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Abstract

Cathodoluminescence (CL) imaging spectroscopy is a powerful tool to investi-
gate the optical properties of materials, with a resolution below the diffraction
limit of light. In this thesis we report CL measurements on different classes
of materials. CL measurements were done on rare earth doped materials that
were in agreement with previous photoluminescence (PL) measurements on
the same type of materials. In semiconductor materials, CL measurements
could distinguish features of 100 nm, showing the high resolution of the sys-
tem.

The focus of this thesis is on metal structures that were investigated with the
CL system. Electrons can excite surface plasmons with a resolution much
higher than can be achieved with optical excitation. In plain silver and gold
films, surface plasmons can couple out by the roughness of the film, with a
characteristic wavelength of the surface plasmon wavelength, radiative sur-
face plasmons with a characteristic wavelength of the bulk plasmon wave-
length are also observed. In gratings patterned in silver and gold, several
peaks are observed that shift to the red for a larger grating period. We attribute
these emission to localized surface plasmon modes in the grating ridges. Be-
cause of the high resolution of the CL system, we were able to measure prop-
agation of surface plasmon near the surface plasmon resonance wavelength.
For both silver and gold, the propagation length increased with wavelength a
factor of 20 between the surface plasmon resonance and 200 nm higher. The
data agreed with the calculations taking absorption in the film and roughness
of the surface into account as loss mechanisms.

CL measurements on single gold nanoparticles showed dipole mode emission
near the surface plasmon resonance for particles with diameter d = 50nm and
for a particle with d = 110nm in addition to the dipole mode, higher order
modes are observed, which is in agreement with previous results. Measure-
ments on a cluster of particles showed slightly redshifted emission with re-
spect to a single particle, which is attributed to longitudinal coupling of the
plasmons in the particles.
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Chapter 1

Introduction

1.1 Electrons interacting with materials

Electrons can be used to characterize materials in many ways. Interactions
of keV electrons with matter lead to different signals, for example secondary
electrons, backscattered electrons, x-rays and photons in the ultraviolet, visible
and infrared spectral range (see figure 1.1). This last process is called cathodo-
luminescence (CL) and can be defined as the emission of light as the result of
electron (“cathode ray”) bombardment. [1] A very well known example of ca-
hodoluminescence is the cathode ray tube, used in television screens, where

luminescing phosphors are irradiated with an electron beam.

Secondary
electrons

UV, visible and IR
cathodominescence
X-rays

Auger
electrons

Back-scattered
electrons

Figure 1.1: Schematic representation of different processes induced by keV
electrons.

An advantage of CL compared to other forms of luminescence, like pho-
toluminescence (PL) is the high spatial resolution that can be achieved. The
typical diameter of an electron beam is in the order of nanometers and the in-
teraction volume of such a beam is in the order of 100 nm, which is at least one
order of magnitude smaller than the spot of a typical laser beam. By varying
the beam energy one can also obtain depth resolved information, as the range
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of the electrons is directly proportional to the beam energy.

CL has a wide variety of applications, in geology it is used for the investiga-
tion of rock compositions. In material science CL can be used to characterize
the defects of the material [2] and the high resolution makes CL an ideal tool
in nanosciences, to investigate the properties of for example nanowires [3].

1.2 Surface plasmons and electrons

When thin metal films are bombarded with high energy electrons, instead
of cathodoluminescence a different effect occurs, which is the excitation of
plasma oscillations, in the free electron gas in the metal. In the 1950’s elec-
tron energy loss spectroscopy (EELS) measurements showed that fast electrons
passing through metal foils did not experience random loss, which would
be expected from scattering. Instead the loss spectra showed characteristic
maxima, the so-called eigenlosses, which were attributed to the excitation of
plasma oscillations, or plasmons. This effect was theoretically first described
by Ritchie [4] in 1957, and he predicted the existence of surface plasmons, that
have a lower characteristic energy than the bulk plasmons: ws, = w,/V/2.
Powell and Swan verified for an aluminium/air the existence of the surface
plasmons with EELS [5]. Since then surface plasmons are studied both with
electrons and optically, on both smooth and corrugated surfaces. Due to the
prediction and experimental verification [6] of micrometer propagation, sur-
face plasmons are now believed to have applications in optoelectronic devices.
Therefore the field of plasmonics is now a rapid expanding field, in which the
majority of research is done with optical instruments. However because plas-
monic structures very often have subwavelength feature sizes, there still is a
need for high resolution characterization. Present used scanning electron mi-
croscopes (SEMs), with beam diameters of several nanometers give the oppor-
tunity to excite surface plasmons at a well defined position with dimensions
far below the diffraction limit of light, in combination with a cathodolumines-
cence setup to image the surface plasmons.

1.3 This thesis

This thesis can be divided in two parts. In the first part cathodoluminescence
imaging spectroscopy will be introduced as a general technique, to investi-
gate the optical properties of luminescing materials. The system is new in our
laboratory and in chapter 2 will report on characterization of the CL system,
that was performed during a demonstration in September 2004. The measure-
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ments were done with rare earth doped materials, and a comparison between
the CL measurements and earlier PL measurements could be made. Chapter 3
will present CL measurements on semiconductor materials that were done in
collaboration with other research groups. It will also give a short introduction
to the interaction of electrons with semiconductor materials.

The second part of this thesis will introduce cathodoluminescence as a tech-
nique to investigate plasmonic structures. Chapter 4 will report on surface
plasmons in thin metal films. First a short introduction to surface plasmons
in metal films will be given, then the properties of surface plasmons in pla-
nar films, with surface roughness and surface plasmons in gratings will in-
vestigated. Finally the propagation of surface plasmons in metal films will
be measured, for short wavelengths. This is difficult to do with optical meth-
ods, because propagation lengths are short and high resolution measurement
techniques are required. CL imaging spectroscopy will be shown to be such
a technique. In chapter 5 preliminary measurements on metal nanoparticles
will be shown. These particles are interesting because the plasmon resonances
can be confined to several nanometers in such particles. We will show that we
are able to measure the properties of metal particles with a diameter below 50

nm.
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Chapter 2

CL setup and characterization

2.1 Introduction

Buying a new type of equipment never happens before you know what actu-
ally the ability of the setup is. This chapter reports the characterization of the
cathodoluminescence setup, that was done during a demonstration in Septem-
ber 2004. Measurements on different luminescing materials were performed,
from which most properties were also known from photoluminescence spec-
troscopy. Therefore sometimes a comparison will be made between older PL
results and the CL results from the demonstration measurements. First the CL

setup itself will be discussed.

2.2 Setup

Figure 2.1 schematically shows the excitation and collection of light. A CL
system is an extension to either a TEM or SEM. The results presented here are
obtained in a Jeol 6300 SEM (Data presented in the other chapters is obtained
in a FEI XL 30 SEM). An aluminium parabolic mirror is placed between the
sample stage and the pole pieces. Through a hole in the mirror, the sample
is irradiated with electrons and the luminescence is collected. For the most
efficient collection, the sample must be in the focal point of the mirror, which
is 1 mm below the mirror itself. Because of the parabolic shape, the mirror
reflects the light as a parallel beam into a waveguide. The detection of the light
by the MonoCL3 system can occur in two modes. In the panchromatic mode all
the emitted light is collected by the detector, while in the monochromatic mode
the light is led through a monochromator, which allows one to take a spectrum,
or make an image at one particular wavelength. Two mirrors are used for
switching between these modes. The monochromator is a Czerny Turner type
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Figure 2.1: Schematic representation of the detection of light with the
parabolic mirror from the CL system. The waveguide attached to
the mirror guides the light either to the spectrometer or directly
to the detector.

and contains two gratings, one blazed at 500 nm with 1200 lines/mm and one
blazed at 1600 nm with 600 lines/mm (See for specifications table 2.1) .

The system is configured with two detectors, which together with the grat-
ing response cover a wavelength range of 300 — 1800 nm. A peltier cooled high
sensitivity photo multiplier tube (HSPMT) has a response between 160 — 930
nm. The germanium infrared detector is cooled with liquid nitrogen and has
a response from 800 — 1800 nm. Together with the blazed gratings, this gives a
typical response for the system that is shown in figure 2.2.

In the near future, the system will be extended with a CCD array detector,
that allows one to collect spectra in a fraction of the time used now. Further-
more a polarization filter will be inserted just after the waveguide and a filter
housing will be placed just before the detectors. This enables one to select a
certain spectral band, without using the monochromator.
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Monochromator type | Czerny Turner

Focal length 300 mm

Dispersion 1.8 x 1800/ruling density (nm/mm)

Grating size 69 x 69 mm?

Entrance, exit slits 0-10 mm

Min. step size Grating dependent, 0.1 nm for high resolution

Table 2.1: Monochromator specifications
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Figure 2.2: System response of the HSPMT with the 500 nm blazed grating
(a) and the germanium detector with the 1600 nm blazed grating
(b). (a) is smoothed using adjacent averaging.

2.3 Results

The presented results will give an idea of the possibilities and different tech-
niques of the CL system. During the demonstration, samples with already
known optical properties were investigated, and sometimes a comparison be-
tween CL and PL can be made. The spectra presented in this chapter are not
corrected for the system responses, shown in figure 2.2.

2.3.1 Spectral information

Figure 2.3 (a) shows the CL spectra of silica colloids, a thin silica film, and
a thin silicon rich oxide (SiOy, x < 2) film, all doped with erbium (black line,
grey line divided by 5 and light grey line respectively). All spectra peak near
1.53 pim, the characteristic 41,3/, —* I;55 transition of Er**. Absolute intensi-
ties cannot be compared due to different beam currents (which are unknown).
As comparison figure 2.3 (b) shows a PL spectrum of the erbium doped silica
colloids, excited with a 488 nm laser. The PL spectrum also peaks at 1.53 um,
but it clearly has a higher spectral resolution.
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Figure 2.3: (a) CL spectra of uniform erbium doped silica colloids (black
line), silica film (grey line, divided by 5) and a silicon rich oxide
film (light grey line). (b) Normalized PL spectrum from uniform
erbium doped silica colloids, taken from [7].

Figure 2.4(a) shows a CL spectrum of an Er-S5i-O complex, made as de-
scribed in ref. [8], in both visible and infrared spectral range. The inset shows
a panchromatic CL image of the structure. This sample also shows charac-
teristic Er** luminescence at 1.53 ym, and in addition luminescence peaks at
980, 660 and 540, 460, 410 and 380 nm are observed. The maxima correspond to
the Iy3/9, “I11 /9, “Foja, *S3/2, *F5/2, ?Hg/2, and the *Gy; /5 transitions respec-
tively (see fig. 2.4 (b)).These transitions were not observed in the colloids, sil-
ica thin films and silicon rich oxide thin films doped with erbium (data not
shown). The difference is attributed to the differences in phonon energy of the
host material. If an energy gap between an excited state and a lower state is
smaller than typically six times the phonon energy of the host material, the
transition occurs non-radiatively; the typical phonon energy in SiO» is higher
than in the Er-5i-O complex.

Terbium is a rare earth ion which emits light in the visible region. Figure
2.7 shows the spectrum of silica colloids doped with terbium, measured with
CL (a) and PL (b), excited with a 488 nm laser. The peaks at 488 nm and higher
wavelengths correspond to transitions between the °Dy level, and different
lower states. All peaks are due to characteristic transitions in Th3" (with ex-
ception of an unidentified peak at 570 nm in the PL spectrum). Peaks with a
wavelength of 488 nm and lower are only observed in the CL spectrum, as PL
was excited at 488 nm.

Silicon nanocrystals a broad PL peak between 700 — 900 nm. An often used
fabrication process, is to implant a silica substrate with silicon and to anneal
the sample, to form the nanocrystals. CL measurements were done on two

samples doped with nanocrystals, a thin silica film, and a silica ring resonator.
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Figure 2.5: Spectra of SiO; : Tb colloids, obtained with CL (a) and PL (b),

excited at 488 nm. ((b) taken from [7])
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Figure 2.6 shows for both samples a maximum at A = 460 nm, which is not the
expected nanocrystal luminescence wavelength. This broad emission may be
caused by irradiation related defects, created during the silicon implantation.
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Figure 2.6: Spectra of silica thin film a) and silica ring resonator b) doped
with silicon nano crystals.

2.3.2 CL imaging

As stated before, the CL system has two collection modes, monochromatic
and panchromatic mode. For information on luminescence at one particular
wavelength the monochromatic mode can be used. A disadvantage is that the
intensity decreases dramatically and the widest possible band to look at is 27
nm in the visible regime and 54 nm in the infrared regime. In future a different
possibility will be to insert a filter in the light path in panchromatic mode. In
this way it will be possible to select a wider spectral band, or block a certain
regime, for example to get rid of the defect related luminescence.

Figure 2.7 shows both panchromatic (a) and monochromatic (b) images of ter-
bium doped colloids. The intensity difference can be seen very clearly. From
the monochromatic image it also seems that most luminescence comes from
the outer part of the colloids, which would mean that the largest amount of
terbium is concentrated in the outer shell of the colloids. Both images contain
a step as if the beam suddenly shifted to a different area. A possible explana-
tion is drift in the sample due to external vibrations, or charging of the silica
colloids which causes the beam to drift away. This last effect can be reduced
with a faster scanning time.

Figure 2.8(a) shows the panchromatic image of erbium doped silica col-
loids. The light in this image is emitted at 1.54,m (see corresponding spectrum
in fig. 2.3(a)). Due to the long lifetime of erbium (about 10 ms), the colloids
have a luminescing tail in this image. This image is collected with a pixel time
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Figure 2.7: Images of silica colloids doped with terbium, diameter of the
colloids is in the order of um. (a) All light from the sample is
collected (panchromatic mode). (b)Luminescence at 544 &+ 4 nm
(monochromatic mode). The sudden steps in the images can be
explained by drift of the beam or the sample.

of 1 ms/pixel, thus the erbium is still luminescing while the beam has moved
away. The system addresses the light to a spot next the colloid, resulting in the
light tails. By increasing the time per pixel this effect is reduced, but on the
other hand, it can be used to calculate the lifetime of erbium. It is very easy to
convert this image in an intensity spectrum per pixel, along a line, or several
lines averaged (the red rectangle in fig 2.8(a)). Using the pixel dwell time of
1 ms/pixel a decay trace is constructed (fig. 2.8(b)). An exponential fit to this
data gives the 1/e decay time 7 = 14.34 & 0.49ms, which is close to the typical
value of 13.5 ms in erbium doped silica colloids [7].

Charging of the sample limits the imaging possibilities. A good example of
charging can be seen in figure 2.9, were waveguides in Al;O3 : Er are shown.
This material is a very good insulator and it is almost impossible to collect an
image of this sample. Decreasing the beam current or the beam energy will
reduce the charging, but this will also lower the intensity of the light.
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Figure 2.8: (a) Panchromatic image of erbium doped silica colloids, collected
with the Ge-detector. The tails in the image are caused by the
long lifetime of erbium in combination with the high sensitivity
of the detector. This image can be used to calculate the lifetime
of erbium. (b) Erbium decay trace obtained from the image and
exponential fit on the data. The calculated lifetime of erbium is:
T = 14.34 £ 0.49ms.

Figure 2.9: Panchromatic image of the waveguides in Al;Os3: Er, with
clearly visible charging effects.
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Chapter 3

CL on semiconductor materials

3.1 Introduction

Cathodoluminescence imaging and spectroscopy is used in a wide range of
research, from geology to nano technology. It is beyond the scope of this thesis
to cover the applications of CL in these fields of research. However before fo-
cussing on the use of CL in surface plasmon research an overview of measure-
ments performed on semiconductor materials will be presented in this chapter.
Also the theoretical background of interaction of electrons with semiconductor
will be discussed.

3.2 Electrons interacting with semiconductors

The advantage of Cathodoluminescence over other luminescence techniques
is the high spatial resolution of CL. In semiconductors this is determined by
the interaction or generation volume of the incident electrons, which is the
volume in which the incident electrons undergo a series of elastic and inelastic
scattering events. The events result in electron-hole pair generation, x-rays and
cathodoluminescence. The depth to which these events happen is described by
the electron range, which is in its most general form derived by Kanaya and
Okayama [10]:

Re(pim) = (0.0276 A/pZ*%) BT, (3.1)

with E}, the electron energy in keV, A the atomic weight in g/mol, p the mate-
rial density in g/cm? and Z the atomic number. For 5 keV electrons in silicon
this gives an electron range of 0.47 um. Figure 3.1 shows simulations on the
electron generation volume in silicon and gallium nitride for 5 keV electrons.

17
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The contours indicate the fraction of incident beam energy left at that posi-
tion. Note that the scale is different; the maximum width of the generation
volume in silicon is 400 nm, while in gallium nitride it is 150 nm. Because
the A/Z°8% roughly remains constant for different materials, the difference
in generation volume is mainly caused by the density differences between Si
(p = 2.33 g/cm?)and GaN (p = 6.10 g/cm?).

0 ——

T T T 0
a
(a) (b)
100 [ g
- - 50
25%
€ 200 g €
£ L —4100 £
£ 10% =
Q.
3 . S
300 . 5%
5% - - 150
400 | g
" 1 " 1 n 1 n 1 n 1 n " 1 " 1 " 1 " 200
-300 -200 -100 0 100 200 300 -100 -50 0 50 100

lateral distance (nm) radial distance (nm)

Figure 3.1: Electron energy distribution for 5 keV electrons in (a) silicon and
(b) gallium nitride. ((a) and (b) not on the same scale)

The generation of electron-hole pairs by electrons is different than that by
photons. While a photon generates only one electron hole pair, an electron can
generate up to thousands of electron-hole pairs in a generation volume. The
creation of a single electron hole pair, by electrons requires an energy of ap-
proximately three times the band gap, independently of the incident electron
energy [11, 12]. The local generation rate of electron-hole pairs is given by [13]

Ey[,Q(1 — )

G —
eEy ’

(3.2)

where [, is the beam current, e is the electronic charge, 7 is the backscatter
coefficient, F, is the band gap energy and @ is the quantum efficiency for
electron-hole pair generation.

3.3 Quantum confined semiconductors

If a semiconductor has in at least one direction dimensions in the order of a few
nanometer, different behavior will be seen compared to bulk semiconductors,
because quantum mechanical effects come to play a role. This is why one also
speaks of quantum confined semiconductors. Quantization of energy levels
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occurs, which can be understood from solving the Schrodinger equation for a
particle in an infinite square well. In contrast to a bulk semiconductor where
there is a continuum of possible energies, in a confined semiconductor, the
energy levels are separated, given by:

n2m2h?

E, = ——
" 2ma? ’

(3.3)

with m the mass of the particle and a the width of the well, or in our case the
size of our semiconductor. If the semiconductor becomes larger, the separation
between the energy levels will be smaller, and in the limit of bulk materials
there is again a continuum in energies. Another consequence of the small size
of the semiconductor is the shift in bandgap energy. A bound electron-hole
pair, or exciton, can be viewed as an electron orbiting a hole at a certain dis-
tance, which is in analogy to the hydrogen atom, the Bohr radius of the exciton.
If the size of the semiconductor approaches the Bohr radius of the exciton, the
electron-hole pair is spatially confined, and the exciton energy increases.

Quantum wells, nanowires and quantum dots are quantum confined semi-
conductors in one, two and three dimensions. To study these materials on the
nanometer scale, CL is a very practical tool, as will be illustrated in the next

section.

3.4 Results

3.4.1 Quantum wells

In quantum wells, charge carriers are trapped in a thin planar region in the
semiconductor. Often several quantum well layers are used, separated by a
larger bandgap material. Quantum wells are used in for example diode lasers.
The structure shown in figure 3.2 consists of five double layers of 5 nm In-
GaN/10 nm GaN. These are embedded in a 200 nm GaN:Si layer at the surface
and two 1 um GaN layers under the structure. The emission wavelength of the
quantum well structure is 477 nm, and the two GaN layers emit at 360 nm. A
panchromatic image of the cross section is shown, indicating the scan path of
the linescans with the line. Linescans are collected at the emission wavelength
of GaN at 360 nm, and at 477 nm, the emission wavelength of the quantum
well. Clear variations in intensity are observed for the GaN CL. The inten-
sity dip in the 360 nm intensity profile may be caused by defects due to the
breaking of the sample, or surface defects that are created during the growth
of the different layers. The CL from the quantum wells is clearly visible near
the surface .
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Figure 3.2: (a) Panchromatic CL image of the layered structure, beam energy
5keV, beam current ... pA, inset shows schematic representation.
(b) Intensity profiles from linescan in (a), collected at 360 nm (grey
line) and 477 nm (black line).

3.4.2 Quantum dots

Because the tunability of the emission wavelength, quantum dots are frequently
used as light emitters or fluorescent labels. A thick layer of CdSe quantum dots
was spin coated on either an ITO coated silica glass sample or an Ag coated
silicon wafer. Figure 3.3 (a) shows the spectra of quantum dots on the silver
layer, for electron beam energies of 5 (grey line) and 30 keV (black and light
grey lines). For the 30 keV electrons a spectrum with a large and a small scan
area are collected. The larger intensity for the large scan area indicates that
the quantum dots are efficiently excited, and thus the larger the scan area, the
larger the luminescence intensity. The peak intensity for 5 keV electrons is
higher than for 30 keV electrons scanning a small area. This is because most
part of the generation volume for 30 keV electrons is below the layer with
quantum dots, which is about 1 pm thick. As a consequence of the electron
irradiation, the luminescence intensity decreases. Figure 3.3 (b) shows three
spectra obtained at the same position on the sample. Each spectrum took 100
seconds, and the dose was 1.5 nA /cm?. These measurements were done on a
different sample than those shown in figure 3.3 (a). The broad emission peak
can be due to the poly dispersity of the quantum dots. It can be either charging
or damage to the quantum dots that cause the intensity decrease.
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Figure 3.3: (a) Luminescence spectra from CdSe quantum dots emitting at
610 nm. Used electron beam energies: 30 keV large scan area
(black line), 30 keV small scan area (light grey line) and 5 keV
(grey line). (b) CL intensity from CdSe quantum dots, measured
several times on the same position, show intensity decrease due
to electron beam irradiation.

3.4.3 nanowires

Figure 3.4 shows results from CL measurements on ZnO nanowires, with di-
ameters in the order of a hundred nanometers. Hence quantum effects do not
play a role anymore, but still larger wires can play an important role in for
example the design of miniature lasers. In (a) the spectra are shown from the
nanowires on silica (grey line) and on gold (black line). The spectrum from the
nanowires on gold show that two luminescence peaks are observed, uv emis-
sion at 380 nm and defect related emission from the nanowire centered around
500 nm. For the nanowires on silica, defect luminescence from the substrate
(the peaks at 450 and 650 nm) dominates. In (b) a CL line trace on a single

nanowire shows submicrometer intensity variations along the wire.
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Figure 3.4: (a) Spectra from a single nanowire on silica (grey line) and gold

(black line), and panchromatic image of nanowires on silica (in-
set).The broad luminescence peak at 500 nm is defect related lu-
minescence from the nanowire, while the peaks at 450 and 650
nm are defect luminescence from the silica substrate. (b) CL line
trace along a single nanowire at 380 nm. Submicrometer varia-
tions in intensity can be measured this way.
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Chapter 4

Surface plasmons in metal films

4,1 Introduction

A surface plasmon is a bound electromagnetic wave at a metal dielectric inter-
face, due to coherent electron oscillations in the metal which decays exponen-
tially perpendicular from the surface. The electric field of the surface plasmon

is described by
E(x,z,t) ~ Epexpli(kyx — k;|z| — wt)], 4.1)

with k. imaginary to have the exponential decay of the electric field, perpen-
dicular to the surface. Solving Maxwell’s equations with the proper bound-
ary conditions, and assuming a complex dielectric function in the metal ¢, =

er, +iey,, gives the dispersion relation for k, = k, + ik, [14]

;W | EqE;
b= S «2
m
3/2
/- w EdE;n / 5;;1 (4 3)
P e \eg+ ¢ 2 (¢! )2' '
m m

For real kf, one needs ¢;,, < 0 and |en,| > €4; kg, determines the internal ab-
sorption of the metal film, and thus gives an maximum propagation of the
surface plasmon. kg, is plotted in figure 4.1 for a silver-air interface, using
measured values of the dielectric constant in the metal ¢,,,, together with the
light line, w = ck,. Figure 4.1 shows that for small k,, the dispersion of sur-
face plasmons approaches the light line. At values near the surface plasmon
resonance ws,, surface plasmons have a significantly larger k, than photons
have, in other words, the wavelength of surface plasmons is shorter than the
wavelength of photons of the same energy. It is this feature that makes sur-
face plasmons attractive in the field of nanophotonics, because it helps one to
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Figure 4.1: Dispersion relation of a surface plasmon at a silver air interface
(grey line), plotted with the light line (black line). Inset: The elec-
tric field perpendicular to the silver air interface.

shrink the photon to dimensions smaller than its own wavelength, which may
lead to the miniaturization of photonic circuits. Because of the smaller wave-
length, or larger momentum than their photonic counterpart (ks, > Kiigne),
surface plasmons are non-radiative. For coupling to the far field one needs for

example a grating to correct for the momentum mismatch, according to

ky = %sme +nG, (4.4)

with 6 the angle at which the light couples out and G the grating vector 27 /a,
with a the grating period.

Left of the light line, for E > hw, the dispersion curve for the radiative sur-
face plasmons is shown. Contrary to non-radiative surface plasmons, these
plasmon modes can couple to radiation, because their momentum is smaller
than that of light [15]. The inset shows the perpendicular component of the
electric field of the surface plasmon. This clearly shows that the field is expo-
nentially decaying, and also that the field extends much more into the dielec-
tric medium, than into the metal.

In this chapter CL measurements of surface plasmons in thin films will be
presented. First surface plasmons in plain thin films with surface roughness
and surface plasmon modes in gratings are investigated. We will also present
CL as a tool to measure the propagation of surface plasmons near w;,, where
propagation lengths are short.
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4.2 Fabrication and characterization

The measurements described in this chapter are performed on silver and gold
films, patterned with gratings ranging from 250 nm to 2 ym. The structures
are written with e-beam lithography in a PMMA layer on a silicon wafer. De-
veloping the exposed PMMA and etching with a SF¢ plasma for 50 seconds,
the structure is written in the silicon. Due to the instability of the plasma, it
is difficult to control the etching process. Therefore the depth of the gratings
varies on different samples between 60 and 85 nm. By thermal evaporation,
a metal layer is deposited on the silicon substrate. Figures 4.2 schematically
shows the fabrication process and a SEM imaged grating in silver.

PMMA spincoating
_—

(a) (b) - ‘,

E-beam exposure
and developing

lSFS etching

Metal evaporation

Figure 4.2: (a) Schematic fabrication process of a grating patterned metal
film. (b) SEM imaged grating in silver.

Figure 4.3 (a) and (b) show the roughness of the film, measured with atomic
force microscopy (AFM) and a cross section of the AFM image respectively.
The roughness can be characterized with two parameters. The root mean
square height 6 which is given by

0= \/% /AzQ(x, y)dxdy, 4.5)

characterizes the roughness. From the AFM image we obtained § = 3.7nm.

The correlation length ¢ is a measure how the roughness at one point is cor-
related to the roughness at another point. When ¢ — 0 the roughness is com-
pletely random distributed. From the auto correlation function we estimated
the correlation length to be o = 300 nm. With ellipsometry the optical con-
stants of the silver and the gold are obtained. Figure 4.3 (c) shows for both a
silver and a gold film the results, which are in close agreement with tabulated
data [16, 17]. From the optical constants the surface plasmon resonance wave-

length at the metal-air interface, Ay, can be obtained, from ¢/ ,.;(Asp) = —1.
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For silver this gives A\, = 340nm, and for gold Ay, = 361nm. Both optical con-
stants and surface roughness parameters are important in calculating the prop-
agation length, as will be shown in section 4.4.

z (nm)
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-60 -

optical constants

-804

-100
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400 600 800 1000 1200 1400
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Figure 4.3: (a) AFM measurement on a silver film (b) Cross section of (a). (c)
Optical constants measured using ellipsometry for a silver film
(black line) and a gold film (grey line).

4.3 Localized surface plasmon modes

4.3.1 Radiation by surface roughness

At the surface plasmon resonance frequency ws,, surface plasmons do not
propagate and one speaks of localized surface plasmon modes. Because these
plasmons are not propagating, it is not possible to use a grating to couple them
out. However surface plasmons can also couple to radiation by surface rough-
ness. This mechanism which is a limiting factor in the propagation of sur-
face plasmons can now be used to measure non propagating surface plasmon
modes. When the localized plasmon is excited in the film, it directly radiates
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back, due to the roughness of the film.
To study the effect of roughness on plasmon radiation in detail, CL measure-
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350 400 450 500 550 600 650
wavelength (nm)

Figure 4.4: CL intensity on a random grating structure (black line), a scratch
in the film (grey line) and on the plain silver film (dark gray line).

ments were performed on a plain silver film, a scratch in the film and a ran-
dom patterned structure in the film. Figure 4.4 shows these CL spectra (dark
grey, grey and black line respectively). The spectra peak close to the plasmon
resonance wavelength of silver (\s, = 340nm), although the spectrum from the
random structure is slightly redshifted. In addition a long tail is observed at all
spectra, which may be related to surface plasmons at wavelengths larger than
the surface plasmon resonance wavelength. The spectra from the plain films
also have a small peak at 325 nm, which is the bulk plasmon wavelength w,,
this emission comes from radiative plasmon modes. The intensity differences
between the plain film and the scratch and random structure are caused by the
increased roughness at the scratch and the edge of the random structure.

Figure 4.5 (a) shows a panchromatic CL image of the random structure in
silver. The highest intensity comes from the edges in the structure, where the
roughness is high. A monochromatic image of a silver film with a scratch, col-
lected at A = 350 nm, is shown in figure 4.5 (b). The highest intensity is again
found at the edge of the scratch. Both effects in (a) and (b) are due to surface
plasmons directly radiated to light. Bright spots also appear on the silver film,
indicating the roughness by which the surface plasmon is radiated to light, but
with significant lower intensity, as is also shown in figure 4.4.

Figure 4.6 shows CL spectra from a gold film, also taken at a random grating,
a scratch and the plain film (black, dark grey and light grey line respectively).
The spectra have a maximum at A ~ 550 nm, which is slightly above the calcu-
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Figure 4.5: (a) Panchromatic CL image of the random patterned structure in

the silver film. (b) Monochromatic CL image of the scratch in the
silver film, collected at A = 350 nm. At the sharp edges of the
film, many light is coupled out. The lighter spots at the right of
the scratch are due to surface roughness in the silver film.

lated surface plasmon wavelength for gold. A similar effect is thus found for
silver and gold, but the intensity for the data from gold is smaller which may
be caused by a smaller roughness of the gold film.

4.3.2 Surface plasmon modes in gratings

Gratings in thin metal films are used to couple surface plasmons to light, at a
characteristic angle ¢, according to:

kp = %sin@ +nG. (4.6)

Figure 5.5 shows for two grating periods (400 nm, grey line and 800 nm, black
line) the angle at which the surface plasmon is coupled out in the first order
(n=1) to the far field for a given wavelength. Since the collection mirror in the
CL system collects all the light in a range of approximately |§| < 10°, surface
plasmon radiation over a large spectral area is collected. This range extends
more to the red for a larger grating period.

To image surface plasmon radiation from gratings, a 30 keV electron beam
is scanned over a part of the grating area. In a different setting the electron
beam was defocused, to increase the spot size of the beam, with the spot po-
sitioned in the center of the grating. Both methods of excitation give the same
qualitative result, with the highest intensity observed in the scanning mode.
Samples with different grating periods were made and CL was collected from
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Figure 4.6: CL spectra measured on a gold film, with a random grating
(black), scratch (dark grey) and the plain gold (light grey).

each of them. Figure 4.8 shows the spectra measured on silver and gold films
grating pitches varying between 300 and 1000 nm. In both silver and gold,
the emission spectra varies with the grating pitch, though in gold this effect is
less pronounced. For silver in each spectrum a peak at A= 360 nm is present,
which is also observed in the spectrum of the random structure (see fig. 4.4).
This emission is identified as surface plasmons coupled out by roughness. Be-
sides this maximum other maxima appear, that shifts to higher wavelengths as
the grating period increases. The four different peaks are marked, and figure
4.9 (a) shows how the energy of the emitted light at the peaks changes with
grating period. These results shows similarities with CL measurements done
by ref. [18] on silver nanoparticles. In this research, the different maxima are
identified as localized multipole modes in the particles, that also shift to higher
wavelengths as the diameter of the particle increases. Therefore we attribute
our results to localized modes in the grating ridge, that change as either the
distance between the ridges or the width of the ridge itself changes.

The results from the gold film show a similar effect. As in figure 4.6 each
spectrum contains a maximum at A= 530 nm , close to the surface plasmon
resonance wavelength, and three other maxima can be identified as is shown
in figure 4.9 (b). Due to the rapid decreasing detector efficiency above 700 nm,
it is difficult to investigate if maxima at higher wavelengths occur. The peak
at 694 nm, which is observed in each spectrum is due to Cr*" pollution in the
system.
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Figure 4.7: First order outcoupling angle vs. emission wavelength for 800
nm and 400 nm grating period (black and grey line respectively).

4.4 Measuring the propagation of surface plasmons

Investigation of the surface plasmon propagation length, has been done al-
ready, for large wavelengths and thus large propagation lengths [6]. To probe
the propagation length at shorter wavelengths near the surface plasmon res-
onance frequency ws, is a real challenge, because one needs a high resolution
excitation and detection technique due to the small propagation length of the
surface plasmons in this regime. In this section Cathodoluminescence imag-
ing spectroscopy is presented as a tool to study the propagation of surface
plasmons near wg,. Figure 4.10 schematically shows the excitation of surface
plasmons with an electron beam (diameter < 10nm), and the coupling to the
far field via a grating in the metal.

The electron beam can excite the surface plasmon at a well defined distance
from the the grating. By scanning away the electron beam from the grating,
an intensity versus distance profile is obtained at a single wavelength. For
each wavelength the intensity has a characteristic exponential decay, which
increases for increasing wavelength. Figure 4.11 show the intensity profiles
for both silver and gold and figure 4.12 shows the propagation distance of the
surface plasmons as a function of the wavelength.

Figure 4.12 also shows a calculation for the propagation distance taking
into account internal loss (black line), caused by the absorption in the film,
which is given by [14]:

3/2 7 \2
1 ¢ [en+ed (el,)
Li= (k) =2 ( ) m) 47)
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Figure 4.8: Measured CL spectra from gratings in silver (a) and gold (b), for
different grating periods (indicated in figure). Apart from peaks
near the plasmon resonance, which are present in each spectrum,
several other maxima are detected, that are labelled with squares,
circles and triangles. The maxima at 694 nm in (b) are due to Cr3+
pollution of the system.
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Figure 4.9: Peak energy versus the grating pitch silver (a) and gold(b). The

used symbols correspond to the symbols used in fig. 4.8.

Y,

30 keV electrons

Figure 4.10: Excitation of surface plasmons near a grating, which couples the
plasmon to the far field. By scanning away from the grating,
an exponential decay in intensity is obtained, which 1/e decay
length gives the characteristic propagation.

Measured data for ¢, are used. Clearly this calculation gives larger propa-
gation lengths than the measured values. This implies that additional loss
mechanisms play a role. The grey lines in figure 4.12 also takes scattering and
radiation loss into account; due to roughness, the surface plasmon scatters to
surface plasmons in a different direction, or couple to photons. These loss
mechanisms are described by:

2 |lgl 1
=2 . 4.
3 (/e 20 o)
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3l 1
Lyga == :
rad 4 (w/c)5 252" (4 9)
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Figure 4.11: (a) CL line scans on silver, collected at 425 nm, 450 nm and 475
nm (black, dark grey and grey line respectively). (b) CL lines-
cans on gold, collected at 575 nm, 650 nm and 710 nm (black,
dark grey and grey line respectively).

using measured values for o and § from AFM for the results from the silver
film. The calculation reproduces the data for silver quite well for wavelengths
between the plasmon resonance at 350 nm and 475 nm. For larger wavelengths
an additional loss mechanism plays a role. Similarly for gold the measured
data are all below the calculations taking internal loss into account, indicating
that scattering and radiation due to surface roughness also are dominant loss
processes. The calculation done is a best fit to the data points, with final values
ofc = 500nmand d = 3.5 nm.

One might wonder what the role of the backscattered electrons is in the mea-
surements, since the typical propagation lengths of several ym is also the sur-
face radius of backscattered electrons. These backscattered electrons can thus
also reach the grating and excite the plasmons there. However there is no
reason for this process to be wavelength dependent, while the data show an
increase in propagation length of more than a factor of 20 between 550 and 710
nm for the gold film.
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Figure 4.12: Propagation distance of surface plasmons on a metal film, mea-
sured (dots) and calculated (lines). The black line is the cal-
culated propagation distance taking in to account the internal
damping, the grey line also takes the roughness into account.



Chapter 5

Surface plasmons in metal

nanoparticles

5.1 Introduction

Surface plasmons in metal nanoparticles are electron oscillations confined to
the particles. For particles with diameter d < ), the electrons start oscillating
in phase with a plane excitation wave of wavelength A. The electron oscilla-
tion, with the particle dipole plasmon frequency, produces a dipolar field out-
side the particle, which leads to an enhanced absorption and scattering cross
section for electromagnetic waves, and also an strongly enhanced near field
around the particle [19]. For larger particles also higher order modes will play
a role, due to retardation effects. Although surface plasmons in particles are
localized, there can be interaction between particles, which leads to a split-
ting of the plasmon peak, depending on the interparticle spacing. The spectral
position of the peak for longitudinal modes will shift to the red, and for the
transversal mode will slightly shift to blue. The interaction between particles
can be used to make particle waveguides, in which the electromagnetic energy
can be transported at subwavelength dimensions. At one end a plasmon is ex-
cited, which then couples to the other particles in the plasmon waveguide. [20]
For such plasmonic nanostructures high resolution characterization is neces-
sary, which can be achieved with CL imaging spectroscopy. In this chapter
some preliminary results will be shown, from CL measurements on metal
nanoparticles and metal shell particles. Also the excitation of surface plasmon

resonances with electrons will be discussed.
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5.2 Theory

The interaction between a fast moving electron and a metal nanoparticle leads
to the emission of light, due to coupling of the electron and the plasmon modes
in the particle. If an electron passes near a metal particle, the electric field gen-
erated by the electron can be decomposed in multipole components. Each
component is scattered by the particle, giving rise to an induced or scattered
electric field. This radiation is collected as the emission from the particle, and
in case of energy loss measurements, this field is responsible for the loss, by
acting back on the electron. An assumption of this model is that the electron
does not pass through the particle, but passes near the particle. It will indeed
be shown that the highest emission intensity will be obtained if an electron
passes near the metal particle. Calculations are done for both relativistic elec-
tron velocities [21] and non-relativistic velocities, without considering size ef-
fects in the particle [22]. The energy loss in the non-relativistic case is given

by:

l

ploss :;li Z <v)2l(l+m)(l_ -

b e—1
K2 “’)1 () ka < 1 1 1
2 (D (). k<l vesl (5.1)

with a the diameter of the particle, b the impact parameter of the electron tra-
jectory (b > a), v the electron speed and K,, the modified Bessel function.
Figure 5.1 shows the loss probability for a 50 nm particle, with impact param-
eter of 52.5 nm and a 30 keV electron beam. At A\ = 500 nm, k/a ~ 0.6 and
for a 30 keV electron v/c = 0.33 which means that equation 5.1 is a reasonable
approximation. The dielectric function ¢ is described by the Drude dielectric

function

2

5(w) =1- T—T—in)’ (52)

with wy, the plasma frequency and 7 the electron gas damping. The grey line in
figure 5.1 is calculated with 7 = 0.02 w), and the black line with 7 = 0.15 w,,. The
difference in damping factor has several consequences. For small damping,
different multipole modes contribute to radiation, while for the large damping
only the [ = 1 or dipole mode contributes. The width of the peak increases
drastically for large damping and the intensity decreases.
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Figure 5.1: Loss probability for an electron passing near a 50 nm gold par-
ticle, calculated with a damping of n = 0.02 w, (grey line) and
n = 0.15 w, (black line). The different peaks for the low damping
calculation correspond to different multipole modes.

5.3 CL spectroscopy on single particles

Drops of nanoparticles in solution were deposited on a silicon substrate, where
after drying, they lie isolated and in clusters. Particles were irradiated with an
electron beam with a maximum energy of 30 keV, that was scanned over the
region of interest. Figure 5.2 (a) shows a spectrum of a 110 nm gold particle,
irradiated with a 30 keV electron beam. Several maxima are clearly visible, at
525 nm and 640 nm and a shoulder at 550 nm. The peak at 694 nm is attributed
to emission from Cr3* impurities (sapphire?) of the system. This result is
in good agreement with the measurements done by Yamamoto et al on silver
nanoparticles [18]. The different maxima are attributed to dipole and higher
order multipole modes in the particle.

Figure 5.2 (b) shows a line scan, over the particle, collected at A = 525 nm.

The vertical dashed lines indicate the particle edges. This result clearly shows
that the highest intensity is obtained when an electron passes near a particle.
Again this is in good agreement with earlier measurements on silver particles
[18].
Measurements performed on smaller gold particles show different behavior.
Figure 5.3 shows the spectrum and a line scan (A = 540 nm) from a 45 nm gold
particle. The spectrum only shows a single peak at 550 nm and the linescan
does not show the same characteristic shape as in figure 5.2 (b), but again ex-
citation occurs when the electron beam passes near the particle.

Figure 5.4 shows the spectra of silica/gold/silica core/shell/shell parti-
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Figure 5.2: (a) CL spectrum from gold nanoparticle (d = 100 nm), with max-
ima at 525 and 640 nm. (The peak at 694 nm is attributed to emis-
sion of Cr?* impurities.) (b) CL line scan over the particle, col-
lected at A = 525 nm, showing excitation of modes when the beam
passes near the particle.
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Figure 5.3: (a) CL spectrum of small (50 nm) gold particle. (b) CL linescan
over the particle, collected at A = 540 nm.

cles, both spherical shaped (black line) and deformed by ion beam irradiation
(grey line) (fabrication: see ref [23] and cited references therein). The unde-
formed particle has a maximum at A = 625 nm, which is in agreement with
optical extinction measurements [23]. The maximum for the deformed parti-
cle is clearly blueshifted with respect to the underformed particle.

5.4 Coupling between metal nanoparticles

As mentioned in section 5.1 surface plasmons in metal nanoparticles can in-
teract with neighboring particles, leading to a splitting of the surface plasmon
peak [24]. CL is used to measure the shift of the plasmon peak due to cou-
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Figure 5.4: CL spectra from undeformed (black line) and deformed (grey
line) silica/gold/silica core/shell/shell particles. The spectrum
from the deformed particle is clearly bueshifted with respect to
the undeformed particle.

pling between particles. A tilted sample was used, to excite both longitudinal
and transversal modes in the particles. Figure 5.5 show spectra from a sin-
gle particle (grey line, same spectrum as shown in figure 5.3) and a cluster of
many particles (black line). A small red shift in the spectrum from the cluster
is observed, which is attributed to longitudinal coupling of surface plasmons
between the particles. A splitting of the peak is not observed, which may be
attributed to the fact that the blue shift of the plasmon peak, due to transversal
coupling is much weaker than the redshift due to longitudinal coupling.
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Figure 5.5: CL spectra from single gold particle (black line) and a cluster of
many particles (grey line), with diameter d = 50 nm. The spec-
trum from the cluster of particles is slightly redshifted, which is
attributed to longitudinal plasmon coupling between the parti-
cles.
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