraded. This is
illustrated in the Monte Carlo simulation of electron trajectories [42] in Figure 2.7.
Here, we consider a 4-layer system of Ag/ZnO/Ag (each 100 nm thick) on a Si sub-
strate. For excitation at 30 keV, the same condition used to investigate the metal
gratings, the initial spotsize of 5 nm broadens to approximately 50 nm in the ZnO
layer. If we instead consider a lower incident beam energy of 10 keV, the interaction
volume is now confined mostly within the ZnO layer, although with a poorly defined
spot size in the semiconductor of approximately 200 nm. This demonstrates that we
can sacrifice spatial resolution in excitation to obtain more interaction of the incident

electrons in the ZnO layer.
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Figure 2.8. CL spectra of an Ag-coated ZnO nanowire for incident
electron beam energies of 10, 15, 20, and 30 keV. Maximum emission
intensity at the bandedge (A = 375 nm) is seen for excitation at

15 keV. Inset: Top-view SEM image of the nanowire.

The excitation conditions are optimized for maximum CL intensity at the ZnO
bandedge (E, = 3.3 eV, or A = 375 nm). CL spectra at incident beam energies of 10,
15, 20, and 30 keV are shown in Figure 2.8. These spectra are 20 s acquisitions with
the CCD detector while the electron beam is scanned quickly over the area shown
in the SEM inset. Brightest CL emission at the band-edge is seen for excitation at
15 keV. Other spectral features at shorter wavelengths are due to SPs outcoupling
from the rough Ag film, and features at longer wavelengths are most likely due to
cavity resonances inside the ZnO nanowire.

We also collect a series of images that map CL emission intensity spatially as
a function of excitation position and spectrally versus wavelength. Figure 2.9a is
an SEM image of an Ag-coated ZnO nanowire, showing the region scanned for the
CL spectrum imagng. The CL images in Figure 2.9b are acquired by scanning the
electron beam across the region in the SEM image to form an image of 80 x 26 pixels?,

with a per pixel dwell time of 1 s and spatial resolution of 15 nm/pixel. The CCD
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acquires a spectrum at each pixel, and slices through this hyperspectral image reveal
the images in Figure 2.9b at the indicated wavelengths (A = 350, 375, 500, 600, and
700 nm), with a 20 nm spectral passband. This acquisition takes approximately 1 hr,
during which time the program also corrects for spatial drift every 15 pixels. Bright
yellow regions in the images correspond to positions where electron excitation results
in bright CL emission. At A = 350 nm, very near the SP resonance for Ag/air, bright
emission occurs fairly uniformly for excitation along the wire. This is expected, as
SPs excited near resonance will outcouple due to surface roughness after propagating
only a very short distance.

At the ZnO bandedge (A = 375 nm), bright emission is seen for excitation near
the left end of the wire. Collection asymmetry by the mirror was eliminated as a
contributing factor by rotating the sample 180° and seeing similar behavior. This
asymmetry of emission fro the ZnO could be due to several factors. Most likely, the
FIB process resulted in the left end of the nanowire having less Ag coating, resulting
in brighter emission. The emission at A = 500 nm shows several peaks in intensity
along the wire, which may be due to either a standing resonance of the ZnO core
or of the outer Ag/air interface. Similar features are observed at A = 600 nm. At
A = 700 nm, bright emission is only seen for excitation at the left end of the wire.
Emission from ZnO in the band of A = 600-800 nm can be attributed to defect
luminescence.

After measurements were completed, the sample was coated with a 20 nm thick
Cr layer to differentiate between emission from the outer Ag/air interface and modes
of the ZnO nanowire. We then repeated CL measurements on the same nanowire.
The resulting CL images are seen in Figure 2.9c. These images were acquired as
51x 8 pixels? (spatial resolution 22 nm/pixel), with a 10 s dwell per pixel and no drift
correction. Because the spatial area scanned was smaller than before coating with
Cr, the unscanned area is shown in blue. Also, significant drift did occur during the
collection that can be identified in the images.

As expected, at A = 350 nm, near the SP resonance, emission from SPs at the

Ag/air interface has been quenched. Band-edge emission at A = 375 nm in the Cr-
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Figure 2.9. (a) SEM image of a FIB cut Ag-coated ZnO nanowire.
(b) CL images at the indicated wavelengths of the nanowire shown
in (a). (c) CL images at the indicated wavelengths of the nanowire
coated with a thin layer of Cr, which damps SP propagation on the
outer interface. Dark blue outline compensates for smaller scan re-
gion in Cr-coated images. In all images, yellow regions illustrate
positions where electron beam excitation results in bright CL emis-

sion.
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coated nanowire is now brightest for excitation at the right end of the nanowire.
At the longer wavelengths (A = 500 nm and A = 600 nm), where previously bright
regions were observed for excitation along the length of the wire, the Cr coating has
also quenched this emission. Thus, we can conclude that the source of emission in
the Ag-coated ZnO nanowire without Ag was due to a SP mode of the outer Ag/air
interface, and not of the interior nanowire. Even in the Cr coated structure, emission

in the defect luminescence band is concentrated at the left end of the nanowire.

2.5 Chapter Summary

These results show that CL imaging spectroscopy is a useful tool for high-resolution
characterization of plasmonic nanostructures. It can be applied to study the propa-
gation and damping in a wide array of geometries, including plasmonic waveguides,
tapers and cavities. The ultimate resolution of this CL imaging technique is de-
termined by the excitation volume in the metal film: thinner metal films will yield
higher resolution. As an example, the inset in Figure 2.5 shows trajectories of 30 keV
incident electrons on a 20 nm thick Ag film on Si calculated using a Monte Carlo
simulation program [42]. It shows the angular spread of the electron beam in a 20 nm
thick film is only a few nanometers, and thus in such a geometry the lateral resolu-
tion is mostly determined by the incident beam diameter. More detailed calculations
of the generation of SPP surface waves by the electron cascade inside the film are
required to study the ultimate resolution that can be achieved.

We have determined the propagation length of surface plasmons near the surface
plasmon resonance for both Ag and Au films. Propagation lengths as short as several
hundred nanometers are determined, and the propagation length increases as the
wavelength is increased above resonance. Comparing these results with calculations
accounting for loss due to absorption in the film and to leakage radiation shows that
other loss mechanisms appear to have a large contribution as well.

We also investigated Ag-coated ZnO nanowires using this technique and demon-

strated that electron beam excitation can be localized in depth to most efficiently
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excite luminescence from the ZnO NW core. Spectrally resolved CL images demon-
strate that surface plasmons on the outer Ag/air interface emit brightly near the SP
resonance and form standing resonances at longer wavelengths. Coating the wire with
a thin layer of Cr quenches this luminescence, but not the band-edge or defect-band
luminescence from the ZnO core. The ultimate imaging resolution of this technique
will be determined by the excitation volume of SPPs by electrons, which may en-
able the characterization of SPPs and localized modes in a large array of plasmonic

nanostructures.
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Chapter 3
Plasmonic Modes of Annular
Nanoresonators Imaged by Spectrally

Resolved Cathodoluminescence

3.1 Applications of Annular Nanoresonators

Excitation and localization of surface plasmon polariton (SPP) modes in metallodi-
electric structures is currently a topic of intensive research motivated by the ability to
achieve truly nanophotonic materials and devices with tunable optical dispersion [43].
In particular, nanoresonators are essential building blocks of future subwavelength-
scale photonic systems as both active [44] and passive [45] device components. Nanos-
tructures consisting of annular grooves and gratings in metal films exhibit exciting
properties such as photon-to-plasmon coupling [46], focusing [47, 48, 49], and inten-
sity enhancement [48, 49, 50]—all of which are exciting for sensing [51] and surface
enhanced Raman scattering (SERS) applications [6, 52]. In this chapter, we directly
excite plasmonic modes in engineered annular nanoresonators on Ag and Au surfaces
with a highly localized electron beam source, and use spectrally resolved cathodolumi-
nescence imaging [26] to probe the plasmon field intensity as a function of excitation
position.

Surface plasmon polaritons are generally excited optically at a metal/dielectric
interface using a prism or grating to couple the incident light to the surface wave [3].
Previously, annular gratings have been investigated with near-field optical techniques

capable of 20 nm optical probe sizes [47, 49]. Alternatively, a focused electron beam
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can be used to directly and locally excite SPPs with higher spatial resolution, without
the intermediate step of generating and coupling an incident photon. Electron energy
loss spectroscopy (EELS) in the transmission electron microscope (TEM) has been
used to visualize plasmonic modes in metal nanoparticles, nanorods, and nanotrian-
gles with spatial resolution limited only by the electron beam diameter, which can be
as small as 1 nm [23, 27, 53, 54]. Such investigations in the TEM require samples to be
electron transparent, e.g., to have thicknesses less than 100 nm. However, cathodo-
luminescence (CL) excitation in the scanning electron microscope (SEM) does not
impose such a constraint on sample thickness. In the SEM, electron beam excitation
yields CL emission which we used in Chapter 2 to investigate the propagation of SPPs
along planar metal surfaces and linear gratings [55] (see also [56] and [29]). In this
chapter, we extend this technique to investigate modes in nanofabricated plasmonic
annular nanoresonators.

One possible application of an annular nanoresonator is illustrated schematically in
Figure 3.1 as an electrically excited sensing platform for SERS. As the electron beam
in an SEM acts as a prototypical means of electrically exciting surface plasmons,
we imagine a chip-based sensing device that combines an electrcal source of SPPs
that propagate along the metal surface and are focused strongly using an annular
nanoresonator. The enhanced local electric fields in the center of the resonator could

significantly enhance the SERS signal, enabling a new sensor technology.

3.2 Fabrication and Experiment Setup

Nanoresonators were fabricated on Ag and Au surfaces. The Ag structures were pre-
pared by evaporating 400 nm of Ag on a quartz substrate and using focused ion beam
(FIB) nanofabrication with a Gat ion source operating at 30 keV. Each annular res-
onator is composed of a center plateau and five concentric rings separated by grooves
50 nm deep, with varying grating ring period and center diameter. Nanoresonators
with 15 concentric grooves 100 nm deep were also patterned in the (111) surface of a

polished single crystal Au substrate grown by the Czochralski process.
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Figure 3.1. Schematic of a sensing device incorporating electrical
excitation of surface plasmons that are focused to the center of an
annular nanoresonator. Molecules located at the focal point will
respond to the enhanced local fields, resulting in increased SERS

intensity, Isgrs.

Spectrally resolved CL analysis was performed using a field emission SEM oper-
ating at 30 keV and equipped with a mirror-based cathodoluminescence detection
system [26]. For this technique, the spatial resolution in excitation is limited only
by the electron beam spot size of 5 nm. Monte Carlo simulations [42] of electron
trajectories in a 400 nm thick Ag film on quartz are shown in Figure 3.2. As seen
in the left image, although the electron trajectories extend entirely through the Ag
film and beyond 4 um into the SiOs substrate, any luminescence excited below sev-
eral skin depths in the Ag film [11] is significantly attenuated before emission and
detection are possible. Thus, any detected light arises only from interactions near
the surface of the Ag film. Additionally, the enlargement of the interactions in the
Ag film confirm that no significant beam broadening occurs within 20 nm of the Ag
surface, one electric field skin depth. Therefore, this technique offers incredibly high
spatial resolution in excitation.

When a metallic nanoresonator is excited with an electron beam, there are sev-

eral phenomena that can result in light emission. High-energy electrons can directly
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Figure 3.2. Left: Monte Carlo simulation [42] of 30 keV electron

trajectories incident on a 400 nm thick Ag film on SiO,. Right:
Close-up of electron trajectories in Ag film, showing only slight beam

broadening in the top 20 nm.

excite d-band transitions in the metal film, producing photons with energies of ap-
proximately 4 eV (310 nm) upon relaxation in Ag [57, 58]. The incident beam can
also excite localized surface plasmons (SPs) and propagating SPPs. In the annular
nanoresonator structures described here, the SPs can couple to resonant plasmonic
modes. We show that such resonant modes are most efficiently excited by focusing the
localized electron beam at positions corresponding to antinodes in the modal electric
field intensity.

Light emitted from the sample is collected with a retractable paraboloidal mirror
positioned above the sample (collection angle up to £80° from the surface normal).
For spectroscopy and spectrally resolved CL imaging of the Ag sample, emitted light
is sent through a grating monochromator before being focused on the photomultiplier
tube detector. For panchromatic imaging, the light emitted from the sample is fo-
cused directly onto the photomultiplier detector, detecting photons with wavelengths
ranging from 300 to 900 nm. Spectrally resolved CL images are obtained by setting
the grating monochromator to a specific wavelength and scanning the electron beam
over a selected area of the sample with a per pixel dwell time of 10 ms and a passband
of 27 nm. Secondary electron and CL images are obtained simultaneously. The im-

ages were postprocessed to correct for the drift in the scan direction by shifting each
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row of pixels of the SEM image to recreate the true annular resonator topography,
and applying this same correction to the corresponding CL image. Any drift in the
vertical direction is not corrected, explaining the elongated center region in several of
the images. The single crystal Au sample was imaged using spectral detection on a
CCD array detector, sampling wavelengths from 387 to 947 nm. Spectrally resolved
images are obtained by taking slices through the compiled image with 20 nm spectral

resolution.

3.3 Determining Modes of Annular Nanoresonators

We employ two different simulation methods to investigate the plasmonic modes of
annular nanoresonators. Finite difference time domain (FDTD) calculations allow
us to determine resonant frequencies and electric field profiles of each mode. With
the boundary element method (BEM), we are able to calculate the probability of CL
emission in an annular nanoresonator. Ultimately, these results are compared with

the experimental results in Section 3.4.

3.3.1 Finite Difference Time Domain (FDTD)

First, we perform three-dimensional full-field electromagnetic simulations that solve
Maxwells equations using the finite difference time domain (FDTD) method [59]. We

assume that the optical constants of Ag are described by the Drude model:

e(w) =¢€p — M, (3.1)

w? + wr,

with relative permittivity in the static limit ¢, = 6.18, relative permittivity in the
high-frequency limit e, = 5.45, plasma frequency w, = 1.72 x 10'® rad-s™!, and the
collision frequency v, = 8.35 x 10'3 rad-s™'. We simulate a structure with 600 nm
center diameter and 300 nm grating period using a cylindrical slab of Ag (400 nm
thick, 4 um diameter) containing annular grooves (50 nm deep, 150 nm wide, spaced

150 nm apart) all enclosed in a matrix of air. A propagating plane wave incident
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Figure 3.3. Method of determining resonant modes with FDTD, il-
lustrated using a SiOs/Ag core-shell nanowire resonator. (a) First,
we excite with a low-frequency source, here dipoles at 200 THz or
1500 nm. (b) After 100 fs, the source is effectively turned off, and
the fields in the resonator “ring down” for 100 fs. (c) A fast-Fourier
transform (FFT) of the time-domain data reveals the resonant fre-
quencies. (d) Exciting on resonance and (e) subsequent ring down

demonstrates (f) single-mode excitation.

normal to the Ag surface is used as the source, polarized along an arbitrary direction
in the plane of the surface. A two-step process is used to identify the resonant
modes and their corresponding frequencies [60], illustrated in Figure 3.3. A SiO,/Ag
core-shell nanowire is used in this example. Here, the resonator is first excited with
low-energy dipoles (frequency of 200 THz or A = 1500 nm) at both ends of the wire,
shown in Figure 3.3a. This distributes energy into all of the resonant modes. Then,
after driving the structure at this frequency for 100 fs, the excitation source is turned
off, leaving only the induced fields in the resonator. The structure is allowed to

decay, or “ring down” for a period of 100 fs and the electric fields as a function of
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time are monitored at specific locations in the resonator (marked with the white circle
in Figure 3.3a). This time domain data is plotted in Figure 3.3b, a superposition of
the decay from many modes. A fast-Fourier transform (FFT) of the time-domain
data reveals clear peaks corresponding to the various resonant modes of the structure
that are seen in Figure 3.3c. Selecting a specific mode, here the peak at the frequency
f =561 THz or A = 535 nm, we then excite on-resonance with dipoles (Figure 3.3d)
and again turn off the source to observe the time-domain decay. Figure 3.3e shows
characteristic resonant decay, and a FFT of the time-domain data confirms single-
mode excitation (Figure 3.3f). The time-domain ring down after resonant excitation
also allows us to calculate the quality factor @ of the resonator. A single-exponential
decay is fitted to the decay of |E,|?, and the decay constant 7 is related to the quality
factor by

Q=2rfr. (3.2)

For the Ag nanoresonators, the structure is first excited non-resonantly with a low-
energy plane wave. The excitation is then turned off, and the induced electric fields
ring down, allowing the resonator to select its natural frequencies in the absence of an
external driving field. This method of illumination effectively contains a wide spectral
intensity that is peaked around the frequency of the initial plane wave. Following the
method of Figure 3.3, the time domain ring down data reveals the frequency response.
Cathodoluminescence imaging spectroscopy is not a time-resolved technique, and a
valid comparison between experimental results and simulations must include observ-
ables that are averaged over at least one optical cycle. The time-averaged electric
field intensity was determined by squaring the magnitude of 25 three-dimensional
electric field snapshots from a single time period at the end of the simulation, and
averaging the result. Resonator modes with symmetries that are not supported by
normal-incidence excitation were investigated with off-axis plane waves. The inci-
dent angle was chosen to impose the correct symmetry upon the center region of the

nanoresonator.
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3.3.2 Boundary Element Method (BEM)

Boundary element method (BEM) simulations [61, 62] allow us to calculate the prob-
ability of cathodoluminescence emission for various positions in the annular nanores-
onators. Computations are performed in the frequency domain, where the electromag-
netic field within each homogeneous region of space is expressed in terms of auxiliary
boundary charges and currents. The customary boundary conditions are used to ob-
tain a set of surface-integral equations involving those boundary sources, which are
solved using linear-algebra techniques upon discretization of the boundaries via a set
of representative surface points. Furthermore, the axial symmetry of the annular res-
onators is used to decompose the fields in uncoupled azimuthal components m with
azimuthal-angle dependence as ¢"™?. This results effectively in a one-dimensional
field calculation problem that is solved with great accuracy. Converged results for
a nanoresonator of 600 nm center diameter and 300 nm period have been achieved
using ~1000 discretization points. Calculated CL intensities are obtained using as
an external source the field of a 30 keV electron, which is separated analytically in
frequency components. The integral of the time-averaged Poynting vector over emis-
sion directions in the far field for each frequency component yields the CL intensity
at that particular photon frequency. Tabulated optical data has been used as input
for the dielectric function [34].

3.3.3 Resonant Modes

Full-field FDTD simulations are used to determine the plasmonic modes of an Ag
annular nanoresonator with 600 nm center diameter and 300 nm grating ring period.
We adopt a naming convention for the modes My, ,,, where the integer k refers to the
symmetry of the mode (k = 0 for modes with nodes in electric field intensity in the
center, and k = 1 for modes with intensity antinodes in the center) and the integer n
denotes the number of intensity antinodes in the radial direction of the center plateau,
extending outwards from the center of the structure and excluding peaks at the edges.

These modes are shown schematically in Figure 3.4.
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Figure 3.4. Schematic illustration of modes supported by annular
nanoresonators. The naming convention My, is used to describe
both the symmetry of the mode (k) and the number of antinodes

along the center (n).

The FFT spectra for low-energy normal incidence plane-wave excitation at A =
1500 nm in Figure 3.5a shows multiple features, including a peak at A = 330 nm
corresponding to the Ag surface plasmon resonance [11] and two broad peaks: one
centered at A = 430 nm and one in the 700-900 nm range.

Subsequent excitation in each of these two bands at A = 723 nm (mode My,
Figure 3.5b) and A = 430 nm (mode My ;) leads to strong resonant response that
we therefore attribute to plasmonic modes of the nanoresonator, with symmetry in-
dicated in Figure 3.4. Off-axis plane wave excitation enables investigation of an
additional spectral peak centered at A = 600 nm (mode M, o), shown in the bottom
figure of Figure 3.5b. Symmetry forbids excitation of this mode at normal incidence
in our simulation, but off-normal incidence plane wave excitation breaks this symme-
try constraint, and an antinode in electric field intensity is observed at the center.
Characterizing the quality of these plasmonic nanoresonators is essential for develop-
ment of future devices. We determine the quality factor [63] @ of the nanoresonator

for each mode by (3.2) from the exponential decay time of the electric field intensity
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Figure 3.5. Determining modes with FDTD. (a) Simulated spectral-
response for an Ag annular nanoresonator with 600 nm center di-
ameter and 300 nm pitch for plane-wave excitation at the indicated
wavelength and angle with respect to the normal. (b) Cross-sectional
E, profiles for plane wave excitation at normal incidence (top) and

at @ = 30° (bottom).
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Figure 3.6. Boundary element method simulations of plasmonic
modes of an Ag nanoresonator. Probability of cathodoluminescence
emission is plotted as a function of excitation wavelength and posi-
tion at a distance of 10 nm above the Ag topmost surface. Modes
Moo, M1, and My ; are indicated at wavelengths of A = 720 nm,

A =590 nm, and A = 450 nm, respectively.

during ring down, giving Qoo = 36, Q10 = 18, and Qy;1 = 8.

Using BEM simulations, we calculate the probability of cathodoluminescence emis-
sion as a function of electron beam position for this same structure. Figure 3.6 shows
CL intensity as a function of both distance from the annular nanoresonator center
and wavelength of emitted light. The CL probability is calculated by integrating
the emission for directions from the grating normal up to 30° from the normal. At
A = 720 nm, bright CL intensity is concentrated only at the edge of the center plateau,
characteristic of My . Mode M, g is observed at A = 590 nm, characterized by a small
peak in emitted intensity at the center of the structure. At A = 450 nm, a node in
CL intensity in the center of the structure and one antinode along the radial direction
distinguishes My ;. For this mode, bright CL emission is also localized at the edges

of the center and concentric rings.
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3.4 Imaging Modes Using Cathodoluminescence

We now investigate annular nanoresonators experimentally using CL imaging spec-

troscopy. The fabrication and experiment setup were described in Section 3.2.

3.4.1 Panchromatic CL Imaging

Figure 3.7 shows panchromatic CL images of nanoresonators in Ag with 315 nm grat-
ing period and three different center diameters. The CL images represent the radia-
tion collected from the entire resonator as a function of the electron beam excitation
position on the structure. Bright regions in the images correspond to greater emitted
photon intensity. For all annular nanoresonators shown here, we see high intensity
for excitation at the edges of the center as well as the concentric rings. The locally
increased emission inside the grooves is attributed to scattering from roughness in the
polycrystalline Ag film, formed because of the crystal orientation-dependent focused
ion beam milling rate. The intensity line profiles in Figure 3.7e correspond to the
dashed lines through the panchromatic CL image in Figure 3.7c and the correlated
SEM image in Figure 3.7d. The CL profile clearly shows peaks in emission when the
electron beam dwells near an edge. An overall decay in emission intensity is observed
as the electron beam moves outward from the center. Thus, we see that a higher
emitted photon intensity is obtained for electron beam excitation in the center of the
structure, indicating that more efficient excitation and/or more efficient outcoupling

occurs in this region.

3.4.2 Imaging Modes of an Ag Nanoresonator

Spectrally resolved CL imaging was used to experimentally reveal the plasmonic
modes discussed in Section 3.3. Figure 3.8 shows SEM and spectrally resolved CL
images of an annular resonator with a 620 nm center diameter and 315 nm grating
period. At A = 350 nm, very close to the Ag surface plasmon resonance, nearly
uniform emission occurs for excitation anywhere in the structure. Near resonance,

surface plasmon propagation lengths are very short, and thus no resonator modes can
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Figure 3.7. Panchromatic CL imaging of Ag annular nanoresonators
with 315 nm period and center sizes of (a) 620 nm, (b) 1.07 um, and
(c) 1.70 pum. (d) SEM image taken concurrently with panchromatic
CL image of structure in (c). (e) Line profiles from regions indicated
by the dashed line in (c¢) and (d) illustrating strong emission when
the electron beam is positioned at an edge and decreasing intensity

as the beam moves outward from the center.
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build up. Several different modes are observed at longer wavelengths, illustrated in
Figure 3.8c. Line profiles of the simulated time-averaged electric field intensity from
FDTD and the BEM-calculated probability of CL emission are plotted alongside ex-
perimental CL emission profiles for A = 500 nm, A = 600 nm, and A = 700 nm. At
A = 700 nm, CL data show bright emission for excitation near the edges of the center
plateau, but uniform emission from the rest of the structure. This is consistent with
excitation of My, where high fields are localized at the edges of the center region and
not in the surrounding rings. Mode M, , imaged at A = 600 nm, is characterized by
an antinode in the resonator center that is captured in experimental and simulated
line profiles. The onset of My, is observed at A = 500 nm, with four peaks in the
center region revealed in the CL linescan. These regions of enhanced emission in
the center plateau correlate well with the simulated electric field intensity and CL
profiles.

CL images and corresponding near-field |E|? images from FDTD calculations are
shown in Figure 3.9. Simulations require polarized excitation, whereas cathodolumi-
nescence emission is unpolarized. Therefore, the images must be compared across
the center (along the direction of polarization), indicated by the dashed white lines
and plotted in Figure 3.8c. We also note that for modes My, and My, the best
agreement between simulated and experimentally imaged modes is found for slightly
different wavelengths. This can be attributed to uncertainty in parameterization of
the effective dielectric function in the grooves of the fabricated Ag nanoresonators.
The FIB milling of polycrystalline Ag leads to very rough surfaces in the grooves, pre-
venting accurate representation of the groove depth and profile in simulations. The
remaining spectrally resolved CL images in Figure 3.8a can be understood primarily

as superpositions of Mgy, M; o and My ;.

3.4.3 Imaging Modes of an Au Nanoresonator

To further explore higher order modes in plasmonic nanoresonators, larger structures
were fabricated in single crystal Au (Figure 3.10a). The absence of grain boundaries

and hence longer propagation lengths enable clear observations of modes in larger
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Figure 3.8. Spectrally resolved imaging of plasmonic modes in an
Ag annular nanoresonator with 620 nm center diameter and 315 nm
grating period. (a) Spectrally resolved CL images at the indicated
wavelengths, each 350x350 pixels? with a per pixel dwell time of
10 ms and 27 nm spectral passband. (b) SEM image of nanores-
onator indicating the scan region for the CL images in (a). (c) Line
profiles of modes My o, M1 o, and My; from FDTD simulated time-
averaged electric field intensity, probability of CL emission from
BEM simulations, and spectrally resolved CL images at the indi-
cated wavelengths. The corresponding surface topography is shown

in gray.
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Figure 3.9. (top) CL images of modes Mg, Mo, and My; taken
at the indicated wavelengths, and (bottom) time-average near-field
electric field intensity maps from plane-wave excitation at the in-
dicated wavelengths. Excellent agreement is found when compar-
ing the intensities along the center of the images (indicated by the

dashed white line).
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resonators. Figure 3.10a shows spectrally resolved CL images of a resonator with
a 2.6 um center plateau surrounded by 15 concentric grooves with 250 nm grating
period. The experimental line profiles in Figure 3.10b indicate that the CL emis-
sion along the center region varies with wavelength, showing modes with 5, 6, and 7
antinodes at wavelengths of A = 798 nm (M; ), A = 720 nm (Mg 3), and A = 661 nm
(M, 3) respectively. The probability of CL emission is calculated from BEM simula-
tions of this Au resonator, with the number of grooves truncated at five. Simulated
CL intensity line profiles at wavelengths of A = 800 nm, A = 730 nm, and A = 660 nm
are also plotted in Figure 3.10b. Although the scan area of 5 x 5 pm? prevents ex-
perimentally resolving the simulated peaks in emission intensity at the edges of the
grooves, excellent agreement is found between spatial variation of the experimental

and calculated CL intensity along the center region for each mode.

3.5 Chapter Summary

In this chapter, we have demonstrated high-resolution spectrally resolved cathodo-
luminescence imaging as a powerful tool to reveal plasmonic modes in Ag and Au
annular nanoresonators. Boundary element method calculations of the CL emission
characteristics for each resonator mode agree very well with experimental results.
Further, we have used full-field electromagnetic simulations to identify the plasmonic
modes of Ag nanoresonators, and we have proposed a direct correlation between the
luminescence emission intensity and electron beam excitation at antinodes of the

electric field intensity corresponding to particular plasmonic modes.
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Figure 3.10. Imaging modes in a single-crystal Au nanoresonator
with 2.6 um diameter center plateau surrounded by 15 grooves with
250 nm grating ring period and 100 nm groove depth. (a) SEM
image of nanoresonator and spectrally resolved CL images at the
indicated wavelengths. (b) Line profiles of modes M; 3, My 3, and
M, 5 from spectrally resolved CL images and simulated CL intensity
along the center of the resonator in (a). Experimental line traces at
the designated wavelengths are obtained by summation over 4 pixel
lines in the horizontal direction, corresponding to a 193 nm line
width. Simulated CL intensity is calculated from BEM simulations.
The peaks in CL intensity along the center region are numbered for
both experimental and simulated line profiles. Surface topography

is shown in gray.
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Chapter 4
Ultra-small mode volume Si-Ag core-shell

nanowire resonators

4.1 Introduction

Until recently, any advances in the field of optics have been limited by diffraction.
This restricts the size of all optical components to dimensions larger than half the
wavelength of light it supports. The field of plasmonics has emerged with the unique
ability to confine optical waveguide and resonator modes to volumes well below the
diffraction limit. The extremely high and localized fields in these plasmonic nanocavi-
ties are finding applications in research areas such as single-molecule sensing, nanowire
lasers, and fluorescence enhancement, among others. Plasmonic resonators, although
they generally have low quality factors (), are able to confine modes to subwavelength
volumes V. Thus, when considering as a figure of merit the quantity ¢Q/V, plasmonic
structures become much more competitive with conventional optical resonators for
applications where a resonance confined to a small volume is desirable.
Conventional dielectric resonators are renowned for their exceptionally high qual-
ity factors. For example, the silica toroid microcavity exhibits a @Q of 4 x 108, but
with a large mode volume of 160(\/n)3, where ) is the free space wavelength and
n is the refractive index of the dielectric [64]. Taking advantage of the high con-
finement within plasmonic nanocavities, metallodielectric devices can be designed to
support modes at subwavelength volumes. One of the most intensely studied plas-
monic structures exhibiting high modal confinement over microns of propagation is

the planar metal-insulator-metal (MIM) waveguide. An MIM cavity 107 nm wide
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and 3 um long with a 14 nm SiOs slot in Au has experimentally demonstrated mode
volumes as small as 0.00383(\/n)3 [13]. We have chosen to take advantage of the
high confinement and low loss in MIM cavities in a cylindrical geometry as the core-
shell nanowire resonator. These resonators are structures consisting of a cylindrical
semiconductor or dielectric core and concentric metallic cladding (Figure 4.1). The
core-shell resonator materials system explored here is a Si nanowire surrounded by
an optically thick Ag cladding.

In this chapter, we demonstrate that plasmonic core-shell nanowire resonators
confine modes to deeply subwavelength volumes while maintaining reasonable quality
factors in extremely small structures. We use the boundary element method (BEM)
to investigate Si-Ag core-shell nanowire resonators with a variety of dimensions, and
for the resonant modes supported in each structure we determine the local density
of states (LDOS), two-dimensional near-field intensity mode profiles, effective mode
volume V', and quality factor (). Additionally, we show that this geometry is well

suited to obtain large Purcell factors and enhance the rate of spontaneous emission.

4.2 Resonant Modes of Si-Ag Core-Shell Nanowire
Resonators

We investigate plasmonic core-shell nanowire resonators consisting of a Si nanowire
core surrounded by an optically thick Ag cladding, shown schematically in Figure 4.1.
These structures are defined by a core radius a, length L, and have a constant Ag
coating thickness 7" = 100 nm. We use the boundary element method (BEM) to
investigate resonators with a variety of dimensions, and for each mode we determine
the LDOS, effective mode volume (Vig), quality factor (@), and enhancements in the
total and radiative decay rates (I'yoy and I'aq, respectively, normalized to decay in

vacuum, I'y), and the corresponding quantum efficiency n = I'jaq/Ttot-
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Figure 4.1. Si-Ag core-shell nanowire resonator, consisting of a Si
core (radius a), Ag cladding (thickness 7'), and length L. Orienta-
tions for plane-wave excitation at § = 0°, @ = 45°, and 6 = 90° (s—

and p—polarized) are shown.
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4.2.1 The Boundary Element Method

In BEM, calculations are performed in the frequency domain with the electromagnetic
field in each homogeneous region expressed as a function of auxiliary boundary charges
and currents. After applying boundary conditions, a set of linear integrals is obtained
and solved by discretization. The axial symmetry of core-shell nanowire resonators
allows decomposition of the fields into uncoupled azimuthal components m with az-
imuthal angular dependence ™. This results in an essentially a one-dimensional
field calculation that is solved with great accuracy. The dielectric functions of Si and
Ag are input using tabulated data. Converged results are found for my,., = 3, using

values of m defined by
m = —Mmax; —Mmax + 17 « ooy Mpmax — 17 Mmax- (41)

Resonant modes are determined by calculating the LDOS p for a dipole emitter
oriented along the z direction using the relation

B w?n N 1
C3r2e3 272w

P Im[Eind/D]v (42)

where w is the resonance frequency, c is the speed of light in vacuum, n is the refractive
index of Si, D is the dipole strength (unity in BEM), and Ej,4 is the contribution to
the electric field due to scattering at the interfaces and projected along the direction
of polarization. In contrast to the electronic density of states that describes the
number of electron states at a given energy level that are available to be occupied, the
LDOS counts the number of electromagnetic, or photon, states at a given frequency,
location, and orientation of a dipole emitter. From (4.2), it is obvious that the LDOS
depends on frequency, position, and orientation. The resonance quality factor, @), is

determined by fitting a Lorentzian lineshape to a plot of p versus w, and

Q=2 (43)

where Aw is the full width at half maximum.
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We use plane-wave excitation incident at § = 0°, polarized along an arbitrary
radial direction (see Figure 4.1), and determine the spatial near-field intensity profiles
|E|? of each mode. The effective mode volume, Vg, is defined a s a cylinder with
length L.g and radius aeg determined by the 1/e decay distance of the peak field

intensity inside the Si core.

4.2.2 Longitudinal Modes of Core-Shell Nanowire Resonators

If we consider a simple resonator cavity consisting of two parallel mirror separated
by a length L, basic optics tells us that a number of standing waves (modes) will
be supported at wavelengths that satisfy the constraint L = mA/2, where m is an
integer. This is illustrated schematically in Figure 4.2, showing the modes at A\ = 2L,
A= L, A =2L/3, and A = L/4 illustrated here. Similarly, in a plasmonic cavity
such as the core-shell nanowire resonator in the bottom of Figure 4.2, a number of
longitudinal resonances are supported inside the Si core. However, plasmonic modes
access larger k-vectors (shorter wavelengths).

Figure 4.3 shows LDOS calculations of the longitudinal resonances for four dif-
ferent Si-Ag core-shell nanowire resonators. The LDOS is calculated at a constant
radial position of » = 5 nm from the center of the Si core, along the length of the
wire, and reported with values normalized to the vacuum LDOS. The largest res-
onator (Figure 4.3a) has a core radius ¢ = 50 nm and length L = 500 nm. A
number of modes are supported, with the lowest-order A/2 resonance occurring near
A = 1000 nm. Modes with higher-order azimuthal symmetry are supported at wave-
lengths below A = 750 nm. Keeping the same Si core radius but decreasing the length
to L = 150 nm, these higher order modes are cut off (Figure 4.3b). As expected, fewer
longitudinal resonances are supported. The lowest-order A/2 resonance, character-
ized by a high LDOS in the center of the resonator, has a resonant wavelength very
close to the longer resonator in Figure 4.3a, but the second \/2 resonance shifts from
A =980 nm to A = 800 nm. Also notable is that the lowest-order mode has higher
LDOS in the smaller resonator.

Decreasing the resonator core radius a has a more marked effect on the wavelength
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L=A/2; A=2L

L=A; A=L
L=3N/2; A=2L/3
L=4\; A=L/4

'L"=m7\/2; A=2L/m

Figure 4.2. Top: Longitudinal modes of a resonator consisting of
two parallel mirrors in vacuum separated by a distance L. Modes
are supported at wavelengths that satisfy the constraint L = m\/2,
where m is an integer, with modes at A\ = 2L, A = L, \ = 2L/3,
and A = L/4 illustrated here. Bottom: Similar longitudinal mode
profiles are found inside a Si-Ag core-shell nanowire resonator, at

wavelengths much shorter than their free-space counterpart.
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Figure 4.3. LDOS as a function of distance along the res-
onator length (z-axis) and wavelength for modes of Si-Ag core-shell
nanowire resonators with dimensions (a) ¢ = 50 nm, L = 500 nm,
(b) @ = 50 nm, L = 150 nm, (¢) a = 25 nm, L = 500 nm, and
(d) @ = 25 nm, L = 150 nm. The LDOS is calculated at a constant
radial position of » = 5 nm from the center of the Si core, along
the length of the wire, and reported with values normalized to the
vacuum LDOS. As length L decreases, fewer longitudinal modes are
supported. As core radius decreases, modes shift to shorter wave-

lengths.
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of the lowest-order longitudinal resonance. Comparing the modes of a resonator
with L = 500 nm and a = 50 nm (Figure 4.3a) to a resonator of the same length
but smaller radius @ = 25 nm (Figure 4.3c), we can see that a similar number of
longitudinal resonances are supported, but pushed to shorter wavelengths and spaced
closer together spectrally. Furthermore, the higher-order azimuthal resonances in
the larger resonator are not supported in the smaller structure. Again, this smaller
resonator exhibits higher LDOS intensities than the larger structure.

Comparing the shorter resonators in Figs 4.3b (L = 150 nm, a = 50 nm) and
4.3d (L = 150 nm, a = 25 nm), similar trends are observed. The smaller resonator
supports the same longitudinal resonances but at shorter wavelengths. Most impor-
tantly, the highest LDOS is seen in the smallest resonator. In Section 4.3, the modes

of the resonators in Figures 4.3a and 4.3d are discussed in more depth.

4.3 A Case Study: 3 Resonators, 3 Size Regimes

Detailed results are presented for three resonators, each representing a different size
regime: A (a = 50 nm, L = 500 nm, 7" = 100 nm), B (¢ = 25 nm, L = 150 nm,
T = 100 nm), and C (¢ = 5 nm, L = 25 nm, 7" = 100 nm). Data for the largest
resonator (A) are seen in Figure 4.4. The LDOS (Figure 4.4b) and NF |E|? from plane
wave excitation at § = 0° (Figure 4.4c) are calculated at a specific radial position
(r =5 nm from the center of the Si core) and plotted as a function of wavelength A
and distance along the wire. Many modes are supported, with the lowest-order \/2
resonance occuring at A = 1010 nm. Modes with similar longitudinal profiles but
higher-order azimuthal dependence appear at shorter wavelengths in the LDOS plot,
but symmetry prevents these modes from excitation with plane waves and they are
not apparent in Figure 4.4c.

Two-dimensional NF |E|? cross-sectional profiles of the first four lowest-order
longitudinal resonances of resonator A are shown in Figure 4.5. The modes at
A = 1010 nm, A = 980 nm, A = 920 nm are excited with plane wave excitation

at 0 = 0°, and the A = 850 nm resonance is excited at A = 90°. For all wavelengths,
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Figure 4.4. Resonant modes for a structure with Si core radius
a = 50 nm, Ag coating thickness 7" = 100 nm, and length L =
500 nm (resonator A). (a) Schematic of this resonator. (b) LDOS as
a function of wavelength calculated at a constant radial position of
r = 5 nm from the center of the Si core, along the length of the wire
(0 — 500 nm) with 2.5 nm resolution, and reported with values nor-
malized to the vacuum LDOS. (c) Near field electric field intensity
(NF |E[?) as a function of wavelength calculated from plane wave
excitation at an angle of # = (0°, also at a constant radial position
of r = 5 nm from the center of the core and along the length of the

wire.
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Mode at A=980nm

Mode at A=920nm M.ode at A=850nm
100 nm

Figure 4.5. Two-dimensional NF |E|? profiles for the first four lowest-
order longitudinal modes for a structure with Si core radius a =
50 nm, Ag coating thickness 7" = 100 nm, and length L = 500 nm
(resonator A) for excitation at (a) (# = 0°) A = 1010 nm (\/2
resonance), (b) A = 980 nm (second A/2 resonance), (¢) A = 920 nm

(A mode), and (d) (# =90°) A = 850 nm (3)/2 resonance).

the modes are confined highly within the resonator core. The mode occurring at
A = 850 nm has the highest NF |E|?, and Q = 79 with a subwavelength mode volume
of Vg = 0.32(\/n)3. This results in a Q/Vig of 247(\/n)~3.

As expected, upon shrinking the resonator dimensions, modes shift to shorter
wavelengths and modes with higher-order azimuthal symmetry are cut off. Figure 4.6
shows the LDOS and NF |E|? mode profile for resonator B (a = 25 nm, L = 150 nm),
calculated at a radial position of r = 5 nm from the center of the Si core and along
the entire length of the resonator. Note the two-fold increase in LDOS as compared

to resonator A for the two lowest-order A/2 modes (A = 760 nm and A = 700 nm).
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Plane wave excitation at § = 0° does excite the first three modes, but the mode
at A = 700 nm has the improper symmetry to be efficiently excited under these
conditions. Excitation at 6 = 90° provides the proper symmetry for this second
longitudinal resonance, characterized by high electric field intensity and LDOS at
the resonator ends. Note also that the modes at A = 760 nm and A = 700 nm in
this smaller resonator have higher intensity than the modes in the larger resonator A
(Figure 4.4).

Figure 4.7 shows both LDOS and NF |E|? cross-sectional profiles of the two lowest-
order modes of resonator B. The LDOS profiles in Figure 4.7a are calculated only
inside the Si core, with the rest of the resonator (Ag coating and surrounding air)
shown for clarity. The mode at A = 760 nm on the left is characterized by high LDOS
in the center of the resonator core, whereas the mode at A\ = 700 nm has high LDOS
centered at the resonator ends and is a maximum radially at the Ag/Si interface. The
two-dimensional NF |E|? profiles for these modes are seen in Figure 4.7b. The mode
at A = 760 nm is excited with a plane wave at § = 0° polarized along an arbitrary
radial direction. Strong fields are concentrated in the center of the Si core with high
confinement within the resonator and very little penetration into the surrounding
medium. Although this resonator is smaller than resonator B, we continue to see
high confinement within the Si core. We calculate () = 58 and Vg equal to the
physical volume of the Si core, 0.031(\/n)3. This results in a Q/Vqg of 1870(\/n)~3.
For the second-order mode at A = 700 nm, symmetry requires plane wave excitation
at an angle of § = 90°, polarized parallel to the longitudinal axis of the wire (z). The
NF |E|? profile in Figure 4.7b illustrates high electric fields at the resonator ends,
and again little penetration into the metal cladding and surrounding vacuum. This
mode has a @ of 53, Vg = 0.026(\/n)3, and Q/Vig = 2040(\/n)~3. Comparing
these numbers to the larger resonator A, we see that smaller resonators continue to
exhibit high mode confinement with effective mode volumes approximately equal to
the physical volume of the Si core, and lower-order modes do not sustain much loss in
quality factor with decreased dimensions. Thus, the figure of merit Q) /V.g increases

significantly in this smaller resonator.
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Figure 4.6. (a) LDOS and cross-sectional NF |E|? profiles for plane
wave excitation at (b) @ = 0° and (c) = 90° for a structure with
a =25nm, T =100 nm, and L = 150 nm. LDOS is calculated at a
radial position of » = 5 nm from the center with 0.5 nm resolution
along the length of the wire and normalized to LDOS in vacuum.
NF |E|? is also calculated at a radial position of r = 5 nm and

normalized to the fields of the incident source.
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Figure 4.7. Cross sections of (a) LDOS and (b) NF |E|? from plane
wave excitation at (left) A = 760 nm (plane wave excitation at § =

0°) and (right) A = 700 nm (plane wave excitation at 6§ = 90°).
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Continuing to decrease resonator dimensions to the deeply subwavelength res-
onator C (¢ = 5 nm, L = 25 nm), only extremely evanescent modes are supported.
As seen in Figure 4.8, the LDOS intensity increases dramatically, as does the NF |E|?
for plane-wave excitation at § = 0°. We do not see the traditional longitudinal reso-
nances in the plot of LDOS versus distance along the wire in Figure 4.8a because they
are cut off. However, plane wave excitation at § = 0° shows a mode at A = 610 nm
for excitation at # = 0°. From Figure 4.8c, we can see that the near-field intensity
peaks at 4000 times larger than the incident field. This is by far the highest NF |E|?
of the three resonators studied in detail, and within the smallest resonator volume.
Calculating @ = 26 and Vg = 4.7 x 107*(\/n)3, we find the highest Q/V.g in this
ultra-small resonator at 4.8 x 10*(\/n)~3. Even for such small resonator dimensions,
this mode volume is only 16% larger than the physical volume of the Si core with
a quality factor that has decreased only slightly from the larger resonators. This
demonstrates that upon transition from subwavelength resonators that support true
eigenmodes to ultra-small resonators that support only evanescent modes, plasmonic
core-shell nanowire resonators with dimensions on the order of A/50 are able to con-
fine modes within the physical volume of the resonator core without significant loss

in the quality factor.

4.4 Enhancing Radiative Decay

We would also like to determine the light emission properties of the plasmonic core-
shell nanowire resonators. An atom can emit or absorb photons by undergoing tran-
sitions between its energy levels through any of three specific processes: absorption,
spontaneous emission, and stimulated emission [63]. If the atom, approximated as a
two-level system with ground state energy F; and excited state energy FEj, is initially
in the lower energy level, an electron can be promoted from E; to Es by absorbing a
photon with energy > Fy — E;. This process is called absorption, and can only occur
when the radiation mode contains a photon.

An atom in the excited state with an electron in energy level Fy can radiatively
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Figure 4.8. (a) LDOS and (b) NF |E|? for plane wave excitation at
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decay to the ground state by undergoing either spontaneous or stimulated emission. In
spontaneous emission, the atom decays to the lower energy state and releases energy
in the form of a photon, with energy Fs — E;. This transition is independent of the
number of photons occupying the mode. Alternatively, if the radiative mode already
contains a photon, an atom in the excited state can be induced to emit an additional
photon into the same mode. This process is stimulated emission, and is the inverse
of absorption. Here, a preexisting photon with a specific energy, polarization, and
orientation induces the emission of an identical photon. This process is the basis of
laser operation. There are also nonradiative pathways for decay, such as the emission
of phonons.

We are interested in opportunities for enhancing the rate of spontaneous emission.
Fermi’s “golden rule” states that the rate of transition between two energy levels is
directly proportional to the LDOS [65]. Therefore, by increasing or decreasing the
LDOS, one can enhance or suppress the rate of spontaneous emission. This can be
achieved in a number of geometries, particularly waveguides [66], antennas [67], and
cavities [68].

Edward Purcell in 1946 discovered that the rate of spontaneous emission could
be modified when the emitter is placed inside a resonant cavity [69]. This so-called
Purcell effect states that the enhancement in the emission rate for maximum coupling

is directly proportional to the quantity Q/V, as

(@)

where Fp, the Purcell factor, is equal to the enhancement of the spontaneous emission
rate, A is the free-space wavelength, n is the refractive index, () is the quality factor,
and V is the mode volume. The Purcell enhancement is illustrated in Figure 4.9.
An emitter in free space has a continuum of states available to couple into. When
the emitter is placed in a resonator cavity, which supports specific modes due to the
boundaries, the rate of spontaneous emission can be modified by coupling into the

cavity modes. This enhancement is most significant when the emission wavelength
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Figure 4.9. Hlustration of Purcell enhancement of spontaneous emis-
sion in a cavity. A dipole emitter in free space can emit into a con-
tinuum of modes, but when placed inside a resonator cavity that
supports specific modes, the rate of spontaneous emission of the

emitter can be dramatically enhanced or suppressed.

corresponds to the wavelength of a cavity mode and when the emitter is positioned
at the field maximum.

Considering (4.4), the maximum enhancement is obtained when @ /V is optimized.
This is traditionally achieved by creating resonant cavities with ultra-high quality
factors (Q > 10°), but in volumes larger than (\/n)3. In plasmonic cavities such as
the core-shell nanowire resonators described in this chapter, modes with low quality
factors (@ < 100) are confined to subwavelength effective mode volumes Vog and
thus can achieve high figures of merit Q)/Vez. We have already reported the quality
factors and mode volumes for the three resonators A, B, and C, reporting a maximum
Q/V = 4.8 x 10*(\/n)~3 in the smallest resonator (C).

We also determine what portion of the decay contributes to radiative emission
versus absorption by calculating the enhancements in the total and radiative decay
rates normalized to I'g, the decay rate in vacuum, given by

=32 (2 @9
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The total decay rate, I'i, is related to the LDOS p as

(4.6)

Finally, the radiative decay rate, I'}.q4, is calculated by integrating the far-field Poynt-
ing vector for a dipole source (polarized along r) located inside the Si core of the
nanowire.

Results for resonators A, B, and C are shown in Figure 4.10. Peaks in the plot of
[yaa/To correspond to the resonant modes illustrated in Figures 4.4, 4.6, and 4.8. The
largest enhancements are seen for the A = 610 nm mode of the ultra-small resonator
C, with T'.q/T9 > 13000. Resonators A and B also see significant enhancements
(Traa/To > 100 and T'.q/To > 400, respectively), and both have quantum efficiencies
[raa/Tor of approximately 50%. Remarkably, the smallest resonator C maintains
a reasonable quantum efficiency of 26%, again demonstrating the promise of ultra-
small plasmonic core-shell nanowire resonators for enhancing the rate of spontaneous

emission.

4.5 Core-Shell Nanowire Resonators as Sensors

Enhanced radiative decay suggests using plasmonic core-shell nanowires as molecular
sensors. The simplest sensing experiments report a shift in the resonance wavelength
when the surrounding medium is changed from air (n = 1) to a medium with a higher
refractive index, such as water (n = 1.33) or sucrose (n = 1.38). The figure of merit
for sensing is defined as

AN

with units of nm/RIU (refractive index unit) where A\ is the shift in resonance
wavelength and An is the refractive index change. The FOM can also be expressed
in units of meV/RIU when

AE
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Figure 4.11. Far-field emission spectra for a Si-Ag core-shell
nanowire resonator (¢ = 25 nm, L = 150 nm) in air (n = 1), wa-
ter (n = 1.33), sucrose (n = 1.38), and with a single monolayer
of streptavidin on one resonator end (4.6 nm) and a 10 nm layer of

streptavidin, illustrating how these resonators can behave as sensors.

where AFE is the shift in resonance energy. This FOM has been calculated for a
number of small metal nanoparticles [70, 71, 72], and the metal nanostar demon-
strate sensitivities higher than 1000 meV/RIU [73]. For resonator B (a = 25 nm,
L = 150 nm), changes in far-field intensity for plane wave excitation at § = 0° for
the resonator in air, water, and sucrose is shown in Figure 4.11. Significant spectral
changes are observed, not only shifts in the resonance wavelength but also in inten-
sity. When the resonator is situated in a higher index medium, more radiation to
the far field is observed. We calculate a FOM for this resonator of 60 nm/RIU or
150 meV /RIU.

Significant effort has been devoted to developing sensors that are sensitive enough
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to sense extremely small quantities of analyte, even to the single-molecule level. The
biotin-streptavidin system is commonly used in sensing experiments. As a step toward
designing single-molecule sensors, we have calculated the far-field emission spectrum
for resonator B in air with a single monolayer of streptavidin coating one resonator end
(thickness of 4.6 nm), as well as a 10 nm thick layer of streptavidin (Figure 4.11). This
thin layer of streptavidin shifts the resonance wavelength and increases the intensity

of emission.

4.6 Chapter Summary

In this chapter, we have introduced the Si-Ag core-shell nanowire resonator and per-
formed a thorough investigation of its resonant modes using the boundary element
method. A case study of three specific resonators, all with subwavelength dimensions,
demonstrated that extremely high modal confinement is observed for all sizes. We cal-
culated the radiative and total decay rates, and saw the most dramatic enhacements
for the smallest resonator. A quantitative summary of these three resonators can be
found in Table 4.1. Most importantly, we showed that resonators with dimensions
on the order of A/50 can still confine modes to deeply subwavelength mode volumes

without significant loss in quality factor.
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Table 4.1. Summary of Q)/V and decay rate enhancements in Si-Ag

core-shell nanowire resonators

radius a (nm) 50 25 5
length L (nm) 500 150 25
A (nm) 850 700 610
Ve 0.32(A/n)® | 0.026(\/n)3 | 4.7 x 1074(\/n)?
Q 79 53 26
Q/ Vet 247(\/n)=3 | 2040(\/n)~® | 55300(\/n)~3
Lraa/To 58 227 3,250
Lot /To 115 445 13,520
Trad/Tiot 49% 50% 26%
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Chapter 5
Fabrication and Characterization of Si-Ag

Core-Shell Nanowire Resonators

5.1 Introduction

In Chapter 4, we discussed a theoretical investigation of Si-Ag core-shell nanowire
resonators (Figure 5.1), and demonstrated that in this geometry, modes can be con-
fined to ultra-small volumes. In this chapter, we address several routes to fabricating
these resonators and methods of characterizing their optical properties. Both top-
down and bottom-up fabrication are explored, and dark-field optical spectroscopy is

used to investigate the properties of these resonators.

5.2 Fabrication of Si-Ag Core-Shell Nanowires

In this section, we describe the two methods employed for fabricating core-shell
nanowires. The first is a bottom-up approach that begins with Si nanowires grown
by chemical vapor deposition (CVD), and the second uses electron beam lithography
(EBL) and reactive ion etching (RIE) to fabricate Si nanowires. In both cases, the
Ag coating is deposited by RF-magnetron sputtering.

5.2.1 Bottom-Up Approach

The bottom-up fabrication method is shown schematically in Figure 5.2. The wires
are grown using the vapor-liquid-solid (VLS) growth mechanism [74] with Au as a

catalyst, following the method developed by Kayes et al. [75]. We begin with a
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Figure 5.1. Si-Ag core-shell nanowire resonator, consisting of a Si

core (radius a), Ag cladding (thickness T'), and length L.

Si (111) substrate with 300 nm thermal oxide. The Au catalyst is patterned using
photolithography and a mask consisting of 3 um holes in a rectangular array with
7 wm center-to-center spacing. After pattern exposure, the SiOs in the exposed region
is etched away with HF acid, leaving an oxide-free Si surface that will serve as the
substrate for wire growth. Au catalyst (100 nm thick) is deposited using thermal
evaporation. After liftoff, the Au dots are patterned only on top of the Si (111)
surface and are separated from one another by SiO,. This prevents Au migration
during the high-temperature CVD growth.

After Au patterning, nanowires were grown in a CVD reactor at 1000 °C with SiCly
and Hy gas as the precursors. In the VLS method, Si from the SiCly is absorbed by
the liquid Au, forming a Au-Si alloy. The remaining Cl reacts with Hy producing HC1
gas. The Au-Si alloy at the wire tip passes through the binary eutectic point, upon
which the Si solidifies and separates, forming the nanowire. The samples were first
annealed in a tube furnace at 1000 °C for 20 min under 1 atm of Hy at a flow rate of
1000 SCCM. Wires were then grown for 5 min at 1000 °C at 1 atm of Hy and SiCly,
at flow rates of 1000 and 20 SCCM, respectively. For our purposes, short (=1 pum)
wires are grown. After growth, the Au catalyst tips are etched off using Transene Au

etch TFA (KI-I; complex) for 3 min.
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Figure 5.2. Bottom-up fabrication procedure for making Si-Ag core-
shell nanowires. Si nanowires grown by Au-catalyzed CVD (VLS
procedure) are oxidized and etched to reach a desired diameter of
<100 nm, and coated with Ag by sputtering. After sonicating to
disperse in IPA, wires are dropcast onto an ITO-coated glass slide

and cut by FIB to the desired length and to attain smooth end facets.

74



Figure 5.3. (a) A representative wire approximately 1.3 pm in di-
ameter after 3 hr of wet oxidation at 925 °C and 5 min etching in
BHF; (b) 900 nm diameter after 1.2 hr oxidation at 925 °C and 2.75
min BHF; (¢) 700 nm diameter after 3 hr oxidation at 950 °C and 5
min BHF; (d) 200 nm diameter after 3 hr oxidation at 950 °C and 5
min BHF; (e) 50 nm diameter after 45 min oxidation at 950 °C and
5 min BHF.

The nanowire diameter and spacing are determined by the size and position of
the Au catalyst on the growth substrate. Photolithography limits these dimensions
to approximately 1 wm, which is much larger than the wire diameters explored in
Chapter 4. To achieve smaller wire diameters, a series of wet oxidation and wet
chemical etching was employed (Figure 5.3). The wires were oxidized in a tube
furnace operating at 925 °C and 950 °C for times varying from 0.75 — 3 hr, creating
a thick SiOy layer on the surface of the Si wire and growth substrate. This oxide
layer was removed by submersion in buffered HF(aqueous) (BHF) acid for 5 min,
after which the oxidation and etching procedure was repeated. Ultimately, the wire
diameter was decreased from approximately 1.5 pm to less than 70 nm.

A uniform Ag layer of 60 nm was deposited around the Si nanowire using RF-
magnetron sputtering (Figure 5.4). The sample was placed in a cuvette with isopropyl
alcohol (IPA) and sonicated for 30 s to form a solution of Ag-coated Si nanowires.
Approximately 10 puL of this solution was dropcast onto an indium tin oxide (ITO)-
coated SiOq substrate in 1 pL increments using a micropipette, and the IPA was
allowed to evaporate between each droplet. Afterwards, a FIB with a Ga™ source
operating at 30 keV and 10 pA was used to cut the core-shell nanowires to desired

lengths and to create smooth end facets.
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Figure 5.4. (a), (b) SEM images of Ag-coated NWs. (c¢) Ag-coated
NW dropcast on ITO-coated glass substrate and (d) cut with FIB.
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5.2.2 Top-Down Approach

We also investigate a top-down approach to fabricating Si-Ag core-shell nanowire
resonators using EBL, RIE, and metal sputtering (Figure 5.5). Here, we start with a
silicon-on-insulator (SOI) wafer with a 220 nm thick Si (100) device layer on 3 pm of
SiO4 on Si. On top of this, we spin a thin (75 nm) layer of poly(methyl methacrolate)
(PMMA). Arrays of small holes 100x 100 um?, 40-80 nm diameter with spacing from
1-20 pwm are patterned in the PMMA using electron beam lithography and developed
for 45 s in 1:3 MIBK:IPA. A 30 nm thick layer of Al,Oj is deposited by RF-magnetron
sputtering. Although this technique results in conformal deposition, the swelling of
the PMMA in acetone succeeds in fracturing the thin, brittle layer of of the Al,Os.
Liftoff is performed by soaking the sample in acetone for 1 hr and then gently wiping
the surface with a cloth-tipped swab. This results in small Al;O3 dots on the SOI
that serve as a mask for RIE.

Arrays of Si nanowires 40-80 nm diameter are created by reactive ion etching
through the top Si layer of the SOI wafer with Pseudo-Bosch (SFg/C4Fg) etch chem-
istry [76]. Afterwards, the Al,O3 mask is removed by etching the sample in a base-
RCA clean with a solution of 5:1:1 HyO:H>O5:NH,OH at 70 °C for 60 s. This pro-
cedure creates uniform Si nanowires 220 nm tall on the 3 pum oxide layer, as seen in
Figure 5.6a before removal of the Al,O3 etch mask.

The metal cladding is formed by sputtering a 60 nm Ag layer over the sample,
coating the Si nanowires. As shown in Figure 5.6b, this results in conformal coating
of the sidewalls and substrate below, as well as creating a larger ball of Ag atop the
nanowire. To perform experiments, we must obtain optical access to the Si core. The
removal of excess Ag is achieved by sputtering in an Ar plasma. We find that after 3
separate sputtering steps of 5 min, 5 min, and 2 min, the excess Ag atop the nanowire,
as well as the Ag on top of the SiO5/Si substrate below, has been removed. Although
primarily isotropic, the Ar plasma etch is just directional enough that the Ag removed
from the sample is redeposited on the Si nanowire sidewalls to protect the cylindrical

Ag coating during the etch. The resulting structure is shown in Figure 5.7.
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Figure 5.5. Top-down fabrication steps for Si-Ag core-shell nanowire
resonators. Small dots of Al,O3 are patterned using electron beam
lithography and liftoff, and used as an etch mask for RIE. Ag is
deposited by sputtering and optical access to the nanoresonators is

achieved by etching in Ar plasma.
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Figure 5.6. SEM micrographs taken at 30° tilt of (a) Si nanowires
fabricated by electron beam lithography and reactive ion etching,

and (b) Si nanowires coated with Ag by sputtering.
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Figure 5.7. SEM images of fully-fabricated Si-Ag core-shell nanowire
resonators after Ar sputtering to remove excess Ag taken at (a) 0°

and (b) 45° tilt. Higher-magnification images are seen in (c).
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Figure 5.8. Schematic illustration of DF spectroscopy and imaging
in an inverted optical microscope. This setup collects the scattered
light from the sample, illustrated here as a Si-Ag core-shell nanowire

on ITO-coated SiOs.

5.3 Optical Characterization

The Si-Ag nanowire resonators are characterized optically using a combination of
bright- and dark-field spectroscopy. The experimental setup is seen in Figure 5.8.
Incident light from an unpolarized halogen lamp is sent through a dark-field (DF)
objective (100x, 0.9 NA) that collects only scattered light from the sample. The light
is focused into a monochromator and CCD spectrometer that allows spectroscopy to
be performed on single nanowires, as well as arrays. A rotatable polarizer on a flip-
mount in the detection path permits collection of polarization-resolved scattering

spectra.
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Figure 5.9. Left: SEM image of a FIB-cut Ag-coated Si NW and
corresponding trenches used for normalization. Right: Close-up SEM

image of Ag-coated Si NW.

5.3.1 Dark-Field Spectroscopy of Bottom-Up Fabricated Si-

Ag Core-Shell Nanowires

We perform optical measurements on single nanowires fabricated by the bottom-up
technique described in Section 5.2.1. As this technique measures scattered light, and
the FIB-cut process creates subwavelength trenches that scatter the incident light, we
also fabricated trenches near the core-shell nanowire as shown in Figure 5.9. Dark-
field spectra are collected from both the wire and the corresponding trenches, and we

ultimately report spectra corrected as

D F wire

DF, corrected — DE .
trenches

(5.1)

As the close-up SEM in Figure 5.9 shows, this wire 250 nm in length has clean end
facets, a Si core diameter of 50 nm, and Ag coating 50 nm thick.
Polarization-resolved dark-field scattering spectra of this core-shell nanowire are
shown in Figure 5.10a. Here, the longitudinal axis of the nanowire is oriented along
0°-180°. Several peaks are observed, the brightest at A = 450 nm and A = 700 nm.
Maximum DF intensity is observed for 90° polarization, decreasing to a minimum
at 0° and 180°. Calculations of the FF emission for plane wave excitation incident

at 0 = 45° from the surface normal are also plotted in Figure 5.10a. We find good
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agreement between the spectral peaks in the calculated emission spectrum and the
experimental DF scattering spectrum at 6 = 90°. Polar plots of the DF scattering
intensity at several wavelengths are seen in Figure 5.10b. For all wavelengths, emission
is oriented perpendicular to the longitudinal axis of the wire. Highest intensity is

observed at A = 450 nm.

5.3.2 Dark-Field Spectroscopy of Top-Down Fabricated Si-

Ag Core-Shell Nanowires

We also performed dark-field spectroscopy measurements on the top-down fabricated
Si-Ag core-shell nanowire resonators. These samples have arrays with varying Si
core diameters and spacing between the resonators, allowing investigation of both
individual resonators and collections of several resonators. A DF image is seen in
Figure 5.11 for a 100x100 um? array with 5 um spacing between the wires, which
shows significant response in the blue end of the spectrum.

Dark-field scattering spectra of approximately 15 resonators with 1 um spacing
between the wires is shown in Figure 5.12a, for resonators with 60 nm, 50 nm, and
40 nm Si core diameters, 60 nm of Ag coating, and 220 nm tall. The spectra reported

here are corrected to a background spectrum from another region of the sample by

DFWire

DF corrected — TR -
DF, background

(5.2)

A number of peaks are observed in the DF spectra for the three different sizes, and
the spectral positions of these peaks appear to be independent of the Si core diameter.
However, the intensity of the peaks does depend on this dimension. If the spectral
features were due to longitudinal modes of the resonator, one would expect the peak
position to vary with the Si core diameter. Instead, these peaks originate from Fabry-
Pérot oscillations in the SiOs film that couple to free space through the Si-Ag core-
shell resonators. The DF spectrum in Figure 5.12b is from a single resonator with
50 nm Si core diameter, 60 nm Ag coating thickness, and 220 nm tall, and the same

spectral features can be observed. Essentially, these resonators act as antennas that
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Figure 5.10. (a) Polarization-dependent DF scattering spectra from
the NW in Figure 5.9. In black, theoretical results for BEM cal-
culations of integrated FF intensity for plane-wave excitation at
0 = 45°. (b) Polar plots of DF scattering intensity at wavelengths
of A = 450, 500, 550, 600, 650, and 700 nm. DF intensity is oriented

along the transverse axis of the nanowire.
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10 um

Figure 5.11. DF scattering image of Si-Ag core-shell NWs fabricated
by EBL and RIE. By looking at arrays with different spacing, we can

collect spectra from multiple and single nanowires.
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Figure 5.12. (a) DF scattering spectra of 15 nanowires in arrays
with different core diameters, 60 nm, 50 nm, and 40 nm. (b) DF
scattering spectrum of a single Si-Ag core-shell nanowire with 50 nm

Si core diameter.
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couple the Fabry-Pérot resonances to the far field. Determining the modes of the Si-
Ag resonators uncoupled from the SiO, film on Si is not possible in this configuration,

but will require removing the thick Si substrate.

5.4 Chapter Summary

In this chapter, we have described how to fabricate Si-Ag core-shell nanowire res-
onators by two methods. In the first, CVD is used to grow Si nanowires using the
VLS process, and a series of oxidation and etching steps are used to create wires of
the desired diameter. The Ag coating is deposited by sputtering. After sonication in
IPA and dropcasting on ITO-coated SiOs, the wires are cut to a desired length using
FIB. We also used a series of EBL and RIE to fabricate Si nanowires in the top device
layer of an SOI wafer, and fabricated the Ag coating by sputtering. Both approaches
succeed in fabricating Si-Ag core-shell nanowires with <50 nm Si cire diameter and
<300 nm length. Optical characterization is performed in an inverted microscope in a
dark-field configuration, and resonances are determined from the scattering spectra.
As we showed in Chapter 4, these structures could be useful for sensing applications
and, when incorporating light emitters into the Si core, for enhancing the rate of

spontaneous emission.
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Chapter 6
Enhancing the Rate of Spontaneous
Emission in Active Core-Shell Nanowire

Resonators

6.1 Introduction

Researchers have devoted considerable effort to enhancing light emission from semi-
conductors and molecules using optical geometries that exhibit high Purcell factors
[69]. To effectively enhance the rate of spontaneous emission, one must maximize
the quantity of @/V. This is traditionally achieved by designing dielectric resonators
with high quality factors, ). Although plasmonic nanocavities generally support res-
onant modes with low quality factors (@) < 50), these modes are highly confined to
subwavelength mode volumes (V' << (A/n)?) and can also exhibit very large Pur-
cell factors. It has long been recognized that metal films and nanostructures can
enhance the fluorescence of molecules [77, 78] and semiconductors [79, 80], and since
then a number of more complex plasmonic nanoparticle and nanoantenna geome-
tries have been employed to modify the spontaneous emission rate [81, 82]. Recently,
plasmon-enhanced stimulated emission was demonstrated in two new devices, the
spaser (surface plasmon amplification by stimulated emission of radiation) nanolaser
[83] and the plasmon laser [84]. Here, we demonstrate an equally dramatic effect
on the spontaneous emission rate of inorganic semiconductors in ultra-small mode
volume cavities.

In this chapter, we investigate plasmonic core-shell nanowire resonators consisting
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of a ITI-V compound semiconductor heterostructure nanowire core surrounded by an
optically thick Ag coating, shown schematically in Figure 6.1. Enhancing the sponta-
neous emission rate of I11-V semiconductors is of particular interest because they have
high internal quantum efficiency and an ability to form high-quality heterostructures.
We will use a method similar to Chapter 4 to investigate these structures, but now

incorporate active I1I-V semiconductor light emitters into the semiconductor core.

6.2 Theoretical Methods

The semiconductor heterostructure core has an active light emitting region (length
L4, radius a) clad on all sides with a larger band-gap material (length Lo and thin
spacer layer thickness s), an Ag coating thickness T', and a total resonator length
L =Ly+ 2L¢c (Figure 6.1). This geometry allows for significant modification of the
local density of optical states (LDOS), which describes the available optical eigen-
modes for photons at a specific position, orientation, and frequency. The decay rate
of excited atoms is proportional to the LDOS. Changing the material and dimensions
of the semiconductor core directly modifies the LDOS, and thus controls the radia-
tive emission rate. Furthermore, we take advantage of the modest quality factors in
these plasmonic nanostructures (@) < 50) to achieve band-to-band spontaneous emis-
sion enhancement. We use the boundary element method (BEM) to investigate the
LDOS in these structures [62, 85|, choosing dimensions of the resonator such that the
lowest-order longitudinal resonance overlaps with the emission wavelength of the ac-
tive material. For this mode, we determine the LDOS, effective mode volume (Vg),
quality factor (@), and enhancements in the total and radiative decay rates (I'y
and T',.q, respectively, normalized to decay in vacuum, I'y), and the corresponding
quantum efficiency 7 = T'yaq/Tios-

In the BEM, calculations are performed in the frequency domain with the electro-
magnetic field in each homogeneous region expressed as a function of auxiliary bound-
ary charges and currents. After applying boundary conditions, a set of linear integrals

is obtained and solved by discretization. The axial symmetry of core-shell nanowire

89



Figure 6.1. Schematic of a plasmonic core-shell nanoresonator. The
nanowire core consists of a IT1I-V semiconductor active layer (length
L4 and radius a) clad with a wider band-gap III-V semiconductor
(segment lengths Lo and spacer thickness s) and coated with Ag
(thickness T" and total length L = 2Lc + La).

resonators allows decomposition of the fields into uncoupled azimuthal components m
with angular dependence e"™?. This results in an essentially one-dimensional field cal-
culation that is solved with great accuracy. Converged results are found for m., = 1,

using values of m defined by
M = —Mmax; —Mmax + 1, -« o s Mmax — 1, Mmax- (6.1)

The dielectric functions of the core and cladding materials are input using tabulated
data [34, 86, 87, 88, 89]. Resonant modes are determined by calculating the LDOS p

for a dipole emitter oriented along a radial direction using the relation

w?n 1

p

where w is the resonance frequency, ¢ is the speed of light in vacuum, n is the re-
fractive index of the active semiconductor, D is the dipole strength, and FEi.q is the
contribution to the electric field due to scattering at the interfaces and projected

along the direction of polarization. The resonance quality factor, ), is determined
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by fitting a Lorentzian lineshape to a plot of p vs. w, and

where Aw is the full width at half maximum.

In addition to calculating the LDOS, we determine the spatial near-field electric
field intensity (NF |E|?) profiles of each mode by using plane-wave excitation incident
at @ = 0°, polarized along an arbitrary radial direction (see Figure 6.1). The effective
mode volume, Vg, is defined as a cylinder with length L.g and radius a.g given
by the 1/e decay distance of the peak field intensity inside the semiconductor core
as Vg = Wagﬁ-[/eff. To determine what portion of the decay contributes to radiative
emission and absorption, we assume that the compound semiconductor active material
has unit internal quantum efficiency in homogeneous bulk materials [90] and calculate
the enhancements in the total and radiative decay rates normalized to I'y, the decay

rate in vacuum, given by

ro= 428 (2" os

The total decay rate, 'y, is related to the LDOS p as
(6.5)

Finally, the radiative decay rate, I'}.q4, is calculated by integrating the far-field Poynt-
ing vector for a dipole source (polarized along r) located in the center of the resonator

core.

6.3 Modes of Active Core-Shell Nanowire Resonators

Detailed results are presented for three resonators, each composed of a different I1I-V

compound semiconductor active emitter (GaAs, Alg42GagssAs, and Ing 15GaggsN).
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6.3.1 GaAs-Ing 51 Gag49P-Ag Resonator

We first consider GaAs as an active material with a band gap (emission wavelength)
E, = 1.424 eV (A = 870 nm), clad with Ings Gag49P, which is lattice matched to
GaAs. A thin Ing 51 Gag49P spacer layer is located between the GaAs active region and
Ag coating to prevent quenching of excitons located near the metal/semiconductor
interface. The lowest-order longitudinal resonance occurs at the proper wavelength
for a resonator with dimensions ¢ = 36 nm, s = 6 nm, L4 = 100 nm, Lo = 25 nm, and
T = 100 nm. Figure 6.2 shows contour plots of the LDOS and NF |E|? for plane-wave
excitation at # = 0° as a function of both wavelength and distance along the z-axis
at a constant radial position of » = 5 nm. It is clear from Figure 6.2 that the mode
at A = 870 nm has LDOS peaked in the GaAs region of the core. Additional modes
are supported at shorter wavelengths, but these do not overlap with the emission
wavelength of the active material and do not have the proper symmetry to support
large decay rate enhancements. Furthermore, we see from Figure 6.2 that plane-wave
excitation at A = 870 nm excites the same mode profile, with high fields localized
inside the GaAs region. The modes at shorter wavelengths are not excited here
because of symmetry.

We also calculate two-dimensional cross sections of the LDOS and NF |E|? for the
mode at A = 870 nm. The LDOS in Figure 6.3b is calculated in the semiconductor
core, and illustrates that indeed high LDOS is peaked inside the GaAs region. High
intensity is also localized in the thin spacer layer. Plane wave excitation at A =
870 nm allows investigation of the electric field localization, and high confinement of
the fields in both the radial and longitudinal directions is demonstrated in the two-
dimensional NF |E|? cross section of Figure 6.3c. The regions of high field intensity
in the core correlate to regions of high LDOS, and thus also to large enhancements in
the total decay rate. This mode has a moderate quality factor of 45 and an effective
mode volume Vg = 0.070(\/n)3, for Q/Veg = 645()\/n)~3. The radiative decay rate
enhancement is calculated for a dipole located in the center of the resonator polarized

along the r-direction, and we find 'y /g = 223, ['1aq/Tg = 128, and n = 0.57.
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Figure 6.2. Resonant modes for a structure with GaAs active layer
(a = 36 nm, L4 = 100 nm), Ing 5 Gag 4P cladding (s =5 nm, Lo =
25 nm), and Ag coating thickness 7" = 100 nm. The LDOS (top)
and NF |E|? (bottom) are calculated at a constant radial position of
r = 5 nm from the center of the resonator core and along the length
of the wire, at wavelenghts between A = 500 and 1000 nm. The
values of LDOS reported are normalized to the LDOS in vacuum.

The structure is shown schematically in the inset.
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Figure 6.3. (a) Schematic of a GaAs-InGaP-Ag core-shell nanowire
resonator with GaAs active layer (¢ = 36 nm, Ly = 100 nm),
Ing51Gag 4P cladding (s = 5 nm, Le = 25 nm), and Ag coating
thickness 7' = 100 nm. Two-dimensional profiles of the (b) LDOS at
A =870 nm and (c) NF |EJ? cross section for plane-wave excitation
at A = 870 nm (# = 0°), the emission wavelength of GaAs, show
that both high LDOS and high electric fields are concentrated inside
the GaAs active region, in a mode that is highly confined within the

semiconductor core.
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6.3.2 Alg42Gags8As-Alg70Gag.30As-Ag Resonator

To investigate a smaller structure with modes at shorter wavelengths, we choose
Al 42GagssAs as the active material. This alloy has E, = 1.95 eV, emitting at a
wavelength of A = 637 nm. A ternary alloy with higher Al content, Aly70Gag 30As,
is chosen for the cladding and spacer material, which is an indirect band-gap semi-
conductor with £, = 2.07 eV. A core-shell nanowire resonator composed of these
materials with dimensions ¢ = 14 nm, s = 5 nm, L, = 20 nm, Ls = 30 nm, and
T = 100 nm has the lowest order longitudinal resonance at A\ = 637 nm. The LDOS
and NF |E|?> mode profiles along the length of the resonator, calculated at a radial
position of » = 5 nm from the center of the core, are shown in Figure 6.4. Note the
twofold increase in LDOS of the lowest order mode as compared to the larger GaAs
structure. A plane wave at A = 637 nm also excites this mode with a longitudinal
profile that matches the LDOS.

The two-dimensional LDOS and NF |E|? profiles for the mode at A = 637 nm
are shown in Figure 6.5. The LDOS profile shows that high LDOS can be found
throughout the core, suggesting that the total decay rate will be enhanced for dipole
emitters located throughout the semiconductor. The NF |E|? profile in demonstrates
that even in this smaller structure, fields are highly confined in the semiconductor
core with minimal field penetration into the surrounding medium. This mode has
Q = 30, Vg = 0.021(\/n)3, and Q/Veg = 1435(\/n)~3, with decay rate enhancement
[iot/To = 460, T'1aq/To = 280, and n = 0.60. Comparing these results to the GaAs
resonator, we see that the smaller resonator continues to exhibit high modal confine-
ment with an effective mode volume approximately equal to the physical volume of
the semiconductor core, and that the lowest-order longitudinal resonance does not
sustain much loss in quality factor with decreased dimensions. Thus, the figure of
merit )/ Veg more than doubles in this smaller resonator relative to the first example

using GaAs, described above.
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Figure 6.4. LDOS (top) and NF |E|?> (bottom) profiles showing
the resonant modes for a structure with Aly4GagssAs active layer
(@ = 15 nm, Ly = 20 nm), Aly70GagspAs cladding (s = 5 nm,
Le = 30 nm), and Ag coating (7" = 100 nm). The LDOS and
NF |E|? are calculated at a constant radial position of r = 5 nm
from the center of the resonator core, and reported values of LDOS
and NF |EJ? are normalized to the LDOS in vacuum and fields of

the incident plane-wave source, respectively.
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Figure 6.5. Two-dimensional (a) LDOS and (b) NF |E|? cross sec-
tions of a core-shell nanowire resonator with Alg40GagsgAs active
layer (a = 15 nm, L4 = 20 nm), Al 70Gag30As cladding (s = 5 nm,
Le = 30 nm), and Ag coating (7" = 100 nm). The LDOS is calcu-
lated at A = 637 nm, the emission wavelength of the Aly42GagsgAs.
The NF |E|? cross section is calculated for plane-wave excitation at

A =637 nm (6 = 0°).
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6.3.3 1Ing15GaggsN-GaN-Ag Resonator

Next, we consider as our active layer a 2 nm Ing 15Gag g5 N single quantum well (SQW),
with GaN as the cladding. Excitons in the Ingi5GaggsN are highly localized, and
therefore an explicit spacer layer is not modeled in this structure. The Ing15GaggsN
quantum well emits at A = 440 nm, and the resonator with the lowest-order lon-
gitudinal resonance at this wavelength has dimensions of @ = 5 nm, L, = 2 nm,
Le =10 nm, and 7' = 50 nm. In this deeply subwavelength resonator, only extremely
evanescent modes are supported. The LDOS and NF |E|? for plane-wave excitation
at # = 0° along the length of the wire are shown in Figure 6.6. At A = 440 nm, the
peak LDOS within the Ing 15GaggsN SQW has a peak value of 900, more than twenty
times the peak LDOS of the GaAs and Aly4GagssAs resonators.

The two-dimensional LDOS and NF |E|? cross sections in Figure 6.7 illustrate the
high level of confinement within the core of this deeply subwavelength structure. Al-
though the highest LDOS is seen at the semiconductor /metal interface, LDOS > 1000
is seen throughout the InGaN SQW. Furthermore, a peak electric field intensity of
3000 times larger than the incident plane wave is seen in Figure 6.7. This highest
LDOS and NF |E|? of the three resonators studied in detail here is achieved with the
smallest resonator volume. We calculate @Q = 32 and Vg = 4.3 x 1074(\/n)3, and
find the highest Q/Veg in this ultra-small resonator at 7.4 x 10*(\/n)~3. Dramatic de-
cay rate enhancements are found for this ultra-small structure, with Iy /Ty = 8200,
[raa/To = 3500, and n = 0.43, which exceeds the radiative decay rate enhancements
reported for metal nanoparticle structures [91]. This demonstrates that upon the
transition from subwavelength resonators that support eigenmodes with sizable re-
tardation effects to ultra-small resonators that support highly evanescent modes of
a non-retarded nature, plasmonic core-shell nanowire resonators with dimensions on
the order of \/50 are able to strongly confine modes within the semiconductor core

and to achieve dramatic enhancements in the radiative emission rate.
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Figure 6.6. (top) LDOS (normalized to LDOS in vacuum) and (bot-
tom) NF |EJ? for plane-wave excitation at A = 440 nm, 6 = 0° (nor-
malized to incident source) versus wavelength for a structure with
Ing15GaggsN active layer (¢ = 5 nm, Ly = 2 nm), GaN cladding
(Lc = 10 nm and no spacer layer), and Ag coating (7" = 50 nm).
LDOS and NF |EJ? are calculated at a radial position of r = 1 nm
from the center of the resonator core and along the longitudinal axis.

Schematic of this structure is shown on the right.
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Figure 6.7. Cross-sectional (a) LDOS and (b) NF |E|? profile for a
structure with Ing;5GaggsN active layer (¢ = 5 nm, Ly = 2 nm),
GaN cladding (Le = 10 nm and no spacer layer), and Ag coating
(T =50 nm). The LDOS is calculated at A = 440 nm, the emission
wavelength of the Ing15GaggsN signle quantum well. The NF |E|?

is calculated for plane-wave excitation at A = 440 nm (6 = 0°).
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6.4 Enhanced Radiative Decay

The total decay rate enhancements and corresponding quantum efficiencies are plotted
in Figure 6.8. Peaks in the plot of T'y/T¢ versus wavelength correspond to the
resonant modes illustrated in the LDOS plots of Figures 6.2, 6.4, and 6.6. The
largest decay rate enhancements are seen for the A = 440 nm mode of the ultra-small
Ing.15GaggsN resonator, although significant enhancements are also observed for the
GaAs and Aly 42GagssAs resonators. Additionally, the quantum efficiencies 7 at the
wavelengths of interest are >50% for these two resonators. Remarkably, even the
smallest resonator (Ingi15GaggsN SQW) maintains a reasonable quantum efficiency
of >40%, suggesting that a large portion of the enhanced decay rate correlates to
observable photons. The colored shaded regions on the graph correspond to a typical
LED bandwidth centered at the emission wavelength of the active material, and
because of the moderate quality factors in these plasmonic resonators, the rate of
spontaneous emission is enhanced significantly throughout the entire band.

Finally, we also calculate the polarization dependence of the far-field (FF) ra-
diation at the emission wavelength of each ITI-V semiconductor plasmonic core-shell
nanowire resonators, and compare that to the emission polarization from an uncoated
wire (GaAs active region with a = 36 nm, L4 = 100 nm, Ing5;Gag 4P cladding and
spacer with s = 6 nm and Lc = 25 nm, and no Ag coating). The polar plot is
seen in Figure 6.9 for an observer looking down a radial axis. The FF radiation is
determined for dipole excitation in the center of the resonator core, and the emis-
sion is isotropically averaged for all three dipole orientations (z, y, and z). The
uncoated wire has a dipolar emission pattern oriented transverse to the longitudinal
axis of the nanowire. Although not plotted here, the uncoated Ing 15GaggsN/GaN and
Aly.42Gag ssAs/Aly 70Gag 30As wires show the same dipolar radiation pattern. With
the Ag coating, all three of the resonators have a strongly modified emission polariza-
tion that is now oriented parallel to the longitudinal axis of the resonator. Dielectric
materials tend to trap electromagnetic fields, so the z dipole in the uncoated GaAs

nanowire is more efficient at polarizing the dielectric, and therefore emission is peaked

101



Decay Rate Enhancement in
I1I-V Core-Shell Nanoresonators
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Figure 6.8. Total decay rate enhancement (solid) and quantum ef-
ficiencies (dashed) as a function of wavelength for the three differ-
ent I1I-V core-shell nanoresonators. Colored shaded regions indicate

typical spectral width of LED emission.
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Figure 6.9. Polar plot of far-field radiation from dipole excita-
tion of the same three core-shell nanoresonators (AlGaAs scaled
x35, GaAs scaled x200) and in black a bare (uncoated, no Ag)
GaAs/Ing 51 Gag 4P nanowire (scaled x10°). The Ag coating modi-

fies both the intensity and direction of the far-field emission.

toward 6 = 90°. In contrast, the metal coating quenches the z dipole, whereas radial
dipoles couple naturally to modes of the metal-dielectric interface and dominate the
resulting polar emission. Thus, the plasmonic coating modifies not only the rate of

spontaneous emission but also the direction of far-field radiation.

6.5 Chapter Summary

In summary, we have introduced the I1I-V semiconductor plasmonic core-shell nanowire
resonator geometry and shown that it is suitable for achieving dramatic enhance-
ments in the rate of spontaneous decay of a variety of I1I-V materials, namely GaAs,
Alp42GagsgAs, and Ing15GaggsN. In all three structures, the dimensions are chosen
such that the lowest-order longitudinal resonance occurs at the band-edge emission

wavelength of the active material, and the electric fields are highly confined within
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Table 6.1. Summary of Q/V and decay rate enhancements in I11I-V

semiconductor plasmonic core-shell nanowire resonators

active material GaAs Alp 40Gag s As Ing 15GaggsN
radius a (nm) 36 14 5
length L4 (nm) 100 (GaAs) 20 (Alp42GagssAs) | 2 (Ing15GagssN)
length Lo (nm) 25 (Ing51Gag.49P) | 30 (Alg70Gag30As) 10 (GaN)
spacer s (nm) 6 (Ing51Gag4oP) | 4 (Alg70GagzpAs) 0
Ag thickness T (nm) 100 100 50
A (nm) 870 637 440
Vg 0.070(\/n)? 0.021(\/n)? | 4.3 x 10*(\/n)?
0 45 30 32
Q/ Vet 645(\/n) 3 1435(\/n) =3 74000(\/n)~3
[raa/To 128 280 3,500
Tiot/To 223 460 8,200
7 57% 60% 43%

the resonator core. The increased LDOS due to the plasmonic coating contributes di-

rectly to enhanced spontaneous emission, and total decay rate enhancements of >8000

with quantum efficiency of >40% are observed for a structure with dimensions on the

order of A\/50. Additionally, Q/V > 10*(\/n)~ was calculated, a value competitive

with conventional high-Q dielectric microcavities. The numerical results are summa-

rized in Table 6.1. We anticipate that as we continue to shrink resonator dimensions

and incorporate new active materials that emit near the surface plasmon resonance,

even higher LDOS and radiative decay rate enhancements will be achievable. This

work demonstrates that I1I-V semiconductor plasmonic core-shell nanoresonators are

a promising design for fast, bright, nanoscale, and perhaps even directional on-chip

light sources.
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Chapter 7

Summary and Outlook

The field of plasmonics has undergone significant growth in recent years, primarily due
to advances in nanofabrication techniques and full-field electromagnetic simulation.
We are now able to not only investigate optics at the nanoscale, but to precisely
control and predict these phenomena in a wide array of architectures. This thesis
has been devoted to the study of light emission in a variety of plasmonic geometries,
illustrating new methods of exciting and manipulating light in complex nanocavities.

In the early chapters, we demonstrated that cathodoluminescence imaging spec-
troscopy is a powerful tool for investigating metallic films and nanostructures. The
light emission resulting from electron beam excitation was used to determine the
propagation distance of near-resonance surface plasmons, and distances as short as
400 nm were measured on Ag films. We also examined a metal-coated semiconduc-
tor nanowire with this technique, and were able to excite localized resonances in the
metal coating, as well as bright emission from the semiconductor nanowire. Modes
of a more complex geometry, the annular nanoresonator, were also investigated with
spectrally resolved cathodoluminescence. We mapped out the spatial profiles of an-
nular nanoresonator modes in both Ag and Au structures with extremely high spatial
resolution. Supported by full-field simulation, our observations led to the conclu-
sion that CL emission in a particular resonator mode is brightest for electron beam
excitation in a position of high field intensity.

We then chose to study a specific plasmonic nanocavity, the core-shell nanowire
resonator, with a number of different semiconductor core materials and an optically
thick Ag coating. Theoretical calculations of the Si-Ag geometry proved that the
LDOS could be carefully tuned by adjusting the dimensions of the resonator, and that
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the highest LDOS is achieved in the smallest structures. Remarkably, a Si-Ag core-
shell nanowire resonator with dimensions on the order of A/50 still sustained modes
with () > 25, permitting dramatic enhancements in the total and radiative decay
rates. Further, we presented two routes of fabricating the Si-Ag core-shell nanowire
resonators, one relying on top-down lithography and RIE etching techniques, and the
other based on CVD growth, oxidation, and wet chemical etching. In both cases, Si
cores with diameters of <50 nm were achieved, and fully fabricated resonators were
characterized with dark-field optical spectroscopy. Switching to I1I-V semiconductor
core materials, we illustrated that active plasmonic core-shell nanowire resonators are
a promising design for fast, bright, and directional on-chip light sources. Structures
with GaAs, AlGaAs, and InGaN active emitters were chosen, and all exhibited ex-
tremely high field confinement for deeply subwavelength mode volumes. Again here,
the smallest structure (InGaN) provided the most dramatic decay rate enhancements
of more than 8000 times with quantum efficiency of >40%.

One area of ongoing work involves designing metal nanostructures to enhance
the rate of spontaneous emission from GaAs nanowires, inspired by the theoretical
results of Chapter 6. Our preliminary experiments include dropcasting high quantum
efficiency GaAs NWs grown by molecular beam epitaxy [92] on a variety of substrates
(Si, Ag, and Ag coated with a thin Cr layer) and comparing the GaAs PL intensity
and lifetime decay traces. Single nanowire spectroscopy is performed using the setup
shown in Figure 7.1, with a picosecond supercontinuum laser source operating at
40 MHz passed through filters for excitation between 550 and 750 nm. The laser
is sent through an inverted optical microscope with a 100x objective (0.9 NA) and
focused to a 15 um spot on the nanowire. In the detection path, a CCD and a
single photon avalanche diode (SPAD) permit collection of single nanowire PL spectra
and PL lifetime decay traces, respectively. Figure 7.2a shows a TEM image of an
individual GaAs NW approximately 15 um long, and with a diameter that tapers
from 150 to 80 nm. The NW is composed of a GaAs p-i-n radial junction and thin
Alg4GaggAs/GaAs cap 10 nm thick. Once dropcast onto the various substrates,
PL spectra (Figure 7.2¢) and PL lifetime decays (Figure 7.2d) are measured for a
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Figure 7.1. Schematic of single nanostructure PL and lifetime de-
cay experimental setup. A picosecond supercontinuum laser source
operating at a fixed repetition rate of 40 MHz is sent through band-
pass filters at wavelengths of 550-750 nm, into an inverted optical
microscope operating in reflection equipped with a 100x objective
(NA 0.9), and focused onto a single nanostructure. The emitted PL
is sent through a pair of longpass filters (800 and 850 nm) and then,
via a flip mirror assembly, into either a monochromator and CCD
spectrometer for collection of PL spectra, or into a single photon
avalanche diode (SPAD) detector and time-correlated single photon
counting (TCSPC) module for lifetime measurements. A beam sam-
pler (5%) sends a portion of the incident laser light into a trigger

diode to sync the source and detector pulses.
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Figure 7.2. (a) TEM image of a single GaAs NW 15 pum long and
tapered from 150 to 80 nm diameter. The nanowire core consists of
a GaAs p-i-n radial junction clad with 8 nm Aly 4GaggAs and a 2 nm
GaAs cap. (b) Schematics of GaAs NWs dropcast on three different
substrates: Si, Ag (250 nm) on Si, and Ag (250 nm) + Cr (5 nm) on
Si. (c) PL intensity and (d) PL lifetime decay for single GaAs NWs
on each substrate: Si (green), Ag (red), and Ag+Cr (blue), with the
instrument response for decay measurements plotted in black. The
PL spectra show a 5-fold enhancement in PL intensity for a NW on
Ag when compared to a NW on Ag+Cr, and the PL decay shows a
3x decay rate enhancement for a NW on Ag compared to NWs on
bare Si and Ag+Cr films. Insets in (c): (top) Bright-field reflected

light image, and (bottom) laser spot focused on a single nanowire.
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number of NWs. Because of absorption in the Si at both the pump wavelengths
and at the PL emission wavelength, the emission intensity for the GaAs NW on Si
is too low to plot alongside the others in Figure 7.2c. The PL spectra for GaAs
NWs on the other two substrates, however, show a 5x enhancement in the emission
intensity for a NW on Ag when compared to a NW on Ag+Cr. We expect the thin Cr
layer to damp SPs while not significantly diminishing the reflectivity of the Ag, and
therefore attribute the PL intensity enhancement to coupling into SPs. Furthermore,
the PL decay traces in Figure 7.2d illustrate shorter PL lifetimes 7 for a GaAs NW
on Ag (7 = 43 ps) compared to NWs on Si and Ag+Cr (7 = 125 ps). These results
encourage further experimental investigation of additional plasmonic nanostructures
for enhancing spontaneous emission, a variety of which can be easily fabricated using
FIB milling of metal films. We are currently pursuing this work with a goal of
observing >100x enhancement in the emission rate of GaAs NWs.

Overall, this thesis has demonstrated that plasmonics enables truly nanophotonic
technologies and provides a means of manipulating light at the nanoscale. The rela-
tively young field of plasmonics has already seen rapid progression in the miniaturiza-
tion of traditional optical components such as waveguides and resonators, achieved
by judiciously designing metallodielectric structures that exhibit extremely high and
localized field intensities and extremely short wavelengths. Though these early pro-
totype devices are impressive in their own right, the true potential of plasmonics
will be realized by exploiting the hybrid electronic/photonic characteristics of surface
plasmons to create a new class of applications. From investigations of cathodolumi-
nescence emission in plasmonic nanostructures, one can envision the development of
an electrical surface plasmon source that could be integrated for chip-based nanopho-
tonic networks or sensors. New plasmonic nanocavity designs that support dramatic
spontaneous emission enhancements may enable nanoscale LEDs that are brighter
and faster than chip-based laser sources. There are, of course, myriad opportunities,
with the only limits being our imagination and determination to realize the promise

of plasmonics.
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Appendix A
Boundary Element Method Calculations
of LDOS and Decay Rates

A.1 Decay Rates in Atomic Units

This appendix provides a brief tutorial for BEM calculations of the total and radia-
tive decay rates, including a sample command file and material data file for BEMAX
(program for structures with axial symmetry), and intended to supplement the in-
ternal help files that accompany the BEMAX program. As described in Chapters 4
and 6, the total decay rate is proportional to the LDOS, and the radiative decay
rate is determined from the far-field radiation [85]. All calculations within the BEM

program use atomic units with standard physical quantities defined as follows:

h=me.=e=4dmeg =1 (A.1a)
¢ = 137.036 (A.1b)
10 -
_ 10- Alnm] (A.1c)
0.52918
EleV] 1240

YT 97211 T 27.211 Ajnm]’ (A.1d)

The BEM calculations of the local density of optical states p output a value for
each orientation (z, y, and z) and a total LDOS, all normalized po, the LDOS in a

homogeneous region of refractive index n, given by

an

Po= 53 (A.2)
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in atomic units. To distinguish, we define LDOS, as the value output from the BEM
program for the x orientation (command calc LDOS), and p, the unnormalized value,
such that

LDOS, = 2= (A.3)
Po

Now, we are equipped to calculate decay rates from BEM output. This thesis

reports total and radiative decay rates normalized to decay in vacuum, Iy,

WP 2
Iy=4m==|D A4
which in atomic units becomes
4 rwy\3
Ty = (-) . A5
0=3 3 (A.5)

4m2w|D|?
1-‘tot hl | T (AG)
or in atomic units,
3
Tpop = 4 (f> nLDOS,. (A7)
c

The radiative decay rate is calculated by integrating the far-field Poynting vector

for a dipole source, given by

oot = —— / 2. (A.8)

2mw
In this case, [ f? is the output from the BEM command calc total-far-field.
In summary, the quantities from BEM commands can be used directly to calculate
decay rates using (A.7) and (A.8), and properly normalized by dividing by (A.5). The
following pages provide a sample BEMAX input file for determining the decay rates
in a Si-Ag core-shell nanowire resonator, as well as a sample material file for Ag with

the dielectric constants of Johnson and Christy [34].
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A.2 Example BEM Input File

CoreShell_SiAg_a25L150.bem

mmax 3
// calculations performed for m=-3,-2,-1,0,1,2,3

epsilon 2 Ag // calls material file Ag.eps
epsilon 3 Si // calls material file Si.eps
// material 1 is always air (n=1)
photon-wavelength 500 1000 101
// defines range of wavelengths for calculations
// (in nm) and number of wavelengths used
// for calculation (101)

// Define structure
L=150 // wire length (nm)
a=256  // core radius
C=100 // coating thickness
n1=25 // number of parameterization points, radius
n2=50 // number of param. points, coating
n3=150 // number of param. points, length

// Structure made of straight line segments
// from (x1,z1) to (x2, z2) with material
// mul to left and mu2 to right
// add-segment command format:
// mul, mu2, x1, zl, x2, z2, # param. points

add-segment 3 1 0 0 a 0 nl
add-segment 1 3 O L a L nl
add-segment 2 1 a 0 a+C 0 n2
add-segment 1 2 a L a+C L n2
add-segment 3 2 a 0 a L n3
add-segment 2 1 a+C 0 a+C L n3

begin-calculation // begins calculation loop

// Calculate NF intensity for plane-wave excitation
// at all wavelengths

grid 5510010 150 76

// grid for NF E2 intensity along z-axis for x=b:
// command format is grid x1 x2 nx yl y2 ny zl z2 nz
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incident-plane-wave 0 0 0 O
// incident plane wave at theta=0

calc E2-near-field nf05th=0.dat
// output will appear in this file

grid 5510010 150 76

incident-plane-wave 90 0 0 O
// incident plane wave at theta=90

calc E2-near-field nf05th=90.dat
// output will appear in this file

// Components required to calculate decay rates

// First position
z=15 R=b
grid RR1001zz1
// single point at (R,z)
calc LDOS LDOS_rb5z15.dat
// LDOS used to find total decay rate

electric-dipole Rz 1 00 0 0 0

// dipole source oriented along x at position (R,z)
calc total-far-field totalff_rbzl_px.dat

// FF used to find radiative decay rate

// Second position
z=75 R=b5
grid RR1001zz1
// single point at (R,z)
calc LDOS LDOS_r5z75.dat
// LDOS used to find total decay rate

electric-dipole Rz 1 000 00

// dipole source oriented along x at position (R,z)
calc total-far-field totalff_rb5z75_px.dat

// FF used to find radiative decay rate

end-calculation

end
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A.3 Example BEM Material Data File

Ag.eps

63 E(eV) n

0.64 0.24 14.08
0.77 0.15 11.85
0.89 0.13 10.1
1.02 0.09 8.828
1.14 0.04 7.795
1.26 0.04 6.992
1.39 0.04 6.312
1.51 0.04 5.727
1.64 0.03 5.242
1.76 0.04 4.838
1.88 0.05 4.483
2.01 0.06 4.152
2.13 0.05 3.858
2.26 0.06 3.586
2.38 0.05 3.324
2.5 0.05 3.093
2.63 0.05 2.869
2.75 0.04 2.657
2.88 0.04 2.462
3 0.05 2.275
3.12 0.05 2.07
3.25 0.05 1.864
3.37 0.07 1.657
3.5 0.1 1.419

3.62 0.14 1.142
3.74 0.17 0.829
3.87 0.81 0.392
3.99 1.13 0.616
4.12 1.34 0.964
4.24 1.39 1.161
4.36 1.41 1.264
4.49 1.41 1.331
4.61 1.38 1.372
4.74 1.35 1.387
4.86 1.33 1.393
4.98 1.31 1.389
5.11 1.3 1.378
5.23 1.28 1.367
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5.36 1.28 1.357
5.48 1.26 1.344
5.6 1.25 1.342
5.73 1.22 1.336
5.86 1.2 1.325
5.98 1.18 1.312
6.1 1.15 1.296
6.22 1.14 1.277
6.35 1.12 1.255
6.47 1.1 1.232

6.6 1.07 1.212

7.0 0.953 1.01
7.2 0.942 0.951
7.4 0.936 0.892
7.6 0.935 0.832
7.8 0.940 0.770
8.0 0.962 0.706
8.2 0.993 0.653
8.4 1.032 0.610
8.6 1.073 0.581
8.8 1.112 0.563
9.0 1.149 0.552
9.2 1.182 0.550
9.7 1.229 0.566
10.0 1.241 0.568
w(eV) n k

First line specfies: number of points (63),
energy E(eV) or wavelength 1(nm),
and n & k (n) or epsl & eps2 (e)

Ag dielectric function from Johnson and Christy (1972)

0.64 eV < w < 6.6 eV —>
187.9 nm < lambda < 1937 nm
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Appendix B
Optical Characterization in the

Nanoprobe

The Nanoprobe system (Omicron NanoTechnology, GmbH) integrates electron, elec-
trical, surface, chemical, and optical characterization into a single instrument operat-
ing in ultra-high vacuum (UHV) conditions. This enables simultaneous investigation
of electrical transport, chemical composition, and light-emission properties in a single
nanostructure. The system at Caltech is equipped with a Zeiss Gemini SEM column,
a NanoSAM Auger analyzer, and four independent scanning probes, two of which
are capable of mounting optical fibers for light excitation and collection as well. A
photograph of the typical nanoprobe stage is shown in Figure B.la, and an SEM
image of two etched W probes contacting a Si nanowire in Figure B.1b.

At Caltech, we have integrated detection optics to enable optical characterization
inside the nanoprobe. In particular, optical fibers permit laser light to be coupled into
the UHV chamber for excitation in photoconductivity measurements, or for emitted
light from cathodoluminescence or electroluminescence experiments to be collected
and sent to an exterior monochromator, PMT, and CCD detector similar to the CL
setup of Chapters 2 and 3. Traditional CL configurations use a mirror to collect the
emitted light that, if properly designed, collects a cone of £80° from the surface nor-
mal. Inside the nanoprobe chamber, there is not sufficient space for a mirror-based
detection system, and for this reason we chose to integrate fiber-based collection.
Coupling multimode optical fibers with 50 um (for excitation) and 200 pm (for col-
lection) cores to two of the piezo-driven probes allows precise positioning in lateral

dimensions and in height from the sample surface.
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Figure B.1. (a) Photograph of the stage in the Omicron Nanoprobe

system (image courtesy Omicron, GmbH). (b) SEM micrograph of

two etched W probes in electrical contact with a Si nanowire.

We used a sample of Ce-doped YAG (YAG:Ce) particles on an In foil to calibrate
the fiber-based collection as seen in Figure B.2. This material is known to exhibit
extremely bright cathodoluminescence. The position of the fiber was optimized to
obtain maximum CL emission intensity. Figure B.2a shows the optimal in-plane
position of the fiber with respect to the electron beam position (center of the SEM
micrograph). Here, we use the 200 um core fiber for collection. The CL spectra and
images in Figures B.2b and B.2c¢ show that, indeed, bright CL is observed and that
the YAG:Ce particles are the source of this emission. Furthermore, these CL spectra
match those obtained from mirror-based CL that were taken for comparison.

Adding this capability to the nanoprobe system enables a number of novel exper-
iments to be performed. Not only can the electron beam from the SEM be used to
induce light emission, but when the probes operate as scanning tunneling microscopes
(STM), one can pursue the investigation of STM-induced light emission in metallic
nanostructures. This provides even higher spatial resolution than the focused elec-
tron beam in an SEM. The nanoprobe allows precise positioning of the STM probes
over a specific nanostructure for extremely localized excitation. Additionally, a va-
riety of optical fibers could be coupled to the scanning probes, such as tapered or
lensed fibers for near-field collection or excitation. Such schemes that decouple re-
gions of excitation and collection are valuable for determining the mechanisms of light

emission.

117



Background

Qoticalfibec ' ' /

|

e

YAG:Ce particles i ."II
I
5 | .'l.’
/)
4
L

" YAG:Ce particles, 5kX
YAG:Ce particles, 100kX -

—— YAG:Ce substrate, SkX |
YAG:Ce substrate, 100k

Wavelength (nm)

A=800 nm

Figure B.2. (a) SEM micrograph of fiber-based CL collection in
the nanoprobe. (b) CL spectra of YAG:Ce particles on an In foil
and of a YAG:Ce substrate at low magnification (5 kX) and high
magnification (100 kX). (¢) SEM and monochromatic CL images of
YAG:Ce particles. The CL image at A = 550 nm shows that the

particles emit at this wavelength, and not at A = 800 nm.
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