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Chapter 1

General introduction

We cannot imagine a world without artificial light. Not only did it make man
independent of the day/night rhythm imposed on us by nature, but applica-
tions in telecommunication, data storage, geodesy, medicine, and displays have
influenced our lives on an unimaginable scale. The development of new appli-
cations has been largely driven by the ability to control the flow and emission
of light in photonic structures. Current day telecommunication for example, is
based on control of light with lasers and optical glass fibers. Erbium-doped fiber
amplifiers that amplify light at 1.5 pm have enabled long-distance glass-fiber
telecommunication that is key to the rapid growth of the internet.

Today we are on the brink of a new revolution in the use of light. Scaling
down the dimensions of photonic structures provides us with new opportuni-
ties to control the emission and guiding of light. Si-based electronic integrated
circuits for example, may benefit from bringing photons on a chip. Due to
the high optical carrier frequency, lack of cross talk, low power dissipation
and potential for wavelength division multiplexing, problems caused by down-
scaling the size of electrical circuits on a Si chip may be overcome.[1] The
introduction of microscale and nanoscale photonics on a Si-integrated circuit
can also lead to a natural integration of fiber-based optical telecommunication
and electronic processing on a chip. In today’s society with its increasing de-
mand for larger bandwidth, this would allow for optical data processing and
a corresponding increase in data bandwidth and computational power. Al-
though still in its infancy, the advent of quantum computing and its integration
with microelectronics may also require nanoscale photonic circuits.[2] Quantum
computation promises great increases in computational performance for com-
plex calculations. Microphotonics also offers new possibilities for enhancing
the out-coupling efficiency of light emitting diodes and increasing the conver-
sion efficiency in solar cells. Finally, scaling down the dimensions of photonic
structures may lead to interesting new physical phenomena as we enter new
regimes of strong electromagnetic fields that enhances non-linear processes. It
is the precise control of light in novel microstructured photonic materials that
is necessary to open up these new possibilities.



1.1 Modified spontaneous emission

The emissive properties of atoms can be manipulated by controlling their pho-
tonic environment on a length scale comparable to the emission wavelength.
From first order time-dependent perturbation theory, Fermi’s golden rule can
be derived.[3] Considering the interaction of the atom with the electromagnetic
field as a perturbation and assuming that the dipole interaction is dominant
(taking the electric field parallel to the dipole moment), the spontaneous emis-
sion rate can be calculated using quantization of both the field and the atom.
The result is given by [4]

Wwi’f

Fie(r)

Wiy = [{f1A15) | p(wi,z,x) : (1.1)
with w; ¢ the transition frequency corresponding to the energy gap between the
initial and final state, €(r) the position dependent dielectric constant, p(w;, f,r)
the frequency and position dependent local photonic density of states, |f) and
|i) the final and initial state of the atom, and [ the dipole operator. Equa-
tion 1.1 states that the radiative decay rate of an emitter is the product of
two terms. The first term describes the dipole’s intrinsic decay probability
(determined by the electronic wavefunctions |f) and |i) of the atom). The sec-
ond term p(w; ¢,r), the local photonic density of states (DOS), describes the
number of states per unit volume that the atom can decay into.

For optical emitters embedded in a solid the term |{f|i|i)|? in Eq. 1.1 de-
pends on the electronic environment with a length scale on the order of the
electron wavefunctions of the atom. While this term cannot be arbitrarily in-
fluenced, large differences can be observed for the same dipole embedded in
different hosts. The DOS term p(w;, s, r), depends on the photonic microstruc-
ture around the atom with a length scale given by the wavelength of the emitted
light. It can be modified by controlling the microstructure around the atom
leading to large effects on the spontaneous emission as we will show further on.

The simplest photonic microstructure is a one-dimensional dielectric inter-
face placed close to an optical emitter. Figure 1.1 shows the decay rate for a
randomly oriented dipole in SiO5 and air emitting at a wavelength of 1535 nm
as a function of distance from an air/SiOs interface. The decay rate is normal-
ized to the decay rate in air. The decay rate shows oscillations as a function
of distance to the interface due to interference of emitted waves with the os-
cillating dipole, leading to an increase or decrease of the decay rate depending
on the distance from the interface. Initially, calculations such as in Fig. 1.1
were made using a rigorous plane-wave expansion method.[4] Later, a Green’s
function method was introduced that is mathematically somewhat more ele-
gant and is also faster to evaluate.[5] A disadvantage of these methods is that
they cannot take absorption into account. Here, we use a classical dipole os-
cillator model that is fast and does not suffer from this disadvantage.[6] If a
point dipole is embedded in a non-absorbing dielectric the general relation for
the power radiated from the dipole can be derived from Poynting’s theorem,
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Figure 1.1: Normalized decay rate for a randomly oriented dipole emitting
at a wavelength of 1535 nm as a function of distance from a SiOgz/air
interface, calculated with the classical dipole oscillator model. Modulation
of the spontaneous emission rate occurs due to interference of emitted waves
with the oscillating dipole. Inset shows the relative decay rate variation as
a function of emission frequency for a dipole in SiO2 at 4 pm from the
interface.

and is given by the surface integral over the Poynting vector:
1 N w
§Re (ExB*)dS = §Im [p-E(ro)] ) (1.2)
s

with E and B the electric and magnetic fields respectively, and p the dipole
moment. Equation 1.2 shows that the radiated power is proportional to the
inner-product of the electric field at the position of the dipole and the dipole
moment. By calculating all reflected and transmitted electric fields originating
from the dipole, the total electric field at the position of the dipole (E(rp)) can
be obtained. The decay rate is then determined by calculating the right side of
Eq. 1.2 and dividing by Aw. The inset of Fig. 1.1 shows the relative decay rate
modulation due to variations in DOS of a randomly oriented dipole in SiOy at
a distance of 4 um from the air/SiO9 interface plotted as a function of emission
frequency in a range corresponding to free space wavelengths of 500 nm to
10 pm. Again, due to interference, the decay rate is modulated. However,
the relative change in decay rate is very small. This is a consequence of the
fact that only in a small emission solid angle reflected waves have an effect on
the dipole and that for these waves only single interference effects take place.
Clearly, when materials are used that have a high refractive index contrast,
waves reflected from the interfaces will have a large amplitude, resulting in
larger variations in the decay rate.
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Metal interfaces placed close to an optical emitter provide a large refractive
index contrast, but also introduce additional decay mechanisms. At small
distances to a metal interface the optical emitter decays predominantly by
direct coupling to electronic states in the metal. At somewhat larger distances
a large fraction of the decay goes into the excitation of surface plasmons (SPs).
Surface plasmons are electromagnetic waves bound at the interface between a
metal and a dielectric that have a distinct dispersion characteristic and provide
a unique way to change the optical emission in a way that is not possible with
purely photonic modes. When an optical emitter is placed within the SP’s
evanescent field it can excite a SP by a near field interaction. If subsequently,
these SPs can be coupled out (e.g. by using a grating) the initially non-radiative
decay (into a bound SP) is turned into useful far-field radiation again. In this
way the emission spectrum and decay rate of the emitter can be significantly
changed.

Figure 1.2: Two different dielectric optical microcavities studied in this
thesis: (a) microsphere resonator, (b) microtoroid resonator. Typical di-
mension are of the order of ten to hundred optical wavelengths.

The optical emission also can be strongly modified in optical microcavities.
In this thesis we focus on whispering gallery optical microcavities that typically
have length scales of the order of ten to hundred optical wavelengths. In these
cavities light propagates along closed optical paths, leading to circulation of
optical power. Two typical examples of optical microcavities studied in this
thesis are shown in Fig. 1.2: silica microsphere resonators (a) and silica mi-
crotoroid resonators (b). Despite the small refractive index contrast of these
silica microcavities, they present a way to achieve large modification in the
optical emission. Due to multiple interference of the circulating light only a
limited number of frequencies are allowed within the microcavity. As a conse-
quence, the DOS can be strongly enhanced for the allowed cavity resonances.
Figure 1.3 shows a schematic of the DOS as a function of frequency for a closed
cavity. In such a cavity, only modes at frequencies resonant with the cavity are
present and there is no contribution from the free space DOS. The resulting
enhancement in spontaneous emission rate has been described by Purcell [7] for
an emitter with a emission linewidth smaller than the cavity resonance. The
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Figure 1.3: Density of states as a function of frequency inside a closed
microcavity. Enhancements in decay rate, described by Eq. 1.3, can oc-
cur at frequencies resonant with the cavity that are separated by the free
spectral range.

spontaneous emission rate enhancement is given by

3 A\°
F= 4731/ (n) ’ (13

where Q=wt is the cavity’s quality factor, which is directly proportional to
the the time 7 that light is confined in the cavity, and V' the volume in which
the light is confined. As can be seen from Eq. 1.3, large cavity @) and small
mode volume V are essential to achieve large Purcell enhancements. In general,
enhancements in spontaneous emission rates are smaller than expected from the
Purcell factor due to the fact that optical microcavities are open, instead of
closed cavities.[8] This leads to an additional decay into free space modes that
reduces the observed spontaneous emission rate enhancement.[9]

A direct consequence of the mode structure in the microcavity is that stim-
ulated emission can be achieved more easily than in an unconfined geometry.
At high Q, laser light that is used for pumping the optical emitters into inver-
sion is recycled in the cavity, and high field intensities can be built up at the
resonant cavity modes. This leads to population inversion at low input powers,
and low-threshold lasing can be obtained.

Three-dimensional photonic crystals can provide the ultimate control over
spontaneous emission. When properly designed such a photonic crystal can
have a complete photonic bandgap, i.e. a range of frequencies where no pho-
tonic modes exist, the DOS is zero. Figure 1.4(a) shows the photonic bandstruc-
ture for an fcc Si inverse opal photonic crystal, calculated with a plane-wave
expansion method.[11] It describes the energy of photonic states for states with
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Figure 1.4: Bandstructure calculation for an fcc Si-inverted opal photonic
crystal (a). On the vertical axis is the frequency (in units of speed of light
(¢) normalized to the fcc unit cell size (a)) and on the horizontal axis the
normalized wavevector in various reciprocal lattice vector directions of the
reciprocal unit cell. In the normalized frequency range of 0.78 to 0.82 no
photon states are present. Density of states for the same structure as in
(a) integrated over the complete reciprocal unit cell (taken from [10]).

different propagation direction and wavevector. Figure 1.4(b) shows the DOS
calculated by integrating over the reciprocal unit cell of the same structure as
in Figure 1.4(a).[10] It can be clearly observed from Fig. 1.4(a) and (b) that
there is a frequency range where no photonic states are available, the pho-
tonic bandgap. For a dipole, whose emission frequency is within this frequency
range, spontaneous emission is fully inhibited since there are no photon states
available. For frequencies near the bandgap the bands are flat, leading to an
enhancement in the DOS; for a dipole emitting at these frequencies the sponta-
neous emission rate is increased. From the r dependence of p in Eq. 1.1 we can
observe that the DOS is a local parameter that depends on the exact position
of the dipole within the photonic microstructure. By spatially-selective probing
of optical emitters in a photonic crystal, this local DOS can be probed. This
can lead to large variations in the spontaneous emission rate, even for photonic
crystals without a photonic bandgap.

1.2 Contents of this thesis

In this thesis we demonstrate the control of spontaneous emission of optically
active erbium ions in three different types of microphotonic materials. Erbium
is a rare-earth ion that, if embedded in a solid, takes on a trivalent state. It
shows room-temperature emission from the 4Iy3 /2 -5 /2 intra-4f transition
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at 1.5 pm. This wavelength is a standard in telecommunication technology, and
therefore, modification of the Er spontaneous emission is of great technological
interest.

Part I describes controlled spontaneous emission of Er near a metallo-dielectric
interface.

e Chapter 2 describes how the spectral shape of the emission spectrum of
Er can be modified by coupling to SPs at a SiO2/Ag interface. Large
angle-dependent changes in emission spectra and emission polarization
are observed. The spectral dependence of these changes is compared to
calculations based on the SP dispersion relation obtained from the dielec-
tric constants of SiOy and Ag. Good qualitative agreement is observed.

e Chapter 3 describes how the decay rate of Er ions can be modified by cou-
pling to SPs. The effect of concentration quenching is taken into account
to obtain the radiative decay rate for Er ions near SiOs/air and SiO2/Ag
interfaces. Large enhancements of the radiative decay rate are observed
for Er ions near the SiO5/Ag interface, largely due to coupling to SPs.
The results are compared to calculations based on a classical dipole os-
cillator model and good quantitative agreement between the calculations
and the observed decay rate changes is observed.

e In Chapter 4 we investigate the effect of SP coupling on the decay rate
of optically excited Si nanocrystals in SiOg near a Ag surface. Using an
inverse Laplace transform technique, decay rate distributions are derived
from measured stretched-exponential decay curve. The increase in aver-
age decay rate for Si nanocrystals near the Ag interface is mainly due
to SP excitation and is in good agreement with calculations. From a
comparison of the calculations and the experimental results we derive for
the first time the internal emission quantum efficiency of Si nanocrystals:
77 %.

e In Chapter 5 we calculate dispersion relations for SPs at various dielec-
tric/Ag interfaces. We present the optimum coupling distance for Er ions
in Si to SPs on a Si/Ag interface, as well as the total decay rate for varying
dipole emission wavelengths. Using the classical dipole oscillator model
we derive, from the power dissipation spectra, the SP dispersion for thin
metal films. An array of applications of SPs in microphotonic devices is
proposed, including: a SP optical interconnect, a SP light-emitting diode
with enhanced quantum efficiency and a SP optical switch.

In Part IT we demonstrate controlled emission of Er ions in microcavities.

e Chapter 6 describes the fabrication of a silica microsphere laser using
high-energy Er ion-implantation. We show that ion-implantation is com-
patible with the fabrication high-Q microcavities. By optimizing the Er
doping profiles the lasing threshold can be minimized.
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e In Chapter 7 we describe the fabrication of toroidally-shaped Er-doped
microcavity lasers made using ion-implantation at two different stages
in the fabrication process. The spatially resolved spontaneous emission
from Er inside the microcavity is measured by confocal photolumines-
cence spectroscopy, and we demonstrate a modified Er PL spectrum by
coupling of Er to cavity modes. Microprobe Rutherford backscattering
spectrometry measurements are presented that give detailed information
on the effect of the fabrication process on the Er distribution in the
microtoroid. The intrinsic microtoroid quality factors and lasing charac-
teristics are investigated. Erbium lasing is observed at thresholds as low
as 4.5 uW.

Part IIT describes controlled spontaneous emission of Er in Si-infiltrated silica
colloidal photonic crystals.

e Chapter 8 describes the fabrication of an erbium-doped fcc silicon-infiltrated
silica colloidal photonic crystal. Material properties are investigated
leading to design criteria for a Si inverse-opal photonic crystal that can
strongly inhibit the Er spontaneous emission. It is shown that Er ions
can be selectively excited in both the SiOy and Si components of this
material. Distinctly different lifetimes of Er are observed for the SiOo
and Si sections of the photonic crystal, partly due to the difference in the
electronic transition probability of the intra-4f transition in Er3+.

16
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Chapter 2

Surface plasmon modified
spontaneous emission of
erbium in a
metallo-dielectric grating

The spectral shape and bandwidth of the emission of Er3* ions in silica glass
around 1.5 pm is strongly modified by the presence of a silver grating. The
metallo-dielectric grating was made by a sequence of ion implantation in sil-
ica glass, dry etching and silver sputter deposition. Spectral enhancements
are observed that are attributed to near-field coupling of Er3* ions to surface
plasmons that subsequently re-radiate at well-defined resonance conditions.
Qualitative agreement is observed between these resonance conditions and cal-
culations based on the surface plasmon dispersion relation. Applications of the
Er surface plasmon coupling are discussed.
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2.1 Introduction

Erbium ions play a key role in optical communication systems operating at
1.53 pm. The 1.53 pum emission is due to radiative intra-4f transitions that
occur between the *Iy5 /2 and 4,5 /2 manifolds of Er3*. These manifolds are
composed of a multitude of Stark levels, the number of which is determined
by the site symmetry of the Er ion in the host. The absorption and emission
spectra of Er are thus determined by Boltzmann distributions over the ground
and excited manifolds and hence, at a certain temperature the Er emission
spectrum is fixed for a given material. Many applications of Er-doped mate-
rials depend critically on the exact line shape of the emission. For example,
in wavelength-division multiplexing systems, the systems bandwidth is deter-
mined by the width of the spectrum. Hence, it would be extremely interesting
if the Er emission spectrum could be externally modified.

J Light line 1Energy (eV) |
25° off normal ; |

Light line in Light line in
silica glass d silica glass
/

|
1 I L 1 "
-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015
k (nm™)

Figure 2.1: Surface plasmon dispersion relation in the presence of a sur-
face grating. The dashed vertical lines indicate the boundaries of the re-
duced Brillouin zone. The grating vector G is indicated.

A surface plasmon (SP) is an electromagnetic wave propagating at the in-
terface between a metal (e,,) and a dielectric (e4) coupled to surface charge
oscillations.[12] The SP is bounded mode if the real part of the dielectric con-
stant of the metal is negative (e,,<1), with its absolute value larger than e
of the dielectric (|€],,|>€q). At a particular frequency the momentum of a SP,
given by ksp = (w/c)\/€i€m/(€d + €m), is always larger than that of a plane
wave travelling parallel to the interface (kpw = (w/c)\/€q). Therefore it cannot
couple directly to a plane wave (or vice versa) and, as a result, its energy is
lost due to Joule heating of the metal. However, if the interface has a periodic
corrugation (i.e. a grating), the momentum of the SP can be decreased by
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diffraction on the periodic corrugation at the interface and re-radiate into a
photon. The grating allows to add or subtract multiples of the grating vector
from the SP wavevector. This is shown in Fig. 2.1 where the SP dispersion
relation is shifted with a multiple of the grating vector (indicated by G). Due
to the grating vector periodicity, the complete dispersion behavior can be un-
derstood from the dispersion in the reduced Brillouin zone (area bounded by
dashed vertical lines). At a fixed energy, and for the particular grating vector
G plotted in Fig. 2.1, the SP dispersion line crosses a dispersion line within
the reduced Brillouin zone for light travelling at an angle of 25° relative to the
normal. At this angle the SP can be coupled out as a plane wave into the
far-field (or vice versa).

In this chapter we show that a large change in the emission spectrum of
Er-doped silica glass can be achieved by coupling Er ions to SPs in a metallo-
dielectric grating by means of a near-field interaction. The SPs are coupled out
using the above described technique of grating coupling.

2.2 Experimental

To investigate the Er-SP coupling, an Er-doped metallo-dielectric grating was
made in the following way. Heraeus silica glass slides (Herasil 1) of 500 pm
thickness were cooled to 77 K and implanted with 1.2-10'® Er/cm? at an energy
of 350 keV. The ion range and straggle are 120 nm and 35 nm respectively, as
measured by Rutherford backscattering spectrometry. An optical grating was
then fabricated in the implanted side of the silica glass by electron beam litho-
graphy and dry-etching. The samples were first spin-coated with a photoresist
and then baked at 200 °C. A 30 nm Ge layer was sputter-deposited, followed by
spin-coating of a layer of positive resist (4 % PMMA in Cl-benzene). A grating
pattern with a pitch of 1070 and a width of 530 nm was written in the PMMA
using an electron beam pattern generator. The total grating area was 1 mm?.
After development of the PMMA the exposed Ge was etched with a Cl plasma.
Subsequently, the photoresist was etched with an Og plasma. The final etching
step into the silica glass was done with a CHF3/O4 plasma (100/2 scem, re-
spectively). Subsequently, the remaining resist layer was removed with HNOj.
The samples were then annealed at a temperature of 800 °C for one hour in
vacuum to increase the luminescence yield of the implanted Er.[13] Next, a
Ag layer was sputter-deposited onto the grating. From optical diffraction as
well as reflectivity measurements and accompanying calculations based on the
numerical method of exact eigenvalues and eigenfunctions [14] the structural
parameters of the Ag grating were determined: depth 230 £+ 10 nm, pitch 1070
£ 1 nm and width of the silver grating bars 500 £ 10 nm.

Figure 2.2(a) shows a scanning electron microscopy image of the cross sec-
tion of the silica grating with the deposited Ag layer on top. The Ag film shows
good conformity with the silica grating, but has somewhat lost adhesion to the
substrate at the cleft. Further away from the cleft the Ag film is in contact
with the silica throughout the entire cross-section of the grating. The Ag layer
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Figure 2.2: (a) Scanning electron microscopy image of a cross section
through the grating; (b) Schematic of the experimental set-up.

thickness was 300 nm, i.e. thicker than the depth of the grating. In this way a
metallic grating with a dielectric top layer was made, where the dielectric acts
as a host and a spacer for the Er®t ions above the grating (see schematic in
Fig. 2.2(b)).

Photoluminescence (PL) spectroscopy measurements were performed at
room temperature. An argon-ion laser operating at A.,.=488 nm was used
to excite the Er3t ions into the *F; s2 manifold. The laser intensity was time
modulated with an acousto-optical modulator and fed into a polarization main-
taining fiber. The fiber axis was aligned with the polarization direction of the
laser light such that light at the output of the fiber was polarized with an s
over p intensity ratio of at least 30. The output of the fiber was focused from
the silica side onto the grating (see schematic Fig. 2.2(b)) using a microscope
objective (spot diameter ~700 pm). The fiber was mounted at an angle of 45°
relative to the surface normal onto the rotating sample stage, thereby keeping
the excitation angle fixed during rotation (the corresponding internal angle in
the silica glass is 29°). The excitation power at the sample was measured at the
exit of the pump fiber with a Si photodiode. PL was collected with an f=10
cm lens and filtered by a long-pass filter (A>846 nm) to remove any intensity
left from the pump. The in-plane collection angle was 16°. PL was analyzed
with an infrared polarizer and dispersed with a 480 mm focal-length mono-
chromator. The spectral resolution was 6 nm. The collected PL was detected
by a liquid-nitrogen cooled Ge diode in combination with a standard lock-in
technique.

2.3 Results

Figure 2.3 shows normalized PL spectra taken at various angles relative to
the surface normal (angle # in the schematic and insets). Data are shown for
two orientations of the grating as shown by the schematics under the figure.
In Fig. 2.3(a) the grating vector G is in the plane of measurement (Gyj) and
only data for p-polarized emission is plotted. At #=40° an emission spectrum
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characteristic for Er3* in bulk silica glass is observed. At #=20° only a slightly
different spectral shape is observed. However at 6=0°, a strongly increased
spectral contribution compared to that of Er®* in bulk silica glass is observed
for the long wavelength part of the spectrum (A>1530 nm). In Fig. 2.3(b), G is
perpendicular to the plane of measurement (G ) and only data for s-polarized
emission are plotted. Here for all angles well-defined peaks are observed, su-
perimposed on the spectrum for Er®* in bulk silica glass. The peak wavelength
decreases with increasing angle. An example of the contribution of such a peak
is shown by the dashed line for =25° that was obtained by a division and
rescaling of the measurement with a reference spectrum.
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Figure 2.3: Photoluminescence of Er-doped metallo-dielectric grat-
ings (Aexe=488 nm, resolution 6 nm) measured at various angles 6 (see
schematic of measurement geometry under (a) and (b) and in Fig. 2.2(b)).
(a) Grating vector in the plane of measurement (Gy|); data for p-polarized
emission; (b) grating vector perpendicular to the plane of measurement
(G_); data for s-polarized emission. In both cases the spectra are com-
posed of a spectrum characteristic for Er3t in bulk silica glass, with super-
imposed a contribution from re-radiated SPs. The arrows in (b) indicate
the measured peak wavelength of the contribution of the re-radiated SPs for
each angle. For §=25° the dashed line shows a spectrum that was obtained
by a division and rescaling of the measurement with a reference spectrum,
showing the enhancement in PL at the position of the arrow.
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Figure 2.4 shows the PL intensity at a fixed wavelength of 1534 nm as a
function of angle for s and p polarization. Figure 2.4(a) shows data for Gy,.
A clear PL enhancement is observed around 6=10° for p-polarized emission.
No enhancement is observed for s-polarized PL. In Fig. 2.4(b) the opposite is
observed. It shows data for G| where an enhancement is observed around
0=25° for s-polarized PL. No enhancement is observed for p-polarized PL.
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Figure 2.4: Photoluminescence intensity of Er-doped metallo-dielectric
gratings at 1534 nm as a function of emission angle 6 for both s and p
polarization. (a) Data for the grating vector in the plane of measurement
(Gy)); (b) data for the grating vector perpendicular to the plane of mea-
surement (G ).

The enhancements observed in Fig. 2.3 and Fig. 2.4 are attributed to re-
radiating SPs that couple out at well-defined resonance conditions. The SPs are
excited by the near field of the Er3* ions and propagate in all directions along
the interface. The observed spectrum in Fig. 2.3 is then a linear superposition
of the spontaneous emission spectrum for Er3* in bulk silica glass and the
re-radiated SPs collected at the measurement angle. The enhancements in
Fig. 2.4 show the angles at which a re-radiated SP occurs if it is excited at an
energy corresponding to a wavelength of 1534 nm. Since the damping distance
of the propagating SP is estimated to be of the order of 100 pm (calculated at
1.5 pm for a planar interface), i.e. many grating periods, the peaks in Fig. 2.4
are expected to be very sharp. The fact that in Fig. 2.4 a relatively broad
width is observed is due to the relatively large collection angle that was used
in these measurements. Reference measurements were performed on samples
from the same Er3* doped silica glass slide either covered with a planar Ag
mirror or not covered (air). These only show a gradual decrease of PL with
angle comparable to that for s-polarized light in Fig. 2.4(a) and p-polarized
light in Fig. 2.4(b). This gradual decrease in PL for increasing emission angle
is due to the increasing internal reflection coefficient of the air/silica glass
interface as well as the decreasing internal collection angle. Note also that
due to refraction at the air/silica glass interface the maximum internal angle
at which light from the grating is detected is 44°, the angle of total internal
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Figure 2.5: Resonance angles for SP re-radiation for the two grating ori-
entations calculated from the dispersion relation, Snell’s law and Eq. 2.1;
G| (solid line) and G| (dashed line). For G the measured peak wave-
lengths, among others derived from the data in Fig. 2.3(b), are shown (open
circles). The dotted line is a guide to the eye.

reflection at the air/silica glass interface.

To quantitatively analyze the data, the optical constants of both the Ag
film and silica glass substrate were measured with spectroscopic ellipsometry.
We found €451ica=2.1 and €44=-98.074+16.95 at 1.5 pm. Using these data the
dispersion relation for a SP propagating along a planar Ag/silica glass interface
was calculated. For arbitrary grating orientation conservation of the tangential
component of the wavevector leads to the resonance condition

kOH stp:l:mG 5 (21)

where kg is the projection of the photon wave vector in the silica glass onto
the interface (|ko|j|=|ko[sin Oin¢, Oint being the internal angle of the photon
wavevector), kgp the SP wave vector, G the grating vector and m an integer.
Since |ksp|>|kq)|| one or more grating vectors must be added or subtracted
from the SP wave vector to obey the resonance condition, leading to the en-
hanced PL. For the sample geometry studied only the resonance for m=1 is
observed as the higher order resonances occur at 6;,,;>44°, for which external
collection is obscured by total internal reflection at the air/silica glass interface.
With Eq. 2.1, the SP dispersion relation, and Snell’s law the external angle 6.,
was calculated at which a re-radiated SP occurs in the PL spectrum if it was
excited at frequency w. To facilitate qualitative comparison with the data these
angles are plotted versus vacuum wavelength in Fig. 2.5. The calculated angles
are shown in Fig. 2.5 by the dashed line for the G case.
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We can now compare these data with the peak wavelengths observed in
Fig. 2.3(b). Exact values for the peak wavelengths were determined by dividing
the PL spectra in Fig. 2.3(b) by the PL spectra measured for Er3* in silica
glass above a planar Ag mirror. These are indicated by arrows in Fig. 2.3(b)
and are also plotted as a function of angle in Fig. 2.5 (open circles). Clearly the
same gradual trend of decreasing angle with increasing wavelength is observed
in both the experimental data and calculations. The error in the determination
of the peak wavelength becomes larger for smaller wavelengths due to a decrease
in intensity and an increase of the width of the enhancement. Experimentally,
for all wavelengths the coupling occurs at a larger angle than found in the
calculation. This can be understood from the fact that the calculation is done
for a planar interface, rather than the actual structure, a corrugated interface.
Indeed surface corrugation changes the SP dispersion relation in a way that
leads to an increased SP wave vector,[15] and thus to an increased resonance
angle for a particular wavelength, as is observed.

Fig. 2.5 also shows a calculation for Gy, (solid line) that shows much less
change of the angle at which the SP re-radiates versus wavelength. From
these calculations we only expect enhancements in the Er>* emission spectrum
for angles between 0° and 10°. As here too, surface corrugation leads to an
increased resonance angle compared to the case for a planar film, the calculation
is in qualitatively agreement with the data in Fig. 2.3(a) and 2.4(a). The
polarization dependence observed in Fig. 2.4 is in agreement with data by
Kitson et al.,[16] who have measured the polarization-dependent emission of
a dye above a sinusoidal Ag grating. Also, photo-acoustic measurements by
Inagaki et al.,[17] showed similar polarization dependence in reflection.

These data demonstrate the use of Er ions as a source for infrared SPs
at the important 1.5 pym telecommunication wavelength. Because SPs in the
infrared have large propagation lengths, they could be used in 2D-plasmon
optics experiments.[18] In contrast to what is typically observed with dyes [16]
and rare earth complexes,[19] Er ions in silica glass show no photo bleaching.
The long lifetime of Er in silica glass (and hence a high internal quantum
efficiency) enables the study of radiative and non-radiative components in the
Er-SP coupling. As an interesting implication of this work we suggest that
a proper design of the Er-SP coupling can significantly enhance the emission
efficiency of Er-doped materials with low QE (e.g. Er-doped silicon, Er-doped
polymers). If the excited Er®t couples to SPs at a rate comparable to the
intrinsic non-radiative decay rate and if the SPs can subsequently be coupled
out to photons with high efficiency (which is possible [20]), the overall efficiency
can dramatically increase.

2.4 Conclusions
In summary we have shown a significant modification of the photoluminescence

spectrum of Er®t in silica glass by coupling to surface plasmon polaritons
in a metallo-dielectric grating, which subsequently re-radiate at well-defined
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resonance conditions. The spectral enhancements are in qualitative agreement
with a model based on the SP dispersion relation that was calculated using
experimentally determined dielectric constants. The data have implications
for infrared plasmon optics and engineering of the quantum efficiency of optical
emitters.
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Chapter 3

Surface plasmon modified
spontaneous emission rate
of erbium near a

metallo-dielectric interface

Er3* ions located 100 nm beneath the surface of silica glass show an enhanced
photoluminescence decay rate when the glass is covered with Ag. Correcting for
concentration quenching effects, the decay rate is enhanced by 70 %, compared
to the case without Ag. The data are in agreement with a model that takes into
account variations in local density of states and excitation of surface plasmons
and lossy surface waves, resulting in direct evidence for the efficient generation
of surface plasmons by excited Er®* ions. Using the model, optimum conditions
for coupling to surface plasmons are derived, which can be used to enhance the
emission rate and quantum efficiency of a wide range of Er-doped materials.
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3.1 Introduction

Trivalent erbium ions, with their characteristic *I;5 /2 —445 /2 intra-4f transi-
tion at 1.53 pm, play a key role in a wide variety of optical and opto-electronic
devices. They provide the gain medium in optical telecommunication amplifiers
and lasers, and provide a source of electroluminescence in a range of Si-based
opto-electronic devices. However, due to the parity forbidden character of the
intra-4f transition, the radiative emission rate of Er3t is very low, typically in
the range 50-1000 s~—!. Consequently, the output power and modulation speed
of Er-doped light-emitting diodes or lasers is limited. Moreover, the low radia-
tive rate makes the Er emission sensitive to non-radiative decay processes, such
as Auger recombination [21] and energy backtransfer in Si,[22] or upconversion
and concentration quenching in silica glass.[23] Several key limitations in Er-
based photonic materials technology could be resolved if the radiative emission
rate of Er could be artificially enhanced. We propose to enhance the Er ra-
diative decay rate by coupling to surface plasmons (SPs). Surface plasmons
are electromagnetic waves bounded at, and propagating along, the interface
between a metal and a dielectric, coupled to surface charge oscillations.[12] An
electric dipole, positioned close to such an interface can decay by the excitation
of a SP. As was recently demonstrated for Eu and Er ions,[19][24] the propa-
gating SP can be coupled out into the far field using a grating that relaxes the
momentum mismatch between SP and photon. This process thus contributes to
the far-field emission of the emitter, effectively increasing its radiative emission
rate.

In this chapter, we focus on the details of the coupling of an excited Er ion
to a metal. We experimentally demonstrate that the photoluminescence decay
rate of Er ions in silica glass is enhanced near a Ag interface. The increase
of the decay rate (corrected for concentration quenching effects) is consistent
with a model that describes the combined effect of variations in local density of
states and excitation of SPs and lossy surface waves. The model is then used
to predict optimum conditions for radiative rate and quantum efficiency (QE)
enhancements for infrared emission of Er.

3.2 Experimental

The surface region of sodalime-silicate glass samples was doped with Er by
500 keV Er* ion implantation. Ion fluences ranged from (1-6)-10'° Er/cm?,
resulting in peak concentrations ranging from 0.12-0.71 at.%. To avoid charging
during the ion implantation the samples were covered with a 40 nm thick
Al layer, which was removed after ion implantation with a KOH etch. The
samples were annealed in vacuum for one hour at 512 °C, a procedure known to
remove all implantation related defects.[23] The Er depth profile as measured by
Rutherford backscattering spectrometry is described by a Gaussian distribution
that is centered at 103 nm with a straggle of 0=43 nm. Finally, one section of
each sample was covered with an optically thick (225 nm) Ag film using sputter
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deposition. The dielectric constant of the Ag film, measured at A=1538 nm
using ellipsometry, was €44= -41.84 4.6.

Photoluminescence (PL) measurements were performed at room temper-
ature on either air or Ag covered sections of the Er-implanted samples. An
argon-ion laser operating at 488 nm was used to excite the Er®* ions into the
iR, 2 manifold. The laser intensity, modulated at 6 Hz with an acousto-optical
modulator, was incident though the transparent back side of the sample. PL
was collected from the back using an f=10 cm lens and dispersed using a 480-
mm focal-length monochromator, set to a spectral resolution of 6 nm. The
collected and dispersed PL intensity was recorded by a liquid-nitrogen cooled
Ge diode with a response time of 30 us. PL decay traces were taken using a
digitizing oscilloscope, integrating a large number of decays.

3.3 Results

The inset of Fig. 3.1 shows a PL spectrum for Er-implanted sodalime-silicate
glass covered with Ag. An identical spectrum is observed for the section of
the sample without Ag, indicating that the presence of the metal does not
affect the crystal field around the Er3*t ions and the atomic dipole transition
matrix element is identical for the two cases. Two PL decay traces are shown,
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Figure 3.1: PL decay curves measured at A=1538 nm for a sample doped
with 1-10'® Er/cm?2. The 488 nm laser was switched off at t=0. The decay
for the sample in air is slower than for the sample covered with Ag. The
inset shows the Er emission spectrum for the sample covered with Ag.
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taken at the Er peak emission wavelength of 1538 nm, for the sample implanted
with 1-10*® Er/cm?, for the air and Ag covered sections of the sample. The
decays are single-exponential, and the PL decay rate for the Ag-covered section
(131 s71) is enhanced compared to the PL decay rate for the air-covered section
(87 s71).
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Figure 3.2: PL decay rates measured at A=1538 nm for samples im-
planted with different Er fluences, for the sample in air or covered with
Ag. The decay rate increases linearly with concentration due to concen-
tration quenching. The dotted horizontal lines indicate the extrapolated
decay rates at zero Er concentration.

Figure 3.2 shows the PL decay rates measured at a wavelength of 1538 nm
for the air and Ag covered sections of samples with different Er content. The
PL decay rate increases with increasing Er concentration, a well-known effect
that is attributed to concentration quenching (a process due to Forster energy
transfer between Er ions, followed by quenching).[23] It has been shown that
the main quencher in these glasses are OH impurities,[23] whose first stretch-
vibration overtone is resonant with the 1.5 ym transition of Er®*. If the con-
centration of quenchers is much smaller than the concentration of Er®* ions,
as is the case for our samples, the PL decay rate is described by [25][26]

Wpr = Wine +47Cgr— - NoNE, , (3.1)

with W,,; the Er3T intrinsic decay rate in absence of concentration quenching,
Cgr—pgr an Er-Er interaction constant, Ng the concentration of quenchers, and
Ng, the Er3t concentration. Fitting Eq. 3.1 to the two data sets in Fig. 3.2
we find the extrapolated Er decay rate in absence of concentration quenching:
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Wint,air=54 £ 7 s~! for the air section and Wint,4g=92 &+ 4 s™! for the Ag
section. Adding the Ag film onto the glass thus enhances the intrinsic Er decay
rate by (70 £ 25) %. From the slopes in Fig. 3.2, and using an OH (quencher)
concentration of 8-10'® OH/cm? [23] we find Cg,_p,= (2.7-3.1)-1073% cm®/s,
which is a typical value for sodalime silicate glass.[23]

We describe the interaction between an oscillating dipole and a metal in-
terface with a model developed by Ford and Weber.[6] In this one-dimensional
model, a harmonic oscillator dipole is driven at constant power and placed in
a dielectric layer (e4), which is embedded in a stack of layers with arbitrary
dielectric constants. The power dissipation of the dipole is determined by cal-
culating the imaginary part of the dipole moment times the electric field at the
position of the dipole (see Eq. 1.2). The electric field is due to contributions
from the dipole, and the fields reflected by the dielectric surrounding the di-
pole. After a spatial Fourier transform of the dipolar field into plane waves, the
reflected fields can be calculated using the Fresnel reflection and transmission
coefficients for all interfaces. The total power dissipation is then calculated
for all in-plane wave vectors (kj|). If the dipole is embedded in an infinitely
thick dielectric layer, power is dissipated only for in-plane wave vectors that
are smaller than the dipole’s far-field wave vector in its embedding dielectric
medium (k| <ks=(w/c)\/€q), i.e. evanescent waves do not transport energy.
However, if an absorbing medium with a smaller real part of the dielectric
constant is located within the near-field of the dipole, power is also dissipated
for wave vectors k| >kg4. Using Ford and Weber’s model, we calculated the
power dissipation of a dipole emitting at \,q.=1538 nm (the Er3* peak emis-
sion wavelength) in sodalime silicate glass (€4=2.25) both for an air (€q;,=1)
and Ag covered section (€44,=-41.84i4.6).

Figure 3.3(a) shows the power dissipation spectrum at A,q,.=1538 nm cal-
culated for a randomly oriented dipole at a distance d=103 nm (the peak depth
of the Er distribution in the experiments) for the case of the glass in air. As
can be seen, power is dissipated for wave vectors kjj/kq<1. The cut-off at
k|| /kg=1 (dashed vertical line) shows that all power is dissipated into the far
field, and that there is no absorption for larger wave vectors. Figure 3.3(b)
shows the dissipated power spectrum for the corresponding case for the glass
covered with Ag. The power dissipation shows the spontaneous emission con-
tribution for kj|/kg<1. A large peak is observed at k||/ks=1.027 (see inset),
which corresponds to the wave vector of a SP at the silica glass/Ag interface.
Power dissipation for even larger wavevectors is due to the excitation of lossy
surface waves: energy transfer to the metal owing to the imaginary part of the
dielectric constant (i.e. electron scattering).[6][27]

The total decay rate is calculated by dividing the power dissipation, inte-
grated over the complete wave vector range, by the energy of the dipole field.
The decay rates are averaged over parallel and perpendicular orientations rel-
ative to the interface, and normalized relative to the bulk value. Calculations
were performed for distances from the interface in the range of 1-1500 nm, and
convergence to within 1 % was achieved for all distances larger than 5 nm. To
partition the total decay rate of the dipole ions near the Ag/glass interface into
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Figure 3.3: Power dissipation as a function of normalized in-plane
wavevector, calculated for a randomly oriented dipole emitting at
Avac=1538 nm and positioned at d=103 nm for (a) a glass/air interface,
and (b) a glass/Ag interface. The large peak in (b) is due to coupling to
surface plasmons, a feature that is more clearly illustrated in the inset.
Calculated normalized decay rate as a function of distance from (c) the
glass/air interface, and (d) the glass/Ag interface. For (d) the total de-
cay rate is split up into three decay channels, including lossy surface wave
excitation (LSW).
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the three decay channels, the spectra in Fig. 3.3(b) were integrated over the
corresponding wave vector ranges (spontaneous emission: kj/kq <1, SP exci-
tation: 1<k/kq<2ksp-1=1.056,[28] lossy surface waves: 1.056<k/kq <200).

Figure 3.3(c) shows the normalized spontaneous emission rate (in this case
equal to the total decay rate) of the dipole for the case of the glas in air, as
a function of distance from the surface. The decay rate shows an oscillation
with depth due to the reflection of emitted waves that, by either constructive
or destructive interference, decrease or increase the dipole’s decay rate. The
oscillations represent variations in the local density of states, an effect that
previously has been probed experimentally by placing Eu or Er ions at different
distances from the interface.[29][4][30] Figure 3.3(d) shows the depth dependent
normalized decay rates for the glass covered with Ag. The spontaneous emission
rate shows oscillatory behavior as in Fig. 3.3(c), though with a larger decrease
near the surface, due to the higher reflectivity of the interface. Figure 3.3(d)
also shows a clear SP excitation component that exponentially decreases with
depth as the dipolar near field moves further away from the Ag. The figure
shows that for very small distances (d<20 nm) the decay is dominated by the
generation of lossy surface waves. At d=90 nm the SP excitation rate is roughly
equal to the spontaneous emission rate.

The effect of the various decay processes on the experimentally prepared Er-
doped samples can be evaluated by integrating the depth-dependent rates for
each of the decay channels over the Er depth distribution (shown in Fig. 3.3(c)).
From this analysis it follows that the total decay rate on the Ag/glass interface
is enhanced by a factor of 1.52; relative to the total decay rate for the air/glass
interface. This is close to the experimentally determined ratio of intrinsic decay
rates of 1.7 4+ 0.25 derived from Fig. 3.2.

The correlation between experiment and theory presented here demon-
strates that Er®* ions can couple efficiently to SPs at the Ag/silica glass in-
terface. This provides direct support for the results shown in Chapter 2 that
showed large modifications in the spontaneous emission spectrum of Er ions
embedded in a metallodielectric grating that were interpreted in terms of the
near-field generation of SPs by excited Er3* ions.[24] To illustrate how coupling
to SPs may eventually serve to enhance the Er emission quantum efficiency
(QE) we evaluate data for the sample with the highest Er concentration in
Fig. 3.2. The Er ions for the air-covered sample have an internal QE of 26 %,
due to concentration quenching. The Er ions in the sample covered with Ag
show a further enhanced decay rate due to coupling to SPs. If the latter can be
coupled out into the far field at an efficiency of 100 %, the external QE would
increase to 35 %. Note that extraction efficiencies for SPs as high as 80 % have
already been demonstrated.[20]

Although the emission rate and QE enhancements presented here are rel-
atively small, they clearly demonstrate the concept of coupling to SPs in the
near-infrared. As the experiments are in agreement with theory, we can now use
the latter to search for more effective ways to enhance emission rates and QEs
by coupling to SPs. The relatively weak coupling of Er to SPs at the Ag/silica
glass interface is caused by the large difference between the Er emission fre-
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quency and the Ag plasma frequency.[31] There are several ways to increase the
coupling to SPs (and thereby the decay rate and QE enhancement): 1) using
a dielectric with higher dielectric constant (e.g. Si), 2) using a different metal
(e.g. Au), or 3) by coupling to a thin metal film rather than an optically thick
layer.[30] Calculations based on the previously described model show that the
SP excitation rate for a dipole in Si (e4=11.9) emitting at A,q.=1538 nm and
positioned at a distance of 20 nm from a 10 nm thin Ag film is 12 times larger
than the bulk spontaneous emission rate.

3.4 Conclusions

In conclusion, the decay rate of optically excited Er3* ions near a glass surface
is enhanced by 70 % if the glass is covered with Ag. The enhancement is in
good agreement with a model that takes into account variations in the local
density of states, excitation of surface plasmons and lossy surface waves, with
the majority of the decay rate enhancement due to SP excitation. Much larger
enhancements are expected for an optimized metallo-dielectric geometry. If
these SPs can be efficiently coupled out, the emission rate and QE of excited
Er ions can be enhanced. In this way, fundamental quenching processes of Er
in Si and silica glass may be avoided. The next challenge is to experimentally
demonstrate this.
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Chapter 4

Excitation of surface
plasmons at a SiOy/Ag
interface by silicon
nanocrystals

Silicon nanocrystals, located near a Ag interface, excite surface plasmons at
the SiO2/Ag interface. Si nanocrystals are formed in the near-surface region of
glass by Si ion implantation and thermal annealing. Photoluminescence (PL)
measurements show stretched-exponential PL decay. Using an inverse Laplace
transform of the measured decay curves, the decay rate distributions are de-
rived. An average decay rate is obtained from the decay rate distribution for
Si nanocrystals near a SiOg/air and a SiOy/Ag interface. For Si nanocrystals
spaced 44 nm from the interface the average decay rate is enhanced by a factor
1.8 due to the proximity of the Ag interface. Calculations based on a classi-
cal dipole oscillator model show that the observed decay rate enhancement is
mainly due to the excitation of surface plasmons. From a comparison of the
experimental and theoretical results the Si nanocrystal internal quantum effi-
ciency was estimated to be (77 £ 17) %. Using thin metal films the excitation
of surface plasmons by Si nanocrystals can be further enhanced. Si nanocrys-
tals can preferentially excite symmetric thin-film surface plasmons. This work
provides design criteria for an electrically pumped Si nanocrystal-based mode
selective surface plasmon source.
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4.1 Introduction

Silicon nanocrystals are crystalline clusters [32] of 100-10000 Si atoms that show
quantum-confined luminescence at wavelengths in the visible or near infrared.
Several micro and nano opto-electronic technologies based on Si nanocrystals
have been developed. Si nanocrystal-based light-emitting diodes have been
demonstrated,[33][34] as well as non-volatile memory devices based on charge
storage in Si nanocrystals.[35] Also it has been suggested that optical gain from
Si nanocrystals may lead to the fabrication of an all-Si laser [36] (i.e. fully
compatible with Si integrated-circuit manufacturing). The use of Si nanocrys-
tals in many of these opto-electronic devices requires precise control over their
luminescence properties in often quite complex optical geometries. As first
suggested by Purcell in 1946,[7] the spontaneous emission rate of an emitter
not only depends on the electronic transition probability, but also on its dielec-
tric surrounding. In dielectrics this is described by the local photonic density
of states,[37] that determines the spontaneous emission rate. This has been
demonstrated for rare-earth ions in glass or Cr ions in Al;O3 near a dielectric
interface.[4][38] Also in photonic crystals modified spontaneous emission has
been demonstrated.[39][40][41] For an optical emitter near a metal, additional
decay processes can occur, such as surface plasmon (SP) and lossy surface wave
excitation, that modify the spontaneous emission.[29][27][24]

In this chapter we study the interaction between Si nanocrystals embedded
in SiO5 and a Ag film. By varying the distance between the Si nanocrystals and
the Ag we demonstrate that Si nanocrystals show an increased decay rate that
is mainly due to the excitation of SPs. As we will discuss, excitation of SPs
that are subsequently coupled out into the far field, can lead to an increased
radiative decay rate and greater emission efficiency of Si nanocrystals. We
describe various possible ways to optimize the coupling of Si nanocrystals to
SPs to enhance these effects. From the data we also derive the internal quantum
efficiency (QE) of Si nanocrystals.

4.2 Experimental

We create optically active Si nanocrystals in SiO5 near a Ag surface in the
following way. The near-surface region of suprasil quartz slides (Heraeus) is
implanted with SiT ions at energies of 28, 130, 267 or 400 keV. Monte-Carlo
calculations using the TRIM program [42] were performed to determine the
projected range (R,) and straggle (o) of the Gaussian depth distribution of
the implanted ions for the four implantation energies; see Table 4.1. The
implanted ion fluences, also listed in Table 4.1, were chosen such that the peak
Si concentration was approximately 5 at.%. After implantation, the samples
were annealed for 10 minutes at 1100 °C, under an Ar flow to nucleate the
nanocrystals. Subsequently, the samples were annealed for 30 minutes at 800
°C under a flow of forming gas (H2:N2=1:9), a process that is known to increase
the luminescence yield of the Si nanocrystals, due to passivation of quench
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Energy R, o fluence
(keV)  (nm) (nm) (Si/cm?)

28 44 18 1.4-1016
130 193 59 3.7-10'6
267 401 99 7.2-1016
400 593 132 9.3-10'6

Table 4.1: Implantation conditions for the four Si-implanted samples, the
projected range (Rp) and straggle (o) were calculated.

sites.[32] Finally, an optically thick (225 nm) Ag layer was deposited on one
part of the sample using sputtering of a pure Ag target in an Ar ambient at a
pressure of 5 pbar. The deposition rate was 2.5 nm/s. The dielectric constant
of the Ag was measured by spectroscopic ellipsometry in the wavelength range
of 300 to 1700 nm.

Photoluminescence (PL) spectroscopy was performed at room temperature
using an Ar-ion laser operating in the linear pump regime at 488 nm. The laser
intensity, modulated at 667 Hz with an acousto-optical modulator, was incident
though the transparent back side of the sample. The PL was collected from
the back using an f=10 cm lens; guided through a long-pass filter (A >524 nm)
and dispersed using a 480-mm focal-length monochromator, set to a resolution
of 3 nm. A AgOCs photo multiplier recorded the collected and dispersed PL
intensity. PL decay measurements were taken with a multi-channel photon
counting system. The system time resolution was 100 ns. To determine the
influence of the metal on the emission of the Si nanocrystals, PL spectra and
decay rates were always compared for two sections of the same sample: one
part covered with Ag, one part not covered.

4.3 Results and discussion

4.3.1 Quantitative analysis of stretched-exponential decay

For a quantitative comparison of Si nanocrystal PL decay rate measurements
it is important to realize that the time decay of the Si nanocrystal emission at
a given detection wavelength is not described by a single decay rate, but rather
a distribution of decay rates.[43][44][45] This distribution reflects a variation in
the Si nanocrystal emission characteristics, which is caused by several factors.

1. Identical Si nanocrystals located at different positions in their photonic
environment experience a different decay rate due to the combined effect
of local density of states and non-radiative processes, as will be discussed
in this chapter.

39



2. The large linewidth of the individual Si nanocrystal emission,[46] which
results from the fact that the decay is phonon assisted, leads to a distri-
bution of decay rates at a given emission wavelength.

3. Interaction between Si nanocrystals, which can lead to quenching, is sen-
sitive to variations in the nearest neighbor distance. The distribution of
nearest-neighbor distances is determined by small-scale inhomogeneities
due to the nature of the nucleation and growth process of the Si nanocrys-
tals, and large-scale variations in Si concentration (as for the Gaussian
implantation depth profiles used here).

4. Si nanocrystals with identical emission wavelengths may have slightly
different geometrical shapes, and thus a different decay rate.

5. Si nanocrystals with identical emission wavelengths may have varying
degrees of surface passivation and thus different non-radiative decay rates.

6. Charge trapping at defect states causes intermittent Si nanocrystal emis-
sion (blinking) and thus leads to a variation in decay rate.[34]
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Figure 4.1: PL decay measured at A=750 nm for the shallowest Si implant
(Rp=44 nm) on a part of the sample not covered with Ag. At t=0 the laser
is switched off and a stretched exponential PL decay can be observed. The
solid line shows a stretched exponential fit of the data, which corresponds
to the decay rate distribution shown in the inset.

As an example of the non single-exponential Si nanocrystal decay, Fig. 4.1
shows a Si nanocrystal PL decay trace measured at A=750 nm for the 400
keV Si implant. The decay trace was fitted with a four-parameter equation
for a stretched-exponential decay: 1= Iy + Iy exp(-(t/7exp)?), With offset (o),
amplitude (Iy), lifetime (7.p), and 8. An excellent agreement with the data
was obtained as can be seen by the fit overlaying the data in Fig. 4.1. In the
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past, several methods have been applied to determine the distribution of decay
rates underlying the stretched exponential function.[47][48] Here we will use
the method outlined by Lindsey and Patterson.[49] The stretched exponential
decay can be described as the Laplace transform of p(7), a lifetime distribution,
in the following way

e~ (ma)” :/ e~ p(r)dr . (4.1)
0
Using the following substitutions: s=t/Tegp, T=Teyp/T =W/Wegzp (W the de-

cay rate), and \(@,)=(Tesp/2?)p(Texp/x), the integral can be rewritten into a
standard Laplace integral

e :/0 e~ Az, B8)dx ) (4.2)

with A(z,0) the rate distribution. The function A(z,3) can be written analyti-
cally as a series solution [50]

o Nk
A(x,ﬁ):—%z( DY in(rpi ZOEED g

k! pBk+1

with I" the gamma function. With 7.;, and 3 obtained from the fit to the
experimental data, A\(x,3) was calculated over a range of = values centered at
1. The range of = values was chosen such that \(z,3) was sufficiently small for
both the largest and smallest = in the domain. We choose the lower bound-
ary x of the domain as the smallest = where convergence of Eq. 4.3 could still
be reached. Outside the domain the function was assumed to be zero. The
distribution A(z,3) obtained from the stretched-exponential fit of the PL de-
cay trace in Fig. 4.1 is plotted in the inset. To verify the correctness of our
procedure, the obtained distribution was then Laplace-transformed to recalcu-
late the decay trace. Perfect agreement with the stretched-exponential decay
fit was obtained (identical drawn curves in Fig. 4.1). Since the first moment
of the decay rate distribution is divergent,[49] an average decay rate cannot
be calculated. However, since the average lifetime (7) can be calculated, we
approximate the average decay rate by

Wy~ = Dy (4.4)

() Teap

In the remainder of this chapter, the thus defined average decay rate will be
used to compare the decay rates of different samples.

To further explore the relation between the parameters of the stretched ex-
ponential function and the corresponding decay-rate distribution, we examine
a characteristic Si nanocrystal emission spectrum for the sample with the deep-
est Si implant and not covered with Ag. Figure 4.2(a) shows the Si nanocrystal
PL emission spectrum for the sample implanted with 400 keV Si. At various
emission wavelengths (dotted horizontal lines) the PL decay was measured and
fitted using a stretched-exponential decay. The rate distributions, obtained
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Figure 4.2: (a) PL emission spectrum for the deepest Si implant
(Rp=593 nm), measured on the part of the sample not covered with Ag. (b)
Decay rate distributions obtained from PL decay measurements are shifted
vertically to the indicated wavelengths (dashed lines in (a)). (c) Average
decay rate obtained from the decay-rate distribution (triangles) and decay
rate obtained from the stretched-exponential fit (circles). (d) Inverse of the
relative FWHM obtained from the decay-rate distribution (triangles) and
stretched-exponential fit parameter 8 (circles).

from the fits, are plotted in Fig. 4.2(b) for six different emission wavelengths.
The rate distributions are shifted vertically to match with the dashed lines in
Fig. 4.2(a) to indicate the emission wavelengths at which the PL decay was
measured. It can be clearly seen that the rate distribution shifts to lower rates
as the emission wavelength increases. This is attributed to a decreasing exciton
recombination probability with increasing nanocrystal size.[51] From the rate
distributions two quantities were calculated: the average decay rate and the
inverse of the full width at half maximum (FWHM) normalized to the average
decay rate (1/((7)FWHM)). Figure 4.2(c) shows the average decay rates (trian-
gles), again showing the decreasing trend with increasing emission wavelength.
For comparison, the decay rates obtained from the stretched-exponential fit
(1/Tewxp) are also plotted (circles). Both parameters follow a similar trend,
although at slightly different absolute values, which is due to the way the
width of the distribution affects the average decay rate. The decay rates are
in the range of (1-4)-10* s~!, typical values for Si nanocrystals made by ion-
implantation.[44][52] Figure 4.2(d) shows the inverse of the relative width of
the distributions (triangles), derived from the data in Fig. 4.2(b). For compar-
ison, 3 values from the corresponding stretched-exponential fit are also shown
(circles). The parameter 3 is in the range of 0.55 to 0.7, which are typical
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values for Si nanocrystals made by ion implantation.[44] Both parameters in
Fig. 4.2(d) show the same trend with wavelength, reflecting that a small value
of 8 corresponds to a large distribution width, the typical characteristic of a
stretched-exponential function.

4.3.2 Optical characterization

With the decay-rate distributions determined in a systematic way, as in Fig. 4.2,
we can study the influence of the Ag layer on the PL emission and decay of Si
nanocrystals in SiO5. Figure 4.3 shows the normalized PL spectra for the sam-
ples with Si nanocrystals located at four different depths from the interface for
the sample in air (a) and covered with Ag (b). The spectra are shifted vertically
to facilitate their comparison. The emission spectra are typical of quantum-
confined emission from Si nanocrystals. For large implantation depths the
emission peaks at 775 nm (1.6 e€V), which corresponds to a Si nanocrystal di-
ameter of 3.8 nm.[53] The width of the emission spectrum is 290 meV (FWHM).
Measurements on single Si nanocrystals show a linewidth of 120-210 meV,[46]
implying that the observed linewidth is due to both the intrinsic Si nanocrys-
tal emission spectrum width and inhomogenous effects. While the spectra for
the three deepest implants peak at a similar wavelength, the spectrum from
the Si nanocrystals closest to the interface is significantly blue shifted. We
attribute this shift, which reflects a smaller Si nanocrystal size, to a different
Si nanocrystal nucleation and growth mechanism caused by the small width of
the distribution or the proximity of the interface, which may lead to a different
nanocrystal size distribution and/or a different nanocrystal non-radiative decay
rate. PL spectra for the sample covered with Ag (Fig. 4.3(b)) show the same
trend as for the sample in air, with a blue shift observed for the shallowest Si
implant.

Figure 4.4 shows the decay rate distributions for the four samples with dif-
ferent Si implantation depths. The rate distributions are calculated from the
PL decay traces measured at a PL emission wavelength of 750 nm, both for the
sample in air (a) and covered with Ag (b). The arrows indicate the average de-
cay rates determined as described in Section 4.3.1. For the air-covered sections
of the sample, the decay rate distributions have an average of (1.2-1.4)-10% s—1,
and show no dependence on the depth. The same samples covered with Ag
show a similar average decay rate for the three deepest Si implantations. How-
ever, for the shallowest Si implant the average decay rate near the Ag film is
significantly larger (2.2:10* s~1). Note that on the logarithmic scale in Fig. 4.4
the effect of the Ag layer may appear relatively small, but with the analysis
introduced above we can now clearly conclude that that the presence of the
Ag enhances the average PL decay rate of Si nanocrystals for the shallowest
implant. For this sample the decay rate increases from (1.25 + 0.05)-10% s~!
for the air-covered section to (2.2 & 0.2)-10* s=! for the Ag-covered section, an
enhancement by a factor 1.8 £ 0.2. It is also clear from Fig. 4.4(b) that for the
shallowest Si implant the presence of Ag increases the width of the decay rate
distribution.
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Figure 4.3: Normalized Si nanocrystal emission spectra measured on the
four Si implanted samples either in air (a) or covered with Ag (b). Spectra
are shifted vertically for clarity. The peak depths (Rp) of the four Si-
implants are indicated. In all samples Si nanocrystals are excited with
A=488 nm laser light.

4.3.3 Modelling the Si nanocrystal decay

The decay rate of an oscillating dipole in a (metallo-) dielectric environment
can be calculated using a classical model as developed by Ford and Weber.[6]
In brief, the model calculates the decay rate of a dipole by determining the
electric field at its position. The total field at the position of the dipole is the
result of the dipolar field and the fields reflected from the dielectric surrounding
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Figure 4.4: PL decay rate distributions obtained from stretched-
exponential PL decay traces measured at A=750 nm for the four Si im-
plants (depths Ry, indicated). Data are shown for the sample in air (a) and
covered with Ag (b) and are shifted vertically for clarity. Vertical arrows
indicate the average decay rate, and the 8 parameters of the corresponding
stretched-exponential fit are also indicated. For the Si nanocrystal distrib-
ution closest to the Ag interface the decay rate is significantly increased.

of the dipole. To calculate these fields, the dipolar electric field is Fourier
transformed into its spatial wavevector components. The field at the position
of the dipole, resulting from reflections at the interfaces, is then calculated
for each wavevector using the Fresnel reflection and transmission coefficients
of the interfaces, which are determined using the dielectric constants as input
parameters. After integration over the out-of-plane wavevectors the electric
field at the position of the dipole is a function of normalized in-plane wavevector
only (kj|/kq, with kg the wavevector of a plane wave in the dielectric). By
taking the imaginary part of the product of the electric field at the position
of the dipole and the dipole moment (see Eq. 1.2), the power dissipation can
be calculated at any normalized in-plane wavevector. Integrating the power
dissipation over all in-plane wavevectors divided by the photon energy fiw then
yields the total decay rate of the dipole. In this analysis the parallel and
perpendicular dipole orientations relative to the interface are treated separately.
They are averaged to obtain the decay rate for a randomly oriented dipole, as
is the case in the amorphous SiO5 host.
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Figure 4.5: Power dissipation as a function of in-plane wavevector for
a randomly oriented dipole located near a SiOs/air interface, emitting at
A=T750 nm, for a distance of 44 nm (a) and 593 nm (b) to the interface. (c)-
(f) The same calculation, but for a SiO2/Ag interface and distances of 44,
193, 401, and 593 nm to the interface. The wavevector region kH/kd <1
corresponds to spontaneous emission, 1<kH/kd <1.158 to SP excitation
and kH/kd >1.158 to lossy surface wave excitation.

In our analysis we use the dielectric constants of silver (eag=¢y, +i€)j,=
-15+¢0.86) and SiOs (€gi0,=2.1) at A=750 nm to calculate the power dis-
sipation of a randomly oriented dipole as a function of normalized in-plane
wavevector for a given distance from the interface. Figure 4.5(a) shows the
result for a dipole at 44 nm from an SiOs/air interface. This distance corre-
sponds to the peak position of the shallowest Si implant. Power is dissipated for
k|| /kq<1 corresponding to spontaneous emission in the SiO, and air regions.
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The small dip at k;, /kq ~0.69 is due to the difference in power dissipation for
wavevectors in air and SiO,. Figure 4.5(b) shows a similar calculation, but
now for a dipole at 593 nm from the interface. Due to the larger distance
interference wiggle are observed that are due to constructive or destructive in-
terference of the reflected dipolar field, which either increases of decreases the
dipoles power dissipation for a particular wavevector. The total power dissi-
pation for the two depths, i.e. the integral over the power dissipation spectra
in Fig. 4.5(a) and (b), is nearly identical. This is due to the relatively small
reflection at the SiOg/air interface. Figure 4.5(c) shows a similar calculation as
for Fig. 4.5(a) (dipole located at 44 nm), but for the SiO2/Ag interface. Again,
power is dissipated for k) /kys <1, corresponding to spontaneous emission into
the far field. However, in contrast to the case for the SiOs/air interface, power
is also dissipated for larger wavevectors (kj/kq >1). First, a power dissipation
resonance is observed for kj/kq =1.078. This wavevector ratio corresponds

to: \/e’Ag/(e’Aq + €si0,), which is the wavevector for a SP propagating along

the SiO5/Ag interface, normalized to the wavevector for a plane wave in SiOs.
The width of the resonance is determined by dissipation in the metal (rep-
resented by €’} g» the imaginary part of the dielectric constant for Ag), which
is relatively small at this wavelength (1/e SP intensity propagation length is
~8 pm). A considerable amount of power is contained in the SP resonance
(note the log scale). At larger wavevectors power is dissipated to lossy surface
waves [6]: loss processes such as electron-hole excitation and electron scatter-
ing in the Ag. Similar calculations are performed for dipoles spaced 193, 401,
and 593 nm from the SiO3/Ag interface, and are shown in Fig. 4.5(d)-(f). The
calculations show that the excitation rate of lossy surface waves decreases very
rapidly as the distance increases. Also the excitation rate of SPs decreases,
although less rapidly. Indeed, SP excitation is a near-field effect that, for op-
tical wavelengths, is know to occur for distances up to ~100 nm, while the
dissipation into lossy surface waves typically occurs on a 10 nm length scale.
Note that the wiggles observed for kj|/kq < 1 are more pronounced in the Ag-
covered sample than for the sample in air (Fig. 4.5(a) and (b)), due to the
larger reflectivity of the interface. The minima and maxima occur at different
wavevectors than for the SiOy/air interface, owing to the different phase shifts
that occurs upon reflection from either the SiO5/Ag or the SiOs/air interface.

Since the various ranges of normalized in-plane wavevector in Fig. 4.5 rep-
resent different decay channels, the power dissipated into these channels can
be obtained by integration over the corresponding wavevector range: sponta-
neous emission: kj/kq<1, SP excitation: 1< kj/kq <2kgp-1=1.158,[28] and
lossy surface wave excitation: kj/kq >1.158. The result of this integration
procedure is shown in Fig. 4.6, for a range of dipole distances from the inter-
face. Figure 4.6(a) shows the distance dependent decay rate for a dipole near
the SiOs/air interface. The rate is normalized to unity for large distances from
the interface. As can be seen, close to the interface the normalized decay rate is
significantly lower than for a dipole in the bulk of the material. The decay rate
shows oscillating behavior as a function of distance, due to the interference of
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Figure 4.6: Normalized decay rate as a function of distance from a

Si03 /air interface (a) and a SiO2/Ag interface (b). For the SiO2/Ag inter-
face the total decay rate is divided into its three constituent parts: spon-
taneous emission, SP excitation and lossy surface wave (LSW) excitation.
In (c) the Si depth distributions are plotted for the four implants.

reflected waves with the direct dipole field that either increases or decreases the
dipole’s dissipation rate. A similar effect was reported earlier in References [4]
and [5], for the case of 1.5 um emission of Er3* ions near a SiO/air interface.
Figure 4.6(b) shows the calculated decay rates for the dipole in proximity to the
Si0y/Ag interface. The contributions of spontaneous emission, SP excitation,
and lossy surface wave excitation are plotted separately; the total decay rate
is also shown. The spontaneous emission rate shows oscillating behavior, but
when compared to the data in Fig. 4.6(a), with larger modulation depth, due
to the larger reflectivity at the interface. Again the maxima and minima occur
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at different depths for the SiOs/Ag interface than for the SiOy/air interface,
due to a different phase change upon reflection at the SiOs/Ag interface. The
SP excitation rate decreases exponentially as a function of distance as would
be expected from the exponentially decreasing field amplitude of the SP in
the dielectric.[6] Lossy surface wave excitation occurs only at very short dis-
tances (d<50 nm) from the interface and shows a d~3 dependence. This is
in agreement with the distance dependence expected for an 7~ dipole-dipole
interaction, integrated over a planar sheet of dipoles.

To compare the various decay processes for the different Si implants, the
depth profiles for the four Si implants are shown in Fig. 4.6(c). It is clear
that for the three deepest Si implants the decay is dominated by spontaneous
emission. The normalized decay rates for the SiOq/air and SiO2/Ag interface
integrated over the depth distributions for these implants are close to unity.
Indeed, these samples with and without Ag show similar PL decay rates, as can
be seen in Fig. 4.4(a) and (b). Next, we analyze the decay for the shallowest
Si implant that peaks at 44 nm. At the peak the normalized decay rates are
0.848 + 0.002 and 1.75 + 0.08 for the SiOy/air and SiO2/Ag interface, respec-
tively. The error bars are calculated with the straggle of the Si distribution
and assuming a symmetric spread of Si nanocrystals around the center of the
distribution.[54] The decay rate enhancement by the Ag is a factor 2.1 £ 0.1,
and is for the most part due to the additional SP decay channel (60 % of the
total decay rate). Experimentally, the decay rate enhancement derived in Sec-
tion 4.3.2 is 1.8 £ 0.2. Thus, within the error bars good agreement between
experiment and theory is observed.

The above analysis assumes that non-radiative decay processes do not occur
in Si nanocrystals. Including such an effect by the addition to the model of
a non-radiative decay rate (W,,), which is not influenced by the presence
of the Ag, would bias the calculated decay rate ratio for the SiOs/air and
Si0y/Ag towards unity. Taking into account the error bars in measurement and
calculation, agreement between experimental and calculated decay rate ratios
is achieved when a small (W,,=(3 £ 2)-10% s7!) non-radiative decay rate is
included. Combining the measured total decay rate (radiative rate W,,q plus
W,.,-) and the calculated non-radiative decay rate then leads to an internal QE
(QE=W,.0q4/(Wraa + Wp,-)) of Si nanocrystal emitting at A=750 nm of 77 =+
17 %. This is the first direct determination of this quantity.[46] In our analysis,
the change in refractive index by the excess Si implanted into the glass is not
taken into account. A multilayer refractive index model based on Maxwell-
Garnett effective medium theory showed that this has a relatively small effect
on the calculated QE (~5 %).

Finally, we discuss the large difference in 8 for the two interfaces, observed
in Fig. 4.4 for the shallowest Si implant. Figure 4.6 shows that for the shallowest
Si implant the decay rates for the SiO2/Ag interface depend stronger on the
depth than for the SiOs/air interface: the rate/depth derivatives of the total
decay rates differ by a factor five at the Si peak position. This leads to a
larger spread of Si nanocrystal decay rates for the SiOy/Ag interface, and
consequently a lower 3, as is observed.

49



4.4 Discussion

The presented results show that optically active Si nanocrystals can efficiently
excite SPs on a SiOs/Ag interface. For most optimal excitation of SPs the Si
nanocrystals should be located at ~40 nm from the SiOy/Ag interface, where
SP coupling is strong and loss processes are relatively small. Coupling to SPs
provides a unique way to enhance the effective emission rate and QE of Si
nanocrystals. By first exciting SPs at a rate Wgp and then coupling the SPs
out into the far field, the SP excitation, that initially constitutes a loss process,
is turned into a radiative process. In this way the radiative decay rate W,qq
can be artificially enhanced to W,.qq plus Wgp. Similarly, for Si nanocrystals
with internal QE<1, coupling to SPs and subsequent out coupling to the far
field, can enhance the internal QE. A significant enhancement is expected when
the out-coupling efficiencies are large and if Wgp>W,,,.. Optimized geometries
have shown out-coupling efficiencies close to unity.[20]
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Figure 4.7: Dispersion curves for: plane wave (solid line), SP for an infi-
nite Ag thickness (dashed). For a 10 nm thick Ag film embedded in SiO2 the
SP splits into an asymmetric (dotted line) and symmetric mode (dashed-
dotted). The vertical bar indicates the Si nanocrystal emission bandwidth.
Inset shows the power dissipation for a randomly oriented dipole embed-
ded in SiOa2, emitting at 480 nm at a distance of 44 nm from the Ag film.
Two peaks can be observed: the asymmetric mode at kH/kd:LOOS and
the symmetric mode at k‘|/kd:5.09. Indicated by the vertical bar is the
emission energy range of Si nanocrystals.

In the present experiment the SP coupling rate is similar to the sponta-

neous emission rate, limiting the maximum achievable increase in emission
rate and QE. Here we discuss different ways to increase the SP excitation
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rate. The largest coupling of a dipole to SPs is achieved when the emission
frequency matches the SP resonance frequency, i.e. the frequency for which
€ ota=-€d- In the present case, for an emission wavelength of 750 nm, the
large discrepancy between the dielectric constant of the SiO3 (€g,0,=2.1) and
the Ag (e44=-15+10.86), results in a relatively small SP excitation rate. Using
an alternative host for Si nanocrystals that has a higher dielectric constant will
increase the coupling. For example, for a dipole at 44 nm from the interface,
emitting at 750 nm with Ag as a metal and SigN, (e=4) as a dielectric matrix,
63 % of the dipole’s excitation energy is converted into SPs.

The SP coupling rate can be further enhanced by modifying the SP disper-
sion relation by changing the thickness of the metal. For a metal layer with a
thickness of the same order as the skin depth, SPs propagating at both sides
of the metal interact. This results in a splitting of the single SP mode into
an asymmetric and symmetric mode.[55] We determined the thin metal film
SP dispersion using Ford and Weber’s model. Calculations are performed for a
multilayer structure with SiO5 on top of a 10 nm thick Ag layer on top of a SiOq
substrate, with the dipole at 44 nm distance from the Ag layer. The inset in
Fig. 4.7 shows the power dissipation, calculated for a randomly oriented dipole
emitting at a wavelength of 480 nm. Clearly two SP modes exist: the asym-
metric SP mode at k|| /ks=1.0083, and the symmetric SP mode at k|| /ks=5.08.
Similar calculations were performed over a large range of frequencies (taking
the dispersion of €44 into account) and at each frequency the wavevectors of
both SP modes were derived. The result is shown in Fig. 4.7, with the dis-
persion of a plane wave w = kc/\/eg shown for reference (’light line’). From
these data we can observe that, in comparison to the infinite Ag layer, at a
given frequency the wavevector for the symmetric SP mode is increased and
the wavevector for the asymmetric SP mode is decreased. Since the SP mode
density is proportional to d(k?)/dw,[56] decreasing the film thickness increases
the SP mode density for the symmetric SP mode. For the case calculated in
Fig. 4.7 this leads to a ten-fold increase in the SP excitation rate. A full cal-
culation of the thin-film SP excitation rate should also take into account the
mode overlap of the SP field and the dipole.

The present work shows that SP modes can be selectively excited by a
strongly coupled dipole, with the symmetric mode being more pronounced
for thin films compared to the asymmetric mode. Further work will address
this in more detail. Given the fact that Si nanocrystals can be electrically
excited,[33][34] coupling to SPs provides a new way to electrically generate
SPs. Note that in the above analysis we have not extracted SP propagation
losses from the calculations. Typically, for conditions of enhanced coupling,
propagation losses increase. However, by incorporating Si nanocrystals into a
well-engineered grating that enhances the re-radiation and thus requires less
propagation length, efficient out coupling of SPs into the far field may be
possible. If the generation of SPs itself is the goal, then a tapered waveguide
can be used to efficiently excite lossy SPs, which then can be adiabatically
transferred to a low-loss long-range propagating SP.
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4.5 Conclusions

In summary, we have shown that the average photoluminescence decay rate of
Si nanocrystals can be significantly enhanced when they are in close proximity
(~50 nm) to a Ag interface. Calculations performed with a classical dipole
oscillator model are in good agreement with the data and show that the increase
in decay rate is mainly due to excitation of SPs at the SiOy/Ag interface. By
comparing the observed changes in decay rate at the SiOs/air and SiO2/Ag
interfaces to the calculations, a Si nanocrystal internal quantum efficiency of
(77 £ 17) % was found. From the model, the dispersion relation of thin-film
SPs is derived, and it is shown that for thin metal films the symmetric SP
mode is preferentially excited. As Si nanocrystals can be electrically excited,
this work provides design criteria for an electrically pumped, mode selective,
SP source.
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Chapter 5

Applications of surface
plasmons

This chapter shows several possible applications of surface plasmons (SPs)
in microscale and nanoscale photonic circuits. They are based on materials
compatible with standard Si microchip manufacturing, and thus could be in-
corporated and combined with electrical microstructures on a Si chip. The
dielectric constants of materials such as SiO, Si and Ag were determined and
used as input for the calculation of the dispersion of SPs and their propaga-
tion length. Using a classical dipole oscillator model we calculate the effect of
a metal/dielectric interface on the decay rate of optical emitters both in the
visible and near-infrared part of the electromagnetic spectrum. From these cal-
culations, strategies for using SPs to enhance the emission rate and quantum
efficiency of light emitting diodes are derived. An outlook will be given on the
possible applications of SPs in optical interconnects, light-emitting diodes, and
optical switches.
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5.1 Introduction

Surface plasmons propagating on planar metallic structures offer the possibility
of two-dimensional optics [18] with a large integration density. Metal deposi-
tion and structuring techniques are all compatible with Si integrated circuit
manufacturing technology, so that SP optics may be integrated with electronic
functions on a single chip. In Section 5.2 of this chapter we derive the dispersion
relation for SPs and calculate characteristic propagation lengths as a function
of SP frequency. We differentiate between SPs with frequencies correspond-
ing to free space wavelengths in the visible that have well-confined modes and
large optical losses, and SPs with frequencies corresponding to near-infrared
wavelengths, that are less confined and consequently show longer propagation
lengths. In the near-infrared we will focus on plasmon photonics at 1.5 pm,
the standard telecommunications wavelength.

Due to the different dispersion of SPs and plane electromagnetic (EM)
waves, they cannot be directly converted from one to another. In Chapters 2, 3,
and 4 we demonstrated how SPs can be efficiently excited through a near-field
interaction. In Section 5.4.1 we present several ways to increase the coupling
strength by proper materials engineering. In the subsequent section we then
propose a novel optical interconnect scheme based on SPs, a method to en-
hance the emission rate and efficiency of light-emitting diodes (LEDs), and a
SP based optical switch.

5.2 Surface plasmon dispersion and propaga-
tion on Ag

SP dispersion calculations are presented for Ag films on various substrates.
The dielectric constants were measured with a variable-angle spectroscopic el-
lipsometer using the materials used in the actual experiments: Herasil fused
silica (SiO2) substrates, and sputter deposited Ag films (see also Chapter 2).
The dielectric constants of the SiO; were determined by fitting the reflectivity
of the SiOy to a model based on the dielectric constant of the glass, which is
described by a Cauchy function. For the Ag film the two spectroscopic parame-
ters A and ¥ were measured at various incident angles. A simultaneous fit to
the data taken at three different angles resulted in an accurate determination
of the dielectric constants in the wavelength range of 300-1700 nm. Figure 5.1
shows the obtained dielectric constants of SiO5 and Ag. Data for Si are taken
from Ref. [57], are also shown. For Ag, the real (€);,) and imaginary part (€/;,)
of the dielectric constant are plotted. For SiO, and Si minus the real part of
the dielectric constant is plotted.

The measured dielectric constants of Ag in Fig. 5.1 are compared with those
derived from a Drude model

w2

o A P
€A9_€A9+Z€Ag_1_m . (51)
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Figure 5.1: Data points show real and imaginary part of the dielectric
constant of Ag. The solid lines shows the Drude fit of Eq. 5.1 to the data.
The dashed line and dotted lines show minus the dielectric constant of SiO2
and Si, respectively. The vertical dotted lines shows the cut-off wavelength
of bound SPs for an SiO2/Ag and Si/Ag interface.

with w the optical frequency, w, the plasmon frequency, and v the electron
collision rate. The Drude model was sequentially fitted to the real and imagi-
nary part of the dielectric constant of Ag (see solid lines in Fig. 5.1), resulting
in a plasma wavelength of 151 nm, and a lifetime of 64 fs. The correspond-
ing resistivity of 1.1-1078 Qm, is in fair agreement with literature values.[58]
At near-infrared wavelengths the fit represents the measured data accurately.
In this frequency range the Ag behaves more like a pure Drude metal as no
bound electron states contribute to the dielectric constant. For wavelengths
lower than 500 nm the fit deviates from the data, which is attributed to inter-
band transitions of Ag d-electrons that are not taken into account in the Drude
model. The experimentally obtained dielectric constants in Fig. 5.1 were used
in all calculations presented in this chapter.

The SP dispersion relation can be derived by inserting a function describing
a TM-polarized EM wave into the wave equation for two adjacent media.[12]
Solving the wave equation for the two media, requires continuity of the E field
parallel to the interface. This then results in the SP dispersion relation for the
wave in the propagation direction [12]

w €,,€d
ky=—,/ —— 5.2
* c\ €n+€q ( )

with €, and ¢4 the dielectric constants of both media at the interface. The
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Figure 5.2: (a) Surface plasmon dispersion calculated for three interfaces
(solid lines): air/Ag, SiO2/Ag, and Si/Ag. The horizontal dotted lines show
the SP cut-off energy. Dispersion relation for the corresponding plane waves
in the dielectric (’light lines’) are indicated in gray. (b) SP propagation
lengths calculated for the three interfaces presented in (a). The dotted line
shows the free space wavelength associated with the energy indicated on
the vertical axis.

wavevector in the direction perpendicular to the interface is given by

2

€
_md . (5.3)

k' =
i €m T+ €4

o€

Consequently, if we have materials with opposite dielectric constant (such as
a metal and a dielectric in the visible/infrared) and |e,,|>€¢4 the wavevector
defined in Eq. 5.3 is fully imaginary and the fields in both media decay expo-
nentially in the direction perpendicular to the interface; the mode is bounded
to the interface. The wavelength ranges corresponding to these bound surface
waves are indicated by the dashed vertical lines in Fig. 5.1 for a SiO3/Ag and
a Si/Ag interface.

Using Eq. 5.2, and given the known relation between € and free space wave-
length (Fig. 5.1) the SP dispersion relation can be calculated. Results are
shown in Fig. 5.2 for a Ag film in contact with air, SiOz, and Si. Note that
both metal and dielectric are assumed to be of semi-infinite thickness. Fig-
ure 5.2(a) shows the real part of k, for the three dielectrics. The light lines,
i.e. the dispersion in the bulk dielectrics, are indicated in gray for reference.
At low energies (near-infrared wavelengths) the SP dispersion is linear, and
wavevector and group velocity (dw/dk) are almost equal to that of a plane-
wave in the dielectric. In this energy range only a small fraction of the EM
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field is in the metal, and the interaction between the electron plasma and the
EM wave is limited. Consequently, losses due to absorption in the metal are
very small and the SP wave behaves like a plane EM wave; the SP is photonic in
behavior. For higher energies (visible wavelengths) the EM field is more evenly
located in the metal and the dielectric, and, concomitant with the increase of
the SP wavevector, absorption losses are increased and the group velocity is
decreased. The SP is polaritonic: it has both a photonic and plasmonic char-
acter. When the energy becomes equal to the SP resonance energy (the dotted
horizontal lines in Fig. 5.2(a) indicating the energy where e 44=—¢4 in Fig. 5.1)
the group velocity becomes low and the EM wave becomes more like a standing
wave charge oscillation: the EM wave is plasmonic in nature. Note that close
to this resonance, the SP wavevector increases, and thus the SP wavelength
decreases. The maximum SP wavevector that can be achieved is determined
by the damping of the Ag (i.e. €},) and can be read from Fig. 5.2(a) at the
resonance energy. For a Si/Ag interface the maximum SP wavevector occurs
at an energy of 1.94 eV (free space wavelength 640 nm), the corresponding SP
wavelength is only 50 nm. These short SP wavelengths enable a large range of
applications including nanoscale photonic integrated circuits, nano lithography;,
etc. For higher energies the SP is no longer bound.[55]

The imaginary part of k, (Eq. 5.2) describes SP damping. The characteris-
tic 1/e SP propagation length can be calculated from the intensity attenuation
coefficient (2k”)~!, and the result is shown in Fig. 5.2(b). As can be seen, at
near-infrared energies (<1 eV) SPs can have very large propagation lengths:
for the Ag/Si interface extending to over 10 um, and for the Ag/air interface
extending to over 100 pm. Such long propagation lengths enable a broad range
of applications in micro-photonic or opto-electronic integrated circuits.[59] On
the high energy side, Fig. 5.2(b) shows much shorter propagation lengths, with
the largest damping observed for the Si. This reflects the larger concentration
of the SP field inside the metal at these energies. The dotted line shows the
free space wavelength corresponding to the SP energy. For data points on the
left of this line, the propagation length is smaller than the vacuum wavelength,
indicating the standing wave character of these SPs.

5.3 Electrically excitable surface
plasmon sources

The dispersion graphs in Fig. 5.2(a) show that there is a significant mismatch in
wavevector between SPs and the wavevector of their unbounded counterparts,
in particular close to the SP resonance. It is thus not possible to excite SPs di-
rectly from the far-field. One solution to this problem that we have addressed
in the previous chapters is to use near-field excitation of SPs using a dipole
source. The near-field of a dipole is represented by a large wavevector spec-
trum and can thus lead to the generation of SPs. When these dipoles can be
excited electrically, an electrically excitable SP source can thus be made. Here

o7



we calculate the efficiency of such a source in two wavelength ranges. First we
address the coupling between Er ions and SPs in the near-infrared (see Chap-
ters 2 and 3), where SPs have long propagation lengths (see Fig. 5.2(b)). As
Er-doped LEDs have been demonstrated,[60][61] integration of these devices
with metallic films would enable the electrical generation of long-range SPs.
Second, we consider Si nanocrystals as a source of SPs (see Chapter 4). Si-
nanocrystal-based LEDs emitting in a broad spectral range between 600-900
nm (depending on nanocrystal size) have been demonstrated recently.[34] While
SPs excited at these wavelengths have larger losses, their excitation efficiency
is larger than in the near-infrared as the dipole emission energy is closer to the
SP resonance.

5.3.1 Electrically excitable Er-doped Si surface plasmon
source on Ag

We use the classical dipole oscillator model also presented in Chapter 3 and
Chapter 4 to calculate the coupling between Er ions in Si and SPs on a Si/Ag
interface. Figure 5.3 shows the spontaneous emission rate, the SP excitation
rate and the lossy surface wave excitation rate as a function of distance of a
randomly oriented dipole emitting at a wavelength of 1535 nm embedded in
Si (es; = 11.9). The solid line in Fig. 5.3 shows the coupling rate to SPs,
relative to the total decay rate; it shows that ideally Er ions must be located
some 30 nm away from the interface to achieve most efficient SP excitation.
At smaller distances from the interface the excitation of lossy surface waves
is increased, which causes a reduction of the fraction of the decay coupled
to SPs. At larger distances from the interface the SP excitation efficiency is
very much decreased due to a decreased overlap of the SP field and the dipole
field. As Fig. 5.3 shows, at this optimum distance 60 % of the dipole’s excita-
tion energy can be transferred to SPs. Given the fact the Er-doped Si LEDs
have been demonstrated with external emission quantum efficiencies (QEs) at
room temperature of typically 1073,[60] electrically excited surface plasmon
sources at A=1535 nm with 1073 efficiency are feasible. Most recently, it was
demonstrated that silicon-rich oxide, with Si nanocrystals embedded in an ox-
ide matrix, is a better host for Er than bulk Si.[62] In this material, temperature
quenching due to phonon-assisted energy backtransfer [22] (the main quenching
mechanisms in Er-doped bulk Si) does not occur, and room temperature LEDs
based on Er-doped silicon-rich oxide with an external emission QE as high as
10 % have been demonstrated. While silicon-rich oxide has a lower refractive
index than bulk Si, and thus a somewhat smaller SP coupling efficiency, this
material seems the best candidate as host material of an electrically excitable
Er-doped SP source.
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Figure 5.3: Normalized decay rate as a function of distance to the Ag
interface for a dipole in Si emitting at 1535 nm. The decay rate is parti-
tioned in spontaneous emission (dashed line), SP excitation (dotted line),
and lossy surface wave excitation (dashed-dotted line). The fraction of
decay coupled to SPs (solid line) peaks at ~30 nm from the interface.

5.3.2 Electrically excitable Si-nanocrystal-based surface
plasmon source on Ag

Coupling to SPs also can be used to to enhance the emission rate of SP-coupled
LEDs, and thus increase the modulation rate of these devices. To achieve
this, the SP coupling rate should be increased well above the radiative decay
rate. This can be achieved by bringing the dipole emission energy and SP
resonance energy closer. Figure 5.4 shows a calculation of the total decay
rate for dipoles embedded in SiOs, as a function of distance to the SiOs/Ag
interface, normalized to the emission wavelength. Calculations are shown for
emission wavelengths of 380, 450, 700, 1400 nm. Clearly, large decay rate
enhancements, both due to SP coupling and lossy surface wave excitation, are
predicted for wavelengths close to the SP resonance that occurs at 360 nm for
the SiOy/Ag interface (see Fig. 5.1). Silicon nanocrystals show emission in
the 600-900 nm band, which can be tuned by varying the size. Si nanocrystal
electroluminescence has been observed at these wavelengths.[34] To achieve the
large decay rate enhancements shown in Fig. 5.4 also for this wavelength range,
the SP resonance must be further red shifted (e.g. by using a higher-index Si
nanocrystal host or a thin metal film).
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Figure 5.4: Total decay rate of dipoles in SiO3 as a function of distance
to the Ag interface, normalized to the emission wavelength, calculated for
various emission wavelengths (indicated). The Ag dielectric constant is
indicated at each wavelength.

5.4 Surface-plasmon-based photonic devices

5.4.1 Surface-plasmon-based optical interconnect

Using the design for an electrically excitable SP source given in Section 5.3.1,
and the dispersion and propagation length calculations in Section 5.2, it be-
comes possible to design a prototype SP optical interconnect, in which informa-
tion can be generated, transported and detected in the form of SPs. A possible
design schematic for such a device is shown in Fig. 5.5. A Ag/Si:Er SP source
is integrated with an optically thick Ag SP waveguide. To keep propagation
losses to a minimum (see Fig. 5.2), the Ag SP waveguide section is kept in air.
To reduce reflection losses at the Si-air transition region of the top dielectric the
Si should be manufactured into a wedge, creating a graded index profile (see
Fig. 5.5). A back reflector is integrated with the Ag/Si:Er source to achieve
unidirectional SP propagation.

Given the relatively low power efficiency expected from the Ag/Si:Er SP
source, detection at the end of the SP must be made very efficient. Here,
we can take advantage of the distinct dispersion behavior of SPs, compared to
pure photons. Figure 5.6 shows the SP dispersion relation for the symmetric SP
mode at a SiO2/Ag/SiO2 multilayer for different Ag thicknesses. These rela-
tions are derived from the position of the SP resonance in the power dissipation
of the dipole (see Fig. 4.7), calculated for different emission frequencies. As can
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Figure 5.5: Prototype of a SP-based optical interconnect.

be seen, for decreasing Ag thickness, the SP dispersion bends further away from
the semi-infinite SP dispersion, leading to an enhancement of the SP wavevec-
tor at a given frequency. The change in dispersion is due to the fact that for
thin metal films the SP fields on both sides of the Ag film interact.[55][63] As
a result of the changing dispersion for thinner metal films, the group velocity
of the symmetric SP mode decreases.[64] In the limit of zero Ag thickness the
group velocity vanishes and the SP becomes a static surface charge oscillation.
Thus, by fabricating a metallic taper with gradually decreasing thickness, the
SP field can be concentrated and thus more easily detected. Note that in the
SP interconnect scheme presented here the metal is a natural ingredient not
only to carry the SPs, but also as an electrical contact in both the excitation
and detection part of the device.

Detecting the low power levels associated with SPs propagating over long
metallic interconnects is a serious challenge. Efficient Ge-diode infrared detec-
tors are compatible with Si-integrated circuit manufacturing. Although rela-
tively inefficient, backtransfer from excited Er ions to the Si host represents
an alternative way to generate a photocurrent when illuminated with infrared
light.[22] This represents the detection counterpart of the SP source presented
in Section 5.3.1. Finally, we note that propagating SPs represent oscillating
electrical currents that may be directly converted into an electrical signal.

5.4.2 Quantum efficiency enhancement by
surface-plasmon excitation

SPs can also be used to induce large improvements in the emission rate and
quantum efficiency of LEDs, as we will demonstrate next. We distinguish two
different concepts. First, Si:Er LEDs have a low internal QE, as the slow
radiative decay of Er competes with non-radiative processes.[65][66][22] If the
Er excitation can be efficiently coupled to SPs, and the SP subsequently coupled
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Figure 5.6: SP dispersion for SPs on a semi-infinite Ag layer (solid line),
10 nm thick Ag film (dashed line), and 5 nm thick Ag film (dotted line).

out into the far field, the effect of these non-radiative processes can be reduced.
SP out-coupling can be efficiently achieved using a properly engineered grating
that relaxes the momentum mismatch between SP and photon, as we have
shown in Chapter 2.

Figure 5.7 shows a calculation of the enhanced QE using this concept.
Curves are shown for emitters with a radiative emission rate of 1000 s~! (the
typical decay rate of Er in Si), and an internal QE of 0.5, 5 and 50 %, plotted
against the SP excitation rate. Calculations are made assuming a SP extraction
efficiency of 100 %. To achieve a significant QE enhancement the SP excitation
rate should be larger than the non-radiative decay rate. For a high-QE emitter
(~50 %) the SP excitation rate should be around W,.,q4, for a low-QE emitter
(~0.5 %) the SP excitation rate should be around 200-W,.q. An additional
advantage of coupling to SPs and subsequent out-coupling through a grating is
that the far-field radiation is emitted at a well-defined angle (see Chapter 2),
thus solving the general problem of light extraction from (high-refractive in-
dex) LEDs. Figure 5.8 shows a design for an Er-doped Si LED. A Ag film
is used both as a back electrode, and to carry the SPs, that are subsequently
coupled out through a grating integrated in the bottom Ag contact. By using
a thin Ag film, rather than an optically thick film, for which the calculation in
Fig. 5.3 was done, the SP excitation rate at the Si/Ag interface can be further
enhanced (see Chapter 4).

Second, Si-nanocrystal-doped LEDs may have a high QE (the internal QE
determined in Chapter 4 was 77 %), but they still suffer from a relatively low
emission rate. This is the result of the indirect bandgap of Si nanocrystals
that leads to a low electron hole recombination rate. If Si-nanocrystals can

62



T T T T T T T
10 - ///—’ "_.-
- / " -4
0.8} QE,, = 50% . i

> /
.5 / II ]
g 06 // J -

(0] ’
g r QEintr = 50/0/ I’l ]
£ 04f / K .
& I / ‘ 0 ]
/ . QEintr =0.5%
0.2} J L ]
7 L’
L // L 4
0.0-".".'.'..'..'."T-.-.-..-..-. T BT B
10> 10’ 10* 10° 10° 10’
W, (s

Figure 5.7: QE as a function of SP excitation rate for a radiative decay
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Figure 5.8: Prototype of a QE-enhanced LED.
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be efficiently coupled to SPs, the emission rate can be artificially enhanced,
and thus Si-nanocrystal-based LEDs with high modulation frequency become
possible.

5.4.3 Surface plasmon optical switching

The dielectric/metal combination intrinsic to SPs at optical frequencies can
be utilized for combining electronics and photonics by using the metal surface
as an electrical contact. Electro or thermo-optic effects [59] can be utilized
to affect the propagation properties of SPs in a metal waveguide. With a
refractive index of 2.2 and no losses for infrared wavelengths, LiNbOj3 is a
good candidate for the top dielectric layer of a SP wavegui