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General introduction
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1 General introduction

1.1 Surface plasmon photonics

A surface plasmon polariton (SPP) is an electromagnetic wave propagating at
the interface between a metal and a dielectric material that is coupled to a
charge density oscillation of the free electrons at the surface of the metal [1, 2].
Because SPPs are bound to the interface and their electric field decays expo-
nentially perpendicular to the interface, SPPs are essentially 2-dimensional
waves. This confinement and concentration of the electromagnetic field makes
SPPs interesting for a wide range of applications [3–6]. The two-dimensional
confinement enables the realization of optical components with small dimen-
sions in the out-of-plane direction [7, 8]. Furthermore, because of the strong
coupling with the electrons, the dispersion of SPPs can be tuned to a degree
that cannot be achieved with dielectrics.

Figure 1.1 shows the dispersion relation for SPPs at the silver/air interface
(solid line). The dispersion relation shows the in-plane k-vector (k = 2π/λ,
with λ the SPP wavelength) as a function of the optical frequency. The disper-
sion in air is plotted as reference (dash-dotted line). By engineering the metal
geometry, the SPP dispersion can be tuned [9]. As an example, figure 1.1 also
shows the dispersion for an SPP waveguide composed of two parallel metal
planes separated by a dielectric layer (dashed lines). By varying the dielectric
layer thickness, the coupling between the plasmons on either side, and hence
the dispersion can be tuned. As can be seen in figure 1.1 near the surface plas-
mon resonance indicated by the dotted line, very high wave vectors and thus
short wavelengths can be achieved. In this way, the wavelength can be shrunk
more than ten-fold, compared to the free space wavelength [10]. This enables
the design of integrated optical components and circuits at length scales be-
low 100 nm. By confinement of SPPs in taper geometries [11, 12] light can be
even further concentrated at length scales that approach the true nanoscale.
Such geometries enable applications in surface plasmon sensing by using e.g.
Raman spectroscopy.

1.2 Exciting surface plasmon polaritons

As can be seen in figure 1.1, the dispersion of SPPs lies right from the light
line, outside the reach of momenta that can be obtained by photons at the
corresponding frequencies. The momentum mismatch between a photon and a
plasmon can be overcome by applying a prism coupling technique, as is shown
in figure 1.2, which shows the Kretschmann prism coupling configuration [1].
A thin metal layer deposited on a prism supports SPP modes on its top side. A
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1.2 Exciting surface plasmon polaritons
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Figure 1.1: Dispersion relation of a surface plasmon polariton (solid
line), at the Ag/air interface and the light line in air (dash-dotted line).
The dashed lines show the dispersion relation for an SPP in a metal–
insulator–metal geometry, for which the insulator thickness is varied. The
surface plasmon resonance for Ag at 3.7 eV is indicated by the dotted line.
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1 General introduction
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Figure 1.2: Schematic of excitation of SPPs by a prism coupling tech-
nique. A laser beam is incident on a prism. The light penetrates into the
metal layer and excites SPPs on the top side of the metal, which then can
propagate into a plasmon waveguide.

laser beam is incident on the rear side through the prism. SPPs on the metal
surface are then excited by matching the wavelength of SPPs and incident
beam in the glass, by optimizing the incident angle. Surface plasmon resonance
sensors that sense small variations in refractive index in a liquid put on top of
the metal often make use of this SPP excitation mechanism [13].

An alternative far-field excitation technique for SPPs is based on grating
coupling [1] in which a laser beam is focused onto a grating and SPPs are gen-
erated. Figure 1.3 shows a schematic of this SPP excitation grating coupling
technique. Both the prism and grating coupling technique are rather bulky
geometries and are therefore impractical for the use in small integrated circuits
or sensors. Also, the requirement of a (bulky) laser for excitation is a disad-
vantage. In this thesis we present an entirely new concept for the generation
of SPPs by an electrical injection method that solves these problems.
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1.3 Electrical SPP source

grating coupler
❇

❇❇▼

SPP waveguide

❏
❏❏❪

optical fiber

✄
✄
✄
✄✎

Figure 1.3: Schematic of excitation of SPPs by a grating coupling tech-
nique. Light is incident through an optical fiber positioned close to a
grating [14] and excites SPPs that propagate over a metallic waveguide.

1.3 Electrical SPP source

While the excitation of SPPs by prisms or grating coupling is done by a far-
field radiation source, SPPs can also be excited by near-field interactions [15–
19]. In this thesis we introduce the excitation of SPPs by silicon quantum
dots that are placed in the optical near-field of a metal nanostructure that
supports SPPs. The quantum dots are electrically excited, and decay by the
excitation of SPPs. The near-field coupling between the quantum dots and the
metal/dielectric interfaces represents a broad range of k-vectors that overlap
with the dispersion curve in figure 1.1.

Figure 1.4 shows a schematic of the device layout. A dielectric material
that is sandwiched between two metal layers is doped with Si quantum dots.
The metal layers are spaced by 50–100 nm and serve both as a plasmon wave-
guide and as electrical contacts. This SPP source has several advantages over
SPP excitation mechanisms based on far-field coupling techniques that use
a prism or a grating. The excitation source of SPPs by quantum dots can
be scaled to very small dimensions and can be positioned on a desired po-
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1 General introduction
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Figure 1.4: Schematic device layout of an integrated electrical source
for SPPs, as demonstrated in this thesis. A dielectric layer doped with
Si quantum dots (depicted as spheres) is sandwiched between two metal
layers, which serve both as electrical contact and as SPP waveguide. The
SPPs propagate in plane, between the two metal layers.

sition on the chip. By suitable engineering of the optical waveguide design,
the SPP source does not need to be at the top side of the device, as is nec-
essary for systems based on the far field excitation of SPPs, but can also be
integrated in depth if required. Parallel to our work, an SPP source based
on an organic light emitting diode (OLED) has been recently demonstrated
by Koller et al. [17]. Our work is complementary to these results and focuses
on compatibility with standard CMOS fabrication techniques for integrated
circuits.

1.4 Contents of this thesis

Chapter 2 describes the luminescence properties of Si quantum dots in silica.
Silicon quantum dots are small crystalline clusters (diameter < 5 nm) of Si
atoms that show quantum confined luminescence at room temperature. Lumi-
nescence spectra under optical excitation, electrical excitation, and excitation
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1.4 Contents of this thesis

by a high energy electron beam are presented. The spectrally resolved de-
cay rate of the Si quantum dots under optical excitation is measured and an
estimate is derived for the optical excitation cross section.

Chapter 3 presents an electrical source for SPPs based on an insulator–
metal–insulator (IMI) geometry, doped with Si quantum dots. We study the
near-field coupling between quantum dots and SPPs and find an optimized de-
sign for the generation of SPPs. We describe the fabrication of the SPP source
and present measurements that show evidence of electrical excitation of SPPs.
Based on the same geometry an IMI SPP source operating in the infrared
region was fabricated by incorporating erbium in the dielectric material.

Chapter 4 describes the optical and electrical properties of Si quantum
dots embedded in thin alumina films. These layers form the active region in
an electrical metal–insulator–metal (MIM) plasmon source. Both photolumi-
nescence and electroluminescence are studied.

The MIM plasmon source is described in chapter 5. A novel device ge-
ometry based on a thin MIM membrane made in a Si wafer is introduced.
SPPs are electrically excited across the MIM membrane and are guided into
a waveguide structure with integrated outcoupling structures. By detecting
light in the far-field in a range of designs, the electrically excitable SPP source
is demonstrated.

Finally, chapter 6 describes the application prospects of the electrical SPP
source described in this thesis in diverse areas, such as sensing, photovoltaics,
and opto-electronic integration.
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Chapter 2

Optical properties of

silicon nanocrystals in a

silica matrix

This chapter discusses the characterization of Si nanocrystals in a silica ma-
trix. SiOx layers were deposited by a magnetron sputtering process of silicon
in an oxide atmosphere. A thermal anneal step after the deposition, converts
the SiOx material into an SiO2 layer doped with Si nanocrystals. The nano-
crystals show quantum confined photoluminescence with a peak wavelength
of λ = 800 nm. Electroluminescence is observed in the λ = 550–750 nm
range under 15–30 V bias. Samples co-doped with erbium show electrolumi-
nescence at λ = 1.5 µm. The effect of electron beam irradiation (0.5–20 keV)
on photoluminescence is studied: strong bleaching is observed for electron
doses > 150 µC/cm2.
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2 Optical properties of silicon nanocrystals in a silica matrix

2.1 Introduction

Silicon is the key element in the semiconductor industry. During the last
decades, there has been an enormous knowledge built up on how to process
silicon and how to fabricate electronic components of silicon. Light emitting
components however, are difficult to fabricate from silicon. Because silicon as
a bulk material has an indirect band gap [20], the radiative decay rate is low
compared to the non-radiative rate. By using special fabrication techniques,
the highest reported efficiency of a silicon light emitting diode is 1% [21].

By using silicon nanocrystals instead of bulk silicon, it is possible to modify
the electronic band structure in the material and thereby blueshift the band
gap with respect to the bulk band gap (1100 nm) [22]. By tuning the size of
the nanocrystals, the color of the emitted light can thus be controlled [23, 24].
For Si nanocrystals, the diameter is in the range of 2–5 nm [25–27]. The
peak intensity lies in the range of λ = 700 to 900 nm and the width of the
spectrum is typically 200 nm full width at half maximum (FWHM). While
photoluminescence of Si quantum dots is quite often reported, the reports on
electroluminescence of Si quantum dots are limited [e.g. 28–32].

2.2 Fabrication

There exist several host materials for Si nanocrystals. The most common host
matrix is silica. There are also reports on Si nanocrystals in silicon-nitride [33].
Chapter 4 of this thesis discusses Si nanocrystals in alumina. The fabrication
techniques for Si nanocrystals range from Si+ ion-implantation [34], chemical
vapor deposition [27, 35], pulsed-laser ablation [36], to sputtering [37]. It is
also possible to fabricate Si nanocrystals by using wet chemical synthesis [38],
or by using sol-gel precursors [39].

The nanocrystals discussed in this thesis (chapters 2 and 3) are fabricated
by magnetron sputtering of a Si target in an oxide atmosphere. This deposition
was done in the group of Prof. Dr. R. E. I. Schropp at Utrecht University. This
fabrication technique was chosen, because the stoichiometry of the deposited
film can be controlled while depositing the film. In our case this results in a
continuous and homogenous distribution of excess Si in the silica layer.

As a substrate, a silicon on insulator (SOI) wafer was used. It was cleaned
using sonication in de-mineralized water, followed by a standard RCA cleaning
process [40] of a 15 minute soak in a mixture of de-mineralized water, ammo-
nia, and hydrogen peroxide at 70 ◦C. After this cleaning process, a substoi-
chiometric oxide film (SiOx, with x < 2) was then deposited using magnetron
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2.3 Refractive index

sputtering of silicon in an oxygen atmosphere. By regulating the oxygen pres-
sure, the stoichiometry of the deposited silica film is controlled in situ. Details
about the SiOx deposition process can be found in reference [37]. To convert
the SiOx layer into a silica layer doped with Si nanocrystals, the sample was
annealed in a rapid thermal anneal furnace at 1000 ◦C for 10 minutes in an
argon atmosphere [41]. Subsequently, the sample was passivated for 30 min-
utes at 800 ◦C in a forming gas atmosphere (a mixture of 80% nitrogen and
20% hydrogen gas). Hydrogen from the forming gas diffuses into the sample
and passivates Si dangling bonds [34].

2.3 Refractive index

The refractive index of the as-deposited layer and the annealed layer are mea-
sured using a variable angle spectroscopic ellipsometer. Figure 2.1 shows the
real part of the refractive index N = n+ik; figure 2.2 shows the imaginary part
of the refractive index. The refractive indices of both the as-deposited and the
annealed films are, as expected, in between the literature values of SiO2 [42]
and SiO [43]. The refractive index of the annealed film is slightly lower than
the index of the as-deposited layer, which might be due to a decrease in Si
volume fraction [44].

The two figures 2.1 and 2.2 also show an effective medium approxima-
tion based on the Maxwell Garnett model. This approximation models the
dielectric constant as a combination of a guest and a host material as [45]:

ǫ − ǫh

ǫ + 2ǫh
= f

ǫg − ǫh

ǫg + 2ǫh
, (2.1)

where ǫ is the effective dielectric constant, ǫh,g the dielectric constant of the
host and the guest material, and f is the volume fraction of the guest material.
The approximation shown in figures 2.1 and 2.2 uses SiO2 as host with 10%
Si as guest material. The calculation for n is in agreement with the measured
trend, while the calculation for k does not give the enhanced absorption be-
tween λ = 400–600 nm that is seen in the experiment. The latter is ascribed
to a defect in the SiOx layers.

2.4 Photoluminescence

Figure 2.3 shows a photoluminescence (PL) spectrum of the Si nanocrystal
doped oxide layer. The SiOx layer (x = 1.3) was 150 nm thick. The nano-
crystals were excited using the 488 nm line of an argon-ion laser. The light
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2 Optical properties of silicon nanocrystals in a silica matrix
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Figure 2.1: Real part of the refractive index of N = n + ik for an
as-deposited and an annealed SiOx film (150 nm thick, x = 1.6). The
refractive indices of SiO2 and SiO are shown as reference. An effective
medium approximation (EMA) based on the Maxwell Garnett model with
10% Si in SiO2 is shown as well.

emitted by the nanocrystals was collected with a f = 2.5 cm lens (NA = 0.45).
A spectrograph with a Si CCD-detector measured the spectrum. In order to
separate the luminescence of the sample from the excitation laser, a low-pass
filter was placed in front of the entrance slits of the spectrograph. The PL
spectrum peaks at λ = 780 nm, corresponding to a nanocrystal diameter of
3 nm [26]. The FWHM of the spectrum is 150 nm.

The PL intensity of the Si nanocrystals after switching on (pump up
trace) and switching off (decay trace) of the excitation laser was measured
temporally- and spectrally-resolved. The pump was switched on/off by using
an acousto-optic modulator (AOM). The measured rise/fall time of the AOM
was on the order of 50 ns (system response). The PL of the Si nanocrystals was
spectrally resolved by a monochromator and detected by a photo-multiplier
tube (PMT). A multichannel-scaler measured the time-resolved PL intensity.
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2.4 Photoluminescence

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

400 600 800 1000 1200 1400 1600

k

Wavelength [nm]

SiO

As-deposited

Annealed

EMA

Figure 2.2: Imaginary part of the refractive index of N = n + ik for
an as-deposited and an annealed SiOx film (150 nm thick, x = 1.6). The
refractive indices of SiO2 and SiO are shown as reference. An effective
medium approximation (EMA) based on the Maxwell Garnett model with
10% Si in SiO2 is shown as well.

Figure 2.4 shows a typical decay trace of Si nanocrystals in SiO2 for the
same sample as in figure 2.3. This decay trace was measured at λ = 800 nm.
The laser was switched off at t = 230 µs. A fit to the data is also plotted. The
fit-function was a stretched exponential decay function [46]:

I(t) = Ae
−

(

t−t0
τ

)β

+ B, (2.2)

where I is the PL intensity at time t, A the nanocrystal PL intensity before
switching off the excitation laser at time t0, τ the lifetime, β the “stretch
factor”, and B the background due to dark counts in the PMT. Equation 2.2
is based on a model that assumes there is a distribution of decay rates. The
lifetime τ and the stretch factor β determine the most frequent decay rate and
the width of the decay rate distribution. A similar expression was used to fit
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2 Optical properties of silicon nanocrystals in a silica matrix
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Figure 2.3: Photoluminescence spectrum of an SiO2 layer doped with
Si nanocrystals fabricated by magnetron sputtering of SiOx followed by
annealing. The nanocrystals were excited using the 488 nm line of an
argon-ion laser (6.5 W/cm2). The exposure time was 0.5 seconds.

to the measured switch-on trace. The time offsets (t0) were set to 30 µs (rise
time offset) and 230 µs (decay time offset). The fit to the data was then based
on six parameters: A, τrise, βrise, τdecay, βdecay, and B. The inset of figure 2.4
shows the entire time trace, including the switch-on trace.

Time traces as in figure 2.4 were measured for the entire PL spectrum of
the Si nanocrystals, with a wavelength-step of ∆λ = 20 nm. The passband of
the monochromator was 43 nm. Figure 2.5 shows the fitted rise time (�) and
the fitted decay time (•). The error bars denote the 90% confidence level of
the fit. These decay times agree with typical values found in literature [e.g. 23,
32, 47, 48]. The fitted β for the decay traces increases for larger wavelengths
(β = 0.4 at λ = 650 nm to β = 0.7 at λ = 900 nm). The fitted β for the rise
time traces follows the same trend as the β for the decay curves.

The decay times for Si nanocrystals increase for longer wavelengths (fig-
ure 2.5). This increase has two causes. First the lifetime of nanocrystals
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2.4 Photoluminescence
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Figure 2.4: Photoluminescence decay trace of Si nanocrystals at
λ = 800 nm after switching off the pump laser. A stretched expo-
nential fit to the data is also plotted. The fit parameters (see equa-
tion 2.2) are: A = 4.37 × 106 counts, τdecay = 37.1 µs, βdecay = 0.7, and
B = 3.14 × 104 counts. The inset shows the entire time trace, including
the switch-on trace.

15



2 Optical properties of silicon nanocrystals in a silica matrix
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Figure 2.5: Rise time τrise (�) and decay time τdecay (•) from fits to
measurements as in figure 2.4, as a function of wavelength. The error bars
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2.5 Electroluminescence

that emit more to the red side of the spectrum (i.e. larger nanocrystals) have
a smaller radiative exciton decay rate [47, 49, 50] due to the lower degree of
quantum confinement. Secondly, the lifetime is increased in the red part of the
spectrum due to the smaller optical density of states (that scales with ω2) [51].
The smaller β-factor found for the smallest wavelength is ascribed to a larger
inhomogeneity in energy transfer paths for the smaller nanocrystals [48].

Combining the data on τrise and τdecay gives information about the ex-
citation cross section. For low-power excitation, the excitation rate 1/τrise

equals the pump power times the excitation cross section plus the decay rate
1/τdecay [32]:

1

τrise
= σφ +

1

τdecay
, (2.3)

where σ is the excitation cross section and φ the pump laser photon flux. To
take into account the distribution of decay rates described by β, we have used
the average decay times given by [52]:

〈τ〉 =
τ

β
Γ

(

1

β

)

, (2.4)

where Γ is the gamma function and τ is lifetime (τon or τoff). The excita-
tion power and the pump spot size were kept constant for the entire mea-
surements series, leading to a constant excitation photon flux on to order
of φ = 6.5 W/cm2. We find that the cross section increases from σ =
1.9× 10−16 cm2 at λ = 700 nm to σ = 3.5× 10−16 cm2 at λ = 900 nm. These
values are in agreement with PL excitation cross section found by Kovalev et
al. [53].

2.5 Electroluminescence

To achieve electroluminescence from Si nanocrystals, the following procedure
was used. The SiOx layer was deposited onto an SOI wafer (see section 2.2).
During deposition, a part of the substrate was covered by a physical mask,
leaving it accessible for electrical contacting. By using electron beam litho-
graphy, physical vapor deposition, and lift-off, gold contacts were fabricated
on the bare silicon device layer of the substrate and on the deposited SiOx

layer. The samples were annealed and passivated as described above, before
the electric contacts were made. The samples were mounted onto a printed
circuit board and the electric contacts were made by wire bonding. The left
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2 Optical properties of silicon nanocrystals in a silica matrix

Figure 2.6: Gold patch as an electrical contact on the SiOx film before
(left), and after (right) the electroluminescence measurements. The scale
bar is 100 µm.

panel of figure 2.6 shows an optical microscope image of the electrical contact
on the SiOx with the wire bond.

An electrically contacted sample (150 nm of SiOx, with x = 1.3) was
mounted under an inverted scanning confocal microscope. A voltage source
was used to bias the sample, where the contact on the SiOx was positively
biased. The Si nanocrystals were excited by impact excitation [28]. EL spec-
tra for several different biasing conditions are shown in figure 2.7. For higher
biasing voltages –and thereby larger currents– the EL spectra increased in in-
tensity and the spectra showed a blueshift. Both effects have been previously
reported [28, 54] and can be explained by the impact excitation model. For a
higher voltage, the inserted electrons have more energy and can excite smaller
nanocrystals and thus create a blueshift in the spectrum. Instead of a homo-
geneous distribution of electroluminescence, the light emission was dominated
by hotspots, that eventually deteriorated the gold contact (see figure 2.6).

The spectra in figure 2.7 show Fabry–Pérot fringes [55] with a free spectral
range of 665 cm-1 that are independent of biasing conditions. These fringes
are due to interference in the 5 µm thick buried oxide layer of the SOI-wafer.

2.6 Bleaching by electron beam irradiation

Electron beam lithography was used to fabricate nanostructures, as will be
discussed further. It must be known what the effect of electron irradiation of
the nanocrystals PL is. To study this, we have performed cathodoluminescence
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Figure 2.7: Electroluminescence spectra taken from the sample from
figure 2.6 for several different biasing conditions (15 V: 7.2 mA,
20 V: 9.76 mA, 25 V: 12.3 mA, 30 V: 14.83 mA). For larger biasing condi-
tions, the spectra increased in intensity and show a blueshift. The fringes
in the spectra originate from interference in the buried oxide layer of the
SOI substrate.
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Figure 2.8: Cathodoluminescence spectra of Si nanocrystals (50 nm of
SiOx, with x = 1.1) for several different electron acceleration energies.
The exposure time was 100 s. The area scanned by the electron-beam was
460 × 350 µm.

(CL) spectroscopy inside a scanning electron microscope (SEM), where a high
energy electron beam excited the Si nanocrystals [56, 57]. Light emitted by
the sample, when the electron beam of an SEM is scanned over the structure,
is collected by a parabolic mirror and is directed to a spectrometer. A small
hole in the parabolic mirror allows the electron beam to pass. A detailed
explanation of the CL set-up can be found in reference [58].

Figure 2.8 shows CL spectra for several different electron energies on a Si
nanocrystal doped SiO2 layer (50 nm of SiOx, with x = 1.1, annealed and
passivated as described above). The CL spectra peak at around λ = 820 nm
and the width is 200 nm FWHM. Each measurement was performed on a
separate position on the sample. The exposure time for the spectrum was
100 s. The area scanned by the electron beam was 460×350 µm. The electron
beam current at each electron energy is given in table 2.1.

During the electron beam exposure, the Si nanocrystals bleached: the lu-
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2.6 Bleaching by electron beam irradiation

Table 2.1: Electron beam currents and average deposited energy for
different electron energies.

Energy [kV] Current [nA]
Average deposited

energy [eV/nm/electron]

0.5 5.21 10
1.0 10.3 20
5.0 14.9 15
20 32.7 3.6
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Figure 2.9: Cathodoluminescence intensity of Si quantum dots in SiO2

as a function of deposited energy. The integrated luminescence intensity
between λ = 750–850 nm is plotted, normalized at 0 fluence.
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2 Optical properties of silicon nanocrystals in a silica matrix

minescence intensity decreased for longer electron-beam exposures and it did
not recover afterwards. Figure 2.9 shows the decrease of normalized lumines-
cence intensity between λ = 750–850 nm as a function of the deposited energy
during a 100 s exposure to the electron beam for the four electron energies.
The deposited energy is estimated based on Monte Carlo simulations [59].

When normalized to deposited energy, all measurement follow a similar
trend. The 1/e-dose for the luminescence decay was in the range of 150 to
400 µC/cm2, depending on the electron beam energy. This bleaching dose is
comparable to the dose required for electron beam lithography [60], leaving
this fabrication technique unsuitable to define nano- and micro-scale structures
that are composed of Si nanocrystals.

2.7 Erbium co-doped SiOx layers

Erbium ions are of great interest in optoelectronic research, due to their
intra-4f emission at 1.54 µm. This is a standard telecom wavelength, be-
cause of the low loss of optical fibers at this wavelength. To overcome the
problems associated with the low cross section of erbium (on the order of 10-21

to 10-20 cm2 [61]), Si nanocrystals can be used as sensitizers [48, 62]. Here we
use the SiOx material made by magnetron sputtering of Si (see section 2.2) and
use an additional ion-implantation to incorporate erbium into the SiOx film.
After the deposition of the SiOx film (150 nm of SiOx, with x = 1.3), a layer
of 50 nm of Si was deposited by the same method onto the SiOx film. Erbium
ions were implanted with an energy of 300 keV into the SiOx layer to a fluence
of 5×1015 cm-2, leading to a peak concentration of 1 at.% at 120 nm from the
top interface (which is the middle of the SiOx film) [59]. Subsequently, boron-
ions were implanted with an energy of 5 keV into the top Si layer to a fluence
of 3 × 1013 cm-2 to increase the electrical conductivity of this layer. To form
the Si nanocrystals and to activate the Er, a one hour anneal at 900 ◦C in an
argon atmosphere was performed. Electrical contacts were made by electron
beam lithography, physical vapor deposition, and lift-off. The samples were
mounted onto a printed circuit board and the electrical contacts were made
by wire bonding (see section 2.5).

Electroluminescence measurements were done in a similar fashion as de-
scribed in section 2.5. The EL was measured by a spectrometer with an
infrared-sensitive InGaAs photodiode array. Figure 2.10 shows an EL emis-
sion spectrum of erbium with a typical emission peak at λ = 1540 nm. The
collection time was five minutes. As the electrical contacts in these samples
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Figure 2.10: Electroluminescence of 150 nm thick SiOx (x = 1.3) layers
co-doped with erbium.

were fabricated by electron beam lithography, the Si nanocrystals are partly
bleached, most likely reducing the sensitizing efficiency for erbium.

2.8 Conclusions

Silicon nanocrystals are made by magnetron sputtering of silicon in an oxide
atmosphere [37]. The nanocrystals can be excited optically, electrically, and by
using a high-energy electron beam. Quantum confined emission is observed,
peaking at a wavelength of λ = 800 nm. Luminescence lifetimes range from 10
to 40 µs in the spectral range. By measuring pump up and pump down traces,
we found an excitation cross section of σ = 1.9 × 10−16 cm2 at λ = 700 nm,
that increased to σ = 3.5 × 10−16 cm2 for λ = 900 nm. Electroluminescence
is observed, peaking at 675 nm for electrical bias in the range of 15 to 30 V.

By cathodoluminescence experiments we have shown that luminescence of
Si nanocrystals bleach under electron beam irradiation to an 1/e-value for an
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2 Optical properties of silicon nanocrystals in a silica matrix

electron deposited energy of 0.5 µJ/cm3, or an electron dose of 150 to 400
µC/cm2. Electron beam lithography requires a similar dose [60]. Because of
the bleaching, this fabrication technique is unsuited to fabricate nano- and
micro-scale structures that include Si nanocrystals.

Samples co-doped with erbium show electroluminescence at λ = 1540 nm.
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Chapter 3

Planar electrical IMI

plasmon source

We describe the interaction of Si quantum dots with a gold film that supports
surface plasmon polaritons. A device design is presented that incorporates Si
quantum dots with a plasmon waveguide geometry. The Si quantum dots are
electrically excited and quench by the generation of surface plasmons.
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3 Planar electrical IMI plasmon source

3.1 Introduction

A surface plasmon polariton (SPP) is an electromagnetic wave propagating
at the interface between a metal and a dielectric that is coupled to a charge
density oscillation by free electrons at the surface of the metal [1, 2]. The
intensity of SPPs is concentrated at the interface and the electromagnetic field
decays exponentially perpendicular to the interface. Because of absorption at
optical frequencies in the metal, SPPs have a finite propagation length that
ranges from a few nanometers to several tens of micrometers [1, 2]. SPPs are
characterized by their frequency ω and a complex k-vector:

k‖ = k′
‖ + ik′′

‖ =

[

ω

c

√

ǫ′mǫd

ǫ′m + ǫd

]

+ i

[

ω

c

(

ǫ′mǫd

ǫ′m + ǫd

)3/2 ǫ′′m
2(ǫ′m)2

]

(3.1)

k2
⊥m,d = ǫm,d

(ω

c

)2
− k2

‖, (3.2)

where ǫm,d are the dielectric constants of the metal (m) and dielectric (d) at
frequency ω. A dispersion relation for SPPs was already shown in figure 1.1.
Since k⊥ is purely imaginary, the SPP is an evanescent wave. The propagation
length for SPPs is given by Lprop. = 1/(2k′′

‖).
Here we propose a structure in which SPPs can be generated electrically

in a two-step process: first Si nanocrystals are electrically excited and sec-
ondly, the excited nanocrystals couple to a nearby metal/dielectric interface
and generate SPPs [16–18, 63]. Figure 3.1 shows a device schematic. On top
of a silicon on insulator (SOI) substrate, a layer of SiO2 with Si nanocrystals
is deposited. A gold layer on top provides an electrical contact and supplies
a metal/dielectric interface to support SPPs. The nanocrystals are electri-
cally excited (figure 3.1:a); the excited nanocrystals decay by the generation
of SPPs (b), the SPP propagates (c), and eventually the SPP is radiated into
the far-field by an outcoupling structure (d). We also used erbium co-doped
layers to study SPP generation at λ = 1.5 µm.

3.2 Fabrication

On top of an SOI substrate, a 150 nm thick layer of silicon-rich-oxide (SiOx,
with x = 1.3) was deposited, as is described in section 2.2. This layer was
then annealed at 1000 ◦C in an argon atmosphere to form Si nanocrystals
and was passivated at 800 ◦C in a forming gas atmosphere. Because of the
high temperatures, the choice of material for the bottom electrical contact is
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3.2 Fabrication

Si

SiO2

Si
SiOx

Au

+

- a b c d

excitation propagation radiation

Figure 3.1: Sample structure for the IMI planar plasmon polariton source
based on Si nanocrystals. The Si nanocrystals inside the SiOx layer are
electrically excited (a). The excited nanocrystals couple to the metal
interface and decay by the generation of surface plasmon polaritons (b).
The plasmon propagates for some distance (c) before it is radiated into
the far-field by an outcoupling structure (d). For clarity, the cartoon is
not to scale.

limited. To solve this problem, we used a highly doped Si device layer of an
SOI substrate. To limit the optical absorption of SPPs by the silicon layer,
we used a thin device layer of 50 nm, that was separated by a thick (5 µm)
buried oxide layer from the carrier wafer. Chapter 5 addresses the problem of
the bottom contact in a different way by using low-temperature processes and
by fabricating membrane structures.

To use the 1.5 µm wavelength range, a variation to the geometry in fig-
ure 3.1 was made by incorporating erbium ions into the SiOx layer. For this
geometry, an additional doped Si layer was added between the SiOx and the
metal top contact to enhance the electrical conductivity (see section 2.7). It
is not possible to use this additional Si layer for the SPP source based solely
on Si nanocrystals operating in the λ = 600–900 nm spectral range, because
of the absorption of Si.

For both sample designs, electrical contacts to the SiOx layer and the Si
device layer were made by using electron beam lithography, physical vapor
deposition of 50 nm of gold, and lift-off, as is explained in section 2.5. The
role of the contact on the SiOx is two-fold: it is an electrical contact and
it provides a metal interface to support SPPs. The contact was structured
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3 Planar electrical IMI plasmon source

Figure 3.2: SEM image of the device structure. A plasmon waveguide
that ends in a grating structure is fabricated by electron beam lithography
and lift-off. The light gray area represents the Au area. At the entrance
of the waveguide, a small slit separates the waveguide from the electrical
contact pad on the left. In this way electroluminescence and reradiated
SPPs can be spatially separated. The scale bar is 10 µm.

as is shown in figure 3.2. Plasmon waveguides are connected to the electrical
excitation pad. At the beginning of the waveguide, a small slit in the gold layer
electrically isolates the waveguide from the excitation pad. SPPs can cross this
small slit [64, 65], but because of the electrical isolation, electroluminescence
and generation of SPPs underneath the waveguide is not possible. At the
end of the waveguide, a grating is used to reradiate SPPs into the far-field
for detection. By changing the distance from isolation slit to the outcouple
grating, it is possible to measure the propagation length of the SPPs.

3.3 Theory

To calculate the coupling between the Si nanocrystals and SPPs, a model by
Ford and Weber was used [66]. The Si nanocrystals were modeled as ran-
domly oriented dipoles, emitting at a single wavelength. Using the model, it
is possible to calculate the decay rates based on the optical density of states
of a dipole in a layered structure. The model is one dimensional and assumes
the structure extends infinitely in the other two dimensions [15]. The emission
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3.3 Theory

from a dipole is expanded into plane waves and the Fresnel-reflection coeffi-
cients [55] for each plane wave of the layered structure are calculated. All the
reflected waves are summed to find the net reflected intensity at the position
of the dipole, from which the power dissipation by the dipole and the decay
rate can be calculated. The modification of decay rates by a layered structure
was already experimentally shown by Drexhage in the 1960s [67].

The calculated total decay rate can be divided into three parts: a decay
path for spontaneous emission, a decay path into SPPs, and a decay path for
lossy surface waves. The latter is considered to be due to quenching to the
metal [19]. The three decay paths are characterized by the accompanying k-
vector. The k-vector can be split into a perpendicular (k⊥) and into a parallel
(k‖) vector, with their direction relative to the interfaces of the layered struc-
ture. Figure 3.3 shows the power dissipation for k‖ for a dipole in SiO2 near a
gold/silica interface for three distances to the interface (10, 100, and 1000 nm).
For the range of k‖/k0 from 0 to 1 (k0: the k-vector of a plane wave inside
the medium surrounding the dipole), the decay is into spontaneous emission.
The range for decay into SPPs is taken 1 < k‖/k0 < 2kSPP − 1 = 1.133, where
kSPP is the SPP wave vector (2π/λSPP) [68]. Decay into larger k-vectors is due
to quenching to the metal [19]. Clearly, for small distances a large degree of
quenching occurs, while for large distances spontaneous emission dominates.

Figure 3.4 shows the calculated total decay rate (solid line) for a randomly
oriented dipole (λ = 750 nm) placed in SiO2 as a function of distance from the
interface with a semi-infinite gold layer. Contributions are shown of: spon-
taneous emission (dashed line), surface plasmon excitation (dotted line) and
quenching (small dotted line). The total decay rate shows oscillations with a
period of half the wavelength that die out for larger distances. The excitation
of SPPs is based on the mode-overlap of the dipole with the SPP and therefore
the excitation rate decreases exponentially with increasing distance. The de-
cay to lossy surface waves has a distance dependence between d−3 and d−4. If
the emitter is close to the metal interface, the dipole can excite electron-hole
pairs in the metal. These electron-hole pairs are lost as heat in the metal,
because of the scattering of electrons [19]. The creation of electron-hole pairs
in the metal can be seen as the excitation of a dipole. The energy transfer
between two dipoles has a d−6 dependence [69]. Integrating over a sheet of
dipoles eventually leads to a d−3 dependence. The d−4 dependence arises from
the creation of an exciton at the surface [19]. The optimum position to excite
SPPs is close to the metal (closer than ∼half the emission wavelength), but
far enough to not to be hampered by quenching (farther than 20 nm) [19, 70].

Next, we evaluate the coupling of Si nanocrystals to a gold layer with a

29



3 Planar electrical IMI plasmon source

0.1

1

10

100

1000

10000

100000

0.01 0.1 1 10 100

P
ow

er
d
is

si
p
at

io
n

[a
rb

.
u
n
.]

k‖ / k0

1000 nm

100 nm

10 nm

Spontaneous
emission SPP Quenching

Figure 3.3: Power dissipation of a randomly oriented dipole (λ =
750 nm) in SiO2 near a Au interface as a function of k‖ at different po-
sitions from the Au / SiO2 interface. k‖ is normalized to the plane wave
vector k0 in SiO2. The data up to k‖ = 1 corresponds to spontaneous
emission, data in the range 1 < k‖ < 1.133 represents SPP excitation, and
larger k-vectors correspond to quenching to the metal.

thickness smaller than the SPP skin depth in the metal. A thin Au layer is
positioned between SiO2 and air. Both interfaces of the metal support SPPs
and these SPP-modes couple to form a symmetric and an antisymmetric mode.
The antisymmetric mode has a longer propagation length than the symmetric
mode because of its larger mode overlap with the metal [71].

Figure 3.5 shows the decay rate into k‖ of a random oriented dipole (λ =
750 nm) at 100 nm distance from the Au/SiO2 interface for several gold
layer thicknesses. The inset shows a sketch of the geometry. The peak for
k‖ / k0 > 1 corresponds to the symmetric SPP mode. As can be seen, the
SPP wave vector is strongly dependent on the Au layer thickness. For thicker
gold layers, there are separate SPP modes on the air side and on the SiO2 side.
The SPP at the air side of the gold is leaky into the SiO2. Besides the SPP
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Figure 3.4: Normalized decay rates for a randomly oriented dipole in the
SiO2 layer near the Au/SiO2 interface emitting at a free space wavelength
of λ = 750 nm in the SiO2 layer, split into the three components: spon-
taneous emission, excitation of surface plasmons, and quenching to the
metal layer, as a function of the distance of the dipole from the Au/SiO2

interface. Data are normalized to the spontaneous emission rate in bulk
SiO2.

on the SiO2 side, there are no other optical modes that exist in the sample
geometry of figure 3.2 that can be excited by the nanocrystals.

3.4 Experiments

Experiments were carried out on the sample as is illustrated in figure 3.1. The
gold contacts on the Si device layer and the SiOx were 50 nm thick. With
a 488 nm pump laser chopped with an AOM, Si nanocrystals were excited
and the photoluminescence decay traces were measured. As reference, a decay
trace for Si nanocrystals in SiO2 on the same sample not covered with Au was
also measured. Figure 3.6 shows both decay traces, together with a stretched
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Figure 3.5: Power dissipation of a randomly oriented dipole (λ = 750 nm)
into k‖ at 100 nm distance from the SiO2/Au interface (see inset) for
several gold layer thicknesses. The dielectric material on the other side of
the gold is air. A symmetric SPP mode exist with k‖ larger than 1. The
SPP mode on the air side of the gold is leaky into the SiO2. For thicker
gold layers, the two modes decouple and separate into SPPs on both sides
of the gold.

exponential fit to the data. The decay of the nanocrystals underneath the
gold layer was faster (τ = 24 µs, 〈τ〉 = 85 µs) than the decay of the reference
nanocrystals (τ = 38 µs, 〈τ〉 = 94 µs). This is in qualitative agreement with
figure 3.4. Both the excitation of SPPs and quenching to the gold will raise
the decay rate. The emission quantum efficiency of the nanocrystals can be
estimated by using the method of references [47, 72]. The calculated optical
density of states for the nanocrystals covered by the gold layer is 1.5 times
the calculated density of states for the nanocrystals used as reference. From
this calculation and the ratio in measured average lifetimes 〈τ〉, we calculate
a quantum efficiency for the emission of Si nanocrystals of 20%, which is on
the same order as found in literature [47].
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Figure 3.6: Normalized photoluminescence decay traces at λ = 900 nm
for Si nanocrystals in SiO2 with and without a gold layer. The presence of
gold increases the decay rate of the nanocrystals due to coupling to SPPs.

The sample was mounted onto a printed circuit board, and was electrically
contacted by wire bonding. The sample showed clear electroluminescence,
but instead of obtaining a homogenous distribution of electroluminescence
and SPP-generation, a random collection of hotspots was observed in optical
microscopy. The hotspots were quite intense, as the luminescence could be
observed by the naked eye in a darkened room. Unfortunately, the current
through the hotspots deteriorated the gold contact and eventually removed
gold from the SiOx layer (see figure 2.6).

In one of the structures, a single hotspot was located close to the begin-
ning of a plasmon waveguide. With an inverted scanning confocal optical
microscope line scans of light emission at positions along the waveguide were
measured. A polarizer was inserted into the parallel optical beam path of
the microscope. Two line scans were measured using the polarizer in lon-
gitudinal direction (the polarization expected for propagating SPPs) and in
transverse direction as reference. The confocal microscope was connected to a

33



3 Planar electrical IMI plasmon source

0.01

0.1

1

-5 0 5 10 15 20 25

N
or

m
al

iz
ed

in
te

n
si

ty

Distance [µm]

Longitudinal polarization

Transverse polarization

-35 V -0.5 mA

Figure 3.7: Line scans at λ = 650 nm to detect electroluminescence and
outcoupled surface plasmons, taken using a scanning confocal microscope.
Emission with longitudinal polarization shows a higher intensity, which is
expected for surface plasmons.

spectrometer in order to obtain spatially, spectrally, and polarization resolved
information with a single measurement.

Figure 3.7 shows a line scan over the waveguide for both polarizations at a
free space wavelength of λ = 650 nm. The location of the hotspot is defined as
the zero-position and the intensities are normalized. The first drop in intensity
(up to 5 µm) is due to the convolution of the detection spot size of 3 µm with
the size of the hotspot. For distances larger than 5 µm, the longitudinal
polarization intensity decays slower than the transverse polarization.

Line scans as shown in figure 3.7 were measured for the entire luminescence
spectrum of the Si nanocrystals. Figure 3.8 shows the longitudinally polar-
ized line scans for several wavelengths. For all of these traces, the transverse
polarized line scans have lower intensity, similar as in figure 3.7 (not shown).
For longer wavelengths, the apparent propagation distance increases, which is
in qualitative agreement with what is expected for SPPs.
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Figure 3.8: Line scans to detect longitudinally polarized electrolumi-
nescence and outcoupled surface plasmons, made by a scanning confocal
microscope. Surface plasmons with a larger wavelength have a longer
propagation length, as expected.

To fabricate an SPP source at λ = 1.5 µm, the SiOx layer was doped with
erbium (see section 2.7 on the electroluminescence of erbium). A sample was
fabricated as is described in section 2.2. On top of the SiOx layer (150 nm, with
x = 1.3), an additional 50 nm thick Si layer was deposited to improve on the
electrical conduction of the device. The SiOx was then implanted with erbium
and the top Si layer is implanted with boron. The maximum concentration of
Er (1 at.%) is positioned at the center of the SiOx-layer. After an anneal step
at 900 ◦C, the sample was mounted onto a printed circuit board and electrical
contacts were made by wire bonding. Similar experiments were performed as
described above.

Figure 3.9 shows a line trace of emission at λ = 1.5 µm along the waveguide.
An infrared sensitive InGaAs photodiode-array coupled to a spectrometer was
used as a detector. Each point on the graph is a result of the average of
30 separate background-corrected measurements on the same location of the

35



3 Planar electrical IMI plasmon source

sample. The error bars reflect the standard deviation of the mean of the
measured intensities. The line connecting the points is a guide to the eye.
The inset on the top part of the figure shows the approximate position of
the waveguide itself. At two positions along the waveguide (at 0 µm and
around 8 µm) an increase of emitted light is observed. These two positions
coincide with the electrical isolation slit (at 0 µm) and with the grating (at
8 µm). The light collected from the isolation slit could be resulting from
electroluminescence that is excited in the pad next to it. Light collected from
the outcoupling grating is assigned to radiation due to waveguide modes at
the structure. These could be SPPs propagating over the Au waveguide; or
due to an optical TE waveguide mode, excited under the electrical pad. In
the next chapter, a novel design is introduced in which the TE mode does not
exist.

3.5 Conclusions

We have studied the coupling between electrically excited Si nanocrystals as
well as Er ions to surface plasmons on gold. A device design is introduced that
is composed of a source, waveguide, and outcoupling gratings. We calculate
the coupling between the nanocrystals and SPPs, by a model by Ford and
Weber. To excite SPPs efficiently, the best position for an emitter is at a
distance between 20 and 300 nm from the SiO2 / Au interface.

Electroluminescence of Si nanocrystals was obtained from the fabricated
samples, yet the luminescence appeared as hotspots instead of a homoge-
neously distributed luminescence. One of the hotspots was located at the
entrance of a waveguide. Line scans made with a scanning confocal optical
microscope show that the longitudinal polarization has a higher intensity than
the transverse polarization, in agreement with the expectation for SPPs. For
longer wavelengths, the detected intensity along the line scans decays slower,
which can be explained by the longer SPP propagation length for these wave-
lengths. For the Er-doped structure, a clear output signal is measured at the
outcoupling grating, that can be assigned to surface plasmons as well as a
photonic waveguide mode.
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Figure 3.9: Confocal line scan along a surface plasmon waveguide to
detect electroluminescence and outcoupled surface plasmons with a free
space wavelength of λ = 1540 nm. The SiOx layer is implanted with
erbium. The line is a guide to the eye. The inset shows an SEM image of
the structure roughly aligned with the optical measurement.
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Chapter 4

Optical properties of

silicon nanocrystals in an

alumina matrix

Samples containing nanostructured silicon layers in alumina were prepared
by a combination of atomic layer deposition (ALD) and chemical vapor de-
position (CVD) techniques at low temperature (325 ◦C). The as-deposited
samples show photoluminescence and electroluminescence properties that are
consistent with emission from silicon nanocrystals. Time-resolved measure-
ments and comparison to reference samples containing silicon nanocrystals in
silica suggest that non-radiative recombination dominates in the majority of
nanocrystals. However, we also observe microsecond-scale photoluminescence
decay components suggesting that some nanocrystals emit light with an inter-
nal quantum efficiency as high as 1%.

39



4 Optical properties of silicon nanocrystals in an alumina matrix

4.1 Introduction

Silicon nanocrystals in alternative host matrices than SiO2 are of significant
fundamental interest because of the suspected importance of interface states in
exciton recombination and of dielectric screening in energy transfer processes.
The details of silicon nanocrystal formation and morphology could additionally
change with the host material. Alternatives to silica are also of technologi-
cal interest; optical materials that can be realized through low-temperature
methods that are compatible with back-end CMOS processing may find wider
application.

We characterize the luminescence properties of silicon nanocrystals in an
alumina (Al2O3) host matrix prepared by low-temperature methods that are
back-end CMOS compatible [35]. This material exhibits near-infrared and
visible photoluminescence (PL) and electroluminescence (EL) as deposited.

4.2 Fabrication

Silicon nanocrystals in an alumina matrix were deposited by a combination
of atomic layer deposition (ALD) and low pressure chemical vapor deposition
(LPCDV) onto a silicon substrate, as will be described next. This work was
performed in the group of Prof. Dr. J. Schmitz at the University of Twente.
The Si substrate (100) was cleaned and the native oxide was etched by a 0.3%
HF and 0.3% HCl solution, after which the wafer was immediately loaded into
the vacuum system. First a monolayer of trimethylaluminium was deposited
onto the substrate and then, after purging the deposition chamber with nitro-
gen, the substrate was exposed to water to form alumina. The thickness of
this deposited Al2O3 layer is 0.08 nm. This cycle was repeated 125 times to
obtain a layer thickness of 10 nm. Without breaking the vacuum, the wafer
was transferred to a low-pressure chemical vapor deposition (LPCVD) reac-
tor, where Si was deposited onto the sample by using Si3H8 as precursor gas.
As will be discussed further, the size of the Si nanocrystals can be tuned by
changing the deposition time of Si. After the Si deposition, the wafer was
transferred to the ALD reactor, again without breaking the vacuum. A layer
of 10 nm Al2O3 was deposited by the same ALD process to encapsulate the Si
nanocrystals. In contrast to earlier work [73, 74], the entire deposition process
was performed at low temperatures (T < 325 ◦C), which satisfies the require-
ments for back-end CMOS processing. More information about the deposition
process can be found in reference [35].
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Figure 4.1: Plan view TEM image of Si nanocrystals in alumina. A
single nanocrystal is enclosed with the white contour. The parallel lattice
planes indicate single-crystallinity. The scale bar is 5 nm.

Figure 4.1 shows a plan-view transmission electron microscope (TEM) im-
age of the as-deposited sample, without the top Al2O3 layer. The Si deposition
time was 10 minutes in a pressure of 10 mbar. The image shows crystalline
features, which are attributed to Si nanocrystals. The size of the nanocrystals
is in the range of 5–8 nm. An SEM image of a cross section of the alumina
layer with Si nanocrystals is shown in figure 5.8 (chapter 5).

4.3 Photoluminescence

Photoluminescence spectra were measured by the same method as explained
in section 2.4. The nanocrystals were excited by using the 488 nm line of an
argon-ion laser. The luminescence was collected by a f = 2.5 cm (NA = 0.45)
lens and sent to a spectrometer. A low-pass filter separates the excitation
laser from the luminescence signal.

Figure 4.2 shows normalized photoluminescence (PL) spectra for as de-
posited samples. The spectra show a clear peak at λ = 800–900 nm. The Si
deposition time for the five samples was increased from 5 minutes to 10, 20, 30,
and 60 minutes with a pressure of 1 mbar for all samples. The samples with a
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Figure 4.2: Normalized photoluminescence spectra of Si nanocrystals in
Al2O3. The Si deposition times increases from 5 minutes to 10, 20, 30,
and 60 minutes, resulting in larger Si nanocrystals and thus redshifted
luminescence. The pump wavelength was 488 nm.

deposition time of 30 and 60 minutes consist of a multilayer of four layers of Si
nanocrystals with Al2O3 layers in between. The other samples consist of only
a single layer of Si nanocrystals encapsulated with Al2O3 on both sides. A
longer deposition time results in larger nanocrystals and therefore a redshift
in the spectrum is expected. Figure 4.2 indeed shows a redshift of the PL
spectrum for longer Si deposition times.

The excitation laser was switched on/off by using an AOM and the time-
resolved luminescence was measured with a PMT (see section 2.4). A sample
with four Si nanocrystal layers (30 minutes Si deposition time) was character-
ized. Figure 4.3 shows luminescence spectra for several times after switching
off the excitation laser ranging from t = 0 to 40 µs. The nanocrystal lumi-
nescence at the wavelength λ = 850 nm has a decay rate of 3.4 MHz. The
signal observed at λ < 600 nm is due to defect luminescence, unrelated to
nanocrystals and decays within 50 ns (system response time).
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Figure 4.4: Luminescence intensities as a function of excitation photon
flux for a reference sample of Si nanocrystals in SiO2, and for Si nanocrys-
tals in Al2O3. The inset shows the PL spectra of both samples.

The peak luminescence intensity is measured as a function of excitation
power. Figure 4.4 shows the PL intensity increase for the same sample as in
figure 4.3 for an increasing excitation rate (symbol: +). The figure also shows
the increase in intensity of a well-characterized reference sample of Si nano-
crystals in SiO2 [75] (symbol: ×). This sample was made by ion-implantation
of Si+ into 15 nm of SiO2 to an excess Si concentration of 20 at.%, 10 nm
from the interface. The nanocrystal areal density is 4 × 1012 cm-2. The inset
of figure 4.4 shows the PL spectra of both samples.

The luminescence of Si nanocrystals is modeled by a two-level system. The
change in the number of excited nanocrystals (N ′) is given by:

N ′ = σφ(N0 − N) − ΓN, (4.1)

where σ is the excitation cross section, φ is the excitation photon flux, N0 is
the areal density of nanocrystals, N is the areal density of excited nanocrystals
and Γ is the observed total decay rate of the nanocrystals. For a steady state
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solution, N ′ equals zero and the number of excited nanocrystals is expressed
as:

N =
σφN0

Γ + σφ
. (4.2)

In the low pump power regime, where σφ ≪ Γ, equation 4.2 simplifies to
N = σφN0/Γ. The measured luminescence intensity I is proportional to
αNΓr, where Γr is the radiative decay rate and α is the detection efficiency:

I = αNΓr =
ασφN0Γr

Γ + σφ
. (4.3)

Figure 4.4 shows a fit to the data by using equation 4.3, assuming the
detection efficiency α was the same for both measurements and the intrinsic
radiative decay rate is equal for both samples, but varies because of a different
optical density of states. Table 4.1 shows the parameters for the fit. For the
SiO2 reference sample, a value of α = 1± 0.2× 10−7 counts/NC was obtained.
This value was used to fit the excitation cross section σ for Si nanocrystals in
Al2O3 to σ = 1± 0.3× 10−15 cm2. The larger cross section compared to SiO2

may be due to the larger size of nanocrystals in alumina. Indeed, the spectrum
in the inset of figure 4.4 shows a redshift in PL for the alumina compared to
silica. The assumption for the radiative decay rate to Γr = 9.8 kHz leads to a
quantum efficiency (QE) for Si nanocrystals in alumina of 0.3%.

Table 4.1: Material properties and parameters to fit the obtained lumi-
nescence intensity data in figure 4.4 for the SiO2 reference sample and the
Al2O3 sample.

Si nanocrystals Si nanocrystals
in SiO2 [75] in Al2O3

implantation ALD and LPCVD

Tannealing / deposition 1050 ◦C 325 ◦C

N0 4 × 1012 cm-2 2 × 1012 cm-2 [35]

α 1 ± 0.2 × 10−7 cts/NC 1 × 10−7 cts/NC

σ 6 × 10−16 cm2 1 ± 0.3 × 10−15 cm2

Γ 37.7 kHz 3.4 MHz

Γr 14 kHz 9.8 kHz

QE 27% 0.3%
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Figure 4.5: Electroluminescence spectra of Si nanocrystals in Al2O3 at
-12.8, -13.9, -14.8, -15.5 and -16.3 V. The photoluminescence spectrum is
shown as reference (λpump = 488 nm).

4.4 Electroluminescence

The rear side of the Si substrate was coated with 100 nm of gold to electrically
contact the sample. A semitransparent gold film (10 nm thick) was sputtered
onto the alumina (front side) and this gold film was contacted by a probe
needle. The sample was biased using a current-source, with the contact on
the Al2O3 negatively biased with respect to the contact on the Si substrate.
Figure 4.5 shows electroluminescence (EL) spectra for several different biassing
conditions. As a reference, also a PL spectrum is shown. The EL spectra peak
at 700 nm, which is 100 nm blueshifted with respect to the PL spectrum,
which we attribute to the difference in excitation mechanism. For higher bias
voltages, the EL intensity increases.

The increase in EL intensity for higher biasing conditions in shown in
figure 4.6. This figure also shows the current–voltage characteristics. The EL
intensity increases linearly with current. The I–V curve shows a clear rectifying
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Figure 4.6: Electroluminescence intensity integrated over λ = 500–
1000 nm spectral range (left y-axis) and currents through the device (right
y-axis) for higher biasing voltages for Al2O3 doped with Si nanocrystals.

behavior. No electroluminescence was observed for positive bias conditions.

4.5 Conclusions

Silicon nanocrystals in an alumina host matrix were fabricated at low tem-
peratures (T < 325 ◦C) by ALD of Al2O3 and LPCVD of Si. By regulating
the Si deposition time, the size of the nanocrystals can be tuned. Longer
deposition times result in larger nanocrystals. The nanocrystals show quan-
tum confined photoluminescence with a peak wavelength of λ = 800 nm and
a width of 150 nm FWHM, where the emission spectrum shows a redshift
for larger nanocrystals, consistent with quantum confined luminescence. The
decay rate is 3.4 MHz (τ = 0.3 µs).

The excitation cross section at λ = 800 nm obtained by a quantitative
comparison to a reference sample of Si nanocrystal in SiO2 [75] is σ = 1 ±
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0.3 × 10−15 cm2. We estimate the quantum efficiency to be 0.3%.
Electroluminescence of the Si nanocrystals is observed for negative biasing

conditions. The EL spectrum is 100 nm blueshifted with respect to the photo-
luminescence spectrum. The intensity increases for higher biasing conditions
and scales linearly with applied current. The sample shows a clear rectifying
behavior with larger currents in negative bias.

The observed electroluminescence, and the low-temperature deposition
process (compatible with CMOS back-end processes), makes the presented
Si nanocrystal in alumina an interesting material for further technological de-
velopments.
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Chapter 5

Planar electrical MIM

plasmon source

A metal–insulator–metal structure composed of a 600 nm thick gold / alumina
/ gold membrane geometry is fabricated. The alumina layer is doped with sil-
icon nanocrystals. The nanocrystals are electrically excited by applying a bias
across the alumina membrane and decay by generating SPPs. By performing
measurements on outcoupling structures in plasmon waveguides integrated
with the plasmon source, we demonstrate electrically excited SPPs.
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5 Planar electrical MIM plasmon source

5.1 Introduction

In chapter 3, the electrical excitation of SPP modes on an insulator–metal–
insulator (IMI) structure was described. In this chapter, we are considering
metal–insulator–metal (MIM) modes, in which an insulator is sandwiched be-
tween two metal layers. The surface plasmon modes on either interface couple
to form a symmetric and an antisymmetric mode, similar to the IMI-case. We
have used gold as metal on both the top and bottom side of our structure and
alumina doped with Si nanocrystals as insulator. In the simplest geometry,
such an MIM structure would be fabricated by the subsequent deposition of
the M, I, and M layers on a substrate. However, the roughness at the inter-
faces that is introduced will cause significant propagation losses of the MIM
plasmons. Here, we introduce a novel design, in which the alumina layer is de-
posited onto a Si substrate using atomic layer deposition, leading to atomically
smooth interfaces. The Si substrate was etched through from the backside, to
reveal an alumina membrane spanning across the hole. Au was then deposited
on both sides, yielding atomically smooth Au/Al2O3 interfaces.

Figure 5.1 shows a schematic of the MIM geometry in cross-section. The
MIM structure is the membrane structure in the middle, where there is a hole
in the Si substrate. The bottom and the top gold metal contacts were used
to bias the active layer with the Si nanocrystals. It was shown in chapter 4
that Si nanocrystals in a similar geometry show electroluminescence. On the
bottom side of the membrane, an electrical isolation slit was fabricated similar
as in section 3.2. SPPs are generated at the right hand side in figure 5.1. SPPs
can cross the isolation slit and are eventually radiated into the far-field by an
outcoupling structure that is made on the top side of the membrane. Several
outcoupling structures were made, each with different distance to the isolation
slit, in order to probe the propagation length of the electrically generated
SPPs.

5.2 Theory

The dispersion relation and propagation distance of SPPs can be calculated by
applying the appropriate boundary conditions to the Maxwell equations [55]
along a metal/dielectric interface and solving the differential equation by using
the wave-equation [1]. For the MIM system, there exist modes with symmetric
and antisymmetric field distributions. These modes are found by solving the
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Figure 5.1: Schematic of a crosscut illustrating the MIM plasmon source.
An MIM membrane composed of an alumina layer doped with Si nano-
crystals embedded between two metal layers spans over a hole in the Si
substrate. SPPs are launched by applying a bias across the MIM mem-
brane at the right hand side. The slits on the bottom side provides elec-
trical isolation. Outcoupling structures on the top side of the membrane
radiate SPPs into the far-field. The image is not to scale.

equations [9]:

symmetric: ǫdkz,m + ǫmkz,d tanh

(

−idkz,d

2

)

= 0 (5.1)

asymmetric: ǫdkz,m + ǫmkz,d coth

(

−idkz,d

2

)

= 0, (5.2)

in which d represents the thickness of the insulator and ǫd,m are the dielectric
constants of the dielectric material (d) and the metal (m) respectively. kz is
the k vector component perpendicular to the layer structure and is related to
kx and the frequency ω by:

k2
z,(d,m) = ǫ(d,m)

(ω

c

)2
− k2

x, (5.3)

with x the propagation direction.
The SPP mode decays exponentially perpendicular to the interface inside

the metallic cladding layers. Inside the insulator the Hy field profile is either
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Figure 5.2: Normalized Hy field for symmetric and asymmetric MIM
SPP modes. The insulator thickness is 100 nm. The perpendicular k

vector components are kz,d = 0.05 nm−1 and kz,m = 0.1 nm−1.

symmetric or asymmetric with respect to the center of the structure. The
symmetric mode profile is given by [9]:

−d/2 < z < d/2: Hy = e−kz,dz − ekz,dz (5.4)

|z| > d/2: Hy = (e−kz,dd/2 − ekz,dd/2)eikz,m(z−d/2), (5.5)

and for the asymmetric mode profile [9]:

−d/2 < z < d/2: Hy = e−kz,dz + ekz,dz (5.6)

|z| > d/2: Hy = (e−kz,dd/2 + ekz,dd/2)eikz,m(z−d/2). (5.7)

In these formulas, z is the position in the MIM geometry measured from
the center of the structure and the other symbols are as mentioned above.
Figure 5.2 shows the mode profiles of both modes for an insulator thickness
of d = 100 nm. The asymmetric mode profile has zero intensity at the center;
the symmetric mode does not go to zero at the center of the structure.
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Figure 5.3: Measured values of the dielectric constants of deposited gold
(ǫAu = ǫ′Au + iǫ′′Au) and alumina (ǫAl2O3

). The alumina has very little
dispersion and the dielectric constant is almost constant, ǫAl2O3

= 2.9
over the entire measurement range.

For a given frequency, the complex wave vector kx is obtained by solving
equations 5.1 and 5.2 numerically by using a variation of the Powell hybrid
method. As input parameters for the dielectric constants, we have used the re-
sults of spectral ellipsometry of both the alumina and the gold. The measured
dielectric constants of both materials are shown in figure 5.3. Alumina has
very little dispersion in the entire measurement range and is almost constant
at ǫAl2O3 = 2.9. For gold, both the real part (ǫ′Au) and the imaginary part
(ǫ′′Au) are plotted.

Figure 5.4 shows the obtained dispersion relation for the symmetric MIM
SPP. Also the dispersion relation for the planar plasmon at a semi-infinite
gold/alumina interface and the light line in alumina are plotted. As can be
seen, for thinner dielectric layers, the dispersion relation shifts to larger k-
vectors, i.e. smaller wavelengths are obtained. For a photon energy of 2.2 eV
(λ = 564 nm) for the 50 nm thick Al2O3 layer, a two-fold reduction in wave-
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Figure 5.4: Dispersion relation calculated for a planar Au/Al2O3 sur-
face plasmon mode (dotted line) and for symmetric MIM Au/Al2O3/Au
surface plasmon mode (Al2O3 thicknesses: 50, 100, and 150 nm), based
on measured dielectric constants. The dashed line shows the light line in
Al2O3.

length is found compared to the wavelength in Al2O3.
The imaginary part of the plasmon wave vector k determines the propaga-

tion length of the plasmon; Lprop = 1/ (2k′′) (see section 3.1). The propagation
distance for the symmetric MIM mode for the three layer thicknesses is plotted
in figure 5.5, again based on measured values of the dielectric constant. For
thinner dielectric layers, the plasmon gets more confined and the propagation
length shortens, due to a larger field concentration in the metal. Also the prop-
agation length for SPPs at a single Au/Al2O3 interface is plotted. Note that
the MIM waveguide supports an asymmetric plasmon mode (see figure 5.2);
this mode has extremely small propagation length and is therefor not consid-
ered further. The dispersion relation in similar MIM systems has been studied
experimentally [76, 77] and was in good agreement with calculations.

In the experiment, we have chosen to use an insulator thickness of 100 nm.
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Figure 5.5: Calculated propagation length for the planar Au/Al2O3 sur-
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According to figure 5.5, the propagation length for the emission range of the
Si nanocrystals (λ = 700–900 nm) is on the order of 5 µm. Using a thicker
alumina layer would increase the propagation length, but the coupling between
the two plasmons on both interfaces decreases.

For thicker insulator layers, the MIM geometry also supports multiple
photonic waveguide modes. Figure 5.6 shows propagation lengths for opti-
cal modes as a function of insulator thickness in the MIM geometry for a
free space wavelength λfree space = 800 nm. The calculation is based on the
measured dielectric constants of the metal and the dielectric material (see
figure 5.3). For thin insulator layers up to 175 nm, the symmetric plasmon
mode is the only available optical mode with a propagation length larger than
100 nm. For larger thicknesses, also photonic waveguide modes appear. Exper-
iments on electrical excitation of SPPs were performed using a layer thickness
of 100 nm, so that only a single plasmonic mode can be expected. We have
confirmed the absence of an optical waveguide for a 100 nm layer thickness by
two separate mode solver programs.

The ALD process allows us to position the Si nanocrystals with high spatial
resolution in the Al2O3 layer. To find the optimum position to place the Si
nanocrystals we used a model by Ford and Weber [66]. Figure 5.7 shows
the relative decay rate of a randomly oriented dipole into either SPPs or to
quenching to the metal. The calculation also confirms that no coupling to
spontaneous emission into photonic modes occurs. Figure 5.7 shows that to
avoid quenching to the gold layers, the nanocrystals should be placed at least
10 nm from the interfaces.

5.3 Fabrication

The sample and the membrane structures were prepared as follows: a Si sub-
strate was cleaned and the native oxide was etched, after which the wafer was
immediately loaded into the vacuum system. By using atomic layer deposition
(ALD), 20 nm of alumina was deposited onto the substrate. This required 245
ALD cycles with water and trimethylaluminum. The substrate temperature
was 300 ◦C. Without breaking the vacuum, the wafer was transferred to a low-
pressure chemical vapor deposition (LPCVD) reactor, where Si was deposited
onto the sample by using Si3H8 as precursor gas. The process temperature was
325 ◦C. This procedure was repeated four times, so that four layers with Si
nanocrystals in between the Al2O3 layers were deposited (see also chapter 4).
Figure 5.8 shows an SEM micrograph of a crosscut through this membrane
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Figure 5.6: Propagation lengths for photonic and plasmonic modes in
an MIM geometry as a function of the insulator thickness for a free space
wavelength of λfreespace = 800 nm. For thin structures (up to 175 nm), the
symmetric plasmon mode is the only available mode with a propagation
length larger than 100 nm.

structure.
After deposition of the active material, 250 nm of gold was sputter-coated

onto the sample. At the backside of the wafer, 400 nm of SiO2 was deposited
by plasma-enhanced chemical vapor deposition (PECVD) and this oxide layer
was patterned using optical lithography and a buffered HF etch solution. This
oxide served as a hard mask for a tetra-methyl ammonium hydroxide (TMAH)
etch solution. This solution selectively etches silicon anisotropically. The wafer
was back-etched up to the alumina layer in order to create membranes of Al2O3

and gold. The backside etch was also used to create break-lines to dice the
wafer later into 1 × 1 cm samples.

The wafer was “glued” with photoresist onto a pyrex carrier wafer for
mechanical stability. A photoresist was spun onto the topside of the wafer and
this layer was patterned by optical lithography. The pattern on the topside
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Figure 5.7: Relative decay rate of an optical emitter placed in a 100 nm
thick alumina layer sandwiched between semi-infinite gold layers into ei-
ther MIM surface plasmons or quenching to the metal, as a function of
position in the alumina layer.

was aligned with the pattern on the backside. The 1 × 1 cm samples, with
each four membrane-structures, were separated from the glass carrier wafer by
using a surgical blade. With a wet gold etch (potassium iodine), the pattern on
the topside was transferred into the gold. The pattern in the gold now consists
of large rectangles (∼ 2 × 1 mm) that cover the membranes. In order to bias
the membranes individually, each rectangle covers only a single membrane.
The remaining resist was removed and the samples were cleaned by soaking
the samples several times in acetone, de-mineralized water, and propanol. By
using a physical mask, the bottom side of the membranes and part of the
silicon substrate were sputter-coated with 250 nm of gold.

With a focused ion beam system (FIB) the outline of a square was milled to
create an electrically isolated gold square in the bottom side of the membrane,
comparable to the isolation slit in section 3.2. The trench in the gold is 240 nm
wide. By finite difference time domain (FDTD) simulations, we have estimated
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Figure 5.8: Cross section SEM image of the membrane structure. The
top and bottom layers are sputtered gold films, the middle layer is com-
posed of multilayers of Al2O3 and layers of Si nanocrystals. The scale bar
is 250 nm.
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Figure 5.9: SEM image of backside of the membrane. The four black
rectangles are alignment markers that are milled through the entire mem-
brane stack. The scale bar in the bottom left corner is 10 µm.

the transmission loss for the SPP over the isolation slit to be 2 dB. Figure 5.9
shows an SEM image of this structure in the backside of the membrane. After
this FIB-session, the sample was upturned, so a nanostructure could be milled
into the topside. The outcoupling structure was milled in the gold on the
topside, aligned with the electrically isolated square in the bottom side. The
distance between the edge of the square and the outcoupling structure was
varied from 1 to 10 µm to study the propagation lengths of the SPPs (see
figure 5.10). The outcoupling structure to radiate SPPs into the far-field was
optimized by using FDTD simulations. It consists of two 270 nm wide slits
in the gold, separated by a 70 nm wide bar of gold. The inset of figure 5.10
shows a magnification of a single outcoupling structure.

5.4 Optical excitation of plasmons

In the MIM geometry, plasmons were first optically excited by illuminating the
backside of the membrane with a white light source, similar as is presented
in reference [78]. A 2 µm wide slit was created in the gold. The edges of
the slit scatter the incident light partially in the MIM SPP mode. Plasmons
propagate inside the MIM geometry and are reradiated into the far-field by
outcoupling structures, as are shown in figure 5.10.

With an optical scanning confocal microscope, the light radiated by the
outcoupling structures was measured. A linear polarizer was placed in the
optical path to resolve the polarization of the light. Figure 5.11 shows the
normalized polarized light intensity radiated by an outcoupling structure, as
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✛✲

Figure 5.10: SEM image of the MIM plasmon waveguides taken from
the top. The outcoupling structures in the top gold surface are clearly
visible. The slits are 10 µm wide. The distance between the isolation slit
(located at the bottom of the image, between the two arrows) and the
outcoupling structure is systematically varied to map the surface plasmon
propagation length. The three black squares on the bottom of the image
are holes in the membrane to align top and bottom patterns. The scale
bar is 10 µm. The inset on the top right shows a higher magnification of
a single outcoupling structure.

a function of the polarizer angle. The emitted light shows a clear preferential
polarization direction, which is perpendicular to the outcoupling structures.
For a polarization angle which is parallel to the outcoupling structures, very
little light is detected. The dashed line in figure 5.11 shows the normalized light
intensity in a similar experiment, but with the sample 90 degrees rotated. The
polarization angles for the maximum and minimum light intensities are now
shifted by 90 degrees, showing that the outcoupling structures indeed show
polarized emission in agreement with the expectation for reradiated SPPs.

Polarized light intensities of several outcoupling structures positioned at
distances ranging from 0.5 to 5 µm from the slit in the bottom side were
measured. Figure 5.12 shows the decay of light intensity for outcoupling
structures further away from the excitation slit for three wavelength ranges.
The measured intensity I is fitted to a single exponential decay function:
I = I0 exp (−x/Lprop), with I0 the intensity at the excitation slit, x the dis-
tance to excitation slit and Lprop the plasmon propagation length. The fits to
the data are also plotted in figure 5.12. The measured intensities are normal-
ized to I0.

The propagation lengths obtained by the fit are shown in table 5.1. There is
a good correspondence between the theoretical propagation lengths (obtained
from the measured dielectric constants, see figure 5.5) and the propagation
lengths obtained by the fit. This agreement, together with the polarization
dependency shown in figure 5.11, is evidence of optically excited SPPs.

61



5 Planar electrical MIM plasmon source

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200 250 300 350

N
or

m
al

iz
ed

in
te

n
si

ty

Polarizer angle (degrees)

Figure 5.11: Normalized intensities of polarized light reradiated by an
outcoupling structure (see figure 5.10) for different polarization angles.
Solid line: polarizer parallel to the outcoupling structure at 20 and 200
degrees. Dashed line: shows the same measurement with the sample ro-
tated by 90 degrees.
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Figure 5.12: Intensity of reradiated light by outcoupling structures as a
function of distance to the excitation slit in the bottom side for three wave-
length ranges: 700–750 nm (+), 750–800 nm (×), and 800–850 nm (�).
The lines show a single exponential fit to the data. The intensities are
normalized to the fitted intensity at the excitation slit.

Table 5.1: Theoretical and experimental SPP propagation length.

Wavelength [nm]
Theoretical Experimental

propagation length [µm] propagation length [µm]

700–750 3.0 2.9 ± 0.5
750–800 3.8 3.5 ± 0.4
800–850 4.8 4.6 ± 0.4
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Figure 5.13: Current–voltage characteristic of the electrically excitable
SPP source. A clear rectifying behavior is observed.

5.5 Electrical excitation of plasmons

Electrical contact to the gold layer on the top side of the sample shown in
figure 5.10 was made by a probe needle. The electrical contact to the rear side
was made by placing the sample onto a gold coated Si wafer. To bias the device,
the sample was connected to a current-source. During the measurements, the
conductivity increased due to resistive heating and the voltage thus varied
during the measurement.

The electrically contacted sample was positioned under a 100× objective
(NA = 0.73) with a long working distance (6.5 mm). The light collected by
the objective was projected onto a CCD-camera to image the sample. A beam
splitter in the optical path was used to enable white-light illumination for
focusing and alignment of the sample.

The sample was biased to a current of 1 mA, which is caused by two parallel
current paths: a path through the membrane (with an area on the order of
1 × 10−4 cm2) and a leakage path through the Si substrate (with an area on
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Figure 5.14: Light intensity collected from the plasmon waveguide with
outcoupling slits for the MIM plasmon source under electrical excitation.
Data is shown for four waveguides with outcoupling slits at different dis-
tances (indicated by arrows) from the incoupling slit (at position 0 µm).

the order of 200×10−4 cm2). A current–voltage characteristic of the sample is
shown in figure 5.13. A clear rectifying behavior is observed. For the optical
measurements, the gold on the Al2O3 layer was negatively biased with respect
to the gold contact on the rear side.

Figure 5.14 shows the light intensity collected by the CCD-camera as a
function of distance taken across four different outcoupling slits. These line
scans correspond to vertical directions in figure 5.10. The zero-position is set
by the position of the slit in the bottom side of the membrane structure and
was determined by using markers and SEM-images (see figures 5.9 and 5.10).
The arrows show the position of the outcoupling structures. The line traces
are summed over the width of the outcoupling structures to obtain an opti-
mum signal–to–noise ratio. At each outcoupling structure, an increase in light
intensity is observed. The intensity decreases when the outcoupling structure
is further away from the isolation slit in the bottom side of the membrane.
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Figure 5.15: Measured light intensity of outcoupled SPPs (points) as a
function of distance from the slit in the bottom Au layer of the membrane.
The line shows a single exponential decay of intensity fitted to the data.
The obtained propagation length is 4.4 ± 0.6 µm.

Since SPPs are the only available mode in the geometry, these observations are
direct evidence for the generation of electrically excited SPPs that are coupled
to the far-field.

From the position and the height of the peaks in the line traces from
figure 5.14, an estimate for the MIM SPP propagation length Lprop can be
obtained. Figure 5.15 shows the measured light intensities as a function of
distance to the slit in the bottom side of the membrane. The figure also shows
a single exponential decay function (I = I0 exp(−x/Lprop)) that is fitted to
the data with I0 and Lprop as free parameters. The fitted propagation length
is Lprop = 4.4 ± 0.6 µm. This is in good agreement with the calculations in
figure 5.5 which shows an average propagation length Lprop = 4.5 µm for the
λ = 550–1000 nm range.

Figure 5.16 shows the spectrum of radiated SPPs by an outcoupling struc-
ture. The radiated SPPs from the sample were detected by a long working
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Figure 5.16: Spectrum of radiated SPPs by an outcoupling structure
placed 1 µm away from the excitation pad.

distance objective (100×, NA = 0.73). A second lens (f = 15 cm) focussed
the light onto the entrance slits of a spectrometer. A beam splitter was po-
sitioned in the parallel optical path for white light illumination for alignment
and focussing of the sample onto the spectrometer.

The spectrum of radiated SPPs in figure 5.16 is clearly redshifted compared
to the electroluminescence spectra shown in figure 4.5. This is consistent with
the fact that short wavelength SPPs have a propagation length shorter than
the distance to the outcoupling structure. Indeed, the propagation length for
λfree space = 600 nm is only Lprop = 650 nm (see figure 5.5).

5.6 Outlook

The MIM plasmon source can also be used to obtain a plasmon source in an
insulator–metal (IM) structure. The fabrication for the planar geometry is
similar as is discussed in section 5.3. In the final step of FIB milling in both
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Figure 5.17: SEM image of an electrical IM SPP source in a membrane
geometry. An MIM SPP is created on the left hand side and is converted
into an IM SPP on the right hand side. The scale bar is 500 nm.

top and bottom side, the pattern is different from the MIM plasmon source.
In the top side of the membrane the gold is removed up to the Al2O3 layer.
Figure 5.17 shows an SEM image of the proposed structure. The MIM SPP
source is used to electrically excite SPPs (left hand side of figure 5.17). The
SPPs propagate until the edge of the top gold cladding layer. At the edge,
the MIM SPPs are converted into IM SPPs. FDTD simulations show that
the conversion efficiency between the two modes is about 50%. The remaining
part of the MIM SPPs is reflected or scattered into the far field by the edge of
the top gold cladding layer. Initial experiments to fabricate an electrical IM
SPP source using this geometry show promising results.

5.7 Conclusions

An electrically excited source for SPPs was designed, fabricated and demon-
strated based on a Au/Al2O3/Au layer structure. The dispersion relation and
the propagation length for the symmetric SPP mode of the MIM geometry
were calculated based on measured values of the dielectric constants for gold
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5.7 Conclusions

and alumina. At a free space wavelength of λ = 800 nm (1.55 eV), the SPP
k-vector is 0.017 nm-1 (λSPP = 370 nm). The 1/e decay length for the SPP
is 4.3 µm. For a 100 nm thick alumina layer, there are no other photonic
modes in the MIM layer besides the SPP mode.

An alumina layer that was doped with silicon nanocrystals was sandwiched
between two layers of gold to fabricate a metal–insulator–metal (MIM) geom-
etry. This structure was realized by making use of a thin (600 nm thick)
suspended alumina membrane. The MIM layers were first characterized by
optical measurements. The propagation length and polarization state of light
collected from outcoupling structures is consistent with the existence of MIM
plasmon modes. The silicon nanocrystals were electrically excited by biasing
gold layers on the top and the bottom side. The excited nanocrystals decay by
generating SPPs. The sample was biased using a current-source to a current of
1 mA. Light emission from the outcoupling structures was detected with spec-
tra peaking at λ = 900 nm. The light intensity decreased for larger distances
of the outcoupling structure to the slit: an MIM SPP propagation length of
Lprop = 4.4±0.6 µm was obtained, in agreement with calculations based on the
measured dielectric constants. The data are evidence for electrically excited
SPPs in an MIM geometry.
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Chapter 6

Application outlook

In the past years, several useful applications of modified dispersion and nano-
scale field concentration of surface plasmons have been proposed. All of these
applications suffer from the impractical fact that optical excitation of surface
plasmons was assumed, leading to bulky device designs. With the realization
of the electrically excitable SPP source as is described in this thesis, device
designs can be modified and made more practical. This chapter describes
applications and designs with the electrical plasmon source incorporated.
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6 Application outlook

6.1 Electrical SPP source with tapers

For sensing applications based on Raman spectroscopy, high electromagnetic
field concentrations are needed to detect specific molecules with a sensitiv-
ity up to the single-molecule level [79]. By using surface plasmons to focus
light to sub-wavelength spot-sizes, these high field concentrations can be ob-
tained. MIM geometries confine the electromagnetic energy in the thin di-
electric material. Strong confinement of the energy can also be obtained with
SPPs in a taper geometry, where a plasmonic waveguide is tapered down to a
needle-sharp tip [11]. Verhagen et al. experimentally demonstrated plasmon
concentration by using a 2D taper in a plasmon waveguide [12].

The electrical plasmon sources as are described in this thesis can be equipped
with a tapered waveguide. Figure 6.1 shows a cartoon of a possible geometry
for such a device. On the left hand side, MIM plasmons are generated. The
MIM plasmons are converted into planar IM plasmons and propagate along
the taper which concentrates the plasmon intensity. A molecule that is posi-
tioned at the end of the taper can be excited by the concentrated light and
thereby show an intensified fluorescence signal that could lead to the detection
of the fluorescence of this molecule.

Figure 6.1: Schematic of a cross cut of a planar electrical surface plas-
mon source, ending in a taper to concentrate light at sub-wavelengths
scales. The black dots represent molecules that are detected by optical
spectroscopy.
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buffer
reagents

Figure 6.2: Schematic of a lab-on-a-chip with an integrated SPP source
(dark gray boxes) along a micro-fluidic channel (black line). Electrically
excited surface plasmons couple with the micro-fluidic channel. Micro-
pumps and valves and storage tanks for reagents are also integrated on
the chip.

6.2 SPP source for lab–on–a–chip

The lab–on–a–chip technology enables cheap and disposable devices for the
sensitive detection of biochemical materials. Micro-fluidic channels transport
liquids across the microchip for the detection of specific cells, enzymes or
other molecules of interest. Lab-on-a-chip applications may lead to cheaper
and faster detection and diagnoses of diseases [80].

Optical analysis is used for the detection of specific molecules in lab-on-
a-chip devices [81]. In some configurations, e.g. the detection is based on
luminescence of a dye attached to the molecule or enzyme. The optical excita-
tion for this dye needs to be integrated onto the lab–on–a–chip [81]. Figure 6.2
shows a diagram of how electrically excited SPPs can be used as pump to ex-
cite this dye. The micro-fluidic channel is drawn as a meander across the
chip. One side of the channel is composed of metal that is in intimate contact
with the fluid, and supports SPPs. In this case, the metal can also be func-
tionalized, so special label-molecules can attach to it. The chip also includes
micro-pumps, valves and storage tanks.
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Figure 6.3: Conventional total internal reflection microscopy (left panel)
where light from an excitation laser is reflected by the microscope slide
and an evanescent wave excites a dye in the surface region of the sample.
The luminescence is detected by the objective. The right panel shows how
an electrically excitable SPP source can be used to excite a similar sample
volume close to the interface. The luminescence can now be detected by
a normal upright microscope.

6.3 Fluorescence microscopy at interfaces

In biophysical studies, a commonly used analytical technique is total internal
reflection fluorescence (TIRF) microscopy [82]. This technique is used to se-
lectively excite a dye near the interface of a sample with a microscope slide,
and to eliminate background luminescence from deeper lying regions of the
sample [83]. In an inverted optical microscope, light from an excitation laser
is totally internally reflected by the microscope slide. The resulting evanescent
wave inside the sample excites a dye only at the interface with the microscope
slide. The luminescence from the dye is imaged by the microscope objective
(see figure 6.3).

A similar small sample-volume can be excited by using an electrically ex-
citable SPP source, as is presented in this thesis. The evanescent field of the
SPPs only excites the dye at the interface. The luminescence can now be im-
aged by a normal upright microscope. The metal at the interface can also be
functionalized so special label-molecules can attach to it.
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6.4 SPP detector

Figure 6.4: Schematic of a planar electrical surface plasmon source cou-
pled to a metal particle array for applications in nanoscale integrated
optics.

6.4 SPP detector

Besides an electrical source for SPPs, an SPP detector can be build with a
similar structure [84]. The plasmon detector works opposite to the process
described by figure 3.1. The plasmon energy is absorbed by quantum dots
and creates excitons in the quantum dots. By using a bias across the active
layer, the electron–hole pairs are separated and transported to the electrical
contacts on both sides of the active layer leading to a photocurrent.

6.5 Electric SPP source with a particle array

A chain of metallic particles can guide light at sub-wavelength length scales [85,
86]. Also waveguide-bends, filters and splitters are proposed based on metal
particle arrays that may be integrated into larger nanoscale integrated optical
circuits [87]. The electrically generated SPP source presented in this thesis
could be integrated in such circuits. An example for this geometry is shown
in figure 6.4, where plasmons are generated electrically, concentrated by a
tapered structure, and then confined into a metallic particle array.
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6.6 On-chip signal transport by infrared plasmons

To make integrated circuits (IC’s) more powerful and cost-effective, the di-
mensions of each transistor on the IC need to shrink. This means that the
dimensions of signal leads on the chip must shrink as well. A smaller lead
will lead to higher resistivities and capacities, which in turn lead to higher
RC-times (slower response times) and more heating of the chip. These effects
are unwanted.

The electrical SPP source presented in this thesis would be a potential
candidate to generate signals on a chip (e.g. for the clock-signal distribu-
tion) [4, 6]. The fabrication techniques, especially for the SPP source pre-
sented in chapter 5, can be adapted to be compatible with standard CMOS
processing techniques.

6.7 Quantum dot solar cell

To use of silicon quantum dots has been proposed to engineer the band gap
in a tandem solar cell [88]. The absorption cross section of Si quantum dots
was discussed in chapter 2 and was found to be on the order of 10-16 cm2 at
λ = 700 nm (it is strongly wavelength dependent [53]). The optical path length
through the active layer, and thus the absorption of light by the quantum dots,
can be increased by using a geometry in which the light propagates in the plane
of the quantum dot doped layer instead of illuminating the layer with normal
incidence.

Figure 6.5 shows a schematic of such a geometry, composed of a tandem
structure in which different spectral ranges are coupled into layers with the
corresponding band gaps. The incident light is converted into an SPP mode
by a grating. The substrate is coated with a metal layer that supports the
surface plasmons and acts as an electrical bottom contact. The skin depth
into the dielectric material (with the Si quantum dots) increases for lower
frequencies [1]. As a result, high frequency light is mostly absorbed in the
bottom layer, that is doped with quantum dots with a high band gap. The
lower frequencies are then absorbed in the top layer, with a lower band gap.
The layered structure then has an optimized photovoltage that is determined
by the series-circuit of the three active layers.
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Figure 6.5: Schematic of a tandem solar cell based on quantum dots.
Incident sunlight is converted into an SPP that travels in plane. The
skin depth in the dielectric material for lower frequencies is larger than
for higher frequencies. Smaller quantum dots can give higher Voc values
(e.g. 3 V) and are put on the bottom of the stack to absorb the shorter
wavelength light. Larger quantum dots, which absorb longer wavelengths
and give a smaller Voc (e.g. 1 V), are put on top of the stack.
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Summary

A surface plasmon polariton (SPP) is an electromagnetic wave propagating at
the interface between a metal and a dielectric material. The two-dimensional
confinement of SPPs and the tunability of their dispersion enable optical func-
tionality that cannot be achieved with regular dielectrics. Several novel con-
cepts for sensing and opto-electronic integration based on SPPs have been
proposed. In nearly all applications, as well as experiments based on SPPs,
far-field excitation of SPPs is used, leading to bulky device designs. This the-
sis presents an electrically excitable source for SPPs that can be integrated
in small, chip-size devices to enable the full application potential of SPPs.
The device is based on a dielectric/metal geometry in which silicon quantum
dots are placed in the near-field of the SPP mode. The quantum dots are
electrically excited and decay by the generation of SPPs.

Chapter 2 describes Si quantum dots in silica made by a magnetron sput-
tering technique, followed by annealing. From photoluminescence spectra as
well as lifetime measurements we conclude that well-passivated Si quantum
dots with quantum confined luminescence around λ = 800 nm can be made.
An electrical injection geometry is presented and electroluminescence is ob-
served around λ = 650 nm under a bias of 15–30 V. Strong bleaching of
the quantum dot luminescence is observed under 0.5–20 keV electron beam
irradiation, which has a potential consequence for the use of electron beam
lithography in nanofabrication of structures with Si quantum dots.

In chapter 3 we describe the design and the fabrication of an electrically
excitable plasmon source based on an insulator–metal–insulator (IMI) geome-
try. The coupling of quantum dots to the SPP mode was studied theoretically
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by using a model developed by Ford and Weber. For quantum dots spaced 20–
200 nm away from the metal surface, more than 50% of the decay is into SPPs.
An IMI SPP geometry for electrical excitation was fabricated using gold and
silica doped with Si quantum dots as dielectric material. An IMI SPP source
in the infrared region was fabricated by incorporating erbium in the dielectric
material. Using an SPP waveguide coupled to the source, with suitable engi-
neered outcoupling gratings, we observed the propagation and outcoupling of
electrically excited SPPs. SPPs propagating along the waveguide have a trans-
verse polarization and increased propagation for larger wavelength as expected
from theory.

The optical properties of Si quantum dots in alumina are described in chap-
ter 4. This material is deposited by using CMOS compatible, low-temperature
techniques of atomic layer deposition (ALD) and low pressure chemical vapor
deposition (LPCVD). Quantum-confined photo- and electroluminescence is
observed at λ = 700–900 nm. The luminescence quantum efficiency is small
(0.3%), presumably due to poor passivation.

Chapter 5 descirbes how this material is used in a novel metal–insulator–
metal (MIM) geometry. SPPs are generated through the electrical excitation
of the nanocrystals, propagate inside the MIM geometry and are radiated into
the far-field by an outcoupling structure. The measured plasmon propagation
length and the polarization state of the outcouples light are in agreement with
theory.

The last chapter reports on several application ideas for the electrical SPP
sources presented in this thesis. Integrated lab–on–a–chip devices, plasmonic
(bio)sensors, nanoscale photonic integrated circuits, and a novel quantum dot
solar cell geometry are proposed.
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Samenvatting in het

Nederlands

Een oppervlakteplasmonpolariton (OPP) is een elektromagnetische golf die
zich voorplant aan het scheidingsvlak van een metaal met een diëlectricum.
Het tweedimensionale karakter van een OPP en de mogelijkheid om de dis-
persierelatie aan te passen, maken een functionaliteit mogelijk die niet bereik-
baar is met reguliere diëlectrische structuren. Verschillende nieuwe concepten
voor sensoren en opto-elektronische integratie gebaseerd op OPP’s zijn reeds
gesuggereerd. In bijna alle toepassingen en experimenten gebaseerd op OPP’s,
worden verre-veld technieken gebruikt voor de excitatie van OPP’s, wat leidt
tot grote geometrieën. Dit proefschrift presenteert een elektrische bron voor
OPP’s die gëıntegreerd kan worden in kleine apparaten ter grootte van een
computerchip die de volle mogelijkheden benutten van OPP’s. Het ontwerp is
gebaseerd op een metaal/diëlectricum geometrie, waar silicium kwantumdots
zijn geplaatst in het nabije veld van de OPP-mode. De kwantumdots worden
elektrisch geëxciteerd en vervallen door OPP’s te genereren.

Hoofdstuk 2 beschrijft Si kwantumdots in silica gemaakt door een mag-
netronsputtering-techniek, gevolgd door een anneal-stap. Uit fotoluminescen-
tiespectra en levensduurmetingen hebben we geconcludeerd dat goed-gepassi-
veerde Si kwantumdots gemaakt kunnen worden, die een luminescentie door
kwantumopsluiting geven rond een golflengte van λ = 800 nm. We presen-
teren een geometrie voor elektrische injectie van lading in deze kwantumdots.
We hebben elektroluminescentie waargenomen rond λ = 650 nm, door een
spanning van 15 – 30 V over de structuur te zetten. Sterke bleking van de
kwantumdots is waargenomen onder elektronenbestraling met een energie van
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0,5 – 20 keV, wat mogelijk gevolgen heeft voor het gebruik van elektronen-
bundellithografie in de nanofabricage van structuren met Si kwantumdots.

In hoofdstuk 3 beschrijven we het ontwerp en de fabricage van een elek-
trisch exciteerbare bron voor plasmonen, gebaseerd op een isolator–metaal–
isolator (IMI) geometrie. De koppeling van de kwantumdots naar de OPP-
mode is theoretisch bestudeerd met een model van Ford en Weber. Voor
kwantumdots op een afstand van 20 tot 200 nm van het metaaloppervlak,
is het verval voor meer dan 50% naar de OPP-mode. Een IMI-geometrie
voor elektrische excitatie werd gemaakt met goud en met Si kwantumdots
gedoteerd silica als diëlectrisch materiaal. Een IMI-OPP-bron in het infrar-
ode gebied is gemaakt door erbium in het diëlectrische materiaal te plaatsen.
Door OPP-golfgeleiders aan de bron te koppelen hebben we de voorplanting
en de uitkoppeling van OPP’s geobserveerd. OPP’s die over de golfgeleider
propageren, hebben een transversale polarisatie en de propagatielengte neemt
toe voor grotere golflengtes, hetgeen in overeenstemming is met de theorie.

De optische eigenschappen van Si kwantumdots in alumina worden be-
schreven in hoofdstuk 4. Dit materiaal is gedeponeerd door CMOS-compatibele,
lage-temperatuur-technieken van atomaire laagdepositie en lage-druk chemis-
che dampdepositie. Foto- en elektroluminescentie uit kwantumopsluiting is
waargenomen in het golflengtegebied λ = 700–900 nm. Waarschijnlijk door
een gebrek aan goede passivatie is de efficiëntie van de lumeniscentie door
kwantumopsluiting laag (0,3%).

In hoofdstuk 5 wordt beschreven hoe dit materiaal wordt gebruikt in een
metaal–isolator–metaal (MIM) geometrie. OPP’s worden gegenereerd door
elektrisch aangeslagen Si kwantumdots en propageren binnenin de MIM struc-
tuur. Zij worden uiteindelijk naar het verre veld gestraald door uitkoppelstruc-
turen. De gemeten propagatielengte en de polarisatie van het uitgestraalde
licht zijn in goede overeenstemming met de theorie.

In het laatste hoofdstuk van dit proefschrift worden verschillende ideeën
gepresenteerd voor toepassingen die gebruik maken van de beschreven, elek-
trische OPP-bron. Gëıntegreerde lab-op-een-chip toepassingen, plasmonische
(bio)sensoren, fotonische gëıntegreerde circuits op de nanoschaal en een nieuw
ontwerp voor een kwantumdot-zonnecel worden besproken.

90



About the author

Rob van Loon was born in Bergen op Zoom on April 7, 1981 and he was raised
in the small village of Ossendrecht. In 1999, he obtained his VWO degree (pre-
university education) at the “Scholengemeenschap Mollerlyceum” in Bergen
op Zoom. The same year, he started his studies at the University of Twente
on Applied Physics. During his studies he was an active member of the study
association Arago. He performed an internship at A.D.C. Continental Temic
in Lindau (Germany). The aim of his graduation project was to fabricate
cavities in 3D photonic crystals and it was carried out under supervision of
prof. dr. W. L. Vos at the Complex Photonics System Group. In 2004, he
graduated as the first student of his year. In 2005, Rob started as a Ph.D.
student at the FOM Institute for Atomic and Molecular Physics (AMOLF),
under supervision of prof. dr. A. Polman. The research performed within the
context of this Ph.D. project is the subject of this thesis.

91





Dankwoord

Acknowledgments

In deze thesis heb ik de belangrijkste resultaten van vier jaar promotie-onderzoek
beschreven. Bij deze wil ik een aantal mensen bedanken die mij geholpen
hebben om dit allemaal tot een goed eind te brengen.

Als eerste wil ik mijn promotor en begeleider Albert Polman hartelijk be-
danken. Bedankt dat je me vier jaar terug de kans hebt gegeven om in jouw
groep een boeiend onderzoek te doen en me ook veel vrijheid hebt gegeven
tijdens het onderzoek. I thank Robb Walters for his enthusiasm and for his
collaboration on the plasmon source project. I really enjoyed working with
you and I believe I have learned quite a bit from you.

Mijn kamergenoten wil ik bedanken voor hun interesse en de discussies die
al dan niet over het onderzoek gingen: René de Waele, Femius Koenderink,
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