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Abstract

Surface plasmon polaritons (SPPs) provide a route towards miniaturization of optical compo-
nents, which has many possible applications in the field of information technology.

The most basic component in guiding of signals is a wire. A gold wire is able to support SPPs,
and has interesting optical properties that are not available to conventional waveguides. In this
work, we study the photonic properties of gold nanowires, or nanorods, with diameter on the order
of 100nm and lenghts of 350nm to several microns, using cathodoluminescence (CL) spectroscopy.

Nanorods or rod-like structures were fabricated using e-beam lithography, template growth
and Focused Ion Beam (FIB) milling.

FIB is presented as a tool for nanophotonic sample preparation and it is shown how the high
resolution of the ion beam in combination with the homogeneity of a single crystal gold sample
allows for fabrication of plasmonic nanostructures with unprecedented detail.

Finite-difference time-domain (FDTD) simulations have been performed on nanorod geome-
tries to study plasmonic modes that are supported by this configuration. It is shown that gold
nanorods have organ pipe-like resonances with an an integer number of electric field antinodes
on the rod. Next to isolated rods, also elongated gold ridges on a single crystal gold surface are
shown to have geometrical resonances. The simulations also show that the wire mode resonances
have shorter wavelength than their plain film SPP counterparts.

We made use of the small beam spot of a modern Scanning Electrion Microscope (SEM) to very
locally (< 10mm) excite resonances on gold nanorods. By analyzing the CL signal as a result of this
excitation we find both the excitation efficiency at a location as well as the spectrum of modes cor-
responding to the sample. These measurements show that the efficiency of wire mode excitation
by the electron beam is modulated along the wire, which is in agreement with the electric field in

simulation.
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Chapter 1

Introduction

Surface plasmon polaritons (SPPs) are collective oscillations of free electrons at the surface of a
metal [1]. SPPs offer a way to manipulate light on a sub-wavelength scale. The strong localization
of the electric field in plasmonic structures holds promises for the construction of nanophotonic
devices [2, 3, 4].

A possibly important part of such devices is a metal nanowire [5]. Nanowires have been shown
to support plasmon propagation [6, 7]. Shorter nanowires (nanorods) can sustain standing plas-
mon waves because the wire ends reflect the oscillation. This has been studied in bulk [8, 9] and
using near-field techniques [10, 11]. It was shown that the wire modes behave like organ pipe
modes, and that in the optical regime the dispersive material properties become important [12].

Nanowires can thus be used for plasmon transport, but even the nanowire by itself can be used
as a plasmonic application because of the high field enhancement near wire ends and between
wires [13, 14].

This thesis describes how we used cathodoluminescence as a new method to probe nanowire
mode behaviour.

Cathodoluminescence (CL) is the luminescence of a material as a result of excitation by elec-
tron impact. CL has been used to generate light and plasmons [15, 16]. Furthermore, it was shown
that using a very small beam width plasmon propagation could be measured [17, 18] and that CL
can be used to map the spatial properties of resonances [19] on a nanoscale.

We discuss the use of CL in a Scanning Electron Microscope (SEM). The SEM is designed to
have a very small electron beam width, which makes it a perfect setup to exploit the high sensitiv-
ity of luminescence on the nanoscale electron beam position. Combined with conventional high
resolution spectroscopy this system allows for a detailed characterization of nanostructures.

Nanowires as plasmon resonators are an interesting model to verify the spatially varying exci-
tation of modes and the dependence of excitation efficiency on modal field [20]. It has also been
suggested that CL emission is related to the local density of states (LDOS) at the electron impact
location. In the case of nanowires, the LDOS pattern is modulated along the wire [21].

Sample fabrication was partly done using Focused Ion Beam (FIB). We used FIB for the fabri-
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cation of nanowire-like structures. The FIB work is described in detail in chapter 2, where FIB is
more generally presented as a tool for nanofabrication.

In order to compare CL measurements performed on nanowire geometries to the electric field
of modes in such structures, we simulated these modes using a Finite-Difference Time-Domain
(FDTD) technique. This work is described in chapter 3. We find resonances and mode profiles that
agree with the organ pipe-like behaviour we expected.

Chapter 4 contains the CL measurements. Three different types of nanowires are investigated.
It is shown that the CL signal from a nanowire has a number of maxima on the wire that depend
on the detection wavelength. This is a strong indication that we are indeed probing mode profiles.
Finally measurements on annular structures are presented that also indicate that these structures
have a strong mode behavior.



Chapter 2

Focused Ion Beam as a tool for

nanophotonic sample preparation

This chapter gives a short introduction into Focused Ion Beam (FIB), and continues with an overview

of the results we obtained by patterning sample substrates with nanostructures using FIB.

2.1 Introduction

In the early 1950’s Scanning Electron Microscopy (SEM) was a well developed technique for study-
ing features on a substrate with a spatial resolution of ~50 nm [22] (today: 1 —20nm). It has taken
until 1975 with the discovery of a Liquid Metal Ion Soure (LMIS) before an ion beam of reasonable

beam current could be focused to a sub-micron beam spot.

Before the discovery of the LMIS it had not been possible to generate either sufficient ion beam
current or a sufficiently narrow beam. Figure 2.1 shows a typical gallium LMIS. The tungsten coil
forms a reservoir for liquid gallium, that is liquified through a current in the tungsten wires. The
gallium wets the protruding part of the source, that is shaped such that the radius of curvature of
the tip is of the order of 100 nm. By application of a moderate (kV) voltage between the tip and
an extractor (figure 2.1), the electric field in the direct vicinity of this tip becomes high enough to
ionize the metal ions. The result is a sub-nanometer virtual ion source.

Although ion beams of many different metal ions have successfully been created [23], gallium
is the only metal that was ultimately used in commercial systems, because of its superior wetting
properties.

In every FIB system the ion beam is accelerated, directed and focused by a lens system that is
very similar to that in an electron beam column (figure 2.1).

When an ion beam hits a sample surface, a great number of processes occur. Figure 2.2 illus-

trates the phenomena that are of main importance for applications.
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Figure 2.1: (a) Schematic of a FIB column. After ion extraction the beam is collimated and focused
by multiple lenses. (b) Typical Liquid Metal Ion Source. This specimen is a gallium
source.

ignoluminescence atoms
4

){-f o -

* phonons
chemical reactions {heat)

atems displaced,

Figure 2.2: Ton hitting a surface: sputtering, secondary electrons, ion implantation, displacement,
ionoluminescence.
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2.1.1 Applications of FIB
Imaging

Similar to an electron beam, the ion beam can be deflected in the column, which allows for focus-
ing at any desired position on the sample within the 'field of view’. The secondary electrons that
are generated during ion exposure can be detected by ordinary electron detectors. Therefore ev-
ery modern FIB system can be used as a scanning ion microscope, by setting it to an image mode
where ion beam scanning and electron detection are synchronized. In a dual beam system (i.e.
with an electron column and an ion column), one detector detects secondary electrons that result
from interaction of the sample with either the ion beam or the electron beam. In case the detector
bias is set to a negative value, backscattered ions can be detected.

In imaging mode, the FIB reveils sample geometry in roughly the same way the electron beam
does.

There are some differences in the interaction of the ion beam and electron beam with the sam-
ple, however. Apart from the destructive character of the ion beam, the secondary electron contrast
generated either by e-beam or ion beam is different. The secondary electron generation by the ion
beam is very sensitive to the crystal lattice orientation of the sample, which is less so with the elec-
tron beam. This is caused by channeling of ions through the crystal, which is strongly dependent
on the angle of incidence. This makes FIB very suitable for imaging grains [24] of different lattice
orientations.

Imaging mode is furthermore used to focus the ion beam for applications described in the next
paragraph.

FIB milling and deposition

A FIB with sufficient beam current sputters away material. Since modern beams have a high spatial
resolution, i.e. a nanometer beam spot, milling can be done at a very small scale (~30nm). Milling
of samples to form nanostructures is currently the most important application for FIB. Apart from
fabrication, milling can also be used to investigate the inner structure of a sample.

Milling can be performed in the presence of a vapour. This allows for higher milling rates or
selective etching of different material composites.

Other gases enable the FIB to deposit material on the sample surface. Mostly platinum- and
carbon containing compounds are used.

Similar to effects in ion imaging, also the etch rate is influenced by crystal lattice orientation.
This can be very important in polycrystalline materials. Here the different milling rates can in-
crease additional roughness by etching some grains faster than other grains.

Milling rates can also vary considerably between different types of materials. Therefore, the
first step in a new nanofabrication process is perform dose tests to check etching rates. Beam
current, dwell times and pixel step values have to be optimized in order to reach both sufficient

pattern definition accuracy and milling speed. A smaller beam current for instance gives a lower
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milling rate, but increases accuracy. When minimization of total milling time is important the
choice of beam current is a tradeoff.

After ion irradiation with the parameters of choice, the depth can be measured from a scanning
electron micrograph, taking into account the angle between the sample normal and the electron
beam. This method is quick and perfectly suitable for objects with sharp edges and a moderate
aspect ratio, but is less precise in other cases. In those cases it is an option to calibrate the mill
depth with AFM or STM.

The link between dwell time and mill depth is only linear for very shallow structures (~10nm).
For a long dwell time, there is an effect that disturbs this linear dependence. Next to the beam
spot, there will be a wall of material that has not yet been removed. Effectively, when milling at this
point, the ion beam will be incident under an angle. This increases the milling rate. The result is
that scanning in a certain direction increases the etch depth while performing the scan, because
the increased etch rate on the edge will make the pattern deeper and deeper. This problem can be
solved by scanning with multiple passes, where each pass has limited pixel dwell times. A second
effect that influences milling rate, is backsputtering. In a deep, high-aspect ratio pattern, more
atoms will be backsputtered onto the walls at the edge of the pattern than in a shallow pattern.

2.2 Methods and Results

2.2.1 FIB system

A FEI Nova 600 system (figure 2.3) was used for patterning. This is a dual beam system; maximum
acceleration voltage of the e~ and Ga* column both is 30kV.

The system comes with software that allows for use of bitmaps. This enables per-pixel control
of dwell times for a rectangular pattern. On this particular setup, is is not possible to choose the
order in which the pixels are being scanned.

In case the pixel distance as set by the user becomes comparable to the smallest step of the
digital analog converter (DAC) of the beam deflector, an effect, known as aliasing (i.e. some pixels
are double exposed and others are skipped), can become an issue. In fact, this is only a problem at
low magnification, where the DAC step becomes larger than the milling resolution.

The horizontal and vertical lines in figure 2.4 are a result of aliasing. The design structure was
a homogeneous rectangle.

2.2.2 Single crystal gold

Coin-shaped single crystal gold substrates, grown using the Czochralski process [25] and polished
on the <111> surface, were obtained from Surface Preparation Laboratory, Zaandam, the Nether-
lands. With SEM a lateral roughness was found of < 10nm.

Since the ion beam milling rate strongly depends on crystal orientation, the single-crystallinity

of this sample was expected to be a great advantage in acquiring a high degree of depth control.



2.2 Methods and Results

11

Figure 2.3: A Nova 600 FIB workstation.

Figure 2.4: An example of aliasing problems. This is the result of etching a square with the ion
beam set to a low magnification (2490x). In this case one DAC step corresponds to
13nm on the sample.
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Figure 2.5: Scanning electron micrograph of a half-circle groove pattern made with FIB on single
crystal gold. A 1500 pixel wide bitmap file was used to define the structure. It was
scanned in 39 passes using a 1 us dwell time per pixel and a 87 pA beam current.

A beam current of 87pA gave a high milling rate with acceptable resolution on the single crystal
gold. A pixel step of 14nm was sufficiently small to retain smoothness of the sample during etching
of the surface.

Figures 2.5, 2.6, 2.7 and 2.8 give examples of geometries that were fabricated on the slab of
single crystal gold.

2.2.3 Patterning of gold nanorods

Aside from the patterning of substrates FIB can also be used to pattern existing structures. Fig-
ure 2.9 depicts a schematic of a gold nanorod patterned with a grating at both ends of the rod. We
want to mill such a structure to investigate the influence of a grating on confinement of surface
plasmon modes on a wire.

Metal nanorods were obtained by electrodeposition in alumina templates [26], of which the
synthesis was performed by Woo Lee!. After dissolution of the alumina template, the rods were
transfered to a solution of anhydrous ethanol.

Both 60 nm diameter and 200 nm diameter rods were synthesized using this method. Disper-
sion in length of each of the types gave a range of 1 pm to ~20 pum in length. After deposition on a
silicon substrate most of the rods formed clusters although some rods were found isolated on the
substrate. Besides, longer rods could be isolated more easily, but they also tended to bend.

1Gésele group, Max Planck Institute of Microstructure Physics, Halle, Germany
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(a) 100nm deep

Figure 2.6: SEM image of rings with different depths, milled in the single crystal gold surface. The
images are on the same scale. Patterning information was set in a script file. Depth
was calibrated using an FEI Si materials file. Milling depth was set to 10, 25 and 50 nm
respectively, which would approximately have been correct for silicon. Beam current

(b) 250nm deep

(c) 500nm deep

was 87 pA. The magnification that was used during FIB milling was 10000x.

Figure 2.7: The single crystal substrate allows for precise depth variations, for example in this pat-
tern, that was made using a BMP containing sinusoidally varying pixel values. This
pattern was made using a 1000 pixel wide BMP file. Dwell time was 20 us per pixel. The
milling process was monitored using the SEM and stopped after an unknown number

of passes.

m!

B



14 Focused Ion Beam as a tool for nanophotonic sample preparation

Figure 2.8: A single gold crystal nanorod (a so-called subtract wire) fabricated by removing the
material around it. The pattern information was set in a BMP file. Milling was per-
formed with 4 us per pixel in 40 passes using a 10 pA beam current.

gold nanorod

substrate

Figure 2.9: Schematic of a gold nanorod with a grating.
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Figure 2.10: Short template-grown gold nanorod rod on silicon. The dark vertical lines show the
location of FIB milling. The wire is thinner at the position of these lines.

The dissolved nanorods were deposited onto a heavily doped silicon substrate. The conductiv-
ity of this substrate avoided charging problems in both FIB and SEM.

Using SEM imaging, isolated rods were located. Aligning the ion beam was impossible in scan-
ning ion imaging mode, because the milling rate on the rods was very high. A very precise align-
ment between electron and ion beam had to be performed to accurately position patterns on the
rods.

For these rods we used a beam current of 10 pA.

On 1-5 pm long rods with 60 nm diameter 3—4 grooves with a Gaussian shape and a width of
~40-50nm were patterned. The groove pitch was varied between 200 and 380nm on different rods.

Figure 2.10 shows a SEM images of a patterned wire (& 60nm). These results confirm that even
on very thin wires it is possible to make smooth and regular indentations.

The longer rods (5-15pum) could be patterned with a longer series of grooves (pitch 250-500nm),
essentialy a grating.

The spacing between the gratings at the ends of the wire was 7 to 16 periods, depending on the
length of the wire.

2.2.4 Patterning of an evaporated gold film on quartz

A thin gold film was deposited onto a fused silica substrate with LN-cooled, argon ion assisted
evaporation in an e-beam evaporator, by Martin Kuttge.

Charging as a result of the silica substrate makes using the FIB more difficult on these samples.
In contrast with the single crystal gold, the silica is non-conductive. FIB milling is now possible,
but care has to be taken to avoid charging of the gold layer. This can be done by grounding using
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Figure 2.11: A gold nanorod with two gratings on a silicon substrate. The FIB milling area can be
seen as dark lines on the substrate.

silver glue. Figure 2.12 shows an example in which the FIB was used to mill a grating in a thin gold

film that would reveil the silica substrate.

2.2.5 Sample analysis
Au-shell colloids

Silica-core gold shell colloids, coated with a 40nm silica layer, were deformed into oblate ellipsoids
by MeV ion irradiation [27] on a silicon substrate, performed by Joan Penninkhof.

It was unknown what the ion induced deformation would do to the gold layer. We used FIB to
prepare the sample for a measurement of gold layer thickness by making a cross-cut of a particle
(figure 2.13).

This was done by milling away one half of the bead. In this case it is not important to mill
a perfect box, but the cut through the bead should be flat and uncontaminated. This is done by
scanning the FIB in a transverse line, some distance away from the bead, slowly moving towards
its center. The cut surface is always 'fresh’ and has virtually no backsputtering contaminations.

The results show that it is very well possible to make such a cut through these beads. The
transparency in the images is caused by the high acceleration voltage of the electron beam, which
is 30kV. These images allow us to make a very rough estimate of the gold layer thickness, but the
transparency and the moderate angle to the cut prevent an accurate measurement.

Additional SEM imaging with higher tilt and lower acceleration voltage are necessary to gain a

better view of the cut and allow for a more precise thickness measurement.
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Figure 2.12: A grating on a 30 nm thick gold film on a silica substrate. The dark lines show the
substrate; only thin strips of gold remain in between. The bright line in the center is
a strip of gold that is not connected to the rest of the film. It is brighter because of
charging due to the SEM electron beam.
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(a) (b)

Figure 2.13: Beads before (a) and after (b) ion beam deformation that have both undergone FIB
milling. It can be seen that at 30kV the beads are rather transparent for electrons. FIB
milling reveiled a cut through the wires to allow for a precise measurement of the gold
layer thickness.



Chapter 3

FDTD simulations of gold nanorods

This chapter describes the finite-difference time-domain (FDTD) [28] simulations that we per-
formed to acquire insight into the electric field intensity distributions on and around resonating

gold nanowires for comparison with experimental results.

3.1 Methods

Structure design, simulation, and most analysis
was done with MaFIA [29], a commercial FDTD
package.

For excitation of a broad spectrum of modes
we made use of a ringdown method [30]. In this
technique a low-frequency plane wave excitation
is imposed on a predefined structure. Scattering
from discontinuities in the structure leads to the
excitation of plasmonic modes. In a second step,
the structure is allowed to 'ring down’ and only
resonant oscillations will remain. Analysis of the
electric field in the ring down phase yields the fre-
quencies that are resonant with the investigated
structure.

The electric fields as a function of time
around the structure are studied when excited
at different resonance frequencies that can be Figure 3.1: Model of the nanowire, as used
learned from the ringdown. This shows the elec- in MaFIA. The gold nanorod is

tric field distribution for every mode. represented by a 500 nm long,

100 nm diameter cilinder.
We investigated a gold cilinder, suspended in

vacuo in the center of a box of 2 x 1 x 1 um? or

19
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attached to a gold substrate in a larger box (4 x 4 x 3 um?’). We used 2 and 3 million grid cells,
respectively.

Length and diameter of the wire were 500 and 100 nm, respectively. Figure 3.1 shows this con-
figuration.

The electric field strength is monitored at several points along the wire and at its center.

The material parameters of the gold were modeled with the Drude model (equation 3.1). We
used €static = 2.0, €high = 1.0, ®Wplasma = 1.08- 101 Hz, voliision = 4+ 1013 rad/s.

2
(es— Gh)a)p

€r=€p— (3.1)

w?—iwv,

3.2 Results

3.2.1 500nm nanorod

Figure 3.2a shows the z-component of the electric field (pointing along the wire) at a point on the
cilinder at the rod center during ringdown after excitation at 200 THz (= 1.5 um). The plane wave
k-vector was perpendicular to the wire axis. A snapshot of the electric field distribution for this

geometry is shown in figure 3.3a. The Fourier spectrum of the ringdown is shown in figure 3.2b.
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Figure 3.2: (a) z-component (along the wire) of the electric field during ringdown of the nanorod
in vacuo after 200THz excitation, monitored at a point located on the surface of the rod
at the rod center. (b) Fourier spectrum of this signal, showing the resonant frequencies.
Peaks at 400 THz (749 nm), 575 THz (521 nm) and 620 THz (484 nm) are indicated by
arrows.

Resonant peaks can be distinguished. Three prominent frequencies are 400 THz, 575 THz and
620 THz, indicated by arrows in the figure. In figure 3.4 we compare electric field snapshots along

the wire at these different resonance frequencies.
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Figure 3.3: Three different ways of wire excitation. Colors represent electric field component in
vertical direction. (a) A plane wave is incident from the left, having its wave vector
perpendicular to the wire axis and polarization parallel to the wire axis. (b) Two dipoles
excite modes with opposite electric fields on the wire ends. Dipoles are aligned with
the wire axis. (c) A plane wave incident under an angle such that there is 180° phase
difference on the wire ends. Polarization is along the blue and yellow bands in the
image.

(b)

(a) 749nm (3 antinodes) (b) 521 nm (5 antinodes) (c) 484nm (7 antinodes)

Figure 3.4: Snapshots of the z-component of the electric field (direction along the wire) in a plane
through a gold nanowire of 500 nm length and 100 nm diameter. The wire was excited
using a plane wave with direction inside the paper and polarization along the wire axis
at different wavelengths that are indicated in the figure. Green indicates zero field, red
and blue correspond to right and left pointing fields, respectively. These images show
that after excitation an odd number of field antinodes appears on the wire.
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Figure 3.5: Ringdown spectrum after dipole method excitation. This graph shows the Fourier
spectrum z-component of the electric field monitored at a point located on the sur-
face of the rod at the rod center. The graph shows that other peaks appear than in the
plane wave ringdown spectrum (see figure 3.2), which are attributed to modes with
even number of antinodes on the wire.

For excitation with k perpendicular to the wire axis we only find modes that have an odd num-
ber of electric field antinodes. Based on symmetry arguments this implies that the field has equal
direction at the wire ends. It is however expected that also modes with even number of antinodes
exist [12], and that have opposite field direction at the ends. The plane wave that was used for the
excitation part of the ringdown procedure had equal phase at both wire ends and is not expected
to excite these modes efficiently, if at all.

We used two dipoles that oscillated at 200 THz with a 180° phase difference at the wire ends
to excite modes with even number of antinodes. An electric field snapshot of this excitation con-
figuration is shown in figure 3.3b. After this excitation we let the system ring down again. This
ringdown was again monitored near the wire center. The Fourier spectrum of the z-component of
this field is shown in figure 3.5.

The resonance spectrum derived from this ringdown yields resonances that are different than
those in figure 3.2. The modes that were found with the dipole excitation method were subse-
quently excited at their resonance frequencies using plane wave excitation according to figure 3.3c
with a tilted plane wave, such that the field at the ends of the rod had opposite direction (fig-
ure 3.3¢). The tilt angle was thus frequency dependent.

Figure 3.6 shows snapshots of electric field profiles of these modes with even number of antin-
odes.
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Figure 3.6: Snapshots of the z-component of the electric field (direction along the wire) in a plane
through a gold nanowire of 500nm length and 100nm diameter, showing an even num-
ber of antinodes on the wire. The wire was excited using a plane wave not perpendicu-
lar to the image plane, but tilted over a certain angle in order for the wire ends to have a
180° phase difference. Excitation was at different wavelengths indicated in the figure.
Green indicates zero field, red and blue correspond to right and left pointing fields,
respectively.

To each mode we assign a spatial frequency k from the number of antinodes 7 and the wire
length [ according to k = wn/l [12]. To set this relation, we assume that the resonances we observe
are found for cases where two travelling plasmon waves on the rod travel in opposite direction and
reflect at the wire ends. No phase shift at the reflecting ends is assumed.

Figure 3.7 shows the mode frequency as a function of the corresponding spatial frequency k, i.e.
a dispersion relation for wire modes. The number of antinodes is indicated at each data point. The
plot also contains the theoretical dispersion of a gold film using the same Drude model parameters
as for the wires, and the light line in vacuum. The graph shows that the modes that are present on
the wire have larger k than the surface plasmons on the planar film of the same frequency.

At 300 THz we do observe a small resonance in the ringdown (see figure 3.5), but using plane
wave excitation this mode cannot be excited even at large angle. Interpolation of the dispersion

relation suggests that this frequency corresponds to the mode with 2 antinodes.

3.2.2 Transverse resonances

Next to modes that are equivalent to plasmons propagating in the wire direction, which we will
call longitudinal modes, there are so-called transverse modes, which correspond to plasmons that
propagate perpendicular to the wire axis. We are mostly interested in the longitudinal modes, but
we also did a simulation that gives information on these modes.

First we look again at the ringdown of the 500 nm nanowire, but we look at a different position
and at a different field component. The black line in figure 3.8 shows the Fourier spectrum of the
x-component of the electric field, which is perpendicular to the wire, monitored at the wire end.
At the wire end we can monitor the effect of the longitudinal modes (with e-field along the wire, i.e.
along the z-axis) in the x-component of the field because the wire end scatters. As a consequence
we still see the peaks that were present in the ringdown in figure 3.2b in the ringdown spectrum

of figure 3.8. In addition we see peaks at higher frequency than the asymptote in figure 3.7. We
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Figure 3.7: Dispersion of gold nanowire modes (numbered dots) determined from electric field
distributions taken at characteristic resonance frequencies. Spatial frequency was de-
termined by dividing the wire length by the number of maxima on the wire. The blue
line shows the dispersion relation for a planar gold film. The graph shows that the wire
resonances have a shorter wavelength than planar SPPs. The light line in vacuum is
plotted in red.
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Figure 3.8: Ringdown comparison between 500 nm and 600 nm long wire. Shown is the Fourier
spectrum of the x-component of the electric field, monitored at the wire end.

attribute these peaks to transverse resonances.

We performed another wire ringdown simulation with as only difference an increased wire
length of 600 nm. The Fourier spectrum of this ringdown, of which we also monitored the x-

component at the wire end, is plotted in figure 3.8 as a red line.

In this ringdown spectrum, the high-frequency peaks do not change as the wire length in-
creases, but the lower-frequency peaks all redshift. This distinguishes the transverse from the lon-
gitudinal resonances, because the former are not dependent of wire length but the latter are.

3.2.3 Subtract-rod

Finally we simulated a gold nanorod on top of a gold substrate as a model of the FIB sample shown

in figure 2.8. Figure 3.9a shows the geometry in MaFIA. The gold substrate was modeled by a 3 um
wide block that almost filled the simulation box.

Also on this structure we used the ringdown technique to excite modes. Figure 3.9 shows an
electric field snapshot during plane wave illumination at 450 THz, one of the ringdown peaks.

We performed this simulation to show that this structure also shows plasmonic modes. We
did not do a complete simulation of this structure, because in most cases the driving incoming
wave sets the whole structure to an oscillation, which complicates identification of resonances
that originate only from the wire.
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(a) (b)

Figure 3.9: (a) The subtract-rod configuration. A 4 x 4 x 3 um box with a gold slab on which a
500 nm long wire is positioned. (b) Snapshot of the z-component of the electric field
around this structure at 450 THz. In this case, the plane wave direction is inside the
paper and the polarization is horizontal. On the wire the antinodes of a standing wave
can be distinguished, similar to the wires that were shown before. Inset: enlargement
of the wire area.

3.3 Conclusions

These results show that the resonant behaviour of gold nanorods can be studied using FDTD.
We showed that a wire can support multiple resonances in the visible. The modal electric field
is strongly modulated in a node pattern along the rod.

It has also been shown that the dispersion curve for the resonances on the wire substantially
differs from dispersion relation for the semi-infinite gold-vacuum interface SPP.

The electric field snapshots give us a qualitative idea of the geometrical properties of a wire
resonance. The simulations presented here lack incorporation of a silicon substrate that usually
supports the rods. This would be a next step in future work. In addition, a determination and
implementation of optimal Drude parameters would allow for more quantitative statements about

the resonance frequencies we expect in experiments.



Chapter 4

Cathodoluminescence measurements on

plasmonic nanostructures

4.1 Introduction

This chapter reports on the measurements of cathodoluminescence (CL) signal on gold nanowires
and annular structures upon irradiating these structures with a 30kV electron beam. A modu-
lated intensity profile along the nanowire, as seen in FDTD experiments, was indeed observed in
experiment. This shows that CL is able to map the field distribution of plasmon modes in metal

nanowires.

4.2 Setup

The setup we used for CL measurements is a FEI X1.30 SEM in combination with a Gatan CL system.
Figure 4.1 shows how luminescence generated by the electron beam is collected by a paraboloidal
aluminum mirror that sends a collimated beam into a spectrometer. The mirror focus on the sam-
ple is ~50 um in diameter at a SEM working distance of 12.4mm. The spectrometer is part of the
Gatan system and uses a 150lines mm ™! grating and a Princeton Instruments Pixis:100F CCD de-
tector with a 1340 x 100 pixel array. The signal was obtained by binning over the 100 pixel width of
the CCD.

The system uses a software package called Digital Micrograph, that communicates with the
detectors and controls the scanning of electron beam. We have used it to scan the electron beam
either in a 2D grid or on a series of spots on a single line, during which for each pixel a full spectrum
is collected on the CCD. We call these acquisition modes spectral image and line scan, respectively.

All measurements presented here were background subtracted by subtracting an average over
a few pixels for which the e-beam was dwelling on the substrate. We also corrected for CCD sensi-

tivity. The grating efficiency was not known so it was not taken into account.

27
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Figure 4.1: CL collection configuration. The electron beam falls through a hole in the paraboloidal
mirror. Light generated by the e-beam is collected by the mirror, which has a ~50 pm
focus on the sample. It has a large collection angle (~90°in both directions). The light
guide on the left guides a parallel beam into the spectrometer.

4.3 CL measurements on gold nanorods

4.3.1 E-beam and lift-off nanorods

This section describes CL. measurements of gold nanorods that were fabricated on a heavily doped
silicon substrate using e-beam lithography, evaporation and lift-off (figure 4.2). The nanorod lengths
range from 300 to 1200 nm; their width is 100 to 200 nm and they are 80 nm high. As estimated
from the SEM image, the grain size is ~20nm. The polycrystallinity implies grain boundaries and
roughness that may scatter surface plasmons. We do not expect absorption caused by impurities,

because the gold that is deposited by evaporation is very pure.

[ oo

Figure 4.2: SEM image of gold nanorod on silicon, made by e-beam lithography and lift-off. Width
is 100nm, length 1000 nm

The conductivity of the substrate prevents from charging by the electron beam. It does con-

tribute to the background CL signal, however.
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Figure 4.3 shows results from spectral images for 750nm and 1200nm long rods. Data are shown
at 583nm and 662 nm for the 750 nm long rod and at 495nm, 580 nm and 710 nm for the 1200 nm
long rod. When the electron beam dwells at the rod ends, more light is produced. This occurs at
all wavelengths. As a function of wavelength several periodically distributed nodes and antinodes
are found inside the wires. A quick estimate of the distance between adjacent maxima gives values
close to 1/2 in each case, where A is the vacuum wavelength, which suggests that we are looking at
optical resonances. In the following we will further investigate these resonance effects.

Figure 4.3c is a spectral image at 495nm. Light is mostly generated when the electron beam
dwells at the wire edge, which causes the outline in the image. It is not clear what phenomenon
causes this signal. It suggests a resonance that corresponds to a wave propagating perpendicular
to the wire axis, but that does not explain the high signal that is still present at the tips of the rod.
This CL profile deserves further investigation, but we will focus on the maxima in the wire.

Line scans along the wire axis are a good way to measure the profile along the wire in more
detail. CL acquisition time is often limited by drift of the stage relative to the electron beam or
vice versa (for instance, figure 4.3a and b suggest that the wire moved to the left bottom during
measurement). A single line scan is relatively fast, which allows for a longer dwell time as well as
smaller pixels, i.e. a higher spatial resolution, and at the same time is less sensitive to drift than a
spectral image.

Figure 4.4 shows the spectral data for a line scan along the 750nm long gold wire of which two-
dimensional images are shown in figure 4.3a and b. The spectral axis is shown horizontally, the
spatial axis vertically. The rod position is indicated by the white vertical line.

Figure 4.5 shows vertical cuts through this figure at 520nm, 583nm and 662nm: spatial profiles
of a spectral component along the wire. The line traces in figure 4.5 show that clearly three modes
are excited: at ~660nm three maxima are observed; at ~590nm four maxima, and at ~520nm five.

Figure 4.6 shows spectra at important positions on this line scan. The spectra vary substan-
tially, whichs shows that multiple resonances contribute. The spectra also differ substantially in
cases where we expect symmetry.

If we look for this asymmetry in other data we see that both figure 4.4 and 4.5 show that the
right wire end produces more CL signal than the left end. This difference is present in every CL
line trace of these nanorods and is not related to this particular wire. We attribute this to angle-
dependent radiation of the wire in combination with angle dependent sensitivity in the detection
system due to misalignment of the setup. We investigated this asymmetry further by subtracting
the left-end spectrum from the right-end spectrum for a few wire line scans. Figure 4.7 shows two
representative examples of these difference spectra. We defined the wire ends by the end peaks of
a line trace taken at 600 nm. The facts that the difference peak has a more or less fixed position
and that its shape is generally very similar to a single Gaussian peak, suggest that a single reso-
nance might be responsible for the effect and that future measurements can clarify the origin of
this resonance, for example using polarized detection.

The wire end differences cause difficulty in determination of the mode spectrum. For example,
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Figure 4.3: Spectral CL images, all with a 10nm bandwidth, of a gold nanorod on a silicon sub-

strate made by e-beam lithography and lift-off. Nanowire length was 750 nm (a,b) and
1200 nm (c-e).
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Figure 4.4: CL linescan through a 750 nm long gold nanorod fabricated with e-beam lithography.
The spectral axis (resolution: 0.4 nm) is shown horizontally, the spatial axis vertically
(resolution: 14nm). The white bar indicates the size of the nanowire. The white arrows

that point down correspond to the line traces in figure 4.5. The left-pointing arrows
show the location of the spectra in figure 4.6.
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Figure 4.5: CL signal for wire of 750 nm length at 520, 583 and 662 nm detection wavelength (5nm
spectral bandwidth). Left in this graph corresponds to the bottom of figure 4.4.
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Figure 4.6: Horizontal line traces through figure 4.4, i.e. CL spectra at different positions along the
wire. (a) Wire ends at 0.17 and 0.86 um, (b) The two maxima inside the wires at 0.63
and 0.39 um, (c) The center maximum at 0.51 pm.
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Figure 4.7: Spectral difference between CL signal from the right and the left end for a 500nm and
a 1200nm rod, obtained by subtracting the left end spectrum from the right end spec-
trum. The close proximity of their center wavelength and their Gaussian shape suggest
a common origin.

itis clear that a peak fit would give different results at the two wire ends for the spectra in figure 4.6.

Now we tried to find the mode frequencies by fitting spatial profiles to the line scan (figure 4.8).
Spatial profiles were based on figure 4.5 and the profiles consisted of 3, 4 and 5 Gaussian peaks
along the wire. We corrected the profiles using a wavelength-dependent asymmetry correction
that was equal to the asymmetry that is present in a line scan. We determined the asymmetry ratio
as a function of wavelength by dividing the right end spectrum by the left end spectrum.

The fit determined how the line profile at a certain location was best composed of the 3, 4, or 5
maxima basis elements.

The result of this fit is shown in figure 4.9. Here, three spectra are plotted that show the spectral
position of each mode. Figure 4.9b is a reconstruction of the linescan data from the fit result. Note
that the peaks in figure 4.9a overlap considerably and that they are not perfect Gaussians. This
shows that our spatial input was not equal to the actual mode profiles. The decrease of mode
wavelength with an increase of mode peaks on the wire is consistent with the organ pipe-model.

From the line traces (figure 4.5) as well as the fitted spectra (figure 4.9) a spatial wavelength and
a mode wavelength can be determined. We calculated these values for the 750 nm long wire and a
500nm long wire; the results are plotted in the dispersion relation in figure 4.10.

As a final remark on the data it is worth noticing that there is a spot in figure 4.4 at approxi-

mately 750nm that was not reproduced in the fit. The offcenter position and the small width of the
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Figure 4.8: Spatial profiles that were fitted to the data in figure 4.4. The curves have been vertically
shifted for clarity.

450 : :
—— 3 peaks
400 —— 4 peaks |1 700
—5 peaks | |
350 600
330 500
‘E 250 400
‘B 200
2 150 I 4 200
= 200
10 ————— 100
50 0
0 N L AV 200 600 800
400 500 600 700 800 nm
Wavelength (nm)
(a) The spectra that result from fitting the spa- (b) Reconstruction of the line scan from the fit results

tial profiles in figure 4.8 to the data in figure 4.4.

Figure 4.9: Analysis of the linescan (figure 4.4) by a spatial fit.
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Figure 4.10: Dispersion plot of the rod resonances, for the 750 nm rod (blue) as well as a 500 nm
rod (green) combined.

spot suggest this is a spurious signal caused by a wire irregularity. This is confirmed by the spectral
image at this wavelength and a SEM picture, that both show a blob, off axis, near the center of the
wire (figure 4.11). Other wires reproduce the mode maxima, but not this signal.

This section has shown that we are able to determine spectral and spatial properties of plas-
monic modes on gold nanowires both during one measurement. Both the CL measurements and
the FDTD simulations in the previous chapter show a modulation along the wire that is wave-
length dependent. This confirms that the modal electric field is important in explaining the CL
signal modulation.

Others have determined the local density of states (LDOS) around metal nanowires [21, 11] and
it has been suggested that LDOS is also strongly related to CL excitation efficiency. The profiles we
measured here do indeed resemble the LDOS profiles.

Future work will show which model is best suited to explain the results of CL measurements.

4.3.2 Subtracted rods

The CL behaviour of a subtracted rod (figure 2.8) was also investigated. This structure was fabri-
cated using FIB (see section 2.2.2), and basically is composed of a golden ridge on a gold surface.
Both the ridge and the rest of the surface were part of a single gold crystal. This sample provided a
very straight rod (estimated roughness < 5nm) with no irregularities. In addition, the surrounding
of the rod also has a very low roughness. However, all of the surface on and around the wire will

contain gallium contaminations as a result of the FIB milling, which might cause extra damping
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for the propagating plasmon modes.

The rod used in this experiment had a length of 560 nm and a height of approximately 100 nm.
Around it, the material was removed, such that there should be no discontinuities in the surface
surrounding the wire. However, the FIB milling induced some roughness.

We made a spectral CL image of the nanorod using 15 nm pixel spacing. The field of view was
210x720nm. Three representations of this spectral data are shown in figure 4.12, using different
detection wavelength windows.

Again, excitation at the wire ends always generates CL signal. We also see wavelength depen-
dent features. In addition to the wire end signal, at 548 nm we see two maxima within the wire and
at 595 nm there is one. Figure 4.13 shows line traces through spectral images in figure 4.12a and b
that confirm that we see multiple peaks in spatial direction as a function of wavelength.

This section shows that also a golden ridge can behave like an isolated nanowire and support
plasmonic resonances that can be mapped with CL.

4.3.3 Template grown nanorods

Other feasible candidates for CL mode observation are template grown, presumably single-crystal
gold wires, shown in figure 4.14 and described in section 2.2.3. Their small roughness seems a big
advantage in a stronger mode confinement and the possibility to see higher order modes on longer
wires [10], because it reduces scattering from the wire and thus will lead to longer propagation
length and clearer mode profiles.

The wires were dispersed onto a silicon substrate from a solution in ethanol. A disadvantage
was that wires very easily aggregated, which caused only few single wires to be isolated from others.
A second disadvantage was that the ethanol solution as well as the wires themselves contained
impurities originating from the original template in which they were grown. A third disadvantage
is that many rods were bent or had variations in the shape of their ends.

We have only done a few experiments with these wires. Figure 4.15 shows the SEM image of a
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Figure 4.12: Spectral CL images (bandwidth 5nm) corresponding to a 560 nm long and 100 nm
wide subtracted nanorod. Note the two maxima (a) or one maximum (b) within the
wire.
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Figure 4.13: Line traces along the spectral image of the 560 nm long subtracted rod.

Figure 4.14: SEM image of a single crystal template-grown gold nanorod. An isolated specimen
lies close to a cluster
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Spectrum Image

Figure 4.15: A 2.3 pm long and 300 nm wide single crystal gold rod. The CL scan box is also shown
in this figure.

2.3 um long and 300 nm wide gold nanorod that we used to measure the spectral image shown in
figure 4.16. Similar to the e-beam fabricated wires, this wire has a strong CL signal at the wire ends,
and several maxima within the wire.

Further experiments are necessary for a more in-depth analysis of mode behavior in these

wires.

4.4 Annular nanoresonators in gold

As a result of the circular symmetry, annular structures are promising structures for confinement
of plasmonic resonances on a metal surface. In this section we look into annular resonators that

consist of one or multiple rings on a single crystal gold surface.

4.4.1 Single rings

In this experiment we studied rings with a radius ranging between 150 and 290 nm and depths of
100, 250 and 500nm, fabricated using FIB (see figure 2.6). The rings are 10um apart, and we assume
they do not influence eachother. In the CL setup the electron beam was positioned in the center
of a ring, and subsequently a spectrum was measured with the CCD detector during a period of 5
seconds.

The results are plotted in figure 4.17(a-c) for the three ring depths. In all cases strongly peaked
spectra can be observed. For a single depth, resonance peaks redshift for larger ring diameter. This
indicates that the peaks are due to resonant modes.

Comparing the date in figures 4.17(a-c) shows that groove depth has a large influence on the
resonance frequencies.

In addition to the spectral shift, an overall decay in CL intensity is observed for larger rings.

This shows that even on a 500 nm scale plasmon damping plays an important role.
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Figure 4.16: Spectral images at 683 and 770 nm of a template-grown nanorod (bandwidth 30 nm).
The left figure shows that an profile is present in the wire, that has a period similar to
A/2 where A is the vacuum detection wavelength.

4.4.2 Annular nanoresonators

It has been shown that annular resonators composed of multiple rings show mode behavior that
can be linked to simulations [20]. In the FIB patterning of these rings in an evaporated silver film,
differences in milling rate between adjacent crystal domains causes relatively great roughness in
the grooves. This is a complication in the comparison of simulation with experiment. In general,
it also limits the control over the groove shape.

We used a single crystal gold surface, on which FIB milling does not suffer from grain differ-
ences. In addition, gold has better oxidation resistance. The great control that the FIB offers on
this surface allowed us to pattern different groove profiles (see figure 2.7).

We verified the existence of mode behavior on this sample. Spectral CL images of an annular
nanoresonator with 100 nm groove depth and 500 nm groove period are presented in figure 4.18.

The ring profile gives a strong confirmation of such resonances.

4.5 Conclusions

In this chapter we have shown that the cathodoluminescence imaging spectroscopy provides a
precise spatial probe of plasmonic modes in metal nanostructures. A variety of samples has been

shown to support plasmonic resonances of which the spatial and spectral properties can be re-
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Figure 4.17: CL spectra for single ring-resonators in single crystal gold, with radius ranging be-
tween 150 and 290 nm, for different ring depths indicated in the figure.
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solved with CL at a very high resolution.

In fact, each of these experiments shows a glimpse of the many phenomena for nanophotonics
that cathodoluminescence can reveil, and it is clear that the technique is promising enough to start
an in depth analysis of all its aspects.

We have shown that CL signal from gold nanowires is modulated along the wire axis with a
wavelength dependent profile. These mode profiles qualitatively agree with the profiles that FDTD
simulations give. Further measurements and simulations are necessary for a more quantitative
comparison and to verify the dispersive properties of plasmonic modes on nanowires.

Although the results suggest that CL maps the spatial properties of modes present in the struc-
ture, it is not well understood how the process of electron impact is related to mode excitation effi-
ciency, and it is important to gain more knowledge about the underlying mechanisms. Nanowires
with an oscillating CL profile, as we have shown here, are promising structures that might give us

this knowledge.
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