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Chapter 1

General introduction
Metal nanoparticles can be used to manipulate light at nanoscale dimensions [1–
3]. The opportunities that metal nanoparticles provide are based on plasmons,
i.e., collective oscillations of the conduction electrons [4]. These excitations are
resonant in the optical regime, at frequencies that can be tuned by engineering
the nanoparticle size and shape. The resonant behavior originates from the
fact that the conduction electrons are conﬁned within the nanoparticle. As a
consequence of this conﬁnement, an electromagnetically induced displacement
of the conduction electrons sets up a surface polarization (see Fig. 1.1). Due to
the associated restoring force, the conduction electrons are harmonically bound
to the nanoparticle, and the oscillator strength of the conduction electrons is
compressed into a relatively narrow spectral band, leaving the nanoparticles
transparant in the far-infrared, but strongly polarizable at the plasmon resonance frequency† .
On resonance, the strong polarizability of the nanoparticle eﬀectively draws
the energy supplied by an incident electromagnetic wave into the particle. This
eﬀect results in a ﬁeld enhancement concentrated in a nanoscale volume. The
energy that is captured by the plasmons is partly dissipated in the metal and
partly reradiated. The relative strength of these two processes depends on
the metal that is used and on the nanoparticle geometry. Silver (Ag) and
gold (Au) are the metals with the smallest Ohmic losses at optical frequencies,
and therefore they show the strongest resonant behavior. For Ag and Au
nanoparticles with diameters of a few tens of nanometers, dissipation dominates
the plasmon decay, whereas reradiation becomes important for larger sizes.
By engineering the nanoparticle geometry (i.e., size as well as shape), it is
thus possible to control how the captured electromagnetic energy is further
† Plasmons

in metal nanoparticles are often referred to as surface plasmons, because of the
essential inﬂuence of surface polarization on the resonant behavior [4]. In addition, plasmons
in metal nanoparticles can be considered as plasmon polaritons, because of the intrinsic
coupling with the electromagnetic ﬁeld outside the nanoparticle [4].
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Figure 1.1: Excitation of a plasmon mode by an incoming plane wave
with wave vector k, electric ﬁeld amplitude E, and frequency f = 1/T . The
generated surface polarization gives rise to a restoring force that leads to a
harmonic oscillation of the conduction electrons within the nanoparticle.

distributed.
The pronounced optical properties of metal nanoparticles give rise to a wide
variety of applications. For example, strongly scattering nanoparticles have
high potential as biomarkers for molecular imaging [5], and can be used to improve the extraction eﬃciency of light-emitting diodes [6]. Strongly absorbing
nanoparticles enable controlled drug delivery and photothermal cancer treatment [7], as well as photothermal molecular imaging [8]. Besides, linear arrays
of noble-metal nanoparticles can be used to transport electromagnetic energy
over micrometer distances with a lateral conﬁnement of a few tens of nanometers [9, 10]. Furthermore, the large ﬁeld enhancements near metal nanoparticles can boost light-matter interactions, which is useful for e.g. single-molecule
detection based on surface-enhanced Raman scattering (SERS) [11, 12]. A
related phenomenon is the enhancement of the luminescence intensity of an
optical emitter that is located in the vicinity of a metal nanoparticle. This
process, which we refer to as plasmon-enhanced luminescence‡ , is the main
subject of this thesis.

1.1

Plasmon-enhanced luminescence

Plasmons strongly inﬂuence the luminescence properties of optical emitters that
are located at short distance from metal nanoparticles. Several mechanisms
play a role in this eﬀect. First, the excitation of plasmon modes by an incident
electromagnetic wave can enhance the pump rate of a nearby emitter due to the
local ﬁeld enhancement. Second, the coupling of an emitter to plasmon modes
aﬀects both the radiative and nonradiative decay rates. This phenomenon is
based on the principle that the strength with which an emitter couples with the
‡ Other commonly used terms are surface-enhanced ﬂuorescence [13] and metal-enhanced
ﬂuorescence [14].
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electromagnetic ﬁeld depends on the emitter’s environment [15]. According to
classical electrodynamical theory, the power P that an oscillating point dipole
transfers to the electromagnetic ﬁeld, which is a measure for the excited state
decay rate of an emitter§ , can be described as [16, 17]:
P =

ω
Im (µ · E) ,
2

(1.1)

where µ is the ﬁxed dipole moment of the emitter, ω is the oscillation frequency,
and E is the electric ﬁeld generated by the source dipole evaluated at the
position of the source dipole. This electric ﬁeld can be modiﬁed by placing
strongly polarizable objects in the vicinity of the emitter, for example a metal
nanoparticle with a plasmon resonance frequency that matches the emission
frequency, as is schematically depicted in Fig. 1.2. Equation 1.1 indicates that
decay rate enhancements associated with the excitation of plasmons can be
interpreted as a consequence of a plasmon-induced enhancement of the electric
ﬁeld generated by the dipole itself.
Analogous to the energy captured from an incident plane wave, also the energy that is transferred from the emitter to the plasmon modes of a nanoparticle
is partly dissipated and partly coupled to radiation. The ﬁrst process accounts
for enhanced nonradiative decay, the latter for enhanced radiative decay. Since
the balance between dissipation and coupling to radiation depends strongly on
geometry, as explained above in the context of scattering and absorption, the
geometrical tunability of the optical properties of metal nanoparticles plays a
crucial role in the optimization of plasmon-enhanced luminescence.
Despite the fact that Ohmic losses are intrinsic to metals, the luminescence
intensity of optical emitters can potentially be enhanced by several orders
of magnitude by metal nanoparticles. As a consequence, plasmon-enhanced
luminescence has been the subject of intense research over several decades.
Pioneering work was done in conjunction with studies on SERS in the 1970s and
1980s [13]. These early investigations, which were focused on the interaction
of emitters with rough metal surfaces, resulted in the observation of substantial photoluminescence enhancements [18]. In addition, models were developed
that describe plasmon-enhanced luminescence based on classical electromagnetic theory [19–21]. During the last decade, there has been a strong revival in
experimental eﬀorts to control spontaneous emission dynamics by metal nanostructure geometries [22–27]. In particular the development of novel nanofabrication methods as well as near-ﬁeld characterization techniques have enabled
experiments on (sometimes individual) molecules interacting with well-deﬁned
metal nanostructures, often referred to as nano-antennas [28, 29]. These experiments have led to the observation of photoluminescence enhancement and
§ Here we assume that the excited-state decay rate is not aﬀected by e.g. electron-electron
interactions or phonon-assisted processes, which would provide additional nonradiative decay
channels.
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Figure 1.2: An emitter (left), represented as a point dipole with dipole
moment µ, polarizes an anisotropic nanoparticle (right). At the plasmon
resonance frequency, the induced dipole moment µind can be substantially
larger than the source dipole moment µ.

quenching, depending on the distance between emitter and metal [22], with
concomitant changes in excited state lifetime [23, 24].

1.2

Contents of this thesis

This thesis focuses on controlling plasmon-enhanced luminescence. We develop
novel nanofabrication methods to integrate engineered metal nanostructures
with solid-state light emitters in planar geometries that have a clear link with
applications. In our experiments, we use silicon quantum dots and optically
active erbium ions as model emitters that are fully compatible with standard
CMOS fabrication technology. We demonstrate that the luminescence from
these emitters can be signiﬁcantly enhanced, and that the luminescence spectrum and polarization can be controlled by nanoparticle shape. In addition,
we present detailed theoretical studies of the radiative and nonradiative decay
rates of emitters near spherical and anisotropic metal nanoparticles. These calculations provide insight in the mechanism of plasmon-enhanced luminescence,
and they indicate how nanoparticle geometries can be optimized to obtain the
highest luminescence enhancements possible. Furthermore, we describe the integration of Ag nanoparticles in a prototype ﬁeld-eﬀect light-emitting device
and demonstrate enhanced luminescence under electrical excitation.
Part I of this thesis describes three novel fabrication methods of Ag nanoparticles.
• Chapter 2 focuses on the fabrication of Ag nanoparticles with well-deﬁned
sizes and shapes on insulating substrates by electron-beam lithography.
Structures made by the procedure described in this chapter, which exhibit
plasmon resonances in the near-infrared, are used in the experiments on
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plasmon-enhanced luminescence presented in part II and III.
• In Chapter 3 we report on the fabrication of two-dimensional arrays of Ag
nanoparticles in Si by a sequential Si/Ag/Si electron-beam evaporation
process. The Ag nanoparticles, which are formed during the evaporation process, exhibit plasmon resonances in the near-infrared, extending
the applicability of plasmon-based applications into this technologically
important spectral range.
• Chapter 4 describes the fabrication of Ag nanoparticles by a sequence of
Na+ ↔ Ag+ ion exchange and ion irradiation of Na+ -containing glass.
We consistently derive the Ag-nanocrystal depth proﬁle and the corresponding refractive index depth proﬁle by combining multiple characterization techniques. These nanoparticle geometries may also ﬁnd applications in (non-linear) integrated optics.
Part II of this thesis is devoted to the experiments on plasmon-enhanced luminescence of silicon quantum dots (Si QDs) embedded in planar SiO2 ﬁlms.
• Chapter 5 describes how the photoluminescence intensity of Si QDs can
be enhanced in a spectrally selective way by coupling to Ag nanoparticles.
The luminescence enhancement, which ranges from a factor 2 to a factor
6, is directly correlated with the plasmon-related extinction properties of
the nanoparticles.
• In Chapter 6 it is demonstrated that the photoluminescence intensity of
Si QDs can be enhanced in a polarization-selective way by engineered
elongated Ag nanoparticles. This behavior is directly correlated with the
extinction properties of the nanoparticles.
• Chapter 7 reports on the integration of Ag nanoparticles and Ag ﬁlms
in ﬁeld-eﬀect light-emitting devices that were fabricated using processing
facilities at Intel Inc. The Si QD electroluminescence intensity of these
devices was enhanced by up to a factor 2.5. The data are related to
nanoscale roughness of the metal ﬁlm.
Part III is dedicated to the interaction of optically active erbium (Er3+ ) ions
with either Ag or Si nanoparticles.
• In Chapter 8 it is demonstrated that the photoluminescence intensity
of optically active Er3+ ions positioned in close proximity of anisotropic
Ag nanoparticles is signiﬁcantly enhanced if the nanoparticles support
plasmon modes that are resonant with the erbium emission at 1.5 μm.
Opportunities for the reduction of quench processes in a wide range of
erbium-doped materials are discussed.
• Chapter 9 focuses on the interaction of Er3+ ions with Si nanoparticles.
The optical absorption cross section of the 4 I15/2 → 4 I13/2 transition at
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1.5 μm of Er3+ ions embedded in SiO2 and Si-rich oxide was measured
using cavity ringdown spectroscopy. The experiment demonstrates that
the silicon nanoparticles incorporated in Si-rich oxide do not enhance the
peak cross section of the Er3+ 4 I15/2 − 4 I13/2 transition by 1 − 2 orders
of magnitude, contrary to what has been reported in earlier work.
Part IV of this thesis describes theoretical studies of the inﬂuence of a metal
nanoparticle on the radiative and nonradiative decay rates and on the luminescence quantum eﬃciency of an emitter positioned at short distance of the
nanoparticle.
• Chapter 10 focuses on spherical nanoparticles. The inﬂuence of emittermetal separation and nanoparticle size on the balance between radiative
and nonradiative decay rate enhancements is analyzed based on exact
electrodynamical theory. In addition, these results are compared to results obtained from an improved version of the Gersten and Nitzan model,
which can be generalized to anisotropic nanoparticles more easily than
exact electrodynamical theory.
• In Chapter 11 the improved Gersten and Nitzan model is applied to
analyze how much the intensity emitted by a planar active layer of a
light-emitting device can be enhanced by an array of anisotropic Ag nanoparticles. The calculated trends are compared to the experimental
results described in Chapter 5.
• Chapter 12 describes the inﬂuence of particle anisotropy on the quantum
eﬃciency of a low-quantum-eﬃciency emitter positioned at short distance
of a metal nanoparticle. The analysis, which is based on the improved
Gersten and Nitzan model, is focused on the spectral separation of radiative and dark plasmon modes in anisotropic metal nanoparticles.
Altogether, the thesis provides insight in the fundamental aspects of plasmonenhanced luminescence, and correlates these to experiments on light emitters
in practical geometries. Speciﬁc insights in possible applications are discussed
in the corresponding chapters.
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Part I

Fabrication of Ag
nanostructures

17
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Chapter 2

Ag nanostructures made by
electron-beam lithography
Arrays of anisotropic Ag nanoparticles were fabricated on SiO2 substrates by a
combination of electron-beam lithography, Ag evaporation, and lift-oﬀ. Scanning electron microscopy was used to characterize the arrays. Since SiO2 is
a suitable host material for various optical emitters, including silicon quantum dots and erbium ions, the fabricated structures provide the opportunity
to study the coupling between these dopants and the plasmon modes of Ag
nanoparticles.
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2.1

Introduction

Electron-beam lithography (EBL) is a powerful tool for the fabrication of metal
nanostructures. The ultimate resolution is better than 10 nm [30, 31], and the
technique is highly ﬂexible. The ﬂexibility originates from the fact that the
electron-beam is scanned over the surface by a programmable pattern generator, so that the method does not rely on pre-fabricated masks.
In this chapter, we describe the fabrication of arrays of Ag nanoparticles on
silica substrates by EBL. The size and shape of these nanoparticles is varied.
In this way, the plasmon resonances can be tuned over a broad spectral range
in the visible and near-infrared. In part II and III of this thesis we utilize this
eﬀect to study resonant coupling between optical emitters and plasmon modes.

2.2

Fabrication

The fabrication process consists of a number of steps that are described in the
following subsections.

2.2.1

Substrate cleaning and spin coating

Substrates with a size of 10 × 10 mm2 were sonicated in demineralized water
for 5 minutes to remove small particles. These substrates were then cleaned
in a 5:1:1 volume mixture of demineralized water, hydrogen peroxide (Merck,
30 wt.%), and ammonium hydroxide (Merck, 33 wt.%), at a temperature of
75 ◦ C for 15 minutes. Hydrogen peroxide (H2 O2 ) is a powerful oxidant, which
removes organic residues. Ammonium hydroxide (NH4 OH) is a strong complexant for heavy metals. Cleaning in H2 O:NH4 OH:H2 O2 comprises the ﬁrst
step of the RCA process, which is the standard sequence of chemistries to clean
silicon wafers, as developed at the research laboratories of RCA (Radio Corporation of America) [32]. This process does not attack silicon. After thorough
rinsing in demineralized water, the substrates were immersed in 2-propanol.
The substrates were dried in a nitrogen gas ﬂow just before spin-coating.
The clean substrates were spin-coated (Süss Microtec Delta 10) in a twostep process for reasons that become apparent in section 2.2.2. First, a solution
of 4 wt.% 495k polymethylmethacrylate (PMMA) in chlorobenzene was spincoated at 2000 rpm for 60 seconds, and baked at 175 ◦ C for 30 minutes, in order
to obtain a 100-nm-thick PMMA layer. Subsequently, a 4 wt.% 950k PMMA
solution was spin-coated at 2500 rpm for 60 seconds, and baked at 175 ◦ C for
30 minutes, resulting in a second 100-nm-thick PMMA layer. Note that 495k
and 950k refer to the molecular weights of the respective PMMA polymers. A
Ge layer with a thickness of 15 − 20 nm was evaporated on top of the PMMA
stack. This conductive layer prevents the occurrence of charging eﬀects during
electron-beam exposure.
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Figure 2.1: Scanning electron microscopy images of arrays of disk-shaped
Ag nanoparticles with a diameter between 135 nm and 320 nm. The height
of the nanoparticles is 20 nm. The array pitch is 400 nm.

2.2.2

Electron-beam lithography and development

The dual-layer PMMA stack was exposed to a 30-keV electron beam (Jeol JSM
6460) that was controlled by a pattern generator (Raith Elphy-Plus). The
patterns consisted of arrays of dots that deﬁne the positions at which circular
or elongated Ag nanoparticles will be formed later in the process; the dose per
dot, which determines the Ag nanoparticle size, is between 0.01 − 0.5 pC. The
typical writing current is 60 pA. The sizes of the arrays were either 50 × 50 μm2
or 100 × 100 μm2 .
After removing the Ge layer by reactive-ion etching (RIE) using an SF6 /O2
plasma, the PMMA was developed in a 1:3 mixture of methylisobutylketone
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Figure 2.2: Scanning electron microscopy images of arrays of elongated
Ag nanoparticles. The height of the nanoparticles is 20 nm.

(MIBK) and 2-propanol for 60 seconds. Due to the lower molecular weight of
the bottom PMMA layer, an undercut proﬁle is created.

2.2.3

Metal evaporation and lift-oﬀ

A 20-nm-thick Ag ﬁlm was evaporated on top of the patterned PMMA by electron beam evaporation. The PMMA was then dissolved in acetone at 60 ◦ C,
leaving Ag on the substrate only where the PMMA was removed during the
development process. The undercut proﬁle in the mask prevents the Ag nanoparticles positioned on the substrate from being connected to the Ag layer on
top of the PMMA stack. Since the adhesion of Ag to glass is limited, we used
Si as an adhesion material in part of our experiments. In those cases, 2 nm
of Si was evaporated before the Ag deposition without braking the vacuum in
between.

2.3

Characterization by scanning electron microscopy

Figure 2.1 shows SEM images of arrays of Ag nanoparticles in the form of
cylindrical disks. The array pitch and the nanoparticle height are ﬁxed at
400 nm and 20 nm, respectively. The diﬀerent disk diameters, ranging from
135 nm to 320 nm, correspond to diﬀerent electron-beam irradiation ﬂuences
delivered to ﬁxed positions (i.e., the centers of the disks). The Ag nanoparticles
exhibit some geometrical irregularities, as can be seen best for the smallest
particles (top left). The smallest particle size that was achieved is ∼80 nm.
This minimum size could possibly be reduced by optimizing process parameters
such as the PMMA stack thickness or by implementing advanced process steps
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such as megasonic-assisted development [33].
Figure 2.2 shows SEM images of elongated Ag nanoparticles. These particles were made by electron-beam irradiation of a linear array of spots. In this
way, particles with a height of 20 nm, a width of 100 nm, and a variable length
of 100 to 600 nm were created.

2.4

Conclusions

Arrays of Ag nanoparticles have been fabricated on SiO2 substrates. The realization of Ag nanoparticles on these transparent substrates provides the opportunity to study the resonant interaction between optical emitters embedded in
SiO2 and the plasmon modes of Ag nanoparticles with well-deﬁned sizes and
shapes. These experiments are described in part II and III of this thesis.
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Chapter 3

Infrared plasmons in
two-dimensional Ag
nanoparticle arrays in Si
Two-dimensional arrays of Ag nanoparticles embedded in amorphous silicon
were fabricated by a sequential Si/Ag/Si electron-beam evaporation process.
The spontaneously formed nanoparticle arrays exhibit plasmon resonances
in the near-infrared (0.9 eV) with tails extending below 0.5 eV. The data
are compared with calculations that take into account measured particle size
(∼10 nm), particle aspect ratio (∼1.5), and separation (∼13 nm). It is concluded that the large redshift, relative to plasmon resonances in more common
metallo-dielectric materials, is mainly due to the high refractive index of the
amorphous-silicon matrix, with nanoparticle-shape anisotropy and interparticle coupling contributing several tenths of an electron volt. This work enables
plasmon-related applications in the near-infrared, including the telecommunication wavelength of 1.5μm (0.8 eV).
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3.1

Introduction

Metal nanoparticles have been the subject of extensive research for many years
because of the large electromagnetic ﬁeld enhancements associated with the
excitation of collective conduction electron oscillations, so-called plasmons [4].
These electric ﬁeld enhancements enable applications such as spontaneous emission enhancement [18] and single molecule detection based on surface-enhanced
Raman scattering [11]. Furthermore, resonant energy transfer between closely
spaced metal nanoparticles enables transport of electromagnetic energy below
the diﬀraction limit [10].
Since all these applications rely on the resonant properties of plasmons, they
are restricted to a limited frequency range, which is determined by the dielectric functions of the involved media, the size and shape of the particles, and the
electromagnetic interaction between them [4]. For composites consisting of isolated spherical noble-metal nanoparticles embedded in glass, constituting some
of the most extensively investigated metallo-dielectric materials, the plasmon
resonances occur in the visible regime. In order to utilize plasmons that are
resonant in the near-infrared, e.g. for telecommunication or sensing, a number of methods have been investigated to lower the resonance frequency: using
high-index matrices such as GaAs [34] or TiO2 [35], applying nanolithography
to deﬁne anisotropically shaped nanoparticles [36], and aligning nanoparticles
to induce electromagnetic interaction, by methods such as nanolithography [37]
or ion irradiation [38].
In this chapter, we report on the experimental realization of two-dimensional
Ag nanoparticle arrays embedded in amorphous silicon (a-Si), in which these
three mechanisms (i.e., high-index matrix, anisotropically shaped nanoparticles, and interparticle coupling) are combined to shift the plasmon resonance
well into the near-infrared, peaking at 0.9 eV (1.4 μm), with tails below 0.5 eV
(2.5 μm).

3.2

Experimental

Two-dimensional Ag nanoparticle arrays embedded in a-Si were fabricated by
sequential Si/Ag/Si electron-beam evaporation on both glass and NaCl substrates, resulting in samples as schematically sketched in Fig. 3.1(a). The
Ag depositions were varied in duration in order to fabricate samples with
evaporated Ag thicknesses of 0.6, 1.0 and 2.2 nm respectively, as was monitored in-situ using a crystal thickness monitor and veriﬁed afterwards by
Rutherford backscattering spectrometry (RBS). The Ag evaporation rate was
≤0.05 nm/min. For all samples, the Ag nanoparticles, which were formed
spontaneously during deposition, were positioned in the center of a 14-nmthick a-Si layer by performing the Ag deposition in between two separate a-Si
depositions. After each a-Si deposition, 300-eV-Kr-ion etching was applied to
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Figure 3.1: (a) Schematic representation of the sample geometry, and
(b–d) plan-view bright-ﬁeld TEM images of the Ag nanoparticle arrays
embedded in a-Si prepared with (b) 0.6 nm, (c) 1.0 nm, and (d) 2.2 nm Ag,
respectively. Evaporated Ag thickness hev , mean equivalent diameter D,
mean aspect ratio δ, and mean interparticle spacing d are indicated
for each sample. The inset in (d) shows a SADP pattern, revealing the
crystalline structure of the Ag nanoparticles.

reduce the surface roughness to ∼0.3 nm [39]. X-ray reﬂectrometry was used
to monitor the a-Si thickness during both deposition and etching steps [40].
The substrates were kept at room temperature throughout the entire process.
The thin ﬁlms deposited on NaCl were used to investigate the shape, size
and separation of the Ag nanoparticles by plan-view transmission electron microscopy (TEM). For this purpose, the Si/Ag/Si ﬁlms were separated from the
NaCl in water and subsequently put on carbon-coated copper grids. A Philips
CM30T and a Philips CM30UT-FEG electron microscope, operated at 300 keV,
were used to take bright-ﬁeld (BF) images, high-resolution (HREM) images and
selected-area diﬀraction patterns (SADP). Elemental composition was investigated by energy-dispersive spectroscopy (EDS). Optical transmittance T and
specular reﬂectance R were measured at (near-)normal incidence in the energy range 0.5 − 4 eV with a Perkin-Elmer Lambda 900 spectrophotometer for
the samples deposited on glass. Extinction E spectra were calculated from:
E = 1 − T − R.

27

3.3

Results

Figures 3.1(b–d) show plan-view bright-ﬁeld TEM images of the Ag-containing
samples. Clearly distinguishable nanoparticles can be observed. EDS on a large
particle conﬁrmed the composition to be Ag. The TEM images reveal that increasing the evaporated Ag thickness leads to larger particle sizes. Quite irregular shapes can be observed for the large particles in Fig. 3.1(d). SADP patterns,
one of which is displayed in the inset of Fig. 3.1(d), show rings indicating the
presence of ﬁnely dispersed crystalline material (sharp rings) and amorphous
material (broad rings). The sharp rings are found to correspond to crystalline
Ag lattice spacings, while the broad rings are mainly attributed to a-Si. The
crystalline structure of the Ag nanoparticles is conﬁrmed in HREM images (not
shown), in which multiple crystals can be recognized in each nanoparticle.
Characteristic parameters for the three sample topologies are listed in Figs.
3.1(b–d). The Ag areal density (in at/cm2 ) was measured by RBS with an
accuracy better than 5%. Subsequently, the evaporated Ag thickness hev was
derived from the areal density and the bulk density for Ag. hev thus represents
the mean Ag thickness, which does not depend on the nanoparticle distribution.
The mean in-plane equivalent particle diameter D was obtained from TEM,
where D is deﬁned as the diameter of a circle with the same in-plane area
as the particle under consideration. Combining hev with the areal particle
density, the characteristic particle height hob was determined by assuming an
oblate ellipsoidal shape. The mean particle aspect ratio δ (major over minor
diameter) increases from 1.0 (spherical particles) for the thinnest ﬁlm to 1.5 for
the thickest ﬁlm. The mean center-to-center interparticle spacing d increases
from 5 to 13 nm. These numbers indicate that signiﬁcant particle coarsening
occurred for the thicker ﬁlms.
Figure 3.2(a) shows extinction spectra for all three Ag evaporated samples
and a reference sample without Ag (all these samples were fabricated on glass).
The reference sample shows a broad feature above 1.5 eV, due to the intrinsic band-to-band absorption in a-Si. The samples with Ag exhibit additional
extinction, mainly at energies below 2.5 eV, which is attributed to the excitation of plasmons in the Ag nanoparticles. This contribution is more clearly
shown in Fig. 3.2(b) in which absorption by a-Si has been corrected for. The
plasmon-related extinction spectrum is shown to be rather broad (∼1 eV full
width at half-maximum), and increases in magnitude and shifts towards lower
energies for increasing Ag content. The extinction peak energies are plotted
versus evaporated Ag thickness in Fig. 3.3 (closed squares).

3.4

Discussion

In order to calculate the relative importance of the mechanisms contributing
to the redshift of the plasmon resonance, we ﬁrst evaluate the inﬂuence of the
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Figure 3.2: Extinction spectra of Ag nanoparticle arrays embedded in aSi: (a) raw data, (b) Ag-related extinction. The evaporated Ag thicknesses
are indicated in nm. The plasmon absorption peak increases in magnitude
and shifts towards lower energies for increasing Ag content.

refractive index of the a-Si matrix and of shape anisotropy. The ensembleaveraged resonance frequency was obtained by averaging the calculated plasmon resonance frequencies of a large number of particles (103, 98, and 48,
for the 0.6, 1.0, and 2.2 nm depositions, respectively) taking the TEM data
(shape anisotropy and volume) as input. Each particle i was approximated as
an oblate with minor axis hob and major axes Di .
The plasmon resonance frequency ω0,i of nanoparticle i, found by evaluating the resonance condition of its polarizability in the quasi-static limit [4], is
described by:

Li
,
(3.1)
ω0,i = ωp
m − Li (m − ∞ )
with m = n2m the dielectric constant of the embedding medium, Li a geometrical factor determined by the aspect ratio δi [41], and ∞ and ωp parameters
of a modiﬁed Drude model for the real part of the dielectric function of Ag:
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Figure 3.3: Calculated (open circles and triangles) and experimental
(closed squares) absorptance peak energies for Ag nanoparticle arrays in
a-Si. The resonance energy for spherical Ag nanoparticles in silica glass is
indicated for reference. The three mechanisms contributing to the redshift
are indicated.

 (ω) = ∞ − (ωp /ω)2 , determined by ﬁtting the model to experimental data
for Ag [42]. The refractive index of the a-Si matrix nm was determined from
transmittance and reﬂectance measurements of the reference sample without
Ag and found to be 3.7 in the spectral range under consideration. For nanoparticles embedded in the center of a 14-nm-thick a-Si layer, it is appropriate
to use this bulk value for the refractive index of the matrix [43]. The average
extinction peak frequency ωpeak was calculated by summing over the particle
ensemble taking into account the oscillator strength for each particle using its
volume as a normalization factor.
The open circles in Fig. 3.3 show the calculated absorptance peak energies
(ωpeak ) for the three nanoparticle ensembles embedded in a-Si. Data for the
plasmon resonance energy of Ag nanoparticles in silica glass (index 1.46) are
shown for reference. Clearly, the largest contribution to the calculated redshift
is due to the high refractive index of the a-Si matrix compared to silica. The
anisotropy for the 1.0 and 2.2 nm ﬁlms adds another 0.2−0.3 eV to the redshift.
To model the inﬂuence of interparticle coupling, the nanoparticles were
considered as ideal dipoles that are coupled by near-ﬁeld interaction, analogous
to Ref. [44]. Under the assumption that the dipoles are oscillating in phase
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(far-ﬁeld excitation), the resonance frequency of nanoparticle i is given by:


ωp2  Vj (3 cos θi,j − 1)
 2
ωi = ω0,i
−
,
(3.2)
4πm
d3i,j
j=i

where ω0,i is the resonance frequency if there would be no interaction, as described by Eq. 3.1, and θi,j the angle between the orientation of the dipoles
(i.e. incident polarization) and the interparticle axis. In this summation we
have taken the particle coordinates derived from TEM as input parameters
(evaluating the same particles as in the analysis above). Only particles j, with
volume Vj at distance di,j from particle i, with di,j < 30 nm were taken into
account, as coupling is negligible for larger distances. By averaging over the
particle ensembles, the absorptance peak energies (ωpeak ) are derived as plotted in Fig. 3.3 (open triangles). As can be seen, interparticle coupling adds a
relatively small redshift of ∼0.1 eV.
Comparing the experimental data to the calculation, a discrepancy of ∼0.2 eV
is observed for all samples. This may be due to the approximations of oblateshaped particles and resonantly interacting ideal dipoles in our model. Finitediﬀerence time-domain calculations of the relaxation of excited nanoparticle
ensembles could be used to avoid these approximations. Note that the calculated decreasing trend with increasing thickness is in good agreement with the
experimental result.
The bandwidth of the measured extinction peak (∼1 eV) is signiﬁcantly
larger than the homogeneous linewidth of plasmon resonances in Ag nanoparticles (0.2 − 0.3 eV) [4]. The large spectral width is attributed to variations in
particle shape and orientation.

3.5

Conclusions

We have shown that a sequential Si/Ag/Si electron-beam evaporation process
enables the fabrication of two-dimensional Ag nanoparticle arrays that exhibit
plasmon resonances in the near-infrared. A model has been applied to analyze the redshift of the plasmon-induced extinction band, with experimentally
determined geometric parameters as input. Taking into account the refractive
index of the matrix, shape anisotropy and interparticle coupling, the experimental data are quite well described. It is concluded that the main origin of
the redshift (∼1.5 eV), compared to the plasmon resonance frequency of spherical Ag nanoparticles in silica, is the high refractive index of the a-Si matrix;
shape anisotropy (d up to 1.5) contributes another 0.2 − 0.3 eV, while the
inﬂuence of coupling eﬀects is limited to ∼0.1 eV. The data indicate that an
increased Ag deposition thickness leads to larger shape anisotropy and thus a
larger plasmon redshift.
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The achievement of infrared plasmons in silicon enables applications such
as plasmon-enhanced luminescence in the infrared, as is shown in Chapter 8,
where Ag nanoparticles are deﬁned by electron-beam lithography. As will be
shown in Chapter 10, the optimum metal nanoparticle size to achieve plasmonenhanced luminescence is in the range 30 − 100 nm. Increasing the size of these
spontaneously formed Ag nanoparticles, e.g. by changing the Ag deposition
conditions or by thermal annealing, would therefore be required for the purpose of luminescence enhancement. Arrays of Ag nanoparticles fabricated in a
similar way as presented here have been successfully applied for improving the
outcoupling eﬃciency of light emitting diodes [6].
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Chapter 4

Depth-resolved
nanostructure and
refractive index of
borosilicate glass doped
with Ag nanocrystals
We present an investigation of the Ag-nanocrystal depth proﬁle as well as the
corresponding refractive index depth proﬁle of borosilicate glass that was ﬁrst
doped with Ag by Na+ ↔ Ag+ ion exchange and subsequently irradiated with
1-MeV Xe ions. By combining RBS, XPS, XE-AES, and transmission and
reﬂection spectroscopy, we show unambiguously that the Ag nanocrystals are
formed in a layer with a thickness (90 ± 20 nm) that is signiﬁcantly smaller
than the range (340 nm) of the 1-MeV Xe ions used to induce Ag nucleation.
The eﬀective refractive index for the highest Xe ﬂuence is n = 2.1 + i0.8 at
the resonance wavelength (λ = 430 nm). The implications for the integration
of plasmon-based functionalities in photonic devices based on the described
fabrication method are discussed.
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4.1

Introduction

Composite materials consisting of nobel-metal nanoparticles embedded in a
dielectric are known to exhibit surface plasmon resonances (SPR) at optical
frequencies [4]. The local electromagnetic ﬁeld enhancements associated with
these resonances enable a broad range of applications including optical switches
[45], optical ﬁlters [46], bistable devices [47], selective solar absorbers [48], and
broadband waveguide polarizers [49].
During the last decades, many experimental methods have been introduced
to fabricate metal-dielectric composites (often referred to as nanocermets).
These methods include ion implantation [50], sol-gel processing [51], and sputtering or co-deposition techniques [52]. Also a sequence of Na+ ↔ Ag+ ion
exchange and ion irradiation of Na+ -containing glass has been proposed [53].
This two-step process enables the fabrication of planar optical waveguides in
which Ag nanocrystals are formed in lithographically deﬁned sections, since
mask-assisted ion irradiation can be applied to locally nucleate Ag nanocrystals
[54]. Consequently, this approach provides the possibility of integrating SPRbased functionalities in photonic devices. As an example, Figure 4.1 shows a
schematic of a planar waveguide in which nanocrystal-doped regions are formed
in order to fabricate a nonlinear Bragg grating. Two-dimensional nonlinear
photonic crystals have also been proposed [54]. Crucial for these applications
is the local control of nanocrystal formation by ion irradiation.
In order to form well-deﬁned Ag-nanoparticle sections with controlled optical properties, a detailed knowledge of the ion-beam-induced changes of material properties is of crucial importance. Within this context, we present an
investigation of the Ag-nanocrystal depth proﬁle as well as the corresponding refractive index depth proﬁle of Na+ ↔ Ag+ ion-exchanged and subsequently Xe-irradiated borosilicate glass. The analysis is based on Rutherford
backscattering spectrometry (RBS), X-ray photoelectron spectroscopy (XPS),
X-ray-excited Auger spectroscopy (XE-AES), and optical transmittance and
reﬂectance measurements. We conclude that the Ag nanocrystals are formed
in a layer with a thickness that is signiﬁcantly smaller than the range of the
ions used to induce the nucleation, and we derive the optical constants for the
Ag-nanocrystal-doped layer.

4.2

Experimental

Ag nanocrystals were formed in Na+ -containing Schott BK7 glass by a combination of Na+ ↔ Ag+ ion exchange and 1-MeV-Xe irradiation. The composition of the BK7 glass before ion exchange was 23 at.% Si, 61 at.% O, 5 at.% B,
7 at.% Na, 3 at.% K, 0.2 at.% Ba, as was determined by Rutherford backscattering spectrometry (RBS). Samples of 1 mm thickness were ion-exchanged
at 350 ◦ C for 10 minutes in a salt melt of 5 mol% AgNO3 in NaNO3 . Sub-
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Figure 4.1: Schematic illustration of the fabrication process of a planar
waveguide with Ag-nanocrystal-doped regions: (a) waveguide deﬁnition by
a standard Na+ ↔ Ag+ ion-exchange process, (b) Ag-nanocrystal formation by ion irradiation using a mask-assisted process, and (c) the resulting
metallodielectric Bragg grating.

sequently, Ag nanocrystals were formed by 1-MeV-Xe irradiation (ion range:
340 nm) under normal incidence at 77 K. Three samples were exposed to different ﬂuences: 5.5 × 1014 , 3.0 × 1015 , and 1.0 × 1016 ions/cm2 , respectively.
Transmission electron microscopy (TEM) has shown that this leads to the
formation of Ag nanoparticles with diameters ranging from below 3.5 nm to
10 − 15 nm [55].
RBS was performed using a 2-MeV-He beam to determine the Ag depth
proﬁle of the Na+ ↔ Ag+ ion-exchanged borosilicate glass before and after
Xe irradiation. In addition, X-ray photoelectron spectroscopy (XPS) and Xray excited Auger spectroscopy (XE-AES) were performed to identify the Ag
chemical state as function of depth (range 10 − 450 nm) [56, 57]. These measurements were done with a PHI Quantera scanning X-ray microprobe, using
1 keV Ar sputtering for depth proﬁling (depth accuracy: 10%). Optical transmittance and specular reﬂectance were measured at (near-)normal incidence in
the spectral range of 1.2 − 4 eV (1000 − 300 nm). Simulations, based on the
transfer matrix method and the Maxwell-Garnett eﬀective medium theory, were
performed to obtain information on the depth-dependent optical constants.

4.3
4.3.1

Results
Ag depth proﬁle

Figure 4.2 shows the Ag depth proﬁle of unirradiated and 1-MeV-Xe irradiated
Na+ ↔ Ag+ ion-exchanged borosilicate glass as obtained by RBS. Both Ag0
and Ag+ are represented in Fig. 4.2, as RBS is insensitive to the Ag chemical
state. The unirradiated sample, having an Ag concentration of 7 at.% at the
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Figure 4.2: Ag depth proﬁle, obtained by RBS, of unirradiated (dashed
line) and 1-MeV-Xe-irradiated (solid line) Na+ ↔ Ag+ ion-exchanged
borosilicate glass. The Xe ﬂuence for the irradiated sample is 1.0 × 1016
ions/cm2 .

surface, shows a gradual decrease in Ag concentration as a function of depth,
which is typical for the ion exchange process. The depth proﬁle of the 1-MeVXe irradiated sample (ﬂuence: 1.0×1016 ions/cm2 ) shows Ag accumulation in
a layer of ∼80 nm directly below the surface (Ag peak concentration 9 at.%)
and Ag depletion underneath that layer extending to a depth of >800 nm. The
depth proﬁles of the samples irradiated at the other ﬂuences exhibit a similar
trend (not shown).
Ag accumulation in a layer directly below the surface and Ag depletion
beneath that layer has also been observed in Ag-containing borosilicate glass
that was thermally annealed in hydrogen [58]. This eﬀect has been attributed
to Ag reduction in the surface region and subsequent Ag+ migration towards
the surface due to the reduction-induced change in the Ag+ electrochemical
potential [59]. Accordingly, the Ag depth proﬁles shown in Fig. 4.2 would
indicate that Ag nanoparticles (Ag0 ) are mainly present in the ﬁrst ∼80 nm
below the surface.

4.3.2

Ag0 depth proﬁle

Figure 4.3 shows the XE-AES spectra of (a) unirradiated and (b) 1-MeV-Xeirradiated (ﬂuence: 1.0 × 1016 ions/cm2 ) Na+ ↔ Ag+ ion-exchanged borosilicate glass at depths between 10 and 200 nm. The energy range is such that
the Ag M4 N45 N45 (358 eV) and M5 N45 N45 (352 eV) Auger lines are visible;
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Figure 4.3: XE-AES spectra of the Ag M4 N45 N45 and M5 N45 N45 Auger
lines of (a) unirradiated and (b) 1-MeV-Xe-irradiated (ﬂuence: 1.0 × 1016
ions/cm2 ) Na+ ↔ Ag+ ion-exchanged borosilicate glass over a depth range
of 20 − 200 nm (with a 20-nm step size). The spectra are shifted vertically
for clarity. The dashed vertical lines indicate the peak positions for the
Ag0 chemical state.

both are sensitive to the Ag chemical state. The spectra obtained from the
unirradiated sample all look similar, and the peak positions are fairly constant
over depth. In contrast, the spectra obtained from the irradiated sample show a
clear shift in Ag M4 N45 N45 and M5 N45 N45 Auger lines for the ﬁrst 60−100 nm.
In fact, the corresponding peak positions are found to coincide with the peak
energies for Ag0 measured on a pure-Ag reference sample, which are indicated
as dashed vertical lines in Fig. 4.3. Hence, XE-AES proves that only in a surface layer with a thickness of 60 − 100 nm Ag nanoparticles (Ag0 ) are present
in signiﬁcant quantities.
To make this result more speciﬁc, Figure 4.4 shows the depth-dependent Ag
modiﬁed Auger parameter α , compiled by summation of the Ag M4 N45 N45
Auger kinetic energy and the Ag 3d5/2 binding energy, using XE-AES and
XPS spectra taken at 60 diﬀerent depths in the range of 20 − 200 nm. As static
charge corrections cancel in α , it is a more accurate measure for chemical state
identiﬁcation than XE-AES by itself. Reference values of α for Ag0 and Ag2 O
are indicated by the dashed lines [56]. The gradual change in α with depth is
schematically indicated by the gray band. Figure 4.4 shows unambiguously that
Ag nanoparticles (Ag0 ) are only present in the ﬁrst 90 ± 20 nm. Additionally,
it can be seen that the α values for the unirradiated sample, as well as for
the irradiated sample at larger depths, diﬀer from the Ag2 O literature value,
reﬂecting that the Ag chemical state in Na+ ↔ Ag+ ion-exchanged borosilicate
glass is diﬀerent from that of Ag in Ag2 O.
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Figure 4.4: Modiﬁed Auger parameter α for Ag as function of depth, obtained by XPS and XE-AES, over a depth range of 20−200 nm (with a 3-nm
step size), for unirradiated () and 1-MeV-Xe-irradiated () Na+ ↔ Ag+
ion-exchanged borosilicate glass. The Xe ﬂuence for the irradiated sample
is 1.0 × 1016 ions/cm2 . The gray band is a guide to the eye representing
the trend for the irradiated sample. The α literature values for Ag0 and
Ag2 O are indicated for reference.

4.3.3

Refractive index depth proﬁle

Figure 4.5 shows optical transmittance (T ) and reﬂectance (R) spectra for
samples irradiated with Xe ions at ﬂuences of (a) 1.0 × 1016 , (b) 3.0 × 1015 ,
and (c) 5.5 × 1014 ions/cm2 . The transmittance spectra were taken at normal
incidence and are corrected for absorption by irradiation-induced defects, by
performing a smooth background subtraction [55]. The reﬂectance spectra were
taken at near-normal incidence on the ion-exchanged and ion-irradiated side.
All samples show a dip in transmittance at ∼2.9 eV (430 nm), corresponding to
the surface plasmon resonance energy of spherical Ag nanoparticles embedded
in BK7 glass. This dip, which increases in magnitude with ion ﬂuence, is
accompanied with a peak in reﬂectance, being rather broad for the highest ion
ﬂuence.
In order to correlate the measured transmittance and reﬂectance spectra
on one hand and the Ag0 depth proﬁle on the other hand, the spectral transmittance and reﬂectance were modeled. The calculations are based on the
Maxwell-Garnett eﬀective medium theory [41] to convert the Ag0 depth proﬁle
to a refractive index proﬁle, and on the transfer matrix method to subsequently
calculate the spectral transmittance and reﬂectance. In the latter method, the
gradually changing refractive index proﬁle was discretized as a series of 1-nmthick slabs. For every slab, the refractive index was derived from the material
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composition through the Maxwell-Garnett eﬀective medium theory, which implicitly assumes spherical inclusions (Ag0 in this case) embedded in a matrix
(BK7 glass in this case). The Ag dielectric function was described using literature values [42] whereas the refractive index of the glass was taken to be
1.5. The Ag0 ﬁlling fraction, regarded as being constant for every slab, was
considered as the main parameter for determining the complex eﬀective refractive index. The Ag-nanoparticle size was taken into account in the Ag0
dielectric function through the limited-mean-free-path model for the conduction electrons [4]. The particle size was assumed to be constant with depth
for every sample. The depth proﬁle of the Ag0 volume fraction was described
using a complementary error function with three free parameters: surface concentration, characteristic proﬁle thickness, and characteristic proﬁle curvature.
The choice for this type of function is motivated by the shape of the Ag0 depth
proﬁle determined from XPS and XE-AES, as shown in Fig. 4.4.
The simulated transmittance and reﬂectance spectra, shown as dashed lines
in Fig. 4.5, resemble the measured data quite well. Most features are reproduced, including the low-energy shoulder of the reﬂection peak for the highest
ion ﬂuence (see Fig. 4.5(a)), which is attributed to interference within the
nanocrystal-doped layer. The Ag0 depth proﬁles used to obtain these spectra
are shown in Fig. 4.6. The ﬁtted particle diameters are 1.2, 4, and 4 nm for Xe
implantation ﬂuences of 5.5 × 1014 , 3.0 × 1015 , and 1.0 × 1016 ions/cm2 , respectively. Given the broad distributions of nanoparticle sizes in each sample, these
numbers reﬂect characteristic values for each sample. The proﬁle for 1.0 × 1016
ions/cm2 is found to have a maximum Ag0 content of 9 vol.%. Since the nearsurface Ag concentration, as determined by RBS, amounts 10 vol.% (9 at.%),
this implies that nearly all Ag is present as nanoparticles (Ag0 ). The high
simulated Ag0 surface content is required to account for the relatively strong
peak in reﬂectance, whereas the depth-integrated Ag0 concentration is largely
related to the strength of the transmittance dip. Small deviations between the
experimental data and the simulated spectra in Fig. 4.5 may be due to the
fact that the particle diameter varies with depth. According to the MaxwellGarnett eﬀective medium theory, an Ag-nanocrystal concentration of 9 vol.%
corresponds to an eﬀective refractive index of n = 2.1 + i0.8 at the resonance
wavelength (l = 430 nm).
The Ag-nanoparticle depth proﬁle derived from the simulation of the measured transmittance and reﬂectance spectra for the Xe ﬂuence of 1.0 × 1016
ions/cm2 is in very good agreement with the depth proﬁle derived from the
XPS and XE-AES measurements. This conﬁrms that Ag nucleation mainly
occurred in a relatively thin layer below the surface (∼80 nm). For the two
lower ﬂuences, the simulated Ag0 content at the surface is lower in order to ﬁt
the less pronounced peaks in reﬂectance, while the total amount of Ag0 must
be lower to account for the smaller dips in transmittance. These constraints
lead to the depth proﬁles shown in Fig. 4.6 (dashed and dotted lines), with the
resulting transmittance and reﬂectance spectra shown in Figs. 4.5(b) and (c).
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Figure 4.5: Optical transmittance (T ) and reﬂectance (R) spectra of 1MeV-Xe-irradiated Na+ ↔ Ag+ ion-exchanged borosilicate glass for (a)
1.0 × 1016 , (b) 3.0 × 1015 , and (c) 5.5 × 1014 ions/cm2 , respectively (solid
lines). The dashed lines are the results of simulations based on the transfer
matrix method and the Maxwell-Garnett eﬀective medium theory.

4.3.4

Discussion

The conclusion that 1-MeV-Xe irradiation of Na+ ↔ Ag+ ion-exchanged borosilicate glass induces Ag-nanocrystal nucleation in a layer with a thickness signiﬁcantly smaller than the corresponding ion range puts a number of earlier
published results in a new perspective. First of all, it implies that the reported
eﬀective refractive index of the material used for the fabrication of highly dispersive micropatterns is incorrect [54]. That refractive index was derived under
the assumption that the Ag nanocrystals were formed in a layer with a thickness of 450 nm. The corresponding analysis, in which the real and imaginary
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Figure 4.6: Ag0 depth proﬁles used as inputs for the simulations of the
transmittance and reﬂectance spectra.

parts of the eﬀective refractive index were considered as independent variables
[60] resulted in peak values of 2.6 for the real and 0.15 for the imaginary parts
of the refractive index for a Xe ﬂuence of 5.0×1015 ions/cm2 [54]. From Fig. 4.6
it can be seen that an irradiation at a Xe ﬂuence of 5.0 × 1015 ions/cm2 would
lead to an Ag-nanocrystal depth proﬁle with a surface content of ∼9 vol.%. For
such a composition, the eﬀective refractive index is 2.1 + i0.8 at the resonance
wavelength (l = 430 nm), i.e. a signiﬁcantly lower value for the real part of
the refractive index and a much higher value for the imaginary part compared
to Ref. [54]. Consequently, the index contrast of micropatterns fabricated by
the described method is lower than originally thought, whereas the extinction
is signiﬁcantly higher. This implies that the material is less attractive for e.g.
the realization of (nonlinear) photonic crystals.
Given the present data, the earlier published analysis that atomic displacement energy loss is the main factor for Ag-nanocrystal nucleation in Na+ ↔
Ag+ ion-exchanged glass during ion irradiation must be reconsidered [55]. This
analysis was based on a comparison of the energy deposition by electronic excitations and by atomic displacements, both integrated over the full ion range.
However, the results presented in this paper indicate that that comparison
is not necessarily the most relevant one, as nanocrystals are only formed at
depths much smaller than the ion range. To study the Ag-nanocrystal formation mechanism, a more extensive investigation, including the analysis of the
nanocrystal depth proﬁles for irradiations with various species, is required. An
example of such an analysis is reported by Valentin et al [61]. In that paper,
the Cu-nanocrystal formation induced by ion irradiation of Cu-containing glass
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is studied. It is reported that, also in that experiment, nanocrystal formation
occurs in a depth range that is much smaller than the range of the ions used
to induce the nucleation. Our conclusions are in agreement with those results.
Additionally, this paper provides a new perspective for studies of interaction
and sensitization eﬀects of Ag nanocrystals and optically active Er ions. In a
previous paper [62], it was demonstrated that Ag ions, incorporated into sodalime silicate glass by ion-exchange (as in the present paper) act as eﬃcient
sensitizer for Er, presumably mediated by a defect state related to Ag ions.
It was also noted that no sensitization eﬀect of Ag nanocrystals on the Er
excitation was observed. With the present knowledge that the nanocrystal
depth proﬁle is only shallow, and the Er was implanted deeply, it can now be
concluded that no such interaction was to be expected in that work.
Finally, we note that the Ag-nanoparticle-doped glass studied here has been
used as starting material for the fabrication of Ag nanoparticle arrays [38]. In
that work, 1-MeV-Xe-irradiated Na+ ↔ Ag+ ion-exchanged borosilicate glass
was subsequently irradiated with 30-MeV Si ions. The Ag nanoparticle arrays
show strong optical anisotropy due to diﬀerences in transverse and longitudinal
surface plasmon modes in the arrays.

4.4

Conclusions

By combining multiple techniques (RBS, XPS, XE-AES, and optical transmittance and reﬂection measurements), we consistently derived the Ag-nanocrystal
depth proﬁle as well as the corresponding refractive index proﬁle of 1-MeV-Xeirradiated Na+ ↔ Ag+ ion-exchanged borosilicate glass. It is shown unambiguously that the Ag nanocrystals are formed in a layer with a thickness of
90 ± 20 nm below the surface (for a Xe ﬂuence of 1.0 × 1016 ions/cm2 ). The
analysis has put a number of earlier published results, including the apparent
absence of inﬂuence of Ag nanocrystals on erbium luminescence [62], in a new
perspective.
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Part II

Plasmon-enhanced Si
quantum dot luminescence
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Chapter 5

Spectral tunability
In the presence of arrays of Ag nanoparticles, silicon quantum dots exhibit
2- to 6-fold luminescence enhancements at emission frequencies that correspond to the dipole plasmon resonance frequency of the Ag nanoparticles. Using electron-beam lithography to alter the pitch and particle diameter, this
wavelength-selective enhancement can be varied as the plasmon resonance
wavelength is tuned from 600 to 900 nm. The luminescence intensity enhancement is attributed to coupling of the silicon quantum dot emission dipoles to the
plasmon modes of the Ag nanoparticles rather than to an enhanced excitation
rate.
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5.1

Introduction

Since the observation in 1990 of strong room-temperature photoluminescence
from porous silicon [63, 64], signiﬁcant worldwide interest has been directed
toward silicon-based photonics for integrated optoelectronics. An integral part
of such systems is a silicon-based, power-eﬃcient light emitter. From that perspective, silicon quantum dots (Si QDs) have been intensively investigated as
light sources. Si QDs exhibit room-temperature luminescence due to radiative
recombination of quantum-conﬁned excitons, and their emission frequency can
be tuned through part of the visible and near-infrared spectrum by varying the
QD size [65] or surface termination [66]. Si QDs can have internal quantum
eﬃciencies higher than 50% [67], but they suﬀer from low radiative decay rates
(∼10 kHz) relative to those of direct-bandgap semiconductors and organic dyes
(∼100 MHz). Coupling of optical emitters to plasmon modes in metal nanostructures provides an opportunity to enhance the Si QD radiative decay rate
[19]. In this way, the intrinsic drawback of the indirect-bandgap material Si
can partially be circumvented. An enhanced radiative decay rate leads, under
the appropriate conditions, to an enhancement of the emitted intensity, as is
discussed in detail in part IV of this thesis.
In this chapter, we report on the enhancement of the photoluminescence
(PL) intensity of Si QDs in the vicinity of Ag nanoparticles fabricated by
electron-beam lithography. When the plasmon resonance of the Ag nanoparticles is tuned throughout the Si QD emission spectrum, we observe a strong
correlation between the frequency at which the PL emission is enhanced and
the plasmon resonance frequency. From this behavior, we conclude that the
observed PL enhancement is caused by coupling of the Si QD emission dipoles
with the plasmon modes of the Ag nanoparticles. This coupling mechanism
can cause both an enhancement of the radiative decay rate and an angular
redistribution of the emission.

5.2

Experimental

Si QDs were produced by ion implantation of 11-keV Si+ ions to a ﬂuence of
1.7 × 1016 cm−2 into a 1.6-mm-thick fused SiO2 strip (Technical Glass Products). Monte Carlo simulations performed with SRIM (Ref. [68]) indicate that
such an implantation yields a Gaussian depth distribution of Si in the SiO2 ,
with a peak excess Si concentration of 10% at a depth of 20 nm. The implanted
SiO2 was annealed in Ar for 20 minutes each at 200 and 450 ◦ C, and then for
30 minutes at 1000 ◦ C, to form Si QDs with typical diameters of 3 − 5 nm [69].
The samples were subsequently heated in forming gas (10% H2 , 90% N2 ) for 30
minutes at 450 ◦ C to eliminate emission from defect states in the SiO2 matrix
[69]. After Si QD formation, the QD distribution was brought to an average
depth Δ of 8, 13, or 18 nm from the surface by etching in 2.3% HF (aq). The

46

(a)
Si

d

PL Intensity (a.u.)

Ag

p
nc-Si

SiO2
(c)

(b)

44

50 μm

58

72

86

100

d ~ 135 nm

d ~ 140 nm

d ~ 165 nm

d ~ 185 nm

d ~ 190 nm

d ~ 230 nm

d ~ 260 nm

d ~ 320 nm

d ~ 390 nm

400 nm
Figure 5.1: (a) Array of Ag nanoparticles with diameter d, and pitch
p on Si-QD-doped SiO2 . (b) SEM images of a series of Ag nanoparticle
arrays with p = 400 nm, d = 135 − 390 nm. (c) PL intensity map over a
representative Ag array (p = 400 nm, d = 320 nm, Δ = 8 nm) in 10-μm
steps, integrated from l = 640 to 950 nm.

etch rate was 0.25 nm/s, as determined by spectroscopic ellipsometry (Sentech
SE-850) on an analogous sample of SiO2 on a Si substrate. Ellipsometry also
indicated that after etching, the surface roughness was less than ∼0.2 nm.
To obtain strong plasmonic eﬀects, the Si-QD-doped SiO2 was coupled to Ag
nanoparticles. Ag was chosen because it has the lowest absorption at visible
frequencies, and therefore produces the strongest ﬁeld enhancements among
all practical metals with plasmon resonances in this spectral range. The Ag
nanoparticles were fabricated by electron-beam lithography, as described in
Chapter 2. The resulting structure is sketched in Fig. 5.1(a), and scanning
electron microscopy (SEM) images of one series of Ag arrays, with a 400-nm
pitch and increasing diameters (135 − 390 nm), are displayed in Fig. 5.1(b).
The size of each array was 100 × 100 μm2 .
Each array of Ag nanoparticles with height h = 20 nm was characterized
by a distinct pitch p (200 − 500 nm), particle diameter d (100 − 440 nm), and
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Figure 5.2: Si QD PL intensity as function of pump intensity measured
on the unpatterned reference area. The photoluminescence intensity is
integrated from λ = 650 − 900 nm. The pump wavelength is 532 nm.

thus cylinder aspect ratio a = d/h (5 − 22). As a consequence of these geometric diﬀerences, the arrays were characterized by distinct plasmon resonance
frequencies [41], which were determined by measuring the transmission spectrum through each Ag nanoparticle array. For the transmission measurement,
the arrays were illuminated with a white light source incident through a 60×
microscope objective (NA = 0.8), and the transmitted light was collected with
a 20× microscope objective (NA = 0.4). The spectral transmittance through
each Ag nanoparticle array was normalized by the transmittance through a
nearby region without Ag nanoparticles.
PL spectra were acquired under excitation from a frequency-doubled Nd:YAG
laser operating at λexc =532 nm focused through a microscope objective to a
10-μm-diam spot. The PL intensity was recorded using a thermoelectrically
cooled CCD detector (sensitivity range of 200 − 1100 nm) in conjunction with
a 30-cm-focal-length grating spectrograph. A dichroic ﬁlter that absorbs light
at wavelengths below 550 nm was used to eliminate incident laser light from
the detector. Si QD excitation and PL emission collection were performed
both through the Ag arrays and through the SiO2 substrate, and all of these
combinations gave similar results for the enhancement magnitude and spectral
dependence, indicating that the Si/Ag system was acting as a coupled entity.
Reference luminescence measurements were obtained from a region of Si-QDdoped SiO2 not located under a Ag nanoparticle array. To check for PL signal
uniformity over the range of the 100 μm × 100 μm particle arrays, as well
as over the range of the Ag-free reference areas, the samples were mounted
on a translation stage and the PL intensity was measured in 10 μm steps. A
relatively high pump intensity, 104 W/cm2 , was used to ensure operation as
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(a)

(b)

(c)

Figure 5.3: Optical characterization of a representative sample (p =
400 nm, d = 320 nm, Δ = 13 nm). (a) Normalized transmission through
Ag nanoparticle array. (b) PL intensity from Si QDs in the absence (bottom curve) and presence (top curve) of Ag nanoparticles. (c) PL intensity
enhancement (ratio of curves in (b)).

close as possible to the saturated pump power regime, where the PL emission is
limited by the radiative decay rate and is independent of the internal quantum
eﬃciency. Figure 5.2 shows the integrated Si QD PL intensity measured on
the reference area plotted versus pump intensity. The intensity level at which
the measurements on Si QDs coupled to Ag nanoparticles were done is indicated by the arrow. It is shown that the Si QDs were not pumped in complete
saturation.
Figure 5.1(c) shows a typical result for a two-dimensional scan (d = 320 nm,
p = 400 nm, and Δ = 8 nm). The PL intensity (integrated from λ = 640 to
950 nm) emitted from the array region was approximately twice that emitted
from the uncoupled QDs in the reference areas, and the PL intensity was essentially independent of position in both areas. The spatial resolution of this
measurement is not suﬃcient to identify diﬀerences in PL intensity at length
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Figure 5.4: PL intensity enhancement and normalized transmission curves
for samples with p = 400 nm, Δ = 13 nm; d is increasing from top to bottom
panel, with d = 165, 185, 190, 230, 260, and 320 nm, respectively.

scales smaller than the pitch.

5.3

Results

Figure 5.3 shows the correspondence between the spectral position and shape
of the Si QD PL enhancement and the transmission dip associated with the
Ag nanoparticles to which these Si QDs are coupled (array parameters: d =
190 nm, p = 400 nm, and Δ = 13 nm). The normalized transmission spectrum
of the Ag nanoparticles (see Fig. 5.3(a)) exhibits a dip centered at 710 nm
that can be attributed to extinction associated with the excitation of plasmon
modes in the Ag nanoparticles. As illustrated in Fig. 5.3(b), the PL intensity
on the array Iarr is enhanced signiﬁcantly compared to the Si QD PL intensity
in the reference area Iref , especially at wavelengths where the plasmon mode is
resonant. Figure 5.3(c) shows the PL enhancement spectrum, Iarr /Iref . The
center wavelength and width of the enhancement peak correspond closely to
the center wavelength and width of the transmission dip shown in Fig. 5.3(a).
Figure 5.4 shows normalized transmission and PL enhancement spectra for
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Figure 5.5: (a) Correspondence between the wavelength of minimum
transmission and the wavelength of maximum PL enhancement for over 180
diﬀerent samples. (b) Comparison between the magnitude of maximum PL
enhancement and the wavelength at which this maximum is reached for
over 180 diﬀerent samples.

6 samples, with increasing nanoparticle diameter d from top to bottom at a
ﬁxed 400-nm pitch and Δ = 13 nm. As d is increased, the transmission dip
grows larger in magnitude and shifts to larger wavelengths. The decreased
transmission is attributed to an increase in Ag coverage. The shift of the
minimum transmission wavelength can be understood qualitatively based on
the increase in nanoparticle size and in aspect ratio a (from 8 to 16), which are
both known to cause a redshift of the plasmon modes parallel to the long axes
of of a nanoparticles [41].
The PL enhancement spectra in Fig. 5.4 exhibit a redshift with increasing d
and a that is similar to the trend in transmission dips. Thus, there is a strong
correlation between the PL enhancement and the plasmon resonance of the
nanoparticles. This correspondence is illustrated for 187 diﬀerent samples in
Fig. 5.5(a), in which the wavelength of minimum transmission is correlated with
the maximum PL enhancement wavelength. The observed trend is well ﬁtted
by a straight line with a slope of 0.97 ± 0.03 and a y intercept of 14 ± 17 nm.
Despite variations in Δ, p, and d, the strong spectral correspondence between Si QD PL enhancement and particle plasmon resonance indicates that
the PL enhancement can consistently be ascribed to coupling of the Si QD
emission dipoles with plasmon modes of the Ag nanoparticles. No lumines-
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cence enhancements were observed for samples that show transmission dips
resonant with the 532-nm excitation source.
Figure 5.5(b) shows the magnitude of the maximum PL intensity enhancement as a function of wavelength for over 180 diﬀerent samples. Coupling Si
QDs to Ag nanoparticle arrays produces up to 6-fold enhancements, and the
greatest increases are observed at short emission wavelengths, where smaller
nanoparticles are resonant. It is expected that only Si QDs positioned closer to
Ag particles than the typical range of 20 − 50 nm experience considerable nearﬁeld coupling. The total number of Si QDs coupled to Ag nanoparticles thus
increases with particle coverage. The fact that a smaller overall PL enhancement is found for larger particles then implies that the emission enhancement
per QD must be greater near the smaller particles. The samples considered in
Fig. 5.5 have d = 100 − 440 nm, p = 200 − 500 nm, and Δ = 8 − 18 nm. The
large spread in enhancement factors is attributed to variations in the depth at
which the Si QDs are positioned in the substrate. This explanation seems most
likely as the coupling between Si QDs and plasmon modes depends strongly
on separation. No systematic dependence on Δ could be observed, which we
ascribe to fabrication tolerances.

5.4

Conclusions

In conclusion, we have observed 2- to 6-fold enhancements in PL intensity of Si
QDs upon coupling to Ag nanoparticles. The enhancement can be spectrally
controlled between 600 and 900 nm by tuning the plasmon resonance frequency
of the Ag nanoparticles through varying the nanoparticle diameter. Coupling
to engineered plasmonic structures thus provides an interesting approach to
controlling the emission of Si quantum dots. The largest luminescence enhancement that could possibly be obtained using arrays of metal nanoparticles
is analyzed in Chapter 11.
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Chapter 6

Polarization selectivity
The photoluminescence intensity of silicon quantum dots is enhanced in a
polarization-selective way by coupling to elongated Ag nanoparticles. The observed polarization dependence provides direct proof that the PL enhancement
is due to electromagnetic coupling of the silicon quantum dot emission dipoles
with dipolar plasmon modes of the Ag nanoparticles. The polarization selectivity demonstrates the potential of engineered plasmonic nanostructures to
optimize and tune the performance of light sources in a way that goes beyond
solely enhancing the emission and absorption rates.
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6.1

Introduction

In recent years, the control of spontaneous emission by metallic nanostructures
has regained considerable interest following up on the pioneering work that was
performed in conjunction with studies on surface-enhanced Raman scattering
(SERS) in the 1970s and 1980s [13]. These early investigations, which focused
on the interaction of emitters with rough metal surfaces, resulted in the observation of surface-enhanced ﬂuorescence (SEF) [18]. In addition, semi-classical
models were developed that describe SEF based on the electromagnetic coupling of dipole emitters with plasmon modes, i.e., collective conduction electron
oscillations, in metal nanoparticles [19, 20]. These models predict large modiﬁcations of the excitation rate as well as of the radiative and nonradiative decay
rates upon coupling emitters to metallic nanostructures.
The renewed interest in plasmon-enhanced ﬂuorescence during the last
decade was motivated by advances in both single-molecule spectroscopy and
nanoscale fabrication. First, single-molecule spectroscopy provides the possibility to verify theoretical models in great detail, and has led, for example, to
the observation of photoluminescence enhancement and quenching depending
on the distance between emitter and metal [22], with concomitant changes in
excited state lifetime [23, 24]. Second, nanoscale fabrication oﬀers the possibility to engineer plasmonic structures with high precision. This is of crucial
importance since ﬂuorescence enhancement and quenching depend diﬀerently
on nanostructure properties such as material, size, and shape, as well as on
emitter-nanostructure separation distance [19, 20]. Only in a limited part of
this extensive parameter space can plasmonic nanostructures provide substantial improvements to the radiative properties of emitters.
Apart from inﬂuencing the balance between ﬂuorescence enhancement and
quenching, the nanostructure geometry also aﬀects the polarization and directionality of the enhanced ﬂuorescence [70]. Experimental evidence of the
inﬂuence of metallic nanostructures on PL polarization has been attained with
single quantum dot measurements on rough metal surfaces [71].
In this chapter, we report on the enhancement of Si QD PL upon coupling
the Si QDs to engineered elongated Ag nanoparticles [72]. The observed polarization selectivity enables us to conclude that, under the present excitation
conditions, the PL enhancement is due to the coupling of the silicon quantum dot emission dipoles with dipolar plasmon modes in the Ag nanoparticles,
rather than due to an enhancement of the excitation rate. This conclusion follows directly from the correspondence between the measured PL and extinction
data, and it does not rely on, for example, a rate-equation model. A compelling
property of Si QDs that is utilized in this study is their broad emission spectra,
which enables the identiﬁcation of spectral trends in PL enhancement over a
wide wavelength range upon varying the nanoparticle properties [73].
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6.2

Experimental

Si QDs were produced by ion implantation of 11-keV Si+ ions to a ﬂuence
of 1.7 × 1016 cm−2 into a 1.0-mm-thick silica substrate (suprasil, Hereaus).
Monte Carlo simulations performed with SRIM (Ref. [68]) indicate that such
an implantation yields a Gaussian depth distribution of Si in the SiO2 , with a
peak excess Si concentration of 10% at a depth of ∼ 20 nm. The implanted
silica was annealed in Ar for 20 minutes each at 200 C and 450 ◦ C, and then
for 30 minutes at 1000 ◦ C, to form Si QDs with typical diameters of 2 − 5 nm
[74]. The samples were subsequently heated in forming gas (10% H2 , 90% N2 )
for 30 minutes at 450 ◦ C to passivate defects. After Si QD formation, the
QD distribution was brought to an average depth of about 10 nm from the
surface by etching the oxide in 2.3% HF(aq). The etch rate was 0.25 nm/s,
as determined by spectroscopic ellipsometry on an analogous sample of SiO2
on a Si substrate. Ellipsometry also indicated that after etching, the surface
roughness was less than ∼ 0.2 nm.
On top of the Si-QD-doped SiO2 substrates, elongated Ag nanoparticles
were fabricated based on the electron-beam-lithography procedure described
in Chapter 2. Ag was chosen because this metal exhibits the lowest Ohmic
damping at visible and infrared frequencies, and thus gives rise to the highest
electromagnetic ﬁeld enhancements. The resulting structure is sketched in
Fig. 6.1(a), and a scanning electron micrograph (SEM) image of the array is
displayed as an inset in Fig. 6.1(b). The dimensions of these nanoparticles are:
240 × 140 × 20 nm3 .

6.3
6.3.1

Results
Extinction measurements

Due to the anisotropic particle dimensions, the fabricated Ag nanoparticle array
exhibits polarization-dependent extinction spectra, as is shown in Fig. 6.1(b).
These extinction spectra were measured in an optical microscope by white-light
illumination through a 60× objective (NA = 0.8) from the top, and collection through a 20× objective (NA = 0.4) from the bottom, after which the
light was passed through a polarizer. The plotted extinction E is deﬁned as
E = 1 − T , where T is the intensity transmitted through the array relative to
the intensity transmitted through the unpatterned reference area. Therefore,
the extinction is a measure of the fraction of light that is removed from the
forward-propagating beam by absorption and scattering due to the nanoparticles. Figure 6.1(b) shows extinction spectra measured on one particular array
for two polarizations angles θ : parallel (θ = 0◦ ) and perpendicular (θ = 90◦ )
to the long axis. For both polarizations, a pronounced peak in extinction can
be observed. These relatively broad features can be associated with the excitation of plasmon modes in the Ag nanoparticles [4]. The extinction spectrum
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Figure 6.1: (a) Schematic representation of the sample consisting of an
SiO2 substrate, which is doped with Si quantum dots at a depth of about
10 nm, with an array of elongated Ag nanoparticles on top. (b) Extinction
spectrum of an array of elongated Ag nanoparticles for two polarizations:
parallel and perpendicular to the long axis (both measured at normal incidence). The bars centered at 640 and 860 nm indicate the wavelength
ranges that are considered in Fig. 6.2, as well as in Figs. 6.3(b) and (c).
Inset: Scanning electron micrograph of the same array (total array size:
50 × 50 μm2 ).

for (θ = 90◦ ) exhibits a peak at 640 nm, whereas the extinction for (θ = 0◦ )
reaches its maximum around 860 nm. Due to reduced white light intensity
as well as reduced detector sensitivity, the extinction spectra are less accurate above 900 nm. The polarization dependence of the extinction can be
understood qualitatively based on the fact that the nanoparticle surface charge
distributions generated by plane-wave illumination are diﬀerent for the two polarizations. Accordingly, dissimilar restoring forces are built up, which leads
to blue- and red-shifted resonance frequencies for transverse and longitudinal
polarizations, respectively. The extinction spectra do not exhibit features that
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Figure 6.2: Polar plot of the extinction as a function of the polarization
angle θ relative to the nanoparticle long axis measured on an array of
elongated Ag nanoparticles for two wavelengths: 640 and 860 nm (symbols).
The solid lines are ﬁts to the experimental data by dipole patterns (see
text).

indicate a diﬀractive response of the nanoparticle array [75–77], which implies
that, for the present geometry, interparticle coupling is relatively weak.
Figure 6.2 shows a polar plot of the extinction as function of the polarization
angle θ for two characteristic wavelengths: 640 nm and 860 nm. The data
exhibit dipole-like polarization patterns that are oriented perpendicular to one
another. In fact, the measured extinction data for 860 nm can be ﬁtted perfectly
by a dipole pattern: E = A cos2 θ, with A = 0.68 (solid line), where 0.68
corresponds to the extinction at 860 nm measured at θ = 0◦ , as shown in
Fig. 6.1(b). The polar plot of the extinction at 640 nm can be ﬁtted very well
by a superposition of two dipolar patterns that are oriented perpendicular with
respect to one other: E = B sin2 θ+C cos2 θ, with B = 0.40 and C = 0.14 (solid
line). These numbers are in agreement with the extinction values at 640 nm
for the two spectra shown in Fig. 6.1(b); the second term thus represents the
tail of the longitudinal extinction feature. The good agreement between the
experimental data and the ﬁts shows that the extinction is dominated by the
dipolar plasmon modes of the Ag nanoparticles. The fact that higher-order
multipole modes do not need to be invoked is attributed to the small dimensions
of the nanoparticles compared to the wavelength of light.

6.3.2

Photoluminescence measurements

On the same array for which the extinction was measured, PL spectra were
acquired under excitation from a frequency-doubled Nd:YAG laser operating at
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λexc = 532 nm that was focused onto the sample surface through a microscope
objective to a 10-μm-diameter spot (corresponding to an area containing 500
nanoparticles). A relatively high pump power, 104 W/cm2 , was used to ensure
operation as close as possible to the saturated pump power regime, where the
PL emission is limited by the radiative decay rate and is independent of the
internal quantum eﬃciency. The polarization of the pump source was kept
constant during all measurements. The PL intensity was collected from the
bottom, passed through a polarization analyzer, and subsequently recorded
using a thermoelectrically cooled CCD detector in conjunction with a 30-cmfocal-length grating spectrograph. A dichroic ﬁlter that absorbs light below
550 nm was used to eliminate incident laser light from the detector.
Figure 6.3(a) shows PL spectra measured on the unpatterned reference area
and on the nanoparticle array, the latter for two polarization angles: θ = 0◦
and θ = 90◦ . The reference spectrum is a typical ensemble-averaged Si QD PL
spectrum that spans a relatively wide wavelength range (600−1000 nm), which
is due to both homogeneous and inhomogeneous broadening. The PL intensity
on the array is found to be enhanced in a strongly wavelength- and polarizationdependent way compared to the reference. The maximum enhancements at the
emission wavelengths of λem = 640 nm and λem = 860 nm, for θ = 90◦ and θ =
0◦ respectively, exceed a factor of 3. Such enhancement values can be observed
by collecting through the substrate as well as from the top side [73]. These
numbers represent ensemble-averaged values, and much larger enhancements
are expected at lightning-rod-type hotspots close to the sharp corners of the
Ag nanoparticles.
To enable a more detailed analysis of the polarization dependence of the
PL enhancement, Figs. 6.3(b) and (c) display polar plots of the PL intensity as
function of the polarization angle of the emission measured both on the array
and on the unpatterned reference area for λem = 640 nm and λem = 860 nm.
We focus on these two wavelengths since they correspond to the extinction
maxima for the transverse and the longitudinal polarization, respectively. For
both wavelengths, the PL intensity on the reference area (circular line in the
center of each plot) is polarized isotropically, so the data are not dependent
on the polarization of the pump light. Indeed, the absence of polarization
memory has also been observed for single Si QDs. Furthermore, any orientation
dependent emission due to a small size anisotropy for single Si QDs [78] is
expected to be averaged out for Si QD ensembles in an amorphous SiO2 matrix
[78].
As can be seen in Figs. 6.3(b) and (c), the PL intensity on the array is
enhanced compared to the reference. Moreover, this enhancement is polarized
in the same direction as the extinction at the emission wavelength, both for
λem = 640 nm and λem = 860 nm (see Fig. 6.2). Note that these perpendicularly oriented PL enhancement patterns, including the supporting extinction data, were obtained from a single array of elongated Ag nanoparticles.
Besides, the PL measurements were done without changing the polarization
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Figure 6.3: (a) Si quantum dot photoluminescence spectra measured on
the reference area and on the array, the latter for two emission polarization
angles q (relative to the nanoparticle long axis): θ = 0◦ and θ = 90◦ . The
bars indicate the wavelength ranges that are considered in (b) and (c). (b)
Polar plot of the Si QD photoluminescence as function of θ for λem = 640
nm. (c) Similar data as in (b) for λem = 860 nm. (d) Polar plot of the Si
QD photoluminescence enhancement as function of θ for λem = 640 nm.
(e) Similar data as in (d) for λem = 860 nm. Pump wavelength: 532 nm.
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of the pump light, so the excitation conditions for the array measurements at
λem = 640 nm and λem = 860 nm were completely identical. Consequently, the
striking correspondence between the polarization dependence of the extinction
at the emission wavelength on one hand, which can be associated with dipolar
plasmon modes, and the polarization dependence of the PL enhancement on
the other hand shows that the PL enhancement is due to the electromagnetic
coupling of the Si QD emission dipoles with dipolar plasmon modes of the Ag
nanoparticles.
It can be noted that the proﬁles in Figs. 6.3(b) and (c) are not completely
symmetric for rotation over 180◦ . For example, the PL intensity on the array is
higher at θ = 0◦ than at θ = 180◦ in Fig. 6.3(c). This asymmetry is attributed
to a small misalignment in our setup. Indeed, by normalizing the angular
proﬁles of the arrays by the reference data, perfectly symmetric curves are
observed, is seen in Figs 6.3(d) and (e).
The correspondence between the polarization dependences of the PL enhancement on one hand and the extinction at the emission wavelength on the
other hand strongly suggests that the observed PL enhancement is not caused
by a plasmon-induced enhancement of the Si QD excitation rate. In particular,
at the emission wavelength of 860 nm, the emission polarized perpendicular to
the long axis (θ = 90◦ ) is hardly enhanced (see Fig. 6.3(c)). This is attributed
to the fact that at 860 nm there is basically no spectral overlap with plasmon modes, for θ = 0◦ (see Fig. 6.1), so there can be no resonant coupling
of the Si QD emission dipoles with the plasmon modes at this wavelength.
However, if the observed PL enhancement would be partially caused by an
enhanced excitation rate, the enhancement shown in Fig 6.3(c) should contain
an emission-polarization-independent contribution, which would be present at
θ = 90◦ as well. The fact that such a contribution is not observed indicates
that the PL enhancement is not caused by a plasmon-induced enhancement of
the optical excitation rate.
In order to verify this hypothesis more explicitly, we performed a control
experiment in which we measured the PL enhancement as function of pump
polarization. Ag nanoparticle arrays with a slightly smaller aspect ratio than
those in Fig. 6.3, covered with a 20-nm-thick Si layer were used. As shown
in Fig. 6.4(a), these samples too exhibit polarized emission, at their resonance
wavelength of 790 nm (measured for a ﬁxed pump polarization). The polarized
emission is indicative of the anisotropic plasmonic properties of the Ag nanoparticles. Figure 6.4(b) displays a polar plot of the PL enhancement versus
polarization angle of the pump light (measured without polarization ﬁltering
of the emission). This graph shows a completely isotropic response, and therefore it can be concluded that the observed PL enhancement is not caused by a
plasmon-induced enhancement of the Si QD excitation rate.
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Figure 6.4: Polar plots of the Si QD photoluminescence intensity versus
the polarization angle of (a) the emission and (b) the pump light, both
with respect to the long axis of the nanoparticles. Emission wavelength:
790 nm. Pump wavelength: 532 nm.

6.4

Conclusions

In conclusion, we have observed a polarization-selective PL intensity enhancement upon coupling Si QDs to engineered elongated Ag nanoparticles. The
dependences of the PL enhancement on pump and emission polarization show
unambiguously that the PL enhancement is due to the electromagnetic coupling
of the Si QD emission dipoles with dipolar plasmon modes in the Ag nanoparticles. The polarization selectivity enables us to draw this conclusion without relying on, for example, rate-equation models. The measured ensemble-averaged
PL enhancements exceed a factor 3, and much larger enhancement values are
expected close to the sharp corners of the metal nanoparticles. The observed
polarization selectivity demonstrates that plasmonic nanostructures enable the
optimization of light sources not only by enhancing emission rates, but also by
aﬀecting the polarization of the enhanced emission.
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Chapter 7

Electroluminescence
Ag nanoparticles were integrated in ﬁeld-eﬀect light emitting devices fabricated
using processing facilities at Intel Inc. The Si QD electroluminescence intensity
of these devices was enhanced by up to a factor 2.5. The largest enhancement
was not measured on an array of well-deﬁned Ag nanoparticles, but on a device area covered with a 20-nm-thick Ag ﬁlm. This trend, which diﬀers strongly
from the behavior found in Chapters 5 and 6, is attributed to the relatively
large RMS roughness (5 nm) of the polysilicon surface on which the Ag was
deposited. The hypothesis is that this roughness gave rise to the formation
of ensembles of Ag aggregates much smaller than the lithographically deﬁned
structures, and that these aggregates dominate the scattering properties of the
Ag. The performed photoluminescence and electroluminescence measurements
are not conclusive on the enhancement mechanism, but the inﬂuence of nanoscale roughness on the outcoupling eﬃciency seems an important factor.
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7.1

Introduction

In the previous two chapters, it was described that the photoluminescence (PL)
intensity of silicon quantum dots (Si QDs) can be enhanced by Ag nanoparticles. The observed spectral and polarization selectivity demonstrated that the
measured PL enhancement was due to coupling of the Si QD emission dipoles
to plasmon modes rather than due to an enhanced optical excitation rate. The
conclusion that the enhancement was not caused by an enhanced optical excitation rate implies that the concept of emitter-plasmon coupling could also
be applied to enhance the luminescence intensity of electrically driven light
sources.
In this chapter, we describe the integration of arrays of Ag nanoparticles,
similar to those described in Chapters 5 and 6, in CMOS-compatible ﬁeldeﬀect light emitting devices (FELEDs) [79]. The active layer in these devices
consists of a 15-nm-thick SiO2 ﬁlm that is doped with Si QDs. Originally, these
devices were designed to study the luminescence properties of Si QDs under
variable charging conditions [80]. After postprocessing the FELEDs, we have
studied the luminescence intensity enhancement induced by the integrated Ag
nanoparticles. A 2- to 3-fold enhancement in the luminescence intensity was
detected under both optical and electrical excitation. The origin of the detected
luminescence enhancement is discussed.

7.2
7.2.1

Experimental
Device structure

The FELEDs used in the experiment are composed of MOS ring gate transistors that were fabricated at a 300-mm-wafer facility at Intel Corporation in
Hillsboro, Oregon. First, a 15-nm-thick dry thermal oxide was grown on a ptype silicon wafer at 900 ◦ C. Si+ ions were then implanted into the oxide to an
average depth of 10 nm and to a peak concentration of 20 at.%. The implanted
wafers were annealed for 5 minutes at 1050 ◦ C in 2% oxygen in argon to nucleate and grow Si QDs in the SiO2 layer. Subsequently, a 40-nm-thick polysilicon
layer was deposited above the Si-QD-doped SiO2 by low-pressure chemical vapor deposition at 600 ◦ C. The ring gate MOS transistors were created in this
stack using standard photoresist patterning and reactive ion etching techniques
to remove both the polysilicon gate and the Si-QD-doped SiO2 from the source
and drain regions in a single-mask process. Finally, the sample was implanted
with P+ and As+ to degenerately dope the source, drain, and gate regions.
FELEDs fabricated in this way showed electroluminescence as described in
Ref. [79].
To study the coupling between Ag nanoparticles and electrically excitable
Si QDs, the polysilicon gate was thinned down. First, the native oxide was
removed from the silicon surface by an etch of 5 seconds in buﬀered hydroﬂuoric
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Figure 7.1: Schematic of the ﬁeld-eﬀect light-emitting device (FELED).
The polysilicon gate has been thinned down to ∼17 nm, and Ag nanoparticles have been fabricated on top of the device. Under the gate, the
15-nm thick SiO2 ﬁlm contains Si QDs at an average depth of 10 nm. In
the experiments, the semitransparent gate was biased with a voltage Vgate
relative to source and drain.

acid (7.2% HF (aq), 36% NH4 F (aq)). Then, following a rinse in 18 MΩ·cm
resistivity water, the silicon was etched for 10 seconds in a solution of 1 ml HF
and 150 ml nitric acid (HNO3 ). This solution etches polysilicon at a rate of
∼2 nm/s, and may also roughen the surface [81]. By ellipsometry, we veriﬁed
that the top gate thickness was reduced to about 17 nm. FELEDs with this topgate thickness still showed electroluminescence after postprocessing, in contrast
to devices that were etched further down.
An Ohmic contact to the gate was made by photolithographical patterning
and by the thermal evaporation of a 10-nm-thick chrome wetting layer and a
200-nm-thick gold pad. The p-type silicon backside of the device was metalized
by thermal evaporation of a 200-nm-thick aluminum layer, followed by a 12hour anneal at 100 ◦ C.
The thinned devices were covered with arrays of Ag nanoparticles using
an electron-beam lithography procedure similar to the protocol described in
Chapter 2. The ﬁnal sample structure is schematized in Fig. 7.1.

7.2.2

Optoelectronic characterization

Photoluminescence (PL) and electroluminescence (EL) spectra of the Si QDs
were measured in an inverted optical microscope. For this purpose, the devices
were mounted on a homemade package to which the gate contacts were connected using gold wires adhered with a wedge bonder. An image of a sample
is shown in Fig. 7.2(a). Multiple Ag nanoparticle arrays, of 50 × 50 μm2 in
size, characterized by diﬀerent array pitches and disk diameters are shown in
Fig. 7.2(b). The increasing contrast from left to right reﬂects the increasing
Ag coverage for the successive arrays. The dark areas on the righthand side
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Figure 7.2: (a) Image of a packaged sample with several post-processed
ﬁeld-eﬀect light-emitting devices (FELEDs). (b) Optical image of multiple
arrays of Ag nanoparticles with diﬀerent disk diameters and array pitches
on a single FELED. The total surface area of the FELED is 10 × 10 mm2 .

are totally covered with a 20-nm-thick Ag ﬁlm, instead of with an array of
nanoparticles.
Photoluminescence measurements were performed by pumping the devices
through the polysilicon top gate with the 488-nm line of an Ar+ laser. Electroluminescence spectra were measured by applying a square-wave input voltage
between the gate and the p-type silicon backside. The voltage level of the
square-wave input was swapped between plus and minus 6 − 9 V at a frequency
of 5 kHz. In both situations, the luminescence signal was collected using a
50× objective (NA = 0.45). The ﬁeld of view was limited to 20 × 20 μm2 .
The signal was detected using a silicon CCD detector array (sensitivity range
200 − 1100 nm), cooled with liquid nitrogen to −130 ◦ C, in conjunction with a
27.5-cm-focal-length grating spectrograph.
PL lifetime measurements were performed by chopping the 488-nm pump
beam with an acousto-optic modulator (AOM). The luminescence in a 50-
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Figure 7.3: Scanning electron microscopy (SEM) images of Ag nanoparticle arrays on top of the light-emitting devices. The scale bar for all images
is displayed in the left bottom corner. The array pitch is indicated by p for
all three rows separately.

nm-wide band around the luminescence peak wavelength was selected with
a spectrograph and detected by a thermo-electrically cooled photomultiplier
tube.
For both the photoluminescence and electroluminescence measurements,
the signal detected on the arrays was compared to the signal measured on
the surrounding reference area. This reference area was located on the same
electrical device as the arrays.

7.3

Results and discussion

Scanning electron microscopy (SEM) images of some of the arrays of Ag nanoparticles positioned on top of the existing FELEDs are shown in Fig. 7.3, for
diﬀerent disk diameters and pitches.
Under both optical and electrical excitation, the detected Si QD luminescence intensity was aﬀected by the presence of the Ag nanoparticles. The
photoluminescence measurements showed an enhancement of the PL intensity
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Figure 7.4: (a) Electroluminescence spectra measured on a device area
covered by a 20-nm-thick Ag ﬁlm and on a reference area without Ag. (b)
Electroluminescence enhancement obtain by dividing the electroluminescence intensity on the Ag covered area by the reference measurement.

by up to a factor 2 compared to the surrounding reference area. An important
diﬀerence with respect to the measurements done on silica substrates (Chapter
5), however, is that no systematic change in PL spectrum was observed when
nanoparticle size or shape were varied. The only clear trend is that the PL enhancement increases with Ag coverage. This behavior, which is opposite from
the trend found for the samples on silica substrates (Chapter 5), is discussed
in more detail within the context of the EL measurements further on.
PL lifetime measurements yielded decay curves that were ﬁtted with a
stretched exponential function with τ = 10 μs and β = 0.7. No signiﬁcant
diﬀerence was detected between array and reference areas. The ﬁt results for
τ and β are consistent with measurements performed on the FELEDs before
postprocessing [80]. The small value for τ compared to the radiative lifetime
of ∼100 μs for Si QDs in SiO2 emitting at the same same wavelength [67, 82],
indicates that strong nonradiative decay channels are active.
Measurements of the electroluminescence intensity showed a similar trend
as the photoluminescence measurements: the intensity on the Ag-covered ar-
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Figure 7.5: Electroluminescence intensity map of an area of 100×100 μm2
that contains a 50 × 50 μm2 area (top right) where the device is covered
with a 20-nm-thick rough Ag ﬁlm. The emission is integrated from λ =
600 − 1100 nm.

eas is enhanced compared to the reference area (by up to a factor 2.5), and
the enhancement increases with Ag coverage. Remarkably, the highest EL enhancement is observed for a 20-nm-thick Ag ﬁlm rather than for an array of
Ag nanoparticles. For the 20-nm-thick Ag ﬁlm, the measured EL spectrum is
shown in Figure 7.4(a), together with the reference spectrum. Figure 7.4(b)
shows the corresponding EL enhancement spectrum. A possible explanation
for the fact that the EL enhancement is optimal for the Ag ﬁlm rather than
for a Ag nanoparticle array is related to the polysilicon etch used to thin down
the top gate. This process resulted in an RMS roughness of 5 nm, as was
determined by atomic force microscopy (AFM) [83]. The roughness might
have induced the formation of ensembles of small Ag aggregates with plasmon
properties independent of the lithographically deﬁned structures. If these Ag
aggregates exhibit the strongest plasmon resonances in the infrared, analogous
to the spontaneously formed Ag nanoparticles described in Chapter 3, then
that could also explain the increasing EL enhancement with increasing emission wavelength, as shown in Fig. 7.4(b).
To illustrate the EL uniformity over a 50 × 50 μm2 area of a 20-nm-thick
Ag ﬁlm, as well as over the reference area, Figure 7.5 shows a map of the EL
intensity acquired using the CCD detector in imaging mode (emission integrated over λ = 600 − 1100 nm). The EL intensity is constant over the array
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at roughly twice the intensity of the reference area.
Due to the fact that no change in Si QD luminescence lifetime between
Ag-covered areas and reference areas was detected, the experiment is not conclusive on the enhancement mechanism. It is known, however, that nanoscale
roughness can enhance the outcoupling eﬃciency of light-emitting devices by
scattering light out of high-index structures, in which light would otherwise
be trapped by total internal reﬂection [6]. It is likely that this eﬀect plays an
important role here as well.

7.4

Conclusions

The electroluminescence intensity of Si QD FELEDs was enhanced by Ag nanoparticles. The nanoparticles were fabricated on top of existing FELEDs after
the polysilicon gate was thinned down to a thickness of about 17 nm. No correlation between the luminescence enhancement and the Ag geometry deﬁned
by electron-beam lithography was observed. We attribute the absence of such
a correlation to the formation of small Ag aggregates due to the roughness of
the etched polysilicon layer on top of which the Ag was deposited.
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Part III

Erbium ions coupled to Ag
or Si nanostructures
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Chapter 8

Plasmon-enhanced erbium
luminescence
It is demonstrated that the photoluminescence intensity of optically active erbium ions positioned in close proximity of anisotropic Ag nanoparticles is significantly enhanced if the nanoparticles support plasmon modes that are resonant
with the erbium emission. In addition, the photoluminescence enhancement is
found to be polarized corresponding to polarization of these plasmon modes.
Both observations demonstrate that the photoluminescence intensity enhancement is due to coupling of the Er3+ 4 I13/2 −4 I15/2 transition dipoles with
plasmon modes in the Ag nanoparticles. As this coupling mechanism is known
to aﬀect the emission rate, metal nanoparticles provide the opportunity to reduce temperature or concentration quench processes that are known to occur
in a wide range of erbium-doped materials.
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8.1

Introduction

Erbium-doped materials are of great interest in optoelectronics due to the Er3+
intra-4f emission at 1.54 μm, a standard telecom wavelength. Dielectrics doped
with erbium can be used to fabricate planar optical ampliﬁers [84] and lasers
[85], as well as light-emitting devices [86]. Erbium doping of silicon enables
the realization of optoelectronic devices based on the most widely used semiconductor in microelectronics [87, 88]. For all Er-doped materials, however, a
practical limitation is that due to the small oscillator strength of the Er3+ intra4f transition at 1.54 μm (4 I13/2 −4 I15/2 ), loss processes can easily dominate the
deexcitation of the 4 I13/2 -level. For instance, in Er-doped dielectrics, the Er
concentration needs to be kept low to avoid concentration quenching and cooperative upconversion [89]. Concentration quenching concerns energy migration
to defect states or OH-groups by resonant interaction between closely spaced
Er3+ ions. Cooperative upconversion, which can dominate the deexcitation of
the Er3+ 4 I13/2 -level already at Er3+ concentrations as low as ∼0.02 at.% [89],
results in depopulation by energy exchange between two excited Er3+ ions.
In Er-doped Si, temperature quenching is the main constraint for device
applications [90, 91]. It is caused by phonon-assisted energy backtransfer [89,
92], and Auger interactions with free carriers [91]; two processes that strongly
limit the quantum eﬃciency of optical transitions in Er3+ at room temperature.
Engineering of the Er sites, for example by oxygen co-doping [90], as well as
device engineering [93] have not reduced the signiﬁcance of these nonradiative
processes suﬃciently in order to turn Er-doped Si into a practical optoelectronic
material.
An alternative approach to diminish the eﬀect of quenching, which is diﬀerent from limiting nonradiative processes, consists of enhancing the spontaneous
emission rate of the Er3+ 4 I13/2 →4 I15/2 transition by modifying the dielectric
environment [94, 95]. Very strong eﬀects of the environment on the emission
rate are predicted for emitters that are positioned in close proximity of metal
nanoparticles [19]. If a plasmon mode, i.e., a collective conduction electron
oscillation [4], in a metal nanoparticle is resonant with an optical transition,
the electromagnetic coupling between transition dipole and plasmon mode can
result in an enhancement of the radiative decay rate by several orders of magnitude for emitter-nanoparticle separation distances of ∼5 − 20 nm. At shorter
distances, the presence of the metal leads to quenching [19].
Recently obtained results on the interaction between emitters and metal
nanoparticles include the observation of an excited state lifetime reduction
simultaneous with a photoluminescence (PL) enhancement [23, 24], and the
observation of a continuous transition from PL enhancement to PL quenching
upon varying the emitter-nanoparticle separation distance [22]. Besides, it has
been demonstrated that the plasmon-induced enhancement of the luminescence
of silicon quantum dots can be tuned spectrally [73], and can be polarized [96]
by modifying the geometrical properties of the metal nanoparticles.
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Most of the work on interactions between emitters and metal nanoparticles
has been done with dyes or quantum dots that emit at wavelengths between
500 nm and 900 nm, a spectral range for which it is relatively easy to obtain
resonant plasmon modes. However, enhancing the Er3+ radiative decay rate
at 1.54 μm by employing resonant plasmon modes could be very attractive as
well, especially in view of the opportunity to reduce the signiﬁcance of various
quench processes, including temperature quenching of Er in Si.
In this chapter, we report on the coupling of optically active Er3+ ions with
plasmon modes in Ag nanoparticles. First, it is shown that by engineering
Ag nanoparticles with a strong geometrical anisotropy, plasmon modes with a
resonance wavelength of 1.5 μm can be obtained. Secondly, it is shown that
the PL intensity of Er3+ ions positioned close to these nanoparticles is significantly enhanced. The dependences of the PL enhancement on both nanoparticle geometry and polarization demonstrate that the PL enhancement is due
to coupling of the Er3+ 4 I13/2 −4 I15/2 transition dipoles with plasmon modes
in the Ag nanoparticles.

8.2

Sample fabrication

The sample preparation was done in the following way. First, a 1-mm-thick
SiO2 substrate was covered with a 45-nm-thick sacriﬁcial Al layer. Subsequently, the sample was implanted with 1.2 × 1016 Er ions/cm2 at 150 keV,
after which the Al layer was etched oﬀ in a 1:10 solution of KOH in water.
As a result, the SiO2 substrate was doped with 9 × 1015 Er ions/cm2 in the
top 50 nm, with a maximum concentration of 4 at.% at a depth of 10 nm. In
order to obtain a model system in which the Er luminescence is quenched considerably, the sample was not annealed. The PL lifetime at 1.54 μm was less
than 0.5 ms, which indicates that the internal quantum eﬃciency for emission
is smaller than ∼3%, since the radiative lifetime of Er3+ in SiO2 is 18 ms [97].
On top of the Er-doped SiO2 substrate, Ag nanoparticles were fabricated
using electron-beam lithography, by the procedure that is described in Chapter
2. Ag was chosen because this metal exhibits the lowest Ohmic damping at
visible and infrared frequencies, and thus gives rise to the highest electromagnetic ﬁeld enhancements [4]. The resulting structure is schematically depicted
in Fig. 8.1(a), and scanning electron micrograph (SEM) images of the arrays
are displayed in Fig. 8.1(b). From top left to bottom right, the Ag nanoparticle
length l is increased from ∼100 nm to ∼600 nm, while the nanoparticle width is
kept nearly constant at ∼100 nm. The height of all Ag nanoparticles is 20 nm,
so that the smallest nanoparticles can be considered as circular disks, whereas
all the other nanoparticles are elongated disks.
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Figure 8.1: (a) Schematic representation of the sample consisting of an
SiO2 substrate, which is doped with Er ions in the upper 50 nm, with an
array of Ag nanoparticles on top. (b) Scanning electron micrographs of
six arrays of Ag nanoparticles. The nanoparticle length l is increased from
∼100 nm to ∼600 nm, while the width is kept constant at ∼100 nm. The
height of the nanoparticles is 20 nm for all arrays

8.3

Optical characterization

The degree of geometrical anisotropy strongly inﬂuences the resonance frequencies of the nanoparticle plasmon modes, as can be seen in Fig. 8.2, which displays the transmission spectra of the arrays. These transmission spectra were
measured at normal incidence with unpolarized light by illumination through a
60× microscope objective (NA=0.8) and collection through a 20× microscope
objective (NA=0.4). The transmission through each Ag nanoparticle array was
normalized by the transmission through an unpatterned reference area.
As can be seen in Fig. 8.2, the transmission spectrum of the circular disks
(l ∼ 100 nm) exhibits a broad dip centered at 2.1 eV, which can be attributed to
absorption and scattering due to excitation of dipole plasmon modes in the Ag
nanoparticles [4]. The spectral position of this dip depends on nanoparticle size
and shape, the refractive index of the embedding media, and on coupling between the nanoparticles [4]. Note that in the Er emission band around 0.81 eV,
which is indicated by the vertical gray band, the transmission for this array is
nearly unity.
For the smallest elongated nanoparticles (l ∼ 200 nm), the transmission
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Figure 8.2: Transmission spectra of six Ag nanoparticle arrays, with the
nanoparticle length l increasing from ∼100 nm to ∼600 nm. The dotted lines indicate the evolution of the transmission dips as function of the
nanoparticle length. The erbium emission band is indicated by the gray
bar.

spectrum is characterized by two dips. This is due to the fact that the degeneracy for the two polarizations is lifted. The low-energy dip is associated
with the longitudinal plasmon mode (parallel to the long axis), whereas the
high-energy dip is associated with the transverse plasmon mode (perpendicular to the long axis) [4]. The low-energy dip can be shifted towards the erbium
emission band by increasing the anisotropy, as can be seen for l ∼ 300 nm and
l ∼ 400 nm, and as is indicated by the left dotted line in Fig. 8.2. By further
elongation, the low-energy dip shifts out of the detector range. Additional features appearing between 1.0 eV and 1.5 eV are attributed to the excitation of
higher-order plasmon modes.

8.3.1

Spectral characteristics

In order to study the inﬂuence of the metal nanoparticles on the Er luminescence, PL spectra were acquired under excitation from a frequency-doubled
Nd:YAG laser operating at λexc = 532 nm focused through 60× microscope objective (NA=0.8) from above the sample (see Fig. 8.1(a)) to a 10-μm-diameter
spot. The PL intensity was collected from the bottom with 20× microscope
objective (NA=0.4) and recorded using a charge-coupled device (CCD) detec-
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Figure 8.3: Integrated PL intensity at 1.54 μm as function of nanoparticle
length l for 6 Ag nanoparticle arrays. Data measured both on the array
and on the unpatterned reference area are shown. The inset shows two
typical Er emission spectra. Pump wavelength: 532 nm.

tor in conjunction with a 30-cm-focal-length grating spectrograph. A dichroic
ﬁlter was used to eliminate incident laser light from the detector. Reference PL
spectra were obtained from areas close to the arrays where the Er implanted
area was not covered with Ag nanoparticles.
Figure 8.3 shows the integrated Er PL intensity obtained at 1.54 μm for
six arrays with increasing nanoparticle length l (l from 100 nm to 600 nm).
In addition, the integrated PL intensity measured on nearby areas without
nanoparticles is displayed as well. Two typical PL spectra for array and reference are shown in the inset. As can be seen in Fig. 8.3, the integrated PL
intensities for array and reference are nearly identical for both l ∼ 100 nm and
l ∼ 200 nm. Note that these data points correspond to the arrays for which
the transmission in the Er emission band is practically unity (see Fig. 8.2).
For longer nanoparticles, for which the low-energy transmission dip exhibits
spectral overlap with the erbium emission band, the PL intensity on the array is enhanced compared to the reference area. The largest enhancement is
observed for the nanoparticle length (l ∼ 400 nm) for which the low-energy
transmission dip has the best overlap with the Er emission band (see Fig. 8.2).
Since this transmission dip is associated with the longitudinal plasmon mode,
it can be concluded that the observed PL enhancement is due to the coupling
of the Er3+ 4 I13/2 −4 I15/2 transition dipoles with longitudinal plasmon modes
in the nanoparticles. The close correspondence between array and reference
measurements for both l ∼ 100 nm and l ∼ 200 nm, for which no plasmon
mode is resonant with the emission, indicates that in the present conﬁguration
the measured PL intensity is not strongly aﬀected by the potential diﬀerence
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Figure 8.4: Polar plots of (a) the PL intensity for array (l ∼ 400 nm) and
reference and (b) the PL enhancement, both measured as function of the
polarization angle θ of the emitted light relative to the long axis of the Ag
nanoparticles. Pump wavelength: 532 nm.

in pump conditions between array and reference measurements.

8.3.2

Polarization characteristics

A second demonstration that the observed PL enhancement is due to the coupling of Er3+ ions with plasmon modes is given by polarization-dependent
measurements of the PL intensity. These measurements were performed in
the same conﬁguration as was used to obtain the data shown in Fig. 8.3, except that the emitted light was passed through a polarization analyzer before
illuminating the detector.
Figure 8.4(a) shows the PL intensity as function of the polarization angle θ
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of the emitted light relative to the long axis of the nanoparticles (in the plane
perpendicular to the surface normal) for l ∼ 400 nm. The PL intensity on
the unpatterned reference area is polarized isotropically (the circular pattern
in the center of the plot), which implies that the PL intensity does not depend
on the polarization of the pump light. The PL intensity on the array is clearly
enhanced compared to the reference. Moreover, the enhancement is polarized
in the direction of the long axis, which corresponds to the polarization direction
of the nanoparticle plasmon mode that is resonant at 1.5 μm. This correspondence demonstrates that the observed PL enhancement is due to coupling of
the Er3+ 4 I13/2 −4 I15/2 transition dipoles with plasmon modes in the metal
nanoparticles.
It can be noted that the proﬁles in Fig. 8.4(a) are not completely symmetric
for rotation over 180◦ . The asymmetry is attributed to a small misalignment in
the setup. By normalizing the angular proﬁle of the array by the reference data,
perfectly symmetric curves are observed, as can be seen in Fig. 8.4(b). The
two-fold PL enhancement observed is an ensemble average. Much larger local
enhancement values are expected close to the sharp corners of the metal nanoparticles. Utilization of dense arrays of smaller nanoparticles is therefore expected to result in substantially larger ensemble-averaged enhancements. This
issue is addressed in part IV of this thesis.

8.4

Conclusions

In conclusion, we have observed an enhancement of the photoluminescence
intensity at 1.54 μm of optically active Er3+ ions in SiO2 by coupling to engineered Ag nanoparticles. The PL enhancement is maximal if the Er emission
is resonant with nanoparticle plasmon modes. Moreover, the PL enhancement
is polarized corresponding to the polarization of the plasmon modes. Both
these observations demonstrate that the Er3+ 4 I13/2 −4 I15/2 transition dipoles
are coupled with nanoparticle plasmon modes. As this coupling mechanism is
known to aﬀect the emission rate, metal nanoparticles may reduce the significance of quench processes of Er embedded in various host materials, such as
concentration quenching and upconversion in Er-doped dielectrics and temperature quenching of Er in Si.

80

Chapter 9

Absence of the enhanced
intra-4f transition cross
section at 1.5 µm of Er3+ in
Si-rich oxide
We present measurements of the optical absorption cross section of the 4 I15/2
→ 4 I13/2 transition at 1.5 μm of Er3+ ions embedded in SiO2 and Si-rich oxide,
using cavity ringdown spectroscopy on thin ﬁlms. The peak absorption cross
section for Er3+ embedded in Si-rich oxide (10 at.% excess Si) was found to be
(8 ± 2) × 10−21 cm2 at 1536 nm, similar to typical values for Er embedded in
SiO2 . The data imply that the silicon nanoclusters incorporated in Si-rich oxide
do not enhance the peak cross section of the Er3+ 4 I15/2 − 4 I13/2 transition by
1 − 2 orders of magnitude, contrary to what has been reported in earlier work.
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9.1

Introduction

In the previous chapters, the inﬂuence of metal nanoparticles on the properties of optical emitters was studied. In this chapter, we analyze the inﬂuence
of silicon nanoclusters (i.e., dielectric inclusions) on the emission properties of
erbium ions in silicon-rich oxide. Erbium-doped Si-rich oxide (SRO:Er) is an
optical gain medium in which Er3+ ions, exhibiting an intra-4f transition at
1.5 μm, are surrounded by silicon nanoclusters that serve as broadband sensitizers [98–100]. A sensitizer coupled to an Er3+ ion absorbs light at a cross
section several orders of magnitude larger than Er, and then transfers its energy to the Er3+ ion. Sensitizers could enable optical ampliﬁcation at 1.5 μm
using low-cost light-emitting diodes in top-pumping conﬁguration, instead of a
waveguide-coupled laser tuned to an Er transition.
In addition to the sensitization eﬀect, which is of great technological interest, it has been reported that silicon nanoclusters would enhance the absorption and emission cross sections of the 4 I15/2 − 4 I13/2 transition at 1.5 μm
of Er3+ embedded in SiO2 by 1 − 2 orders of magnitude [101, 102]. This presumed enhancement was derived from optical absorption spectroscopy in linear
waveguides [101], and it has been invoked to explain the high signal enhancement in SRO:Er linear ampliﬁers [102]. The enhanced emission cross section
has also been used as an input parameter in a model describing the gain characteristics of SRO:Er ampliﬁers [103]. If true, the cross section enhancement
would have a broad impact on Er ampliﬁer and laser technology as it implies
an enhancement of the optical gain coeﬃcient by the same 1 − 2 orders of
magnitude. Thus more compact devices would be possible using SRO:Er.
Both reported cross-section enhancements are however based on indirect
measurements, and a direct determination is still lacking. In this chapter, we
present measurements of the Er3+ absorption cross section in both SRO:Er
and SiO2 :Er by cavity ringdown spectroscopy (CRDS) on thin ﬁlms [104, 105],
which is an approach that does not require estimates on the overlap between
an optical mode and the erbium proﬁle as in earlier work. From the data it is
concluded that the earlier reported 1 − 2 orders of magnitude enhancement of
the cross section of the Er3+ 4 I15/2 − 4 I13/2 transition at 1.5 μm due to silicon
nanoclusters is incorrect.

9.2

Experimental

SRO:Er and SiO2 :Er thin ﬁlms were fabricated by ion implantation and thermal
annealing of 2-mm-thick highpurity fused-silica substrates (Heraeus Suprasil
300). In the ﬁrst fabrication step, the substrates were implanted with 300keV and 150-keV Er ions to a total ﬂuence of 1.2 × 1016 at/cm2 . The Er
peak concentration measured by Rutherford backscattering spectrometry was
2.3 at.%. Subsequently, a dual Si implant (73 and 30 keV) was applied to part
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of the Er-implanted samples to fabricate SRO:Er ﬁlms. The Si ﬂuences were
chosen such that an excess Si concentration of ∼10 at.% was achieved over the
full Er depth proﬁle. One of the SRO:Er samples was annealed at 800 ◦ C for
30 minutes in ﬂowing Ar and at 700 ◦ C for 30 minutes in forming gas (H2 :N2
at 1:9) to optimize the Er3+ 1.5 μm photoluminescence (PL) intensity [106].
An SiO2 :Er reference sample (i.e., no Si implanted) was exposed to the same
thermal treatment. A second SRO:Er sample was annealed at 1000 ◦ C for 30
minutes in ﬂowing Ar, comparable to the thermal treatments described in Refs.
[101] and [102]. PL excitation spectroscopy using diﬀerent lines of an Ar+ laser
showed that Er3+ embedded in SRO was mainly excited indirectly, conﬁrming
the coupling between Er3+ and silicon nanoclusters in these samples.
The Er3+ absorption spectrum at 1.5 μm was determined by cavity ringdown spectroscopy (CRDS) on thin ﬁlms, which is a direct and highly sensitive
absorption measurement method in which the sample under investigation is
placed inside a high-quality optical cavity, see the inset of Fig. 9.1 [104, 105].
The measurements were carried out with the tunable idler output of an optical parametric oscillator (OPO), which is pumped by the third harmonic of a
pulsed Nd:YAG laser operating at 30 Hz. The idler output of the OPO was
tuned over the wavelength range of 1450 − 1630 nm with an accuracy of 2 nm,
and the resulting pulse had a typical bandwidth of 2 nm, a duration of 5 ns,
and a pulse energy of 10 mJ. The pulse was injected into a stable optical cavity (length 0.4 m) formed by two planoconcave highly reﬂecting (R > 0.9997)
mirrors without using mode-matching optics, resulting in an eﬀective spot size
of 3 mm. Thus, the total injected pulse energy was less than 3 μJ. The cavity
was purged with dry nitrogen to reduce the eﬀects of H2 O absorption lines.
The temporal decrease in light intensity inside the cavity upon pulse injection
was detected with a photodiode. Individual transients were sampled using a
12-bit, 100-MHz data acquisition system.

9.3

Results

Figure 9.1 shows cavity ringdown transients detected at 1536 nm for both an
SRO:Er sample that was annealed at 800 ◦ C and a bare silica substrate. After
the ﬁrst microsecond, the transients exhibit a single-exponential behavior of
which the rate is determined by the intrinsic cavity loss and the loss generated
by the sample placed in the cavity [104]. The ringdown time for SRO:Er (3 μs)
is signiﬁcantly shorter than for silica (8 μs) due to the stronger extinction
of the SRO:Er sample. The single-exponential parts of individual transients
were ﬁtted with a standard weighted linear regression technique to extract
the ringdown time. Reported values of the optical loss per pass, which includes
both scattering and absorption contributions, have been corrected for the empty
cavity response and were deduced from averages of the ringdown time over 100
laser shots at every wavelength.
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Figure 9.1: Cavity ringdown transients for both an SRO:Er sample and
a bare silica substrate detected at 1536 nm upon injection of a 5-ns pulse
at t = 0. The experimental conﬁguration is sketched in the inset.

Figure 9.2 shows the optical loss spectra for SRO:Er and SiO2 :Er determined
in this way. Every optical loss spectrum shows a characteristic Er3+ absorption
spectrum superimposed on a background that is decreasing with wavelength,
which is attributed to loss processes not related to Er, such as scattering.
Repeated measurements after sample realignment gave reproducible results for
both peak shape and magnitude, as well as for the decreasing background trend,
with some variations in background level. We attribute the latter to variations
in both alignment and sample quality.
The estimates of the background losses indicated in Fig. 9.2 (dashed lines)
are based on a qualitative comparison with absorption spectra derived by PL
spectroscopy using McCumber theory [107, 108], as is illustrated in Fig. 9.3.
Figure 9.3(a) shows a PL spectrum for SRO:Er (annealed at 800 ◦ C) taken at
room temperature. The absorption spectral shape derived from this spectrum
is shown in Fig. 9.3(b), together with the corresponding absorption spectrum
derived from the optical loss data shown in Fig. 9.2 by subtraction of the
background loss (dashed line). The spectral resemblance between the CRDSbased spectrum and the normalized PL-based spectrum validates the estimate
of the background loss. The important feature shown in Fig. 9.2 is that, for
all three samples, the Er absorption is very similar over the entire wavelength
range (within 20%). The Er3+ 4 I15/2 → 4 I13/2 absorption cross section is
thus found to be similar for SiO2 :Er and SRO:Er annealed at either 800 or
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Figure 9.2: Optical loss spectra for SRO:Er (annealed at 800 ◦ C and
1000 ◦ C) and SiO2 :Er (annealed at 800 ◦ C) measured by cavity ringdown
spectroscopy (CRDS) on thin ﬁlms. All spectra have been corrected for the
empty cavity response. Estimates of the background loss are indicated for
all spectra (dashed lines)

1000 ◦ C. Here, it is assumed that all Er ions are in the 3+ valence state,
which is justiﬁed by the fact that no other valences of Er are reported for a
variety of hosts [109]. In addition, X-ray absorption spectroscopy of the Er
3d10 4f 11 → 3d9 4f 12 transitions for Er-doped silicon has shown no evidence
of other Er valence states [110]. The Er3+ 4 I15/2 → 4 I13/2 absorption cross
section for SRO:Er can directly be obtained from Fig. 9.3(b) by dividing the
Er absorption by the Er areal density. This procedure yields a peak absorption
cross section, which is related to the maximum gain coeﬃcient for SRO:Er
ampliﬁers, of (8 ± 2) × 10−21 cm2 at 1536 nm, where the error bar is determined
mainly by the uncertainty in the background level of the absorption measured.
This result is similar to typical values obtained for Er embedded in glasses [111]:
(4.8−7.0)×10−21 cm2 , conﬁrming that silicon nanoclusters do not enhance the
cross section of the Er3+ 4 I15/2 − 4 I13/2 transition by 1−2 orders of magnitude.
Note that the cross section in SRO:Er is expected to be 10 − 20% larger than
in SiO2 :Er due to the higher refractive index of the heterogeneous SRO [95],
but the limited signal-to-noise ratio of the SiO2 :Er sample does not allow one
to resolve this diﬀerence from the performed measurements.
For the determination of the Er3+ 4 I15/2 → 4 I13/2 absorption cross section,
bleaching of the Er3+ ions has been neglected. This is legitimate since the
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Figure 9.3: (a) PL spectrum of SRO:Er (annealed at 800 ◦ C) measured
at room temperature under 488 nm excitation. (b) Er absorption spectra
derived both from the optical loss spectrum, by a subtraction of the background (), and from the PL spectrum by means of McCumber theory
().

eﬀective pump power inside the cavity was adequately low, as can be derived
in the following way. Upon pulse injection, the pulse energy in the cavity was
lower than 3 μJ. Taking into account the cavity length, ringdown time, and
laser spot size, this corresponds to an eﬀective time-integrated photon ﬂux of
6 × 1017 photons/cm2 per pulse. This implies that for an Er3+ absorption
cross section of 8 × 10−21 cm2 less than 0.5% of the Er3+ population was
inverted per pulse. Subsequent pulses can be regarded independently, since the
interval between them (33 ms) is much larger than the Er3+ lifetime in our
samples (3 ms). The relatively short Er3+ lifetime is ascribed to the presence
of nonradiative de-excitation channels in the heavily doped matrix. If the cross
section had been 2 × 10−19 cm2 , still only 12% of the Er3+ population would
have been inverted, and the Er absorption peak would be 20 times larger than
observed. This implies that the error in the absorption cross section induced
by Er3+ bleaching is much smaller than the error induced by the uncertainty
in the background level.
Finally, we speculate on the apparent discrepancy between the cross section
for SRO:Er derived here, and the much larger values claimed in earlier work.
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Kik’s tenfold enhanced cross-section claim [101] was based on a calculation that
involved an estimated overlap between the optical waveguide mode and the Er
proﬁle. Possibly, this overlap was underestimated. As CRDS does not require
estimates on modal overlap in order to determine the absorption cross section,
the method presented in the current work provides more reliable results. The
reported near-hundredfold cross section enhancement derived from gain characteristics of SRO:Er linear ampliﬁers by Han et al. [102] remains puzzling. In
any case, such an enhancement is inconsistent with the Er luminescence lifetime
of 8 ms reported in the same paper: according to the Füchtbauer-Ladenburg
equation [108], the reported Er emission cross section of (2 ± 0.5) × 10−19 cm2
would correspond to a radiative lifetime of ∼0.3 ms.

9.4

Conclusions

In conclusion, we have measured the optical absorption cross section of the
Er3+ 4 I15/2 − 4 I13/2 transition at 1.5 μm in both SRO:Er and SiO2 :Er by
cavity ringdown spectroscopy on thin ﬁlms, proving that this is a suitable
technique for the determination of rare-earth absorption cross sections. The
peak absorption cross section for SRO:Er was found to be (8 ± 2) × 10−21 cm2 ,
which is identical (within 20%) to the measured cross section for SiO2 :Er,
and which is a typical value for Er embedded in glasses. This result is in
disagreement with earlier reported cross sections enhancements for SRO:Er.
The conclusion aﬀects modeling of the gain characteristics of SRO:Er materials
that use the presumed enhanced cross section as an input parameter [103].
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Part IV

Modeling of
plasmon-enhanced
luminescence
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Chapter 10

Exact electrodynamical
theory versus an improved
Gersten and Nitzan model
We present a theoretical study of the modiﬁcations of the radiative and nonradiative decay rates of an optical emitter in close proximity to a noble-metal
nanosphere, based on exact electrodynamical theory. We show that the optimal
nanosphere diameter for luminescence quantum eﬃciency enhancement associated with resonant coupling to plasmon modes is in the range 30 − 110 nm,
depending on the material properties. The optimal diameter is found to be
a trade-oﬀ between (1) emitter-plasmon coupling, which is most eﬀective for
small spheres, and (2) the outcoupling of plasmons into radiation, which is most
eﬃcient for large spheres. In addition, we show that the well-known Gersten
and Nitzan model does not describe the existence of a ﬁnite optimal diameter
unless the model is extended with the correction factor for radiation damping.
With this correction and a correction for dynamic depolarization, the Gersten
and Nitzan model, which can be generalized to spheroids much more easily
than exact electrodynamical theory, is found to provide a reasonably accurate
approximation of the decay rate modiﬁcations associated with coupling to the
dipole plasmon mode. We anticipate that the Gersten and Nitzan model in the
form that we validate in this chapter for spheres will allow the investigation of
the inﬂuence of particle anisotropy on plasmon-enhanced luminescence in an
analytical way.
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10.1

Introduction

During the last decade, there has been a strong revival in experimental eﬀorts
to control spontaneous emission dynamics by metal nanostructures [22–27]. In
particular the recent advancements in nano-optics, which allow for experiments
on single molecules interacting with well-deﬁned metal nanostructures, often
referred to as nano-antennas [28, 29], serve as a strong impetus for this development. These single-molecule experiments, which focus on the resonant coupling
of emitters with plasmon modes, i.e., collective conduction electron oscillations
in the metal, have led to the observation of photoluminescence enhancement
and quenching depending on the distance between emitter and metal [22], with
concomitant changes in excited state lifetime [23, 24].
In addition to these fundamental breakthroughs, the recent progress in nanotechnology enables the introduction of plasmon-enhanced luminescence in various applications, e.g. for enhancing the brightness of technologically important
light emitters [73, 112], or for enhancing emission in a polarization-selective way
[96]. Besides, plasmon-enhanced luminescence has great potential for sensing
applications [113] and for improving the light-harvesting capabilities of solar
cells [114].
With the ongoing interest in the electromagnetic interaction between emitters and metal nanostructures, both from a fundamental and an applications
point of view, there is a growing demand for theoretical studies that provide
insight in the physical factors that determine the performance of nano-antenna
geometries [70, 115–119]. The need for such investigations is emphasized by the
fact that, due to both the absorptive nature of metals and the high conﬁnement
of plasmonic modes, only in a limited part of the extensive parameter space,
metal nanostructures can provide exceptional improvements to the radiative
properties of optical emitters.
In this chapter, we present an extensive survey, based on an exact electrodynamical theory [21, 120, 121], of the modiﬁcations of the radiative and nonradiative decay rates of an emitter in close proximity to a metal sphere. We focus
on the enhancement of the luminescence quantum eﬃciency of a low-quantumeﬃciency emitter by resonant coupling to the plasmon modes of the sphere.
We explain the dependencies of the quantum eﬃciency on emitter-metal separation and on sphere size based on the scattering and absorption properties
of the plasmon modes of the sphere. This approach provides physical insight
in the extent to which radiative and nonradiative decay rate enhancements are
intrinsically linked, or can be separated by design. By comparing results for Ag
and Au to the results for an ideal Drude metal, we also determine which of the
observed trends are intrinsic to a free-electron response, and which are related
to interband transitions in the metals. Furthermore, we address the strong inﬂuence of dipole emitter orientation relative to the sphere on plasmon-enhanced
luminescence.
In the second part of this chapter, we compare the decay rate modiﬁcations
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calculated from exact electrodynamical theory with the results obtained from
the model by Gersten and Nitzan (GN) [19, 122]: a quasistatic model in which
retardation eﬀects are treated as perturbations. The advantage of the GN
model is that it can be generalized to spheroids based on an expansion in
terms of an orthogonal set of eigenfunctions. Such an expansion is not known
for exact electrodynamical theory [123]. The goal of our comparison is to verify
the accuracy of the GN model for the particle sizes of interest. In this chapter,
we have improved the GN model to account for radiation damping [20] and
dynamic depolarization [124] according to Wokaun et al. We demonstrate that
the improved GN model can be applied over a substantially larger particle-size
range than the original version [125]. In particular, we show that the improved
GN model, in contrast to the original version, does describe the existence of a
ﬁnite optimal diameter for plasmon-enhanced luminescence, which is consistent
with the exact electrodynamical theory.
The chapter is organized as follows. In section 10.2 we summarize the two
theoretical approaches that we adopt. In section 10.3 we discuss the inﬂuence
of the separation between a low-quantum-eﬃciency emitter and a Ag sphere on
the radiative and nonradiative decay rates, and thus on the quantum eﬃciency,
of the emitter. In section 10.4 we focus on the dependence of the quantum
eﬃciency enhancement on the sphere size. In section 10.5, we compare the exact
electrodynamical theory to both the original and the improved GN models.
Finally, conclusions are presented in section 10.6.

10.2

Methods

The modiﬁcation of spontaneous emission is a phenomenon that can be described classically [15, 126]. The excited state decay rate, which in the presence
of absorbing dielectrics consists of radiative and nonradiative components, is
proportional to the work W = µ · E that the ﬁeld E generated by the current
source j(r, t) does on the source itself [16, 17].
In the ﬁrst calculation method, we use this concept to analyze decay rate
modiﬁcations induced by a metal sphere at short distance. These modiﬁcations
are calculated analytically using exact electrodynamical theory in the following
way [21, 120]. The excited state decay rate in the presence of a metal sphere,
normalized to the rate in a bulk dielectric, is obtained by comparing the work
W done on a source in the presence of the sphere to the work W0 done on the
same current source in the bulk dielectric. The analytical expressions for this
rate, which can be derived from the Green function [121] for a dielectric sphere,
are given in the Appendix. The modiﬁcation of the radiative decay rate is found
by comparing the energy ﬂux through a surface that encloses both source and
sphere to the radiated power of the same source dipole in the bulk dielectric (see
Appendix). Subsequently, the component of the nonradiative decay rate that
is associated with dissipation in the absorbing sphere is obtained by taking
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the diﬀerence between the excited state decay rate and the radiative decay
rate. Note that the nonradiative decay rate, and thus also the excited state
decay rate, of a luminescent species may contain additional components, e.g.,
due to Auger processes, that are not described by the local electromagnetic
theory. Within the context of the exact electrodynamical theory, also the
angular emission distribution of a source dipole in proximity to a metal sphere
is analyzed. Such distributions are calculated from an expansion of the electric
dyadic Green function in terms of vector spherical harmonics [121].
In the Gersten and Nitzan (GN) model [19, 122], which is the second calculation method that we adopt, the modiﬁcations of the radiative and nonradiative decay rates are calculated in a two-step approach. In the ﬁrst step, the
electromagnetic interaction between source dipole and sphere is analyzed using
the quasistatic approximation [47]. In this approximation it is assumed that
all dimensions are much smaller than the wavelength of light, so that retardation can be neglected in the description of the coupling. The analysis can
then be based on electrostatics. The solution for the electrostatic potential
is a superposition of the source dipole potential and the induced multipoles
of the sphere [122]. Note that for particles that are much smaller than the
wavelength, a dipole source at short distance induces higher-order multipoles
as well, because of the strong gradients in the near ﬁeld of the source. This
is diﬀerent for plane-wave illumination of such particles, which only can excite
dipole modes. In the second step, an eﬀective dipole moment of the coupled
system is identiﬁed. This eﬀective dipole moment, which comprises a vectorial
superposition of the source dipole moment and the induced dipole moment, is
used to calculate the radiated power. By normalization to the power radiated
by an uncoupled source with identical dipole moment, the modiﬁcation of the
radiative decay rate is obtained. The nonradiative decay rate due to coupling
with the absorbing sphere is determined by calculating the power that is dissipated in the sphere using the Joule heating law [127]. Since the electric ﬁeld in
the sphere is a superposition of all multipole modes, all these modes contribute
to the nonradiative decay rate, whereas only the dipole mode is assumed to
aﬀect the radiative decay rate. This assumption is not made in the approach
that relies on the exact electrodynamical theory. In section 10.4, it is discussed
for what metal sphere sizes the assumption is justiﬁed. We ﬁnd that under
particular conditions higher-order modes can enhance the radiative decay rate
as well.
We have modiﬁed the ﬁrst step of the GN model by taking into account
that the magnitude of the induced dipole moment is not only limited by absorption losses, as is implicitly assumed in the quasistatic approximation, but also
by radiation losses [20]. Besides, the redshift of the dipole plasmon resonance
caused by retardation of the depolarization ﬁeld due to the ﬁnite dimensions of
the sphere, referred to as dynamic depolarization [124], is implemented as well.
Both these corrections to the original GN model are taken into account by an
eﬀective nanoparticle polarizability that diﬀers from the electrostatic polariza-
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bility by a correction factor [128]. With this correction factor, which in Ref.
[124] is derived from a self-consistent calculation of the particle polarization,
the expression for the quasistatic scattering coeﬃcient of a sphere corresponds
closely to a power-series expansion of the Mie scattering coeﬃcient until the
third order in size parameter. Neither of these two corrections has been taken
into account in a previous comparison of the GN model and the exact electrodynamical theory [125], although the ﬁrst correction is essential for satisfying
the optical theorem, i.e., energy conservation in electromagnetic ﬁelds.

10.3

Decay rate modiﬁcations versus emittersphere separation

We consider the modiﬁcations of the radiative decay rate ΓR , the nonradiative
decay rate ΓN R , and the quantum eﬃciency η = ΓR /(ΓR + ΓN R ) of an emitter
that is embedded in a homogeneous dielectric with a refractive index of 1.3 and
which has an internal luminescence quantum eﬃciency of 1% in the absence of
the sphere. The choice for the relatively low quantum eﬃciency is motivated
by the fact that it enables the illustration of some important aspects associated
with the coupling of an emitter to the plasmon modes of a metal sphere. In
this section, the emitter is positioned near a Ag sphere with a diameter of
60 nm. The optical data of Ag are taken from Palik [42], and the source
dipole orientation is averaged over all solid angles (see the Appendix), which is
representative for experiments on collections of atoms with randomly oriented
transition dipole moments. The inﬂuence of speciﬁc dipole orientations on
the decay rate enhancements will be discussed later. The emission wavelength
(λem = 433 nm) is chosen such that the emission is resonant with the dipole
plasmon mode of the sphere. All results in this section were calculated from
the exact electrodynamical theory, as described in section 10.2.
Figure 10.1(a) shows the radiative decay rate, normalized to the radiative
decay rate in the absence of the sphere, as a function of the distance to the
sphere surface (solid line). At a distance of 0 nm, the radiative decay rate is
50 times larger than in the absence of the sphere, and it drops oﬀ to a factor of
2 in about 30 nm. The radiative decay rate is composed of two contributions:
the radiative decay rate of the emitter in the absence of the sphere (dotted
line) and the contribution due to presence of the sphere (dashed line), which
can be fully attributed to coupling to the dipole mode. In section 10.4, it is
described for which parameters higher-order modes have substantial impact on
the radiative decay rate as well. An explanation of the decomposition of the
decay rates into various contributions can be found in the Appendix.
Figure 10.1(b) shows a similar plot for the nonradiative decay rate. The
solid line represents the total nonradiative decay rate, which is composed of two
types of contributions. The dotted line is the sphere-independent contribution,
which is 99 times larger than its radiative counterpart because of the choice
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Figure 10.1: (a) Radiative decay rate of a dipole emitter, the orientation
of which is averaged over all solid angles, versus the distance to the surface
of a 60-nm-diameter Ag sphere (solid line), the contribution to the radiative
decay rate due to coupling with the dipole plasmon mode (dashed line),
and the radiative decay rate in the absence of the sphere (dotted line).
(b) Nonradiative decay rate versus distance to the sphere surface when
taking into account coupling to all modes up to l = 60 (solid line), the
contributions to the nonradiative decay rate due to the l = 1 or dipole
mode (dashed line) and due to the l = 40 mode (dash-dotted line), and
the nonradiative decay rate in the absence of the sphere (dotted line). The
decay rates in both (a) and (b) are normalized to the radiative decay rate
in the absence of the sphere. (c) Luminescence quantum eﬃciency versus
distance to the sphere surface when taking into account coupling to all
modes up to l = 60 (solid line) and when taking into account coupling
to the dipole plasmon mode only (dashed line), and the quantum eﬃciency
in the absence of the sphere (dotted line). Emission wavelength: 433 nm.
Calculation method: exact electrodynamical theory.

for a quantum eﬃciency of 1% in the absence of the sphere. The dashed lines
are contributions due to coupling to two representative plasmon modes with
diﬀerent angular mode numbers l: l = 1 (dipole) and l = 40. The l = 1 mode
contributes to the nonradiative decay rate at relatively large distances, whereas
the l = 40 mode is only signiﬁcant at very small distances. In the calculation
of the total nonradiative decay rate (solid line), coupling to all plasmon modes
up to l = 60 was taken into account. Including such higher-order modes is
required to achieve convergence at separations down to 1 nm.
Figure 10.1(c) shows the quantum eﬃciency η as a function of emitternanoparticle separation. The dashed line shows the behavior if only coupling
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to the dipole mode is taken into account. The trend is a monotonic increase in
quantum eﬃciency upon decreasing the emitter-nanoparticle separation. If all
modes up to l = 60 are taken into account (solid line), a similar trend is found
down to a separation of 10 nm, but a strong decrease is observed when the
separation is reduced further. Despite the fact that the higher order plasmon
modes are centered at diﬀerent frequencies than the dipole mode (as will be
shown later on), their collective inﬂuence at the dipole resonance frequency
is still large enough to cause the reduction in quantum eﬃciency. This result
demonstrates that quenching at short distances follows simply from coupling
to higher order plasmon modes. Because these modes do not eﬃciently couple
to the far-ﬁeld, they can be considered as dark modes [129]. Coupling to
these modes hence always reduces the quantum eﬃciency. We conclude that
the quenching at short emitter-metal separations can be described without
invoking electron-electron interactions between emitter and metal.
More quantitatively, Figure 10.1(c) shows that, at separations of 5 to 10 nm,
the quantum eﬃciency is enhanced by an order of magnitude. At a separation
of 6 nm, this quantum eﬃciency enhancement is the combined eﬀect of 19fold radiative decay rate enhancement and a 1.5-fold nonradiative decay rate
enhancement. Obviously, the nonradiative decay rate enhancement depends
strongly on the speciﬁc choice of the quantum eﬃciency in the absence of the
sphere.
Note that the modiﬁcation of the quantum eﬃciency enhancement, which
we have focused on in this section, is not only a measure for the redistribution
of energy in radiative and nonradiative decay channels, but also a measure for
the increase in photoluminescence intensity due to decay rate modiﬁcations
for experiments performed in the linear pump power regime. Note also that
we do not consider enhancements of the optical excitation rate, as we focus on
processes that could be utilized in light sources that rely on electrical excitation
as well.

10.4

Quantum eﬃciency enhancement versus
sphere diameter

10.4.1

Optimum size for quantum eﬃciency enhancement

The magnitude of the quantum eﬃciency enhancement due to resonant coupling
to plasmon modes depends strongly on sphere diameter. This is illustrated in
Figure 10.2, which shows the quantum eﬃciency of a dipole emitter, the orientation of which is averaged over all solid angles, as a function of the distance to
a Ag sphere, for three sphere diameters: 10 nm, 60 nm, and 140 nm. The emitter, which is embedded in a dielectric with a refractive index of 1.3, is assumed
to have a quantum eﬃciency of 1% in the absence of the sphere. The emission
wavelength is adjusted for every diameter in order to match the size-dependent
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Figure 10.2: Quantum eﬃciency of a dipole emitter, the orientation of
which is averaged over all solid angles, versus distance to the surface of a Ag
sphere for three sphere diameters: 10 nm, 60 nm, and 140 nm, when taking
into account coupling to all modes up to l = 80 (solid lines) and when
taking into account coupling to the dipole mode only (dashed lines). The
refractive index of the embedding medium is 1.3, and the quantum eﬃciency
of the emitter in the absence of the sphere is 1%. The calculations were
done at the wavelength of maximum radiative decay rate enhancement for
each diameter. Calculation method: exact electrodynamical theory.

dipole resonance wavelength: 397 nm, 433 nm, and 683 nm, for diameters of
10 nm, 60 nm and 140 nm, respectively. For all three diameters, two curves are
plotted: one for which only coupling to the dipole mode is taken into account
(dashed lines), and one for which coupling to all modes up to l = 80 is taken
into account (solid lines). As in the previous section, the results were calculated
from the exact electrodynamical theory, as described in section 10.2.
Figure 10.2 shows that the highest quantum eﬃciency enhancement is found
for the intermediate diameter (60 nm). By comparing the solid and dashed lines
in the ﬁgure, it can be concluded that the size dependence of the maximum
quantum eﬃciency enhancement is due to the electromagnetic properties of
the radiative dipole mode only, and that it does not relate to the dark higherorder modes, which are responsible for the drop in quantum eﬃciency at short
distances. A more detailed description of the sphere-size dependence of the
quantum eﬃciency enhancement as well as of its interpretation in terms of the
properties of the dipole plasmon mode follows hereafter.
Figure 10.3(a) displays the wavelength of maximum radiative decay rate
enhancement associated with coupling to the dipole mode versus sphere diameter for a dipole emitter, the orientation of which is averaged over all solid
angles, embedded in a dielectric with a refractive index of 1.3, for three sphere
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Figure 10.3: (a) Wavelength of maximum radiative decay rate enhancement associated with coupling to the dipole plasmon mode versus sphere
diameter for a dipole emitter, the orientation of which is averaged over all
solid angles, positioned in close proximity to a sphere, plotted for three
sphere materials: Ag, Au, and a Drude-model ﬁt for Ag. (b) Maximum
quantum eﬃciency versus sphere diameter at the wavelength shown in
(a), for the same three materials. The refractive index of the embedding
medium is 1.3, and the quantum eﬃciency of the emitter in the absence of
the sphere is 1%. Calculation method: exact electrodynamical theory.

materials: Ag, Au, and a Drude metal. The optical data for Ag and Au were
taken from Ref. [42] and are shown in Fig. 10.4. The parameters for the
Drude metal, i.e., plasma frequency (1.2 × 1016 rad/s) and electron relaxation
frequency (9 × 1013 rad/s), were obtained from a ﬁt to the data for Ag in the
infrared part of the spectrum, where the Drude model provides an accurate
description of the electromagnetic response of Ag. Figure 10.3(a) shows a redshift of the wavelength of maximum radiative decay rate enhancement with
increasing diameter for all three materials. This redshift is directly related to
the dipole resonance redshift for increasing size, which is mainly attributed to
retardation of the depolarization ﬁeld across the sphere diameter [124]. We
note that the wavelength of maximum radiative decay rate enhancement is
independent of emitter-sphere separation.
Figure 10.3(b) shows the maximum quantum eﬃciency calculated at the
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wavelength shown in Fig. 10.3(a), also taking into account coupling to higher
order modes (see the Appendix). The wavelength is not ﬁxed because we
intend to investigate the size dependence of the luminescence enhancement
associated with coupling to the dipole plasmon resonance that shifts with size.
The maximum quantum eﬃciency refers to the maximum values in quantumeﬃciency-versus-distance plots, as are shown in Fig. 10.2, and thus represent
diﬀerent (optimized) emitter-sphere separations, ranging from 3 − 10 nm. The
data are calculated for an emitter that has a quantum eﬃciency of 1% in the
absence of the sphere, and for a dipole orientation that is averaged over all
solid angles. Figure 10.3(b) illustrates that for all three materials an optimal
diameter for quantum eﬃciency enhancement can be identiﬁed. That this is
also possible for the Drude metal implies that the existence of such an optimal
diameter can be described based on a purely free-electron response for the
metal.
Despite the qualitative correspondence between the three curves of Fig.
10.3(b), large numerical diﬀerences are found for the three materials. The
optimal diameter is 30 nm for the Drude metal, 55 nm for Ag, and 110 nm for
Au. Moreover, the maximum quantum eﬃciency is 52% for the Drude metal,
11% for Ag, and only 7% for Au. These diﬀerences are related to the fact
that the imaginary part of the dielectric functions of Ag and Au are much
higher than that of an ideal Drude metal, as is clearly visible in Fig. 10.4, for
wavelengths below 600 nm. The diﬀerence is due to interband transitions [4].
Figure 10.4(b) illustrates that the Drude model ﬁts the real part of the dielectric
functions of both Ag and Au reasonably well over the spectral range >600 nm.
It can be concluded from Figures 10.3 and 10.4 that for plasmon-enhanced
luminescence at wavelengths below ∼600 nm, Ag is more suitable than Au due
to the smaller contributions of interband transitions to the imaginary part of
the dielectric function.
In order to explain the origin of the optimal sphere diameter for quantum
eﬃciency enhancement, as shown in Fig. 10.3(b), Figure 10.5 illustrates the
sphere-diameter dependencies of the two processes that determine the quantum eﬃciency enhancement. We consider the same parameters as were used
in Fig. 10.3, and we limit ourselves to Ag. Figure 10.5(a) displays the contribution of the total excited state decay rate that is associated with coupling to
the dipole plasmon mode ΓT OT,DIP versus sphere diameter (see the Appendix
for an explanation on how this dipole contribution is determined). The decay
rate increases in magnitude for decreasing diameter. This trend is qualitatively
comparable to the mode-volume dependence of the emission rate enhancement
of an atom that is coupled to an optical microcavity mode in the weak coupling
regime. Within that context, emission rate enhancements are often described
using the Purcell factor, which is inversely proportional to the mode volume
[130]. A detailed analysis of the correspondence between decay rate modiﬁcations near a metal sphere and the Purcell factor (as e.g. in Ref. [131]) is
beyond the scope of this thesis.
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Figure 10.4: (a) Imaginary part, plotted on a logarithmic scale, and (b)
real part, plotted on a linear scale, of the dielectric functions of the three
sphere materials used in the calculations.

Figure 10.5(b) shows the fraction of the total power coupled to the dipole
mode that is reradiated, denoted as F (line with symbols). This quantity,
which is identical to the ratio of the dipolar components of the scattering
and extinction cross sections, increases with diameter. Below a diameter of
∼30 nm, F equals the albedo of a spherical Rayleigh scatterer (dashed line),
which is proportional to diameter cubed. Above ∼30 nm F ﬂattens oﬀ due to
retardation eﬀects.
Since quantum eﬃciency enhancement involves both eﬀective coupling of
the emitter to the plasmon mode, and eﬃcient outcoupling of plasmons into
radiation, the opposite dependencies on sphere diameter shown in Figs. 10.5(a)
and (b) give rise to a trade-oﬀ. This explains the origin of the optimal diameter
for quantum eﬃciency enhancement.

10.4.2

Higher-order mode contributions to the emission
enhancement

At wavelengths above ∼600 nm, where interband transitions are insigniﬁcant
for both Ag and Au, resonant plasmon modes can be obtained by increasing
the particle size, as shown in Fig. 10.3(a). However, plasmon-enhanced lumi-

101

*TOT, DIP / *R

REF

(a)

150

Material:
Ag (Palik)

100
50
0
1.0

(b)

F

0.8
0.6
0.4
0.2
0.0
0

50

100

150

Sphere diameter (nm)
Figure 10.5: (a) Contribution to the total excited state decay rate that
is associated with coupling to the dipole plasmon mode of the Ag sphere
ΓT OT,DIP , normalized to the radiative decay rate in the absence of the
sphere , versus sphere diameter. (b) Fraction of the energy coupled to the
dipole plasmon mode that is reradiated F (line with symbols). The dashed
line represents the albedo of the sphere according to the quasistatic theory.
The data represented as lines with symbols are calculated from the exact
electrodynamical theory. The parameters are the same as for Fig. 10.3.

nescence is less eﬀective for larger particles (see Fig. 10.3(b)). An alternative
strategy to achieve resonantly enhanced luminescence at larger wavelengths,
but with small particles, is to use anisotropic particles, with redshifted longitudinal resonances [36], to use arrays of coupled particles [132], or by increasing
the refractive index of the embedding medium [34].
Figure 10.6 illustrates the eﬀect of a high-index embedding medium (n =
3.5) on the quantum eﬃciency enhancement associated with coupling to the
dipole mode of a sphere. Figure 10.6(a) shows that the higher refractive index
causes a strong increase of the wavelength of maximum radiative decay rate
enhancement (closed symbols) compared to the data shown in Fig. 10.3(a) for
n = 1.3. Resonance wavelengths as large as 2.0 μm are observed for 150-nm
diameter particles.
Figure 10.6(b) shows the maximum quantum eﬃciency calculated at the
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Figure 10.6: Calculations for a dipole emitter, the orientation of which
is averaged over all solid angles, positioned in close proximity to a metal
sphere (see text), embedded in a medium with a refractive index of 3.5. (a)
Wavelength of maximum radiative decay rate enhancement due to coupling
to either the dipole mode (closed symbols), the quadrupole mode (open
symbols) or the octupole mode (open symbols with dots) versus sphere
diameter, plotted for three sphere materials: Ag, Au, and a Drude-model
ﬁt for Ag. (b) Maximum quantum eﬃciency versus sphere diameter at
the wavelengths shown in (a) for the same three materials. The quantum
eﬃciency of the emitter in the absence of the sphere is 1%. Calculation
method: exact electrodynamical theory.

wavelength of maximum radiative decay rate enhancement associated with coupling to the dipole mode (closed symbols). The curves for the three materials
are more similar to each other than in Fig. 10.3(b). We attribute this to a better correspondence between the dielectric functions of the three materials in the
spectral range of interest (see Fig. 10.4). The maximum quantum eﬃciencies
for Ag and Au reach values of up to 31% and 25%, respectively, for a diameter of about 30 nm. These enhancements are substantially higher than the
values of Fig 10.3(b), which conﬁrms that plasmon-enhanced luminescence can
be more eﬀective for emission wavelengths above 600 nm, because interband
transitions are prominent below 600 nm.
In contrast to the trend for Ag and Au, the maximum quantum eﬃciency
for the Drude metal is smaller in Fig. 10.6(b) than in Fig. 10.3(b): 34% versus
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52%, at around 30 nm. This eﬀect is attributed to the diﬀerence in frequency
dependencies of dissipation and radiation of the energy that is coupled to the
dipole plasmon mode. Dissipation hardly depends on frequency, since the electron relaxation rate is ﬁxed in the Drude model, whereas the local density
of states of the embedding medium increases with the square of the transition
frequency (and depends linearly on the refractive index of the medium). Consequently, plasmon-enhanced luminescence due to resonant coupling to plasmon
modes of a Drude-metal sphere is more eﬃcient at high emission frequencies
(i.e., at small emission wavelengths). The smaller refractive index that is associated with the smaller resonance wavelength does not fully compensate this
trend.
Figure 10.6(b) also shows quantum eﬃciency enhancement data obtained
at the wavelengths of maximum radiative decay rate enhancement that are
associated with coupling to either the quadrupole mode (open symbols) or the
octupole mode (open symbols with dots). For the calculation of the maximum
quantum eﬃciency, the contributions of all multipole modes at the wavelength
of interest were taken into account for completeness. However, the radiative
decay rate enhancement is dominated by the resonant mode in all cases. In
Fig. 10.6(b) it is shown that, for spheres of about 75 nm, resonant coupling to
the quadrupole mode can increase the quantum eﬃciency to 14% for Ag and to
11% for Au. The octupole mode enhances the quantum eﬃciency at diameters
of around 130 nm, with slightly smaller maximum values as for coupling to
the quadrupole mode. The quadrupole and octupole features in Fig. 10.6(b)
illustrate that higher-order modes radiate rather eﬃciently for larger sphere
sizes, which implies that they cannot be considered as dark modes for those
sphere sizes. This issue is further discussed in section 10.5.
Since the quadrupole and octupole modes have smaller resonance wavelengths than the dipole mode, the associated maximum quantum eﬃciency
enhancement occurs at a smaller wavelength, as shown in Fig. 10.6(a). Note
that resonant coupling to higher-order modes is ineﬀective for increasing the
quantum eﬃciency for spheres embedded in a medium with a refractive index
of 1.3 (situation of Fig. 10.3), as interband transitions increase dissipation too
much in the corresponding spectral range. Therefore, results on quantum efﬁciency enhancement associated with coupling to the quadrupole mode were
not shown in Fig. 10.3.

10.5

Gersten and Nitzan model versus exact
electrodynamical theory

All results in the previous sections were calculated from the exact electrodynamical theory. This section presents a comparison with the original and
improved Gersten and Nitzan (GN) models, which are described in section
10.2. The advantage of the GN model is that it can be generalized to spheroids
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based on an orthogonal set of eigenfunctions, so that anisotropy-induced shifts
of the plasmon resonance frequencies and anisotropy-induced changes in ﬁeld
intensities can be accounted for. Such an orthogonal set of eigenfunctions for
a spheroid is not known for exact electrodynamical theory [123].

10.5.1

Emission pattern

Figure 10.7 shows polar plots of the angular emission distribution of a source
dipole located at a distance of 10 nm from the surface of a 60-nm-diameter Ag
sphere, embedded in a medium with a refractive index of 1.3 for (a) the radial
dipole orientation and (b) the tangential dipole orientation, both as indicated in
the ﬁgure. The solid lines represent calculations by the exact electrodynamical
theory, and the dashed lines represent the emission patterns associated with the
GN model. The latter patterns are implicitly assumed to be dipole patterns,
as the emission properties of the coupled system are characterized with an
eﬀective dipole moment, as discussed in section 10.2. The emission patterns
for both dipole orientations were obtained at a speciﬁcally chosen wavelength,
i.e., the wavelength that corresponds to the maximum radiative decay rate
enhancement for an isotropic dipole ensemble. The numerical values for this
wavelength are slightly diﬀerent for the two calculation methods: 433 nm for
the exact electrodynamical theory and 449 nm for the improved GN model.
Both graphs are normalized to the maximum value of the emission pattern of
the same source dipole in the absence of the sphere.
Figure 10.7(a) shows that, for the radial dipole orientation, the emission
patterns are roughly similar in terms of shape and magnitude for both methods. The integral of the emission pattern over all solid angles, i.e., the radiative
decay rate, is found to be 28 times larger than that of the same dipole emitter
in the absence of the sphere, when calculated from the exact electrodynamical
theory, and 26 times larger, when calculated from the GN model. In contrast,
Figure 10.7(b) shows that the emission patterns for the two methods are very
diﬀerent for the tangential dipole orientation. The deviation from the dipole
emission pattern that is obtained from the exact electrodynamical theory is obviously not described by the GN model due to its intrinsic restriction to dipole
patterns. As a consequence, the calculated radiative decay rate enhancements
for the tangential dipole orientation are rather diﬀerent for the two methods:
a factor 2.2 for the exact electrodynamical theory, and a factor 5.2 for the GN
model. The fact that the emission pattern for the radial orientation resembles
the dipole pattern much better than for the tangential orientation can be partly
attributed to the fact that the radial dipole conﬁguration is rotationally symmetrical, as the dipole itself, in contrast to the tangential dipole conﬁguration.
Highly structured emission patterns of an atom near an absorbing sphere have
been analyzed by Dung et al. [133].
For both models, the radiative decay rate enhancements for the radial orientation are substantially diﬀerent from the radiative decay rate enhancements
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Figure 10.7: Polar plots of the angular intensity distributions of a dipole
source, embedded in a medium with a refractive index of 1.3, at a distance of
10 nm from a 60-nm-diameter Ag sphere for (a) the radial dipole orientation
and (b) the tangential dipole orientation, as indicated next to the polar
plots. The solid lines represent calculations by the exact electrodynamical
theory; the dashed lines represent the emission patterns associated with
the improved GN model. The patterns in both plots are normalized to the
maximum value of the emission pattern of the same source dipole in the
absence of the sphere.

for the orientation tangential to the sphere surface. This feature is of great
importance for designing optimized metal-emitter geometries. The orientationdependent behavior of the radiative decay rate enhancement is further discussed
in Figs. 10.9 and 10.10.

10.5.2

Emission enhancement

Figure 10.8 shows a comparison between the distance dependencies of the decay rate modiﬁcations obtained by the original (dashed lines) and improved
(solid lines) GN models and by the exact electrodynamical theory (symbols).
Analogous to Fig. 10.1, a Ag sphere with a diameter of 60 nm is considered.
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Figure 10.8: Comparison of the distance-dependent modiﬁcations of the
radiative and nonradiative decay rates as well as of the quantum eﬃciency,
as obtained by the original (dashed lines) and improved (solid lines) GN
model and by the exact electrodynamical theory (symbols). (a) Radiative
decay rate of a dipole emitter, the orientation of which is averaged over
all solid angles, versus the distance to the surface of a 60-nm-diameter Ag
sphere, and the radiative decay rate in the absence of the sphere (dotted
line). (b) Nonradiative decay rate versus distance to the sphere surface,
and the nonradiative decay rate in the absence of the sphere (dotted line).
The decay rates in both (a) and (b) are normalized to the radiative decay
rate in the absence of the sphere. (c) Quantum eﬃciency versus distance to
the sphere surface, and the quantum eﬃciency in the absence of the sphere
(dotted line). All curves were calculated at the wavelength of maximum
radiative decay rate enhancement: 433 nm for the exact electrodynamical
theory, 394 nm for the original GN model, and 449 nm for the improved
GN model.

The dipole emitter, embedded in a dielectric with a refractive index of 1.3, is
again assumed to have a luminescence quantum eﬃciency of 1% in the absence
of the sphere. The dipole orientation is averaged over all solid angles.
Figure 10.8(a) shows that the radiative decay rate versus separation obtained with the improved GN model resembles the exact result signiﬁcantly
better than the curve obtained from the original GN model. The latter method
leads to a substantial overestimation of the radiative decay rate. Figures 10.8(b)
and 10.8(c) show similar eﬀects for both nonradiative decay rate and quantum
eﬃciency versus separation. We conclude from Figure 10.8 that the improved
GN model provides a fairly accurate description of the decay rate modiﬁcations
associated with resonant coupling to the dipole mode of a 60-nm-diameter Ag
sphere, despite the large diﬀerences shown in Fig. 10.7(b). This is due to
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the fact that the largest contribution to the orientation-averaged enhancement
is associated with the radial dipole orientation for which the improved GN
model and the exact theory yield quite similar radiation patterns. In addition,
the slightly smaller radiative decay rate enhancement for the radial orientation (factor 26 vs. 28 at 10-nm separation), as calculated from the improved
GN model, is counterbalanced by the larger enhancement for the tangential
orientation (factor 5.2 vs. 2.2 at 10-nm separation).
Figures 10.7 and 10.8 focus on a 60-nm-diameter Ag sphere. In order to extend the comparison between the models to a larger sphere-diameter range, Figure 10.9 shows the dependence of the maximum quantum eﬃciency on sphere
diameter, analogous to Fig. 10.3, calculated from the original (dashed lines)
and the improved (solid lines) GN models and by the exact electrodynamical
theory (symbols). Figure 10.9(a) displays the wavelength of maximum radiative
decay rate enhancement versus sphere diameter for a dipole emitter positioned
in close proximity to a Ag sphere, for a dipole orientation that is averaged
over all solid angles. Only a small diﬀerence is found between the improved
GN model and the exact theory over the whole diameter range, whereas the
result from the original GN model, which does not describe the redshift of the
dipole plasmon mode with increasing diameter, is entirely incorrect at larger
sphere sizes. This conﬁrms that the corrections introduced by Wokaun et al.
[20, 124] provide a substantial improvement to the quasistatic description in
the particle-size range of interest.
Figure 10.9(b) shows the maximum quantum eﬃciency of the dipole emitter
versus sphere diameter calculated at the wavelengths shown in Fig. 10.9(a) for
(1) the radial dipole orientation, (2) the tangential dipole orientation, and (3)
the orientation averaged over all solid angles. For all three cases, the underlying
optimal emitter-sphere separation (as in Fig. 10.2) is in the range between
3 − 10 nm. Most notably, the original GN model does not describe the decrease
in quantum eﬃciency enhancement for larger sphere sizes, as is obtained from
the exact electrodynamical theory. In contrast, the improved GN model does
describe this characteristic behavior. This diﬀerence illustrates an important
advantage of the improved GN model compared to the original version. When
comparing the improved GN model to the exact electrodynamical theory in
more detail, perfect agreement is observed for the radial dipole orientation up
to a diameter of 90 nm. For the orientation tangential to the surface, the two
methods start to deviate at a diameter as small as 30 nm, consistent with was
found in Fig. 10.7 for the 60-nm-diameter sphere. For the dipole orientation
averaged over all solid angles, the maximum quantum eﬃciency enhancement,
as calculated from the improved GN model, deviates 5% (i.e., 6.2% instead
of 5.9%) from the exact result for a diameter of 30 nm, 15% for a diameter
of 60 nm, and 35% for a diameter of 100 nm. These numbers indicate the
applicability of the GN model with the corrections for radiation damping and
dynamic depolarization included, when applied to larger particles.
Figures 10.7 and 10.9 show that, at the wavelength under investigation,
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Figure 10.9: (a) Wavelength of maximum radiative decay rate enhancement associated with coupling to the dipole plasmon mode versus sphere
diameter, for a dipole emitter positioned in close proximity to a Ag sphere.
The orientation of the dipole is averaged over all solid angles. (b) Maximum
quantum eﬃciency versus sphere diameter at the wavelength of maximum
radiative decay rate enhancement shown in (a), for three dipole emitter
orientations: radial, tangential, and averaged over all solid angles. In both
graphs, results obtained with the original GN model (dashed lines), the
improved GN model (solid lines), and the exact electrodynamical theory
(lines with symbols) are plotted. The refractive index of the embedding
medium is 1.3, and the quantum eﬃciency of the emitter in the absence of
the sphere is 1%.

the radiative decay rate enhancement for the radial dipole orientation is substantially higher than for the tangential dipole orientation. To examine the
diﬀerence between the two orientations in more detail, Figure 10.10 shows the
spectral dependence of the radiative decay rate enhancement for the radial
and tangential dipole orientations. The separation is ﬁxed at 10 nm, and the
refractive index of the embedding medium is 1.3. Two sphere diameters are
considered: 30 nm in Fig. 10.10(a), and 60 nm in Fig. 10.10(b). The results
are plotted both for the exact electrodynamical theory (symbols) and the improved GN model (lines). Figure 10.10(a) shows that, for a sphere diameter
of 30 nm, the correspondence between the enhancement spectra obtained with
both calculation methods is reasonably good for the tangential dipole orienta-
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Figure 10.10: (a) and (b) Radiative decay rate enhancement, on a logarithmic scale, versus emission wavelength for a dipole emitter at a distance
of 10 nm from the surface of a Ag sphere embedded in a medium with a refractive index of 1.3, for two dipole orientations: radial and tangential. The
sphere diameter is 30 nm in (a) and 60 nm in (b). Results obtained with
both the exact electrodynamical theory (symbols) and with the GN model
(lines) are plotted. (c) Illustration of a source dipole (red) that induces
a dipole (blue) in the sphere in the electrostatic limit, together with the
conﬁgurations of source and induced dipoles for source dipole frequencies
far below and far above the dipole resonance of the sphere.

tion, and very good for the radial orientation. The agreement between both
methods again conﬁrms the applicability of the improved GN model to particles of this size. Figure 10.10(b) illustrates that when the sphere diameter
is increased, the agreement between the improved GN model and the exact
electrodynamical theory diminishes.

10.5.3

Spectral trends in emission enhancement

Apart from the comparison between the two methods, Fig. 10.10(a) also provides a spectral comparison between the two dipole orientations. The enhancement spectra for both orientations are found to exhibit dispersive lineshapes
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characteristic for electromagnetic resonances. We relate the dispersive lineshape to the fact that the driving ﬁeld in the sphere has an orientation relative
to the source dipole that depends on the source dipole orientation relative to
the sphere: either the driving ﬁeld is mainly parallel to the source dipole (for
the radial dipole orientation) or mainly anti-parallel (for the tangential dipole
orientation). Since the phase of the induced dipole in the sphere exhibits a
180 ◦ phase shift with respect to the driving ﬁeld at the resonance frequency
[41], the source dipole and the induced dipole interfere destructively below the
resonance frequency (for the tangential dipole orientation) or above the resonance frequency (for the radial dipole orientation). These conﬁgurations of
source dipole and induced dipole are schematically depicted in Fig. 10.10(c).
Since destructive interference is associated with a reduction of the radiative decay rate, the dip in the radiative decay rate enhancement (see Fig. 10.10(a)) is
either visible at emission wavelengths smaller than the dipole resonance wavelength (for the radial dipole orientation) or at wavelengths larger than the
dipole resonance wavelength (for the tangential dipole orientation). Note that
the reduced radiative decay rate does not necessarily lead to an increased excited state lifetime, as coupling to the dipole mode leads to an increase of the
nonradiative decay as well.
The fact that the peak enhancement in Fig. 10.10(a) is diﬀerent for the
radiative decay rate enhancement for the two dipole orientations can be partly
attributed to the fact that the near-ﬁeld of a dipole is twice as strong along
the dipole direction as in the perpendicular direction (for the same distance).
As a consequence, a dipole that is oriented radially induces a stronger dipole
in the sphere than a dipole that is oriented tangentially to the sphere surface.

10.5.4

Higher-order mode contributions to the emission
enhancement

A speciﬁc aspect of the decreasing agreement between the GN model and the
exact electrodynamical theory for larger spheres is illustrated in Fig. 10.11,
which shows the radiative decay rate enhancement versus emission wavelength
for two refractive indices of the embedding medium: 1.3 and 3.5. The calculations were done with the exact electrodynamical theory (symbols) and with
the improved GN model (lines). The ﬁgure shows that the spectral features
associated with coupling to the dipole mode are very similar for both calculation methods. The peaks obtained by the improved GN model have slightly
higher maximum values and are centered at slightly larger wavelengths, which
corresponds to the trend shown in Fig. 10.9. In addition to the features that
are associated with coupling to the dipole mode, the exact electrodynamical
theory shows a peak at 740 nm, for the refractive index of 3.5, which is due to
coupling to the quadrupole mode. This contribution is absent in the spectrum
that is obtained with the improved GN model due to the fact that this model
is based on the assumption that higher-order modes are dark modes, which is
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Figure 10.11: Radiative decay rate enhancement versus emission wavelength for a dipole emitter, the orientation of which is averaged over all
solid angles, at a distance of 10 nm from the surface of a 60-nm-diameter
Ag sphere embedded in a medium with either a refractive index of 1.3
(square symbols and solid line) or a refractive index of 3.5 (round symbols
and dashed line), both calculated from the exact electrodynamical (symbols) and from the GN model (lines).

only correct for particles that are much smaller than the wavelength of light.
With the high refractive index, and hence short wavelength in the embedding
medium, this condition is not fulﬁlled. Indeed, it appears that quadrupole
modes are interesting alternatives to dipole modes for emission enhancement.
They provide additional wavelength tunability and narrower spectra.

10.6

Conclusions

We have used an exact electrodynamical theory to investigate modiﬁcations
of the radiative and nonradiative decay rates of a dipole emitter by resonant
coupling to the plasmon modes of a metal sphere at short distance. The study
focused on enhancing the quantum eﬃciency of a low-quantum-eﬃciency emitter, in order to elucidate some important aspects of plasmon-enhanced luminescence.
It has been shown that characteristic features, such as the subsequent
enhancement and reduction of the quantum eﬃciency upon decreasing the
emitter-sphere separation can be described based on a local electromagnetic
response, which involves coupling to both radiative and dark plasmon modes
(see Fig. 10.1). The magnitude of the quantum eﬃciency enhancement is found
to strongly depend on sphere diameter. This eﬀect can be described based on
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the electromagnetic properties of the radiative dipole mode only, without invoking coupling to dark multipole modes (see Fig. 10.2). In particular, the
optimal diameter is found to originate from the trade-oﬀ between (1) the coupling strength of an emitter with a plasmon mode, which is highest for small
spheres (see Fig 10.5(a)), and (2) the eﬃciency with which that plasmon mode
couples to the far-ﬁeld, which is maximal for large spheres (see Fig 10.5(b)).
The optimal sphere diameter for luminescence quantum eﬃciency enhancement depends both on the metal and on the embedding medium (see Figs.
10.3 and 10.6). Very small spheres (< 10 nm) are found to be ineﬀective for
plasmon-enhanced luminescence for all metals, including the ideal Drude metal.
For an embedding medium with a refractive index of 1.3, the optimal sphere
diameter is 55 nm for Ag, 110 nm for Au, and 30 nm for the ideal Drude metal
(see Fig. 10.3). The large spread in optimal diameters is related to the diﬀerent contributions of interband transitions for Ag and Au at wavelengths below
600 nm (see Fig. 10.4). For an embedding medium with a refractive index
of 3.5, which results in dipole resonances away from the interband transitions,
the optimal diameter is around 30 nm for all three metals (see Fig. 10.6). At
this diameter, the quantum eﬃciency of the emitter is increased from 1% to
over 30% for the Ag sphere. Resonant coupling to higher-order modes may
increase the quantum eﬃciency of an emitter as well, but only for larger diameters (see Fig. 10.6). The maximum quantum eﬃciency enhancement due to
coupling with higher-order modes does however not reach the value obtained
for coupling to the dipole mode.
In order to correlate the sphere-size dependence of plasmon-enhanced luminescence with the properties of individual plasmon modes, the presented
analysis has been performed for a variable, optimized emission wavelength (see
Figs. 10.3 and 10.6). If the emission of an atom or quantum dot with a ﬁxed
emission wavelength needs to be optimized, this approach is of limited value.
Besides particle size, it is however also possible to tune particle shape, which
would enable the optimization of the particle geometry for a given dipole resonance wavelength. Since the coupling of an emitter with an anisotropic particle
cannot be calculated analytically from the exact electrodynamical theory, the
Gersten and Nitzan model (GN) could be an appropriate alternative. Within
that context, we have veriﬁed the applicability of the GN model to ﬁnite-sized
particles, by comparing this model to the exact electrodynamical theory for
the sphere geometry. It has been shown that the GN model, modiﬁed to include corrections for radiative damping and dynamic depolarization, provides
reasonably accurate results for the decay rate modiﬁcations that are due to
coupling to the dipole plasmon mode, both spatially (Fig. 10.8) and spectrally
(Fig. 10.10), if the particles are small. The improved GN model is applicable
over a larger size range than the original GN model, and does describe the existence of a ﬁnite optimal diameter for plasmon-enhanced luminescence (see Fig.
10.9). For the dipole orientation averaged over all solid angles, the maximum
quantum eﬃciency enhancement, as calculated from the improved GN model,
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deviates 5% from the exact result for a diameter of 30 nm, 15% for a diameter
of 60 nm, and 35% for a diameter of 100 nm (see Fig. 10.9), all for an embedding medium with a refractive index of 1.3. For the radial dipole orientation,
the agreement is found to be substantially better than for the tangential dipole
orientation, which can be partly attributed to the rotational symmetry for the
radial dipole orientation, which is absent for the tangential orientation.
Two features that are not well described by the improved GN model are the
angular redistribution of emission by coupling to plasmon modes (Fig. 10.7),
and the enhancement of the radiative decay rate due to coupling to higher-order
plasmon modes (Figs. 10.6 and 10.11). These limitations leave unaﬀected that
the improved GN model is a powerful tool for describing trends associated with
plasmon-enhanced luminescence, not only for spheres, but also for spheroids.
The applicability to spheroids enables the investigation of the inﬂuence of particle anisotropy on plasmon-enhanced luminescence in an analytical way, as
will be described in Chapter 12.

10.7

Appendix: Expressions for the decay rates
of an atom in the presence of a sphere according to the exact electrodynamical theory

This appendix lists the expressions for the total decay rate and the radiative
decay rate of an excited atom in close proximity to a dielectric sphere, as
obtained from the exact electrodynamical theory. The expressions were taken
from Ref. [120].
The atom, which is modeled as a classical dipole with dipole moment μ,
is positioned at a distance d from the surface of a sphere with radius a and
dielectric constant  =  + i . We consider two dipole orientations: radial
and tangential. For the radial dipole orientation, i.e., perpendicular (⊥) to the
sphere surface, we obtain:
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and for the tangential dipole orientation, i.e., parallel (//) to the sphere surface:
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where ΓREF
refers to the radiative decay rate in the absence of the sphere,
R
(1)
jl and hl are the ordinary spherical Bessel and Hankel functions, ψl (x) ≡
(1)
xjl (x), ζl (x) ≡ xhl (x), al and bl are the Mie scattering coeﬃcients of the
√
sphere, r = a + d, k = m ω/c, m is the dielectric constant of the embedding
medium, ω the optical frequency (in radians per second), c the speed of light
in vacuum, and l is the angular mode number. The derivatives of ψl and ζl
//
are derivatives to kr. Both Γ⊥
T OT and ΓT OT refer to the total decay rate of an
emitter with a luminescence quantum eﬃciency of 100% in the absence of the
sphere.
In this chapter, we have considered ΓT OT and ΓR not only for the radial
and tangential orientations, but also for the orientation that is averaged over
all solid angles. The decay rates for the latter conﬁguration are calculated by
averaging the results for the radial and tangential orientations (with a weight
factor for the tangential orientation that is twice the weight factor for the
radial orientation). We have numerically veriﬁed, based on Ref. [121], that this
approach is correct despite the fact that the radiative decay rate for a speciﬁc
dipole orientation does not depend linearly on the Mie scattering coeﬃcients
(see Eqs. 10.2 and 10.4), in contrast to the total decay rate (see Eqs. 10.1 and
10.3).
In addition, we have decomposed the radiative and nonradiative decay rates
in contributions associated with diﬀerent plasmon modes. Each contribution is
calculated from Eqs. 10.1 to 10.3, by ﬁrst taking all Mie scattering coeﬃcients,
except the ones associated with the mode under investigation, to be zero. Second, the free-space contribution, which is equal to 1, is subtracted. Note that
for the radiative decay rate, the summation does still need to be carried out
over a large range of angular mode numbers l in order to describe the free-space
contribution correctly.
The decomposition of the decay rates into contributions associated with
the coupling to diﬀerent plasmon modes is somewhat artiﬁcial as individual
contributions to the radiative decay rate can yield negative values. However,
this approach does facilitate the visualization of the distinct inﬂuence of different plasmon modes on phenomena such as quenching at short emitter-metal
distances and the determination of the maximum quantum eﬃciency (see Figs.
10.1 and 10.2). Also the calculation of the wavelength of maximum radiative
decay rate enhancement that is associated with a particular mode, as shown in
Figs. 10.3(a), 10.6(a), and 10.8(a), relies on the decomposition of the radiative
decay rate into mode-speciﬁc contributions. Note that the calculations of the
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maximum quantum eﬃciency, as shown in Figs. 10.3(b), 10.6(b), and 10.8(b),
do not rely on this procedure.
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Chapter 11

Radiative decay rate
enhancements in the
vicinity of two-dimensional
arrays of anisotropic metal
nanoparticles
We present a theoretical study on the extent to which the intensity emitted by
an active layer of a light-emitting device can be enhanced by an array of Ag nanoparticles. For this analysis, the radiative decay rate enhancement associated
with emitter-plasmon coupling was calculated for emitters positioned in a plane
below a two-dimensional array of Ag nanoparticles, using an improved version
of the Gersten and Nitzan model. The in-plane-averaged radiative decay rate
enhancement, which is an upper limit of the enhancement of the intensity emitted by the active layer, is found to be a factor ∼10 at a distance of 10 nm from
the array for the optimal nanoparticle size of ∼100 nm. The distance at which
the nanoparticles induce a substantial eﬀect on the radiative decay rate ranges
to a few tens of nanometers. Besides, the Gersten and Nitzan model predicts
radiative decay rate enhancements of up to three orders of magnitude close to
a sharp tip of a metal nanostructure. This results indicates that metal nanostructures can provide even larger improvements to nanoscopic light sources
than for devices based on active layers.

117

11.1

Introduction

Near-ﬁeld coupling of optical emitters to plasmon modes in metal nanostructures can greatly enhance the emitters’ radiative and nonradiative decay rates.
This phenomenon was ﬁrst investigated in the 1970s and 1980s using rough
metal ﬁlms [18], and considerable progress has been achieved since then. Recently, plasmon-induced modiﬁcations of radiative and nonradiative decay rates
have been measured on single molecules in systems in which the molecule-metal
distance was varied in-situ at nanometer resolution [24]. Following these fundamental studies, the optimization of electrically driven light sources by metal
nanostructures is an interesting next step. Within the context of such applications, an important question is how practical metal nanostructures should be
designed to obtain the largest luminescence enhancement possible.
In this chapter, we analyze the radiative decay rate of emitters positioned
in a plane below a two-dimensional array of Ag nanoparticles. The plane represents the active layer of a typical light-emitting device. In particular, we
study how the magnitude of the in-plane-averaged radiative decay rate enhancement varies with nanoparticle size and with distance from the array. The
in-plane-averaged radiative decay rate enhancement is an upper limit for the
enhancement of the intensity emitted by the active layer of the device, under
the assumption that the excitation rate is not aﬀected by the nanoparticles.
This upper limit in emitted intensity enhancement is reached either when the
emitters are pumped in inversion or when the initial quantum eﬃciency is very
low, as readily follows from a rate-equation model of an eﬀective two-level
system.
The calculations, which are performed with an improved Gersten and Nitzan
model, are linked to the experimental results of the study of plasmon-enhanced
photoluminescence (PL) of silicon quantum dots (Si QDs) presented in Chapter
5.

11.2

Method

The modiﬁcation of the radiative decay rate of a dipole emitter in the presence
of an anisotropic Ag nanoparticle can be calculated analytically using the Gersten and Nitzan (GN) model [19, 134]. This model, including the corrections
associated with radiation damping and dynamic depolarization, is described in
detail in Chapter 10. The used modiﬁcation to include dynamic depolarization
is approximately correct for anisotropic particles, i.e., the resulting expression
for the induced dipole moment is, expect from a multiplicative factor, equal
to the expansion of the exact solution until the third order in size parameter
[135]. We focused our analysis on emitters that are positioned in a plane below
a two-dimensional array of nanoparticles, as in the experiments of Chapter 5,
in which cylindrical Ag disks were positioned on an SiO2 substrate doped with
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Si QDs at a well-deﬁned depth. Several approximations were made in order to
establish a link between experiment and theory.
First of all, the geometry to which the Gersten and Nitzan model can be
applied is limited to spheroids. We therefore approximated the cylindrical disks
as oblates. We estimated that the geometric diﬀerence between cylindrical disks
and oblates has no strong eﬀect on the radiative decay rate enhancement (at
resonance) averaged over a plane below the nanoparticles. Sharp tips do have
a large eﬀect on the enhancement close to these tips, but this eﬀect is limited
to very small volumes, as is discussed in section 11.4.3.
Second, the inﬂuence of interparticle coupling on the radiative decay rate
enhancement was neglected. Every emitter was thus approximated to interact with a single Ag nanoparticle. Taking interparticle coupling into account
would be a reﬁnement of the description, which primarily gives rise to angular redistribution of the emission due to interference eﬀects, if the coupling is
suﬃciently strong. We estimated that interparticle coupling does not aﬀect
the in-plane-averaged radiative decay rate enhancement much, although the
radiative decay rate enhancement could be very large in between nanoparticles
that are spaced by a few nanometers [136]. The latter was not the case in the
experiments.
Finally, the nanoparticles were assumed to be embedded in a homogeneous
dielectric rather than positioned on a dielectric substrate as in the experiment.
The dielectric constant of the embedding medium m was taken to be 1.3, which
is in between the dielectric constants of SiO2 and air at optical frequencies. It is
expected that this approximation changes the results slightly, but that it leaves
the main features unaﬀected. As a consequence of all three approximations,
our conclusions only relate to the major trends found in the experiment.

11.3

Results

Figure 11.1 illustrates the geometry for which the radiative decay rate enhancement is calculated. Figure 11.1(a) shows the radiative decay rate enhancement
as a function of emitter position in a plane perpendicular to the minor axis of
an oblate-shaped Ag nanoparticle. The distance along the minor axis between
this plane and the outer surface of the oblate is 10 nm. The two major axes of
the oblate measure 165 nm, the minor axis length is 20 nm. The radiative decay
rate enhancement is plotted for a dipole-emitter orientation averaged over all
solid angles, analogous to what has been done in Chapter 10. The same radiative decay rate enhancement data are more clearly shown in Fig. 11.1(b), i.e.,
without the schematic of the Ag nanoparticle. Figure 11.1(c) shows crosscuts
of the radiative decay rate enhancement along the line that is indicated in Fig.
11.1(b), for two diﬀerent major axis lengths: 165 nm and 260 nm. The minor
axis length is ﬁxed at 20 nm. The wavelengths for which these calculations
were done are 750 nm and 1020 nm, respectively. These wavelengths, which
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Figure 11.1: (a) Calculated radiative decay rate enhancement as a function of emitter position in a plane below an oblate-shaped Ag nanoparticle.
The major (minor) axis length of the oblate is 165 nm (20 nm), the emission
wavelength is 750 nm, and the dipole orientation is averaged over all solid
angles. The distance along the minor axis between the plane in which the
radiative decay rate enhancement is evaluated and the surface of the oblate
is 10 nm. (b) Same plot as (a), but without the Ag oblate schematic. (c)
Crosscut of the radiative decay rate enhancement through the plane shown
in (b) along the dashed line, for two diﬀerent disk diameters: 165 nm and
260 nm. The calculations were performed using the improved Gersten and
Nitzan model.

are discussed in more detail later on, are the wavelengths of maximum radiative
decay rate enhancement for the two geometries. Figure 11.1(c) shows that in
the plane under consideration the radiative decay rate is enhanced everywhere
beneath the oblate, with a maximum enhancement of a factor ∼15 close to the
edges. The largest enhancements are found for the smallest nanoparticle. This
trend is further analyzed in the next two ﬁgures.
The radiative decay rate enhancement was analyzed for 8 major axis lengths
equal to the ﬁrst 8 disk diameters studied experimentally, as shown in Fig. 5.1,
keeping the minor axis length constant at 20 nm. The cylindrical disks of
the experiment described in Chapter 5 were thus approximated as oblates with
identical aspect ratios. First, the wavelengths of maximum radiative decay rate
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Figure 11.2: (a) Wavelength of maximum radiative decay rate enhancement versus major axis length of a Ag oblate for a dipole emitter, the
orientation of which is averaged over all solid angles, positioned in close
proximity to the oblate. The minor axis length of the oblate is ﬁxed at
20 nm. (b) Radiative decay rate enhancement at the wavelength shown
in (a), averaged over an area of 400 × 400 nm2 , versus major axis length,
for two planes perpendicular to the minor axis at diﬀerent distances from
the surface of the oblate: 10 nm and 20 nm (along the minor axis). The
calculations were performed using the improved Gersten and Nitzan model.

enhancement were calculated for all 8 conﬁgurations, and plotted versus major
axis length in Fig. 11.2(a). For increasing major axis length, the wavelength of
maximum radiative decay rate exhibits a redshift. This redshift is attributed
to retardation eﬀects associated with the increase in nanoparticle size and to
the considerable inﬂuence of nanoparticle shape on the surface polarization,
which largely determines the resonance frequency [4].
The radiative decay rate enhancement was calculated at the wavelength of
maximum radiative decay rate enhancement in two planes below the oblate, for
a geometry analogous to that in Fig. 11.1. These enhancements were averaged
over an area of 400 × 400 nm2 , which is the unit cell size per metal nanoparticle
of the arrays in the experiment. The procedure results in an in-plane-averaged
radiative decay rate enhancement, which is plotted versus major axis length
for two characteristic depths in Fig. 11.2(b). Figure 11.2(b) shows that the
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Figure 11.3: Radiative decay rate enhancement at the optimum wavelength averaged either over an area of 400 × 400 nm2 (closed symbols) or
over a area equal to 1.5 times the major axis length squared, for two planes
perpendicular to the minor axis at diﬀerent distances from the surface of
the oblate: 10 nm and 20 nm (along the minor axis). The calculations were
performed using the improved Gersten and Nitzan model.

calculated in-plane-averaged radiative decay rate enhancement is between a
factor 2 and a factor 8, depending on size and depth. By increasing the major
axis length from 130 nm to 320 nm at a constant unit cell size of 400×400 nm2 ,
the Ag coverage increases by more than a factor 6 from 8% to 50%. At the
same time, the in-plane-averaged radiative decay rate enhancement increases
with only a factor 3, for both depths. When taking into account that emitterplasmon coupling is only eﬀective at distances up to a few tens of nanometers,
the calculations thus indicate that the radiative decay rate enhancement could
be optimized by using denser arrays of smaller Ag nanoparticles, as was already
suggested by the crosscuts shown in Fig. 11.1(c).
In order to estimate how much the ensemble-averaged PL intensity could
be enhanced further, the calculations were extended. Instead of ﬁxing the unit
cell size at 400 × 400 nm2 , we ﬁxed the Ag coverage at 35%, i.e., a unit cell
width equal to 1.5 times the disk diameter. For this conﬁguration the in-planeaveraged radiative decay rate enhancement was calculated for multiple major
axis lengths, again for a constant minor axis length of 20 nm at the corresponding optimum wavelengths, and for the same two characteristic depths that were
used in Fig. 11.2(b). The results are plotted in Figure 11.3 (open symbols)
together with the data for a ﬁxed unit cell size (closed symbols, partly from
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Fig. 11.2(b) extended with data for smaller major axes). The open circles in
Fig. 11.3 show that the in-plane-averaged radiative decay rate at the optimum
wavelength can be as high as a factor 10 for a major axis length of 100 nm (for
the plane at a distance along the minor axis of 10 nm from the surface of the
oblate). The wavelength of maximum radiative decay rate enhancement is 570
nm for this particular geometry. For particles with a major axis length smaller
than 100 nm, the radiative decay rate enhancement drops again. This trend has
also been observed for the quantum eﬃciency enhancement of a low-quantumeﬃciency emitter as a function of the size of a closely spaced metal sphere, as
is described in Chapter 10. This behavior is attributed to the fact that energy
coupled to plasmon modes is not reradiated as eﬃciently for small particles as
for large particles (see Fig. 10.5). An additional contribution to the decrease
in radiative decay rate enhancement for major axis lengths smaller than 100
nm is that the optimum wavelength shifts into the spectral range in which interband transitions increase the Ohmic losses of Ag (for a major axis length of
40 nm, the optimum wavelength is 425 nm). This eﬀect does not change the
qualitative behavior of the size dependence, but it changes the optimum values
somewhat (see Chapter 10).
Figure 11.3 also shows that by increasing the depth from 10 nm to 20 nm,
the enhancement drops from a factor 10 to a factor 5, for a major axis length of
100 nm. This eﬀect demonstrates that the distance range in which the coupling
between emitters and plasmon modes leads to substantial radiative decay rate
enhancements is limited to a few tens of nanometers.

11.4

Discussion

11.4.1

Optimal array geometry

The results presented here provide important guidelines for the application of
plasmonic nanostructures in light-emitting devices. First of all, the maximum
in-plane-averaged radiative decay rate is about a factor 10. This maximum
enhancement applies to Ag nanoparticles of which the size is optimized, for a
given minor axis length of 20 nm, and it is restricted to a spectral range close
to the plasmon resonance. The plasmon resonance wavelength can however be
tuned across the visible and near-infrared by varying the nanoparticle shape.
The second guideline is that the Ag nanoparticles should be integrated at a
separation <20 nm from the active layer in order to have a substantial eﬀect
on the in-plane-averaged radiative decay rate enhancement.
Since the in-plane-averaged radiative decay rate enhancement is an upper
limit for the enhancement of the emitted intensity, parameters such as the
internal quantum eﬃciency and the excitation conditions should be taken into
account in order to evaluate the intensity enhancement that can be achieved
in a particular device.
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An additional aspect of emitter-plasmon coupling, which we have not considered here, is that arrays of closely-spaced metal nanoparticles could also be
used to direct the emission. This beaming eﬀect, which is based on interference
from light scattered by diﬀerent nanoparticles, could be of additional beneﬁt
in light-emitting devices.

11.4.2

Comparison to experimental results

Next, we compare the calculated radiative decay rate enhancement to the measured PL enhancement as presented in Chapter 5. Since the calculated radiative
decay rate enhancement does not describe angular redistribution of emission,
which could be of inﬂuence on the detected PL intensity, this comparison is
somewhat artiﬁcial. Also, the radiative decay rate enhancement is not necessarily a direct measure for the PL enhancement integrated over all solid angles,
as the Si QDs were not pumped in complete saturation (see Chapter 5), and
because the internal quantum eﬃciency of Si QDs is not well known for the
applied pump intensity of 104 W/cm2 [137]. Only if the Si QDs were pumped
in inversion or if the initial quantum eﬃciency is very low, then the radiative decay rate enhancement is a direct measure for the PL enhancement, i.e.,
for the contribution that is not associated with an enhanced excitation rate.
These conditions readily follow from a rate-equation model of an eﬀective twolevel system. The comparison with the experiment is nevertheless of interest,
as it indicates if the major trends found in the calculations are supported by
experimental ﬁndings.
The calculated redshift of the optimum wavelength for radiative decay rate
enhancement (from 650 nm to 1250 nm, see Fig. 11.2(a)) is substantially
larger than what has been observed experimentally for the PL enhancement
(from 600 nm to 900 nm, see Fig. 5.5(a)). A possible explanation for this
diﬀerence is the fact that the experimentally used cylindrical disks are approximated as oblates. Numerical methods, such as ﬁnite-diﬀerence time-domain
(FDTD) simulations, could be used to study the diﬀerence between cylindrical
and oblate shapes.
The in-plane-averaged radiative decay rate enhancement of a factor 2 − 8
(Fig. 11.2(b)) corresponds quite well to the PL enhancement in the experiment of a factor 2 − 6 (Fig. 5.5(b)). The calculated radiative decay rate
enhancement however increases with increasing major axis length, whereas the
measured PL enhancement slightly decreases. Still, both calculations and measurements show that the enhancement does not increase as fast for increasing
disk diameter as the Ag coverage does, considering a ﬁxed pitch of 400 nm.
The measurements thus conﬁrm that the luminescence enhancement can be
optimized by using dense arrays of smaller Ag nanoparticles.
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Figure 11.4: (a) Radiative decay rate enhancement in a plane through
the center of the oblate parallel to the minor axis. (b) Line traces of the
radiative decay rate enhancement along the dotted lines that are indicated
in (a). Close to the sharp tips, the enhancement is up to three orders of
magnitude. The calculations were performed using the improved Gersten
and Nitzan model.

11.4.3

Radiative decay rate enhancement near a tip

The calculations presented so far have been focused on the radiative decay rate
enhancement in a plane below an Ag nanoparticle array. This restriction was
made in order to analyze the potential of such arrays for the optimization of
light-emitting devices based on planar active layers, such as typical for LEDs.
However, The GN model provides information on other conﬁgurations as well.
As an example, Figure 11.4 illustrates the eﬀect of sharp tips on the radiative decay rate of an optical emitter. Figure 11.4(a) shows the radiative decay
rate enhancement as function of emitter position in the vicinity of the same Ag
oblate as considered in Fig. 11.1. The major axes measure 165 nm, and the
minor axis length is 20 nm. The emission wavelength is taken to be 750 nm,
and the dipole orientation is averaged over all solid angles. The map shown
in Fig. 11.4(a) is for the plane through the center of the oblate, parallel to
the minor axis. Figure 11.4(b) shows three line traces of the radiative decay
rate enhancement. Below the nanoparticle, enhancements are similar to those
in Fig. 11.1. For emitter positions close to the outer perimeter (at z = 0),
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the radiative decay rate is enhanced by almost three orders of magnitude.
Luminescence quenching due to charge transfer to the metal, which occurs at
emitter-metal separations of a few nanometers, has not been taken into account
in this calculation. However, also outside that distance range, the radiative decay rate enhancement is still very large. The strong inﬂuence of sharp corners
on the radiative decay rate enhancement, often referred to as lightning rod
eﬀect [138], follows directly from the calculations. This is an appealing feature
of the GN model. The data illustrate that plasmonic nanostructures can have
a larger inﬂuence on the performance of accurately positioned nanoscopic light
sources (e.g. single quantum dot nanowires [139]) than of devices based on
two-dimensional active layers.
Apart from the lightning rod eﬀect, there are other aspects of anisotropic
nanoparticles that are advantageous for applications. For example, the spectral
separation of radiative and dark plasmon modes. This phenomenon is discussed
in Chapter 12.

11.5

Conclusions

Based on the improved Gersten and Nitzan model, we analyzed the upper
limit of the enhancement of the intensity emitted by a planar active layer in the
vicinity of an array of anisotropic Ag nanoparticles. The optimum enhancement
for an active layer 10 nm below the array is about a factor 10, for nanoparticles
with a size of ∼100 nm. The distance range at which the enhancement drops oﬀ
is a few tens of nanometers. The calculated radiative decay rate enhancement is
roughly similar to the PL enhancement measured in the experiment described
in Chapter 5. Besides, the calculated trend that dense arrays of nanoparticles
with a size of ∼100 nm give the largest enhancements is consistent with the
experimental results. The radiative decay rate enhancement close to the outer
perimeter of the oblate can be up to three orders of magnitude, which provides
interesting opportunities for nanoscopic light sources.
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Chapter 12

Spectral separation of
radiative and dark plasmon
modes in anisotropic metal
nanoparticles
We present a theoretical study, based on an improved Gersten and Nitzan
model, of the inﬂuence of particle anisotropy on the resonance wavelengths of
the plasmon modes of a Ag nanoparticle. We show that particle anisotropy
leads to a larger spectral separation between the radiative dipole mode and the
dark higher-order modes. Partly as a consequence of this spectral separation,
the quantum eﬃciency of a low-quantum-eﬃciency emitter (0.1%) can be enhanced nearly 200-fold by an anisotropic Ag nanoparticle, substantially more
than the 60-fold enhancement for a spherical Ag nanoparticle.
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12.1

Introduction

The excited-state lifetime of an optical emitter is reduced in the vicinity of a
metal nanoparticle due to the excitation of plasmons. Since part of the energy transferred to plasmons is subsequently coupled to free-space radiation,
the radiative decay rate of the emitter is eﬀectively enhanced by this process.
However, because metals exhibit Ohmic losses at optical frequencies, the excitation of plasmons enhances the nonradiative decay rate of the emitter as
well. Geometrical parameters such as nanoparticle size and emitter-metal separation determine how radiative and nonradiative decay rate enhancements are
balanced.
Apart from nanoparticle size and emitter-metal separation, which were discussed in detail in Chapter 10, nanoparticle shape provides an additional degree
of freedom to emitter-plasmon coupling. In this chapter, we apply the improved
Gersten and Nitzan model to investigate this aspect. We focus on a speciﬁc
feature of anisotropic metal nanoparticles: the spectral separation of radiative
and dark plasmon modes.

12.2

Method

The modiﬁcations of the radiative and nonradiative decay rates of a dipole
emitter in the presence of an anisotropic Ag nanoparticle can be calculated
analytically using the Gersten and Nitzan (GN) model [19, 134]. This model,
including the corrections associated with radiation damping and dynamic depolarization, is described in detail in Chapter 10. The used modiﬁcation to
include dynamic depolarization is approximately correct for anisotropic particles, i.e., the resulting expression for the induced dipole moment is, except
from a multiplicative factor, equal to a power-series expansion of the exact solution until the third order in size parameter [135]. We applied the improved
GN model to an emitter that is positioned close to either a spherical or an
oblate-shaped Ag nanoparticle, and we investigated the modiﬁcations of the
decay rates as a function of emission wavelength.

12.3

Results

Figure 12.1 shows the inﬂuence of a 60-nm-diameter Ag sphere on the decay
rates of an optical emitter as a function of emission wavelength. The emitter
is positioned at a relatively small distance of 3 nm from the sphere surface, in
order to illustrate the eﬀect of dark modes on the decay rates of the emitter.
The orientation of the source dipole was taken to be radial relative to the
sphere, and the refractive index of the embedding medium was set to 1.5. The
optical data for Ag were obtained from Ref. [42]. Figure 12.1(a) shows the
radiative and nonradiative decay rates (ΓR and ΓN R , respectively) as a function
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Figure 12.1: Calculations for a dipole emitter positioned at 3 nm distance
from the surface of a 60-nm-diameter Ag sphere, embedded in a medium
with a refractive index of 1.5. The dipole is oriented radially relative to the
sphere. (a) Radiative and nonradiative decay rates as a function of emission
wavelength. (b) Contributions to the nonradiative decay rate shown in (a)
that are associated with coupling to plasmon modes with diﬀerent angular
mode numbers l. (c) Luminescence quantum eﬃciency of the emitter, for
four diﬀerent quantum eﬃciencies in the absence of the sphere: 0.1%, 1%,
10%, and 100%. Inset: schematic representation of the Ag nanoparticle
and the source dipole. Calculation method: improved Gersten and Nitzan
model.

of emission wavelength. Both ΓR and ΓN R are normalized to the radiative
. The nonradiative
decay rate of the emitter in the absence of the sphere ΓREF
R
decay rate was obtained by considering coupling to all plasmon modes up to
angular mode number l = 30 in order to achieve convergence. Figure 12.1(a)
shows that the radiative decay rate exhibits a variation by nearly three orders of
magnitude; the radiative decay rate is largest around 500 nm. The nonradiative
decay rate exceeds the radiative decay rate over the full spectral range, and
peaks around 400 nm. Figure 12.1(b) shows contributions to the nonradiative
decay rate of three plasmon modes with diﬀerent angular mode number l: l = 1
(dipole mode), l = 2 (quadrupole mode), and l = 30 (highest order evaluated).
The dipole-mode contribution peaks at the same wavelength as the radiative
decay rate enhancement in Fig. 12.1(a), whereas the higher-order modes peak
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at shorter wavelengths. The integrated eﬀect of all higher-order modes on the
nonradiative decay rate explains the diﬀerent wavelengths of maximum decay
rate enhancement shown in Fig. 12.1(a).
Figure 12.1(c) shows the quantum eﬃciency η = ΓR /(ΓR + ΓN R ) of the
emitter as a function of emission wavelength for four diﬀerent reference quantum eﬃciencies η REF (i.e., quantum eﬃciency in the absence of the sphere):
0.1%, 1%, 10%, and 100%. The curves were obtained from the data shown in
Fig. 12.1(a) by adding appropriate oﬀsets to the nonradiative decay rate. The
quantum eﬃciencies are practically zero at wavelengths below 400 nm, which
is attributed to the eﬃcient excitation of dark higher-order plasmon modes
and the low radiative decay rate at these wavelengths. For η REF = 0.1%, the
quantum eﬃciency is enhanced to about 6% at a wavelength of 500 nm. The
quantum eﬃciency enhancement is thus as high as a factor 60. For η REF = 1%
and η REF = 10%, the maximum quantum eﬃciencies are about 18% and 22%,
corresponding to enhancements of a factor 18 and a factor 2.2, respectively.
For η REF = 100%, the quantum eﬃciency spectrum hardly deviates from the
spectrum for η REF = 10%. This is attributed to the fact that in both cases
the excited-state decay is dominated by the excitation of plasmons. The quantum eﬃciency of the emitter then corresponds to the outcoupling eﬃciency
of plasmons to free-space radiation, which is independent of η REF . Figure
12.1(c) indicates that plasmon-enhanced luminescence is particularly eﬀective
for low-quantum-eﬃciency emitters. Since higher-order modes contribute to
the nonradiative decay rate even at the optimum wavelength of 500 nm, as
shown in Fig. 12.1(b), the quantum eﬃciency could be further enhanced if coupling to dark higher-order modes could be suppressed. As an indication how
much could be gained by this approach, the quantum eﬃciency for η REF = 1%
would be enhanced to 29% instead of 18%, at the wavelength of 500 nm, if
coupling to higher-order modes could be neglected. This result follows from
the calculations by ignoring contributions to the nonradiative decay rate that
are associated with higher-order modes.
Figure 12.2 shows similar spectra as Fig. 12.1, but for an oblate-shaped particle with an aspect ratio (major axis length divided by minor axis length) of
5. The oblate volume is identical to the volume of the 60-nm-diameter sphere
considered in Fig. 12.1. The emitter is positioned along a major axis at a
distance of 3 nm from the oblate surface, with the dipole orientation parallel
to the axis. Figure 12.2(a) shows the radiative and nonradiative decay spectra. A clear diﬀerence with the data for the spherical particle in Fig. 12.1
is that the maximum of the radiative decay rate enhancement is shifted from
500 nm to 720 nm. At the same time, the main nonradiative decay rate peak
is hardly shifted. The nonradiative decay rate spectrum shows more structure
than that for the spherical particle. The origin of this eﬀect becomes clear
from the plots of nonradiative decay rate contributions associated with diﬀerent plasmon modes shown in Fig. 12(b). The dipole-mode contribution to
the nonradiative decay rate peaks at 720 nm, corresponding to the radiative
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Figure 12.2: Calculations for a dipole emitter positioned at 3 nm distance from the outer perimeter of an Ag oblate with an aspect ratio of 5
and a volume equal to the volume of a 60-nm-diameter sphere, embedded
in a medium with a refractive index of 1.5 (see text for exact emitter position and dipole orientation). (a) Radiative and nonradiative decay rates
as a function of emission wavelength. (b) Contributions to the nonradiative decay rate shown in (a) that are associated with coupling to plasmon
modes with diﬀerent angular mode numbers l. (c) Luminescence quantum
eﬃciency of the emitter, for three diﬀerent quantum eﬃciencies in the absence of the sphere: 0.1%, 1%, and 10%. Inset: schematic representation of
the Ag nanoparticle and the source dipole. Calculation method: improved
Gersten and Nitzan model.

decay rate maximum. The higher-order mode contributions, which have not
redshifted as much as the dipole-mode contribution, show a double-peak structure caused by the lifted degeneracy for modes with diﬀerent azimuthal mode
numbers m in anisotropic particles. The diﬀerence in spectral shifts between
the dipole mode and higher-order modes is attributed to the fact that higherorder modes, with large numbers of closely-spaced poles in the electric ﬁeld,
are less dependent on the surface curvature of the nanoparticle.
Figure 12.2(c) shows quantum eﬃciency spectra for η REF = 0.1%, 1%, and
10%. The spectrum for η REF = 100% is not plotted, and coincides almost exactly with the spectrum for η REF = 10%. The maximum quantum eﬃciencies
for η REF = 0.1%, 1%, and 10% are: 19%, 33%, and 36%, respectively. These
quantum eﬃciencies are all substantially higher than the values obtained for
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the spherical particle. For η REF = 0.1% for example, the quantum eﬃciency
enhancement increases from a factor 60 for spherical nanoparticles to a factor 190 for oblates. In order to quantify the eﬀect of the spectral separation
of plasmon modes on the improved quantum eﬃciency enhancement, we have
also calculated the quantum eﬃciency by neglecting coupling to higher-order
modes. In that case the quantum eﬃciency for η REF = 1% is 38% instead of
33%. Since the diﬀerence between these values is signiﬁcantly less than the
diﬀerence between the same benchmarks for spherical nanoparticles (i.e., 29%
and 18%, respectively), we conclude that the inﬂuence of the dark higher-order
modes is substantially reduced for anisotropic nanoparticles.
The increased spectral separation of radiative and dark plasmon modes with
increasing anisotropy is represented in a diﬀerent way in Fig. 12.3. This graph
shows the photon energy Emax at which the nonradiative decay rate associated
with coupling to a particular plasmon mode is highest, plotted versus angular
mode number l of the plasmon mode. These photon energies correspond to
the maxima of the spectra shown in Figs. 12.1(b) and 12.2(b). For clarity,
the associated free-space wavelength λmax is indicated on the righthand scale.
For high angular mode numbers, both curves converge to a constant level that
corresponds to the surface plasmon resonance energy of a ﬂat interface between
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Ag and a dielectric with a refractive index of 1.5. This behavior, which readily
follows from the expression for the resonance condition for higher-order plasmon
modes [122], conﬁrms that higher-order modes with closely-spaced charge nodes
depend less on the surface curvature than the lowest-order modes. The redshift
for lower angular mode numbers is found to be stronger for the anisotropic than
for the spherical nanoparticle. Since the radiative decay rate enhancement
is associated with coupling to the dipole mode (l = 1), the larger spectral
separation between the dipole mode and higher-order plasmon modes is an
advantage: emitters with the appropriate emission wavelength can be coupled
preferentially to the plasmon mode that couples most eﬃciently to free-space
radiation.

12.4

Conclusions

We have shown that the longitudinal dipole plasmon mode of an anisotropic
metal nanoparticle is better spectrally separated from higher-order plasmon
modes than the dipole plasmon mode of a spherical metal nanoparticle. This
conclusion has been drawn from calculations performed with an improved Gersten and Nitzan model. The larger spectral separation of radiative and dark
plasmon modes in anisotropic metal nanoparticles has the advantage that emitters, the emission of which is resonant with the dipole plasmon mode, can
transfer a larger fraction of their energy to the plasmon mode that couples most
eﬃciently to free-space radiation. Partly as a consequence of this spectral separation, the quantum eﬃciency of a low-quantum-eﬃciency emitter (0.1%) can
be enhanced nearly 200-fold by an anisotropic Ag nanoparticle, substantially
more than the 60-fold enhancement for a spherical Ag nanoparticle.
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Summary
Plasmons are collective oscillations of the free electrons in a metal or an ionized gas. Plasmons dominate the optical properties of noble-metal nanoparticles, which enables a variety of applications including electromagnetic energy
transport at nanoscale dimensions, single-molecule Raman spectroscopy, and
photothermal cancer therapy. Plasmons also aﬀect the spontaneous emission
dynamics of optical emitters positioned in the vicinity of metal nanoparticles.
The luminescence intensity can either be enhanced or quenched, depending on
the geometry. Since the associated enhancements can potentially be several
orders of magnitude, plasmon-enhanced luminescence is the subject of intense
research.
This thesis focuses on plasmon-enhanced luminescence of silicon quantum
dots (Si QDs) and optically active erbium ions. Both these emitters are compatible with silicon processing technology, and are therefore of great technological
interest.
In part I we describe three fabrication methods of Ag nanoparticles. First,
electron beam lithography is used to fabricate Ag nanoparticles with welldeﬁned sizes and shapes on insulating substrates. This technique is later applied in the experiments on plasmon-enhanced luminescence. Subsequently, we
present a method, based on a sequential Si/Ag/Si electron-beam evaporation
process, to fabricate metal nanoparticles that exhibit plasmon resonances in the
infrared. Furthermore, we discuss the fabrication of small Ag nanoparticles by
a sequence of Na+ ↔ Ag+ ion exchange and ion irradiation of Na+ -containing
glass. In particular, we consistently derive the Ag-nanocrystal depth proﬁle
and the corresponding refractive index depth proﬁle by combining multiple
characterization techniques.
In part II we show that the photoluminescence intensity of Si QDs can be
enhanced in a spectrally selective way by coupling to Ag nanoparticles. The
observed luminescence enhancements range between a factor 2 and a factor 6.
In addition, we demonstrate that the luminescence enhancement is polarized
for elongated Ag nanoparticles. Based on both the spectral selectivity and
the polarization selectivity, we conclude that the observed luminescence enhancement is due to coupling of the Si QD emission dipoles to plasmon modes,
rather than due to an enhanced excitation rate. As a consequence, the con-
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cept of plasmon-enhanced luminescence could also be applied to enhance the
luminescence intensity of electrically driven light sources. This possibility is
explored by integrating Ag nanoparticles in prototype Si QD light-emitting
devices fabricated using processing facilities at Intel Inc. The Si QD electroluminescence intensity of these devices has been enhanced by up to a factor 2.5.
Mechanisms that could explain this enhancement are discussed.
By engineering extremely anisotropic Ag nanoparticles, we demonstrate in
part III that the photoluminescence intensity of optically active Er3+ ions positioned in close proximity to these nanoparticles is signiﬁcantly enhanced if
the nanoparticles support plasmon modes that are resonant with the erbium
emission at 1.5 μm. Also for these systems, the enhancement is polarized corresponding to the plasmon resonances of the nanoparticles. These results indicate
the opportunities of Ag nanostructures for the reduction of quench processes
of erbium in a wide range of materials. Plasmon-enhanced luminescence of
erbium may for example enable the realization of eﬃcient light sources based
on erbium-doped silicon. In addition, we describe an experiment in which we
study the interaction of Er3+ ions with Si nanoparticles by cavity ring-down
spectroscopy. We demonstrate that the silicon nanoparticles incorporated in
Si-rich oxide do not enhance the peak absorption cross section of the Er3+
4
I15/2 → 4 I13/2 transition by 1 − 2 orders of magnitude, contrary to what
has been reported in earlier work. This conclusion has implications for optical
ampliﬁer design.
The theoretical investigation of plasmon-enhanced luminescence described
in part IV focuses on the modiﬁcations of the radiative and nonradiative decay rates of an optical emitter positioned in close proximity to a noble-metal
nanoparticle. First we analyze the inﬂuence of a spherical nanoparticle by exact electrodynamical theory. We show that the optimal sphere diameter for
luminescence quantum eﬃciency enhancement associated with resonant coupling to plasmon modes is in the range 30 − 110 nm, depending on the material properties. The optimal diameter is found to be a trade-oﬀ between (1)
emitter-plasmon coupling, which is most eﬀective for small spheres, and (2) the
outcoupling of plasmons into radiation, which is most eﬃcient for large spheres.
In addition, we show that the well-known Gersten and Nitzan model does not
describe the existence of a ﬁnite optimal diameter unless the model is extended
with the correction factor for radiation damping. With this correction and a
correction for dynamic depolarization, the Gersten and Nitzan model, which
can be generalized to spheroids much more easily than exact electrodynamical
theory, is found to provide a reasonably accurate approximation of the decay
rate modiﬁcations associated with coupling to the dipole plasmon mode.
Based on the improved Gersten and Nitzan model, we subsequently analyze
how much the intensity emitted by an active layer of a light-emitting device
can be enhanced by an array of anisotropic Ag nanoparticles. For this analysis,
the radiative decay rate enhancement associated with emitter-plasmon coupling
was calculated for emitters positioned in a plane below a two-dimensional array
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of Ag nanoparticles. The in-plane-averaged radiative decay rate enhancement,
which is an upper limit of the enhancement of the intensity emitted by the active layer, is found to be a factor ∼10 at a distance of 10 nm from the array for
the optimal nanoparticle size of ∼100 nm. The distance at which the nanoparticles induce a substantial eﬀect on the radiative decay rate ranges to a few tens
of nanometers. We also show that the radiative decay rate enhancement can
be up to three orders of magnitude close to a sharp tip of a metal nanostructure. This results indicates that metal nanostructures can provide even larger
improvements to nanoscopic light sources, e.g. based on single nanowires or
single quantum dots.
Finally, we study the radiative and nonradiative decay processes for emitters
close to anisotropic nanoparticles. We ﬁnd a larger spectral separation between
the radiative dipole plasmon mode and the dark higher-order plasmon modes of
a Ag nanoparticle for larger anisotropy. In the vicinity of such an anisotropic
Ag nanoparticle, the quantum eﬃciency of a low-quantum-eﬃciency emitter
(0.1%) can be enhanced by almost a factor 200, instead of a factor 60 for a
spherical nanoparticle. These results show that nanoparticle anisotropy does
not only inﬂuence the plasmon resonance wavelength, but also the ratio at
which diﬀerent plasmon modes are excited by an emitter at short distance.
Altogether, the thesis provides insight in the fundamental aspects of plasmonenhanced luminescence, and correlates these to experiments on light emitters
in practical geometries. Speciﬁc insights in possible applications are discussed
in the corresponding chapters.

145

146

Samenvatting
Plasmonen zijn collectieve oscillaties van de vrije elektronen in een metaal of
een geı̈oniseerd gas. In metalen nanodeeltjes zijn deze excitaties resonant in het
zichtbare en infrarode deel van het elektromagnetisch spectrum. Het opwekken
van een plasmon in een metalen nanodeeltje door een inkomende lichtgolf heeft
tot gevolg dat de elektromagnetische energie in een zeer klein volume wordt
geconcentreerd; het nanodeeltje zuigt het licht als het ware naar zich toe. Deze
concentratie van licht biedt perspectieven voor een groot aantal toepassingen
waaronder het transporteren van elektromagnetische energie in ultrakleine circuits en het vergroten van de gevoeligheid van optische meettechnieken zoals
bijvoorbeeld Raman spectroscopie. Daarnaast kan de spontane emissie van elementaire lichtbronnen (zoals atomen en moleculen, maar ook nanodeeltjes die
bestaan uit halfgeleidermateriaal) sterk beı̈nvloed worden door metalen nanodeeltjes. Afhankelijk van de geometrie kan de luminescentie-intensiteit worden
verhoogd of verlaagd. De manipulatie van spontane emissie met behulp van
metalen nanodeeltjes staat de laatste jaren in grote belangstelling omdat de
luminescentie-intensiteit van lichtbronnen in bepaalde gevallen met factoren
100 tot 1000 kan worden vergroot.
Dit proefschrift richt zich op het vergroten van de luminescentie-intensiteit
van silicium nanodeeltjes en erbium ionen door deze lichtbronnen te koppelen
met plasmonen in zilveren nanodeeltjes. Zowel silicium nanodeeltjes als erbium ionen zijn technologisch relevant omdat ze beide verenigbaar zijn met de
fabricagemethodes uit de elektronica-industrie.
In deel I van het proefschrift beschrijven we drie methodes om zilveren
nanodeeltjes te fabriceren. We gebruiken elektronenbundel-lithograﬁe om zilveren nanodeeltjes met welbepaalde groottes en vormen te maken. Deze fabricagemethode wordt later toegepast in de experimenten die betrekking hebben
op het verhogen van de luminescentie-intensiteit van elementaire lichtbronnen.
Vervolgens wordt een methode behandeld waarin achtereenvolgens silicium, zilver en silicium worden opgedampt om zilveren nanodeeltjes te fabriceren die
plasmonresonanties vertonen in het infrarode deel van het elektromagnetisch
spectrum. Verder beschrijven we de fabricage van zilveren nanodeeltjes met
behulp van een proces bestaande uit Na+ ↔ Ag+ ionenuitwisseling en Xe ionenbestraling van Na+ -houdend glas. We richten ons hierbij op de bepaling
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van het diepteproﬁel van de laag waarin zilveren nanodeeltjes worden gevormd
en van het diepteproﬁel van de eﬀectieve brekingsindex.
In deel II laten we zien dat de intensiteit waarmee silicium nanodeeltjes
luminesceren kan worden verhoogd door deze lichtbronnen in de nabijheid
van zilveren nanodeeltjes te plaatsen. De gemeten verhogingen, die een spectrale signatuur hebben die afhangt van de geometrie van de zilveren nanodeeltjes, variëren tussen een factor 2 en een factor 6. Daarnaast is deze intensiteitsverhoging gepolariseerd voor uitgerekte zilveren nanodeeltjes. Op basis van deze spectrale en polarisatie-afhankelijke kenmerken concluderen we
dat de waargenomen intensiteitsverhoging het gevolg is van koppeling van de
emissie-dipolen van de silicium nanodeeltjes met plasmon-excitaties, en dat de
verhoging niet een gevolg is van een toegenomen optische excitatie-snelheid.
Dit betekent dat het concept van het verhogen van de luminescentie-intensiteit
door middel van plasmonen ook kan worden toegepast in lichtbronnen die elektrisch worden aangedreven. Deze mogelijkheid onderzoeken we door zilveren
nanodeeltjes te integreren in een lichtgevend apparaat waarin de actieve laag
gevormd wordt door silicium nanodeeltjes. De luminescentie-intensiteit onder
elektrische excitatie is verhoogd met een factor 2.5. De mechanismen die deze
verhoging kunnen verklaren worden besproken.
Door zeer uitgerekte zilveren nanodeeltjes toe te passen tonen we in deel
III van het proefschrift aan dat de luminescentie-intensiteit van erbium ionen
signiﬁcant kan worden verhoogd als de plasmon-excitaties van die nanodeeltjes
resonant zijn met de erbium-emissie met een golﬂengte van 1.5 μm. Ook voor
dit systeem is de luminescentie gepolariseerd overeenkomstig met de polarisatie van de plasmonresonanties van de nanodeeltjes. Deze metingen wijzen
erop dat zilveren nanodeeltjes de mogelijkheid bieden om de invloed van verliesprocessen op de luminescentie van erbium te reduceren. Dit concept kan
bijvoorbeeld leiden tot eﬃciënte lichtbronnen op basis van erbium-gedoteerd
silicium. Naast de resultaten omtrent erbium in de nabijheid van zilveren nanodeeltjes, beschrijven we in deel III van het proefschrift ook een experiment
waarin we de interactie tussen erbium ionen en silicium nanodeeltjes onderzoeken. We tonen aan dat silicium nanodeeltjes in silicium-rijk siliciumoxide
de piek absorptie cross sectie van de Er3+ 4 I15/2 → 4 I13/2 transitie niet met 1
tot 2 ordes van grootte verhogen, in tegenstelling tot wat in de literatuur wordt
beweerd. Dit resultaat is relevant voor het ontwerp van optische versterkers op
basis van erbium.
De theoretische bestudering van de veranderingen van luminescentie-intensiteit als gevolg van koppeling van lichtbronnen met plasmonen wordt behandeld in deel IV van het proefschrift. Eerst analyseren we de veranderingen
van de snelheden van stralend en niet-stralend verval van een elementaire lichtbron die in de nabijheid van een bolvormig nanodeeltje is geplaatst. Deze
analyse wordt uitgevoerd met behulp van een exacte elektrodynamische theorie. We tonen aan dat de optimale boldiameter voor het verhogen van het
quantumrendement in het bereik 30 − 110 nm ligt. Deze optimale diameter
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wordt bepaald door een evenwicht tussen (1) de koppeling tussen lichtbron en
plasmon-excitatie, die het meest eﬀectief is voor kleine bollen, en (2) de uitkoppeling van plasmonen naar straling, die het meest eﬃciënt is voor grote bollen.
In aanvulling hierop tonen we aan dat het welbekende model van Gersten en
Nitzan het bestaan van een eindige optimale diameter niet beschrijft, tenzij het
model wordt uitgebreid met een correctie voor stralingsdemping. Met deze correctie en een correctie die retardatie van het depolarisatieveld beschrijft, geeft
het Gersten en Nitzan model, dat eenvoudiger kan worden gegeneraliseerd naar
anisotrope deeltjes dan de exacte theorie, een adequate beschrijving van de veranderingen van de vervalsnelheden voor de relevante deeltjesgroottes.
Op basis van het verbeterde Gersten en Nitzan model analyseren we vervolgens hoe sterk de intensiteit die uitgestraald wordt door een 2-dimensionale
actieve laag kan worden versterkt met behulp van een raster van anisotrope
deeltjes. Voor deze analyse is de vergroting van de snelheid van stralend verval
berekend in een vlak onder dit raster. Het gemiddelde over het hele vlak is
een factor ∼10 op een afstand van 10 nm van de nanodeeltjes voor een optimale deeltjesgrootte van ∼100 nm. Deze factor ∼10 is een bovenlimiet voor
de verhoging van de uitgestraalde intensiteit. De afstand tot waar de nanodeeltjes een substantieel eﬀect op de vervalsnelheid hebben is enkele tientallen
nanometers. Dichtbij een scherpe rand van een metalen nanostructuur kan de
vergroting van de snelheid van stralend verval drie ordes van grootte bedragen.
Dit betekent dat metalen nanostructuren veelbelovend zijn voor lichtbronnen
met zeer kleine afmetingen, bijvoorbeeld lichtbronnen die gebaseerd zijn op
enkele nanodraden.
Tenslotte bestuderen we het stralende en niet-stralende verval van lichtbronnen die in de nabijheid van anisotrope nanodeeltjes zijn gepositioneerd.
We laten zien dat de spectrale separatie tussen de stralende dipool plasmonexcitatie en de niet-stralende hogere-orde plasmon-excitaties van een zilver nanodeeltje toeneemt voor grotere anisotropie. In de nabijheid van een anisotroop
zilveren nanodeeltje kan het quantumrendement van een lichtbron die in de
afwezigheid van het metaal een laag quantumrendement heeft (0.1 %), met een
factor 200 worden vergroot, in plaats van met een factor 60 voor een bolvormig
deeltje. Dit resultaat toont aan dat de deeltjesvorm niet alleen de frequentie
van de plasmonresonantie beı̈nvloedt, maar ook de verhouding waarmee verschillende plasmon-excitaties aangeslagen worden door een lichtbron op korte
afstand.
Samenvattend geeft dit proefschrift inzicht in fundamentele aspecten van
het manipuleren van de emissie-eigenschappen van elementaire lichtbronnen die
gekoppeld zijn aan plasmonen in metalen nanodeeltjes. Speciﬁeke inzichten met
betrekking tot mogelijke toepassingen worden besproken in de overeenkomstige
hoofdstukken.
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France, in 2000.
In 2002 Hans started as a Ph.D. student in the Photonic Materials group
at the FOM Institute for Atomic and Molecular Physics (AMOLF), under supervision of Prof. Dr. A. Polman. The research performed within the context
of this Ph.D. project is the subject of this thesis. Part of the work was done
in close collaboration with the group of Prof. H. A. Atwater at the California
Institute of Technology in Pasadena, CA.

153

154

List of publications
This thesis is based on the following publications:
• Infrared surface plasmons in two-dimensional silver nanoparticle arrays
in silicon, H. Mertens, J. Verhoeven, A. Polman, and F.D. Tichelaar,
Appl. Phys. Lett. 85, 1317 (2004). (Chapter 3)
• Depth-resolved nanostructure and refractive index of borosilicate glass
doped with Ag nanocrystals, H. Mertens and A. Polman, Opt. Mat. 29,
326 (2006). (Chapter 4)
• Spectral tuning of plasmon-enhanced silicon quantum dot luminescence,
J. S. Biteen, N. S. Lewis, H. A. Atwater, H. Mertens, and A. Polman,
Appl. Phys. Lett. 88, 131109 (2006). (Chapter 5)
• Polarization-selective plasmon-enhanced silicon quantum dot luminescence,
H. Mertens, J. S. Biteen, H. A. Atwater, and A. Polman, Nano Lett. 6,
2622 (2006). (Chapter 6)
• Plasmon-enhanced erbium luminescence, H. Mertens and A. Polman, Appl.
Phys. Lett. 89, 211107 (2006). (Chapter 8)
• Absence of the enhanced intra-4f transition cross section at 1.5 μm of
Er3+ in Si-rich SiO2 , H. Mertens, A. Polman, I. M. P. Aarts, W. M. M.
Kessels, and M. C. M van de Sanden, Appl. Phys. Lett. 86, 241109
(2005). (Chapter 9)
• Plasmon-enhanced luminescence near noble-metal nanospheres: comparison of exact theory and an improved Gersten and Nitzan model, H.
Mertens, A. F. Koenderink, and A. Polman, submitted. (Chapter 10)
• Radiative decay rate enhancements in the vicinity of two-dimensional arrays of anisotropic metal nanoparticles, H. Mertens, J. S. Biteen, H. A.
Atwater, and A. Polman, to be submitted. (Chapter 11)
• Spectral separation of radiative and dark plasmon modes in anisotropic
metal nanoparticles, H. Mertens and A. Polman, to be submitted. (Chapter 12)

155

The work described in this thesis was performed at
the FOM-Institute for Atomic and Molecular Physics,
Kruislaan 407, 1098 SJ Amsterdam, in collaboration
with Utrecht University and Eindhoven University of
Technology, all in the Netherlands, and in collaboration
with California Institute of Technology, Pasadena, CA.

Aﬃliation:
Prof. Dr. A. Polman
Center for Nanophotonics
FOM-institute AMOLF, Amsterdam, The Netherlands

