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Abstract

Plasmonic structures can help enhance optical activity in the ultraviolet (UV) region and
therefore enhancing photocatalytic reactions and the detection of organic and biological species.
Most plasmonic structures are composed of Ag or Au. However, producing structures small
enough for optical activity in the UV region has proved difficult. In this study, we demonstrate
that aluminium nanowires are an excellent alternative. We investigated the plasmonic properties
of the Al nanowires as well as the optoelectronic properties of the surrounding a — Si matrix by
combining scanning transmission electron microscopy imaging, electron energy loss
spectroscopy and electrodynamic modelling. We have found that the Al nanowires have distinct
plasmonic modes in the UV and far UV region, from 0.75eV to 13 eV. In addition, simulated
results found that the size and spacing of the Al nanowires, as well as the embedding material
were shown to have a large impact on the type of surface plasmon energies that can be generated
in the material. Using electromagnetic modelling, we have identified the modes and illustrated
how they could be tuned further.

Supplementary material for this article is available online
Keywords: nanowires, plasmon, TEM, EELS, modelling

(Some figures may appear in colour only in the online journal)

1. Introduction on a variety of applications such as energy harvesting
[1, 2], enhanced light-matter interaction [3], highly sensit-
ive detection of chemicals [4], catalysis [5], optoelectronics
[6], nano-optics [7], nanoantennas [8], photocathodes [9], and
enhancement of high energy photochemical reactions [10].
Plasmon enhancement of the photochemical reactions of gas
phase molecules, such as CO, O, and H,O, will require very
high plasmon energies because of their electronic absorption

bands in the vacuum ultraviolet region (VUV) that is below

Research into the plasmonic properties of metallic films
and particles has intensified recently and is now focused
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200 nm (above 6.2eV) [10, 11]. Exciting the necessary plas-
mons for use in these types of devices are challenging with
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normal plasmonic metals, such as silver (Ag) and gold (Au)
[10]. Conversely with aluminum (Al), it is possible to produce
plasmon resonances that can extend into the UV region, shift-
ing the plasmon wavelength from 570 nm (2.2eV) to 270 nm
(4.6eV) by changing the particle diameter from 180nm to
70nm [8, 12—14]. This is because the d-bands of Al lie above
the Fermi level, as well as Al having higher electron densities
(three valence electrons per atom) and lower screening [8].

The plasmonic properties of silver or gold particles lar-
ger than 20nm in vacuum have been investigated by elec-
tron energy loss spectroscopy (EELS) and transmission elec-
tron microscopy (TEM) [15-20]. However, smaller plasmonic
nanoparticles can be more difficult to investigate in a TEM
since the loss probability is proportional to the induced elec-
tric field which is inversely proportional to the size [21]. The
embedding of the particle is also a challenge because of damp-
ing. When the plasmon energy is above the band gap of the
embedding matrix, coupling between the surface plasmon (SP)
and states in the matrix can occur, which induces energy trans-
fer from the particle to the matrix. Such energy transfer can
result in an observable broadening of the plasmon peaks in
the EEL spectrum [22]. Fully embedded particles have been
investigated with EELS before, however their plasmon ener-
gies were below the band gap of the matrix [23, 24]. In this
paper, we present the plasmonic properties of Al nanowires
(AINWs) embedded in an amorphous Si matrix (a — Si) by
high resolution EELS using a scanning TEM (STEM) and
modelling. In this system most of the SP peak energies are
above the a — Si band gap. Despite the low intensity and broad
peaks, the combination of modelling and data analysis of
TEM measurements allowed us to make significant progress
in understanding the plasmonic properties of this promising
system.

2. Methodology

Thin films of Al and Si were deposited on mono-crystalline
Si (100) substrates by magnetron sputtering using a CVC 601.
The system consisted of two 8" targets with a normal sput-
ter angle and a 6 cm distance between the substrate and tar-
gets. The deposition was performed at room temperature with
thin alternating layers of approximately 40 at.% Al and 60 at.%
Si. A power setting of 400 W for Si and 150 W for Al was
used with a substrate rotation of 2.5 rpm and sputtering time of
22 min, resulting in an overall film thickness of 100 nm. More
details on the synthesis, growth and analysis can be found in
our previous work [25-28].

Standard cross-sectional TEM samples were prepared by
ion-polishing with a PIPS ion polishing system from Gatan.
Plane-view samples were prepared using an Allied High
Tech—MultiPrep Polishing System with a wedge angle of 2°.
The samples were analyzed using a Nion UltraSTEM-100MC
‘HERMES’, aberration corrected, monochromated dedicated
STEM instrument, equipped with a Gatan Enfinium RS spec-
trometer. The microscope was operated at 60kV, with an
energy resolution of 15meV, determined by the position of
the energy width selection slit. Further analysis was preformed

using a monochromated FEI Titan G2 60-300 microscope
operated at 60 kV using high resolution STEM and EELS with
a Gatan Quantum 965 EELS spectrometer. The simulations of
SPs were performed using ANSYS Lumerical’s Finite Differ-
ence Time Domain (FDTD) software [29], and the metal nan-
oparticle boundary element method (MNPBEM) [30]. Details
of the EELS analysis (figure S3) and simulations can be found
in the supplementary information (SI).

3. Results and discussion

Figures 1(A) and (B) show bright field TEM images of the
self-organizing AINWs in a — Si in cross-sectional and plane-
view, respectively. It can be observed that the AINWs extend
throughout the 100 nm thick a — Si layer. In figure 1(C) a fast
Fourier transformed (FFT) image shows the diffraction pat-
terns from the various AINWs in figure 1(A), while figure 1(D)
shows the crystallinity of an AINW. The FFT image shows
both the diffuse rings from the amorphous silicon matrix
and the distinct diffraction spots from the crystalline AINWs,
showing that the AINWs are crystalline with different orient-
ations. From the plane-view image (figure 1(B)) we can see
that the AINWs are approximately 3—5 nm in diameter, and are
packed close together in a random network, with a distance of
approximately 1.5-2.5 nm. More details on the structure and
wire separation can be seen in the SI.

3.1. Initial numerical approximation

To rationalize the experimental results, numerical calculations
of plasmon modes were performed. The AINWs were first
simulated with a length of 50nm and a diameter of 5nm in
vacuum. The experimental wires investigated had different
lengths, depending on the view, that is around 20 nm in the
cross-sectional view and around 70nm in the plane-view.
Therefore, we chose an intermediate length but we show in the
SI how the different modes are influenced by a change in the
length of the wire (see figures S4 and S5). We simulated SPs
excited by both light (FDTD method) and an electron beam
(MNPBEM). Figure 2(A) illustrates the two different polar-
ization directions of the plane wave source and two different
electron beam directions. The scanning path of the beam is also
illustrated. The paths and directions were selected to represent
the two views from the STEM measurements, plane, and cross-
sectional. The average loss probability, Pjo, spectra from the
paths are used in the plotted spectra.

In figure 2(B), the absorption cross section, o,ps, spectra
from the light excitations showed one main peak for each
polarization direction. First, the plasmon oscillates with lon-
gitudinal modes (red spectrum) when the external electric field
is parallel to the wire length. There were two peaks around
1.5eV. This could be a result of hybrid SP-interband modes
since Al has a narrow interband spectral band at 1.5eV [13].
The mode that is potentially hybridizing with the interband
mode is the longitudinal dipole mode which has a resonance
peak at 2.1eV. Additional higher-order longitudinal modes
were also observed at higher energies, with the strongest at
4.9eV. Second, the plasmon oscillates in transverse modes
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Figure 1. TEM images of (A) cross-section sample and

(B) plane-view sample, (C) FFT diffractogram of (A), and

(D) crystal structure of an AINW where the directions are shown for
the central NW.
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Figure 2. (A) Illustration of electron beam direction and path (green
and blue) and plane wave polarization direction (red and orange).
(B) Absorption cross section of NW for the two polarization
directions illustrated in (A) and calculated with the FDTD method.
(C) Simulated EELS spectra for the two different views (electron
beam directions) shown in (A) and calculated with MNPBEM.

(orange spectrum) with an external electric field normal to
the AINW length. The dipole transverse mode had a reson-
ance energy of 10.4eV. This peak can also be seen in both
views in figure 2(C), from the loss probability (Pjoss) spec-
tra calculated using an electron beam source. However, it
is not a single peak, but a convolution of two peaks. Both
views have a peak at 10.4 eV, in the plane-view, there is an
additional peak at 10.7eV and in the cross-sectional view,
there is an additional one at 10.0eV. These peak energies
were extracted by curve-fitting the simulated spectra with a
sum of two Lorentzian functions. Additionally, the Pjos in
figure 2(C) shows several modes at lower energies including
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Figure 3. Al nanowire in plane-view. (A) Mapping the plasmon
peak at 12-14 eV, (B) EELS low loss peak of the AINW/a — Si
interface (area shown in (A) fitted with Gaussian—Lorentzian
components, (C) plasmon mapping of 15.4-16.3 eV, (D) Graph of
the plasmon intensities across the NW in figure, (A) and (C) (area
shown in (C) across the AINW, (E) mapping of the plasmon peak
maximum, (F) line-profile of plasmon peak maxima across AINWs
in two areas shown in E.

the dipole longitudinal mode at 2.1 eV. The peak energies of
the dipole modes obtained from the two different simulation
methods is the same, indicating their credibility. By com-
paring figure 2(B) (light excitations) and C (electron beam
source), we can observe that the transverse modes appear to
be more intense than the longitudinal modes for an electron
beam source, especially in the plane-view.

3.2. AINWs in plane-view

3.2.1. Experimental (plane-view).  First, we present the res-
ults from the AINWSs in the plane-view. From the EEL
spectra of the interface between the AINW and a —Si, a
peak between 12-14 eV was observed. This peak is spatially
resolved in figure 3(A) which shows a map of the integrated
EEL signal between 12—-14 eV in the location of an AINW
in plane-view. Figure 3(B) shows an EEL spectrum of the
a — Si/AINW-interface from the location of the white rect-
angle in figure 3(A). The spectrum was fitted with Gaussian—
Lorentzian (GL) components and presented a peak at approx-
imately 13eV. The integrated signal between 15.4eV and
16.3 eV, which corresponds to the location of the VP peak of
Al, has been mapped in figure 3(C). To combine these find-
ings, the intensity profiles of each pixel in figure 3(A) (black
area) and figure 3(C) (red area) across the AINW are plotted
in figure 3(D). The SP peak shown in both figure 3(A) and B
is located at the edges of the NW (black curve in figure 3(D),
while the VP is on the NW (red curve).
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Figure 4. (A) HAADF STEM image of AINW in a — Si in
plane-view. (B) Energy filtered image using the bulk plasmon peak
of a— Si(17.4eV (red)) and Al (16eV (blue)). (C) Energy filtered
image of 0.7-0.9 eV of the low loss spectrum, (D) energy filtered
image of 0.9—1.1¢V, and (E) the low loss spectrum of the selected
regions in A with an inset of the unprocessed low loss EELS
spectrum of region 2.

The properties of the a—Si surrounding the AINWSs
were explored by analyzing the volume plasmons (VP). In
figure 3(E) the energy loss position of the VP peak (red curve
in figure 3(B) is mapped, that is, the color refers to the VP peak
energy at that point in the image. The VP maximum variations
across (cyan area) and between (gray area) the AINWs are
plotted in figure 3(F). The VP peak maximum in the center of
the AINW was found to be approximately 15.2 eV, whereas the
VP peak maximum between the wires (where we have a — Si)
was found to vary between 15.5-16eV. The a — Si near the
a — Si/AINW has a VP maximum of 16eV, while the a — Si
further away from the boundary of the AINW has a peak at
15.5 eV. In contrast, there were no observable variations in the
maximum VP, across the AINW. The variation in the VP,_g;
energy is probably due to a change in the Al doping concen-
tration. A spatially varying VP energy most probably implies
the same for the dielectric response of the matrix which further
can influence the SP response.

To investigate SPs with higher energy resolution, low loss
EELS spectra (with lower dispersion) and energy mapping of
the AINWs in plane-view are shown in figure 4. Figure 4(A)
presents a high-angle annular dark field (HAADF) STEM
plane-view image of an AINW in a — Si. Figure 4(B) shows
an energy filtered image using the bulk plasmon peak of a — Si
(16.8eV (red)) and Al (15.2 eV (blue)). This image shows the
location of both pure Si and Al in the selected area. The low
loss EELS spectra of the three regions marked in figure 4(A)
are shown in figure 4(E) with an inset of the unprocessed spec-
trum from area 2 (in between wires). There are two small
intensity peaks just below the band gap of a — Si (which should
be around 1.4eV) at 0.75eV and 0.9eV. As shown by the
unprocessed spectrum in the inset, the peak at 0.75eV is

Plane-view

Energy Loss [eV]

Figure 5. EELS low-loss spectra of Al nanowire in plane-view after
subtracting a low loss spectrum of a — Si.

visible before background subtraction. Figure 4(C) shows an
image of the integrated signal in the blue region of (E) (0.6—
0.8eV), while figure 4(D) shows an image of the integrated
signal of the yellow region (0.9—-1.1 eV). From the images, the
signal from the blue region (at 0.75eV) appears to be mainly
from the a — Si between the AINWSs, while the signal from the
yellow region (at 0.9 eV) may be from the AINWs.

We were able to more closely analyze the plasmon peaks
resulting from the AINWs in a low dispersion low loss EEL
spectrum by subtracting a pure a — Si signal from the AINW
spectrum (after normalizing to the onset of the spectrum)
as shown in figure 4. The subtracted a — Si spectrum was
obtained from a clean a — Si area with no visible AINWs, in
cross-sectional view (spectra shown in figure S3). The results
from these AINWs in the plane-view are shown in figure 5.
The AINW has plasmon peaks at 0.9¢eV, 7.9¢eV and 10.5eV.
The peak at 0.75eV is not visible. However, this region was
used to normalize the spectra before subtraction, which could
have influenced the peaks in the region. The peak at 10.5eV is
at an energy similar to that of the dipole transverse peak in the
simulated results of an AINW in vacuum (see figure 2). The
agreement between the experiments and simulations implies
that there was no significant shift from embedding the NW in
the a — Si matrix. We will investigate this point further later in
this study.

3.2.2. Calculations (plane-view).  Furthermore, simulated
EELS maps of the wires were created to visualize the SP
modes represented by the peaks in the simulated Py, spectra
in figure 2 and compared with the experimental data shown in
figure 3. The electron energy loss probability is given by [31]

P =~ [armers BNl ()

Here ¢ is the electron charge, where w is the frequency, v
is the electron velocity, X(¢) is the strait-line trajectory of the
electron and £ is the induced electric field from the SP mode.
This equation shows that P is not directly proportional to
the total electric field strength of the induced SP mode, but to
the part of EM that is parallel to V. Figure 6(A) shows the loss
probability distribution at the peak energy of the three low-
est energy peaks (at 2.1eV, 3.7eV and 4.9eV), where 2.1eV
is the dipole longitudinal mode (see figure 2). Additionally,
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Figure 6. (A) Simulated EELS maps of the three most dominant
longitudinal modes at low energy shown in plane-view.

(B) Simulated EELS maps of the dipole transverse mode.

(C) Electric field magnitude and arrows showing the direction of the
field of the dipole transverse mode excited by a plane wave in the
x—y plane, i.e. a cross section in the middle of the wire. The electric
field of the plane wave is directed in the y-direction.

figure 6(B) shows the loss probability distribution at the dipole
transverse peak (at 10.4eV) that appeared in both the light
excited and electron excited simulations (figure 2(B) and (C),
respectively). The maps at energies representing the SP peaks
at 2.1eV, 3.7eV and above 9.3 eV (see figure S7) have more
loss at the mantle of the wire compared to inside, while the
rest of the SP modes between 3.7eV and 9.3eV have more
loss inside the wire. From equation (1), a low loss probability
can imply either a low electric field or that the induced electric
field is perpendicular to the electron velocity. Figure S8 shows
that the electric field inside the wire in the dipole longitudinal
mode at 2.1 eV is parallel to the electron velocity in plane view
but very weak compared to that outside the wire. In the higher
order longitudinal modes, from 4.9 eV and above, (see figure
S7), the electric field strengths are more similar outside and
inside the wire which could explain the maps in figure 6(A).
Figure 6(C) shows the electric field in a cross section of the
wire. The map shows that the electric field is largest at the
location where we expect there to be largest charge density
because the electric field is in the y-direction. The simulated
EELS map show a similar result when one considers that the
electron can excite the dipole mode in any direction in the x—
y-plane in contrast to the plane wave excitation. Looking at
figure 3(A) in light of these calculations, it seems most likely
that the SP at 13 eV is a transverse type SP, since it is at much
higher energy than 3.7 eV and has most loss at the mantle com-
pared to inside the wire.

Experimentally, the nanowires are not isolated, but are loc-
ated near other nanowires. Therefore, the interactions between
the SP modes of two nearby NWs were investigated. Figure 7

— D=1nm “e
—40 D=3nm| | | P Y \IA  h aw
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E —— D=7nm A
= —— D=9nm ’
§20 one wire
.

0
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Figure 7. (A) Absorption cross sections with increasing distance
between the wires, D, shown for a plane wave in two different
directions.
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Figure 8. Loss probability maps of two wires separated by 3 nm
distance, at the peak energies shown in figure 7 in plane-view, at
9.7eV, 10.7eV, and 11.3eV.

shows the simulation results of the loss probability of two
wires in plane-view with varying distance, D. An illustration
of the electron beam scanning path is provided in the inset of
the plot. The resulting Py, spectra show the transverse mode
separate into three distinct peaks when D < 3 nm. The electron
source can excite both red-shifted and blue-shifted interacting
modes simultaneously compared to light where it is dependent
on the polarization. The separate red-shifted and blue-shifted
interacting modes and their polarization dependence are elab-
orated on in the SI and shown in figure S9. One can observe
that the peaks in the simulated EELS spectra are very similar to
the peaks from the light excitation. That implies that these are
bright modes. The experimental nanowires were separated by
1.5-2.5 nm. Thus, from these simulation results one expected
the transverse peak to split into different peaks around 10.4 eV
due to interactions.

Figure 8 shows simulated EELS maps in plane-view. The
maps were made at the peak energies of the two AINWs sep-
arated by 3 nm distance, resembling the experimental sample
shown in figure 4. The leftmost map at 9.7eV shows that
for the red-shifted peak energy the electron energy loss is
localized on the part of the mantle that points away from
the other AINW. This mode is probably a bonding mode,
while the blue-shifted peak at 11.3 eV (to the right) is an anti-
bonding mode. The anti-bonding mode has anti-symmetric
electric fields which results in fields pointing away from the
region between the wires [18]. The field results in greatest
loss between the wires. In the bonding mode, contrary to the
Poss distribution, the electric field is high between the wires
because it has symmetric fields pointing from one dipole to the
other between the wires. However, the field is perpendicular
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to the electron velocity which results in a low loss probabil-
ity. The map at 10.7 eV probably show a peak representing
interactions between the dipole mode and higher-order modes
[32]. The different interacting modes, and their polarization
dependence, are elaborated on in SI and figure S10. In figure 3,
we show a SP peak at approximately 13 eV with high intensity
on the mantles of the wires as well as between them. The maps
discussed above hence indicate that the experimental maps
resemble both bonding and anti-bonding modes.

We performed simulations at energies below 3 eV for com-
parison with our experimental data, as shown in figure 4.
In these simulations, a different dielectric function source
(McPeak et al [33]) was used for Al. It has more data points at
low energies compared to the source used in the other simula-
tions (Rakic [34]). The dipole longitudinal mode has a slightly
different energy with the new dielectric function source. This
is discussed in SI and figure S11. The spectra of an AINW
in a core—shell configuration with an a — Si shell of different
thickness, t, is shown. A core—shell configuration was used
as an approximation of an AINW embedded in a — Si. The
lowest-energy mode in the spectra is most likely the dipole
longitudinal mode, based on the map of the modes in the cross-
sectional view in figure S12(B). By comparing the peak ener-
gies with the energy of the dipole longitudinal peak with no
shell, we observe a red-shift of at least 0.5 eV, by the surround-
ing a — Si. We therefore suggest that the peak at 0.75eV in
figure 4 is the dipole longitudinal peak. This is because both
the experimental results and simulated maps in figure 9(B)
show that these modes have more loss in the surrounding
a — Si than in the AINW itself. The peak at 1.5eV is prob-
ably the interband peak and has accordingly most loss in the
AINW. However, a peak with the same behavior as the 0.9 eV
peak was not found at energies below 1 eV in the simulations.

3.3. AINWs in cross-sectional view

3.3.1. Experimental (cross-sectional view). The EELS res-
ults of the SP and VP of the AINWs in cross-sectional view are
shown in figure 10. The map of the integrated signal between
12 and 14 eV (corresponding to the energy of the SP peak
observed in figures 3(A) and (D)) is shown in figure 10(A),
while the integrated signal between 15.4-16.3eV (corres-
ponding to the energy of the VPy) is mapped in figure 10(B).
The average signal in the y-direction at a certain position, x,
is shown in figure 10(C). The colors correspond to the areas
marked with rectangles in A (black) and B (red). The intens-
ity profile in the 12-14 eV region shows a small increase in
intensity on the surface of the AINWs, therefore again indic-
ating that this is signal from a transverse SP mode.

In order to investigate the optical regime, low loss EELS
with higher energy resolution was performed. Figure 11 shows
five images with the integrated signal regions of 2.6-4.3 eV,
4.5-5.5eV, 6.0-7.0eV, 7.3-79¢V, and 9.3-10.3¢eV, of an
AINW in cross-sectional view. EELS low loss spectra from
one of the AINWs (red area) and the area between the AINWs
(black area) are shown, with fitted Gaussian—Lorenzian peaks.
The location of the extracted spectra is shown in the first
energy filtered image (2.6—4.3 eV). The images show that the
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Figure 9. (A) Simulated EELS spectra in plane-view (see

figure 2(A) of a AINW with same size as before, but with a a — Si
shell at different thickness, t. Included for comparison is the
spectrum from a AINW in vacuum with no shell. (B) Simulated
EELS map showing the loss probability distribution in plane-view at
the energy of the two largest peaks in the spectrum for t = 4 nm.
The AINW-a — Si boundary and the a — Si-vacuum boundary are
marked with grey circles.

AINW have peaks at 2.5¢eV, 5eV, 7.9¢eV, and 10.5eV, while
the ‘in-between NWs’-spectrum from aSi shows peaks at 2 eV,
3eV, 4.6¢eV, 6.6eV, and 10.5eV. Mapping the energy loss
region at 7.3-7.9eV shows that this signal can mainly be
found at the side-walls of the AINW and on the ¢ — Si/a — Si
interphase, while the peak at 10.5eV also shows loss at the
side-walls but has more loss around the whole wire and
towards the vacuum and less loss towards the interphase. The
thickness of the sample in this area is approximately 20 nm
and it is wedge-formed. Hence, some of the wires might be
exposed to vacuum, while others surrounded by a — Si or SiO,
(near the surface of the wedge). The results may therefore not
be exactly the same as those in a bulk sample where all the
wires are embedded in a — Si. Variations in the environment
influence the SPs. It is difficult to quantify this varying envir-
onment from TEM measurements, which makes it difficult to
simulate the exact same system and understand all the dif-
ferent SP modes from the experimental data. Notwithstand-
ing, the use of TEM and EELS in this manner results in valu-
able information which is not possible to obtain using other
techniques.

The EELS spectrum of an AINW after subtracting the
a — Si signal is shown in figure 12. The AINW is found to have
a plasmon at 4.4eV, 7.9eV and 10.5¢eV in the cross-sectional
view, the latter two are very similar to the two found in the
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Figure 10. Al nanowire in cross-sectional view. (A) Mapping the
plasmon peak at 12-14 eV, (B) plasmon at 15.4-16.3 eV, and

(C) graph of the plasmon intensities from image A and B (stippled
square) across the AINWs.

plane-view with the same method (see figure 5). The additional
peak could be a mode that is more easily excited in the cross-
sectional view owing to the direction of the electron beam
compared to Eind. An example from the simulations is the lon-
gitudinal mode at 4.9 eV which is only visible in the spectrum
from the cross-sectional view (see figures 2(C) and S16).

3.3.2. Calculations (cross-sectional view). ~ We have addi-
tionally simulated the AINW:s in cross-sectional view in order
to compare with the experimental results of the plasmonic
modes. Figures 13(A) shows the loss probability distribution
at the peak energy of the three lowest energy peaks in cross-
sectional view (at 2.1¢eV, 3.7¢eV, and 4.9eV), where 2.1eV
was the dipole longitudinal mode. The cross-sectional view
shows that the dipole longitudinal mode had the largest P,
at the tip of the nanowire. The other maps in figure 13(A)
show that, with increasing energy, the number of nodes and
antinodes along the wire increases. This is even more clear in
figure S13 (in the SI) which shows all the SP modes excited
by an electron from 2.1eV to 9.3 eV in cross-sectional view.
This correlates well with the calculated electric field in figure
S8, which shows the corresponding optically excitable modes.

Figure 13(B) shows the loss probability distribution at the
transverse mode (10.4 eV) and figure 13(C) shows the electric

:_/)"-‘-»‘

etween

Energy Loss [eV]

Figure 11. Energy filtered images of the sample in cross-sectional
view, showing five energy loss intervals with two EELS low loss
spectra, from the AINW and in-between AINWs.
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Figure 12. EELS low-loss spectra of Al nanowire in cross-sectional
view after subtracting a low loss spectrum of a — Si.

field in a cross section of the wire when the incoming electric
field is parallel to the y-axis. The electric field is higher at the
mantle of the wire compared to inside the wire. A higher loss
is also observable at the wire mantle in the Py, distribution
shown in figure 13(B). The loss probability is surprisingly sim-
ilar to the electric field magnitude considering that the direc-
tion of the induced electric field is important in the loss prob-
ability and that the electron can excite the transverse mode in
other directions than in the y-direction. The loss distribution
is similar, however, to experimental SP maps of the transverse
mode in a Ag rod [35].

Similar to the plane-view, we investigated the interaction of
the modes in the cross-sectional view, as shown in figure 14.
The maps were made at the peak energies of the two AINWs
separated by a distance of 3nm, i.e. a little more than the
distance in the experimental sample shown in figure 11. The
leftmost map (at 9.7 eV) shows that for the red-shifted peak
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Figure 13. (A) Simulated EELS maps of the three most dominant
longitudinal modes at low energy shown in cross-sectional view.
(B) Simulated EELS maps of the dipole transverse mode. (C) The
electric field magnitude and field lines of the dipole transverse mode
in the y—z-plane. The transverse mode is excited by a plane wave
with an electric field in the y-direction.
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Figure 14. Loss probability maps of two wires separated by 3 nm
distance, at the peak energies shown in figure 7 in cross section.

energy, most of the loss occurs on the part of the mantle that
points away from the other AINWs (bonding mode), as shown
in the plane-view images in figure 8. The blue-shifted peak at
11.3eV is an anti-bonding mode, as in the case of the plane
view. The map at 10.7eV resembles the transverse dipole
mode in a single wire, as shown in figure 13 except that in the
interacting case, the loss probability is higher on the side of the
mantle pointing towards the other AINW. This is opposite to
that observed in the plane-view in figure 8. This could be due
to the electron beam direction being different in plane-view
and cross-sectional view compared with the direction of the
induced electric field.
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Figure 15. (A) Simulated EELS spectra in cross-sectional view (see
figure 2(A) of a AINW with same size as before, but with a thin

a — Si shell at different thickness, ¢. Included for comparison is the
spectrum from a AINW in vacuum with no shell. A Gaussian fit to
the bulk plasmon of a — Si is also shown in dashed lines.

(B) Spectra from (A) with the Gaussian fit subtracted.

In the experimental data in figure 11, we see that some of
the peaks only appear in the ‘in-between NWs’ spectrum (i.e.
3eV, 4.6eV and 6.6eV). From the simulation of interacting
wires, it looks as if these peaks originate from anti-bonding
interacting modes, which in the case of the transverse mode
have more loss between the two wires and very little loss in the
AINW. A similar behavior was observed for the anti-bonding
longitudinal modes in figure S14(C). On the other hand, the
modes that are strongest in the AINW-spectrum (i.e. 5eV,
7.9eV and 10.5eV) resemble the 10.7 eV mode in figure 14
where there is lower contrast between the loss from the wire
itself than between the wires.

To determine how the peak at approximately 10.5eV is
influenced by the wire being surrounded by a — Si instead of
vacuum, we employed the same core—shell configuration as
described for plane-view, but this time in cross-sectional view.
As shown in figure S15, the real part of the refractive index of
a— Si, n, is small at 10eV, that is, approximately 0.5 while
the imaginary part, «, is approximately 1. Therefore, we can-
not assume that the peak is red-shifted as in the case below
3eV where n is approximately 4. Figure 15(A) shows Pjoss
of the core—shell particle with different shell thicknesses (¢).
The bulk plasmon of a — Si is also observed at 13 eV, which is
very low compared to the experimental data and discredit the
dielectric function of the a — Si used here. However, the data
was stated to be experimental up to 12 eV, so we assumed that
it is a good representation of the dielectric function up to that
point. The simulated spectrum from the wire without a shell
(red spectrum) is also shown. A shoulder at the same energy
as the transverse peaks (approximately 10.4 eV in the red spec-
trum) is clearly visible in the spectra of the core—shell particles.



J. Phys.: Condens. Matter 35 (2023) 065301

A Thegersen et al

The figure also shows a Gaussian fit to VP,_g;. Figure 15(B)
shows the same spectra as in figure 15(A), except that the
Gaussian fit to VP,_g; was subtracted. The subtraction shows
that the peak around 10 eV is slightly red-shifted with increas-
ing thickness of the a — Si shell, but there is no large red-shift
when we compare the peak in vacuum with the peak in a core—
shell (Al-a — Si) particle.

4. Summary and conclusion

In this study we measured and modelled the LSPR and
VP properties of self-organizing AINWs with diameters of
approximately 3—5 nm, embedded in an a — Si matrix. A com-
bination of experimental results with modelled structures is
crucial for understanding how the plasmonic properties behave
at the nanoscale, and how they can be tuned for certain
applications.

We found several SP modes experimentally in the plane-
view (0.75¢eV, 0.9eV, 7.9¢V, 10.5eV and 13eV) and cross-
sectional view (4.4eV, 7.9¢V, 10.5). All modes from the
experiments and modelling are summarized in figure S16 in
the SI. The peak at 13 eV is most likely a transverse mode, but a
peak at the same energy was not observed with the modelling.
This also applies to the mode at 7.9 eV. We observed a peak
in the experimental data, but not by modelling. However, we
have observed that the plasmon peak at 10.7 eV can split into
red-shifted and blue-shifted peaks when two wires are placed
close together. Our modelling results show that with a wire
separation of 1nm, the red-shifted peak is at 8.9eV and the
blue-shifted at 12.1eV. In order to shift these two peaks fur-
ther, to 7.9eV and 13 eV as seen from our experiments, there
may be other factors to consider such as the presence of a — Si
in-between the wires.

The peak at 10.5 eV was found both experimentally and by
modelling. We showed that surrounding the wire with a — Si
does not change the peak energy within this energy range;
hence, we presume that this is the dipole transverse peak. Fur-
thermore, the peak at 4.4 eV found experimentally in the cross-
sectional mode was not found by modelling. However, the
experimental nanowires where around 20 nm long. The dipole
longitudinal mode of a 20nm AINW in vacuum is at around
4eV (see figure S4), but in this energy range the refract-
ive index of aSi is high and can red-shift peaks significantly.
Therefore, the peak found in the experiments is probably not
the dipole longitudinal mode. It could be a higher order longit-
udinal peak, but these seem to have a lower intensity compared
to the dipole mode. Thus making it odd that we do not observe
another peak at lower energies. Further down in energy, in
plane-view, we have two peaks just below 1eV in the experi-
mental data, at 0.75 eV and 0.9 eV. In the case of modelling, we
showed that the high refractive index of a — Si in this energy
range, red-shifts the dipole longitudinal peak of a 50 nm long
AINW below 1 eV from its original energy of approximately
2 eV in a vacuum. In addition, the dipole longitudinal peak can
be red-shifted by increasing the length (figure S4). Therefore,
we believe that one of these plasmon peaks was the dipole lon-
gitudinal peak.

Our simulated results show that the size, distance between
wires, and embedding material have a significant impact on
the SP energy that will be available in the material. Tuning
these properties for appropriate applications is important. Plas-
monic properties of a material for sensing capabilities, require
a distinct and sharp LSPR peak that moves easily when in con-
tact with gas molecules [36]. On the other hand, for catalytic
applications, the material should both preferentially absorb
light and act as a catalytic surface. For these materials, the
plasmon oscillations decay into hot-electrons that can weaken
chemical bonds and accelerate the catalytic reaction [37]. This
does not require a single LSPR peak but can have many over
a set range. For our sample with an AINW size of 3-5 nm and
NW separation of 1.5-2.5nm, the peaks are blue- and red-
shifted, and more peaks interact. This results in many smaller
plasmon peaks that are more suitable for catalysis. Samples
with a greater distance between the the wires could enable
sensing technologies as the preferential application domain.

We have investigated the plasmonic properties of AINWs in
a — Si using EELS and FDTD modelling. LSPRs from 0.9 eV
to 10.7eV have been observed, which include the UV and
VUYV range. Therefore, these LSPRs can be used to enhance
high energy photocatalytic reactions in this energy range.
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