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ABSTRACT The localized surface plasmon resonance of metal nanoparticles allows
confining the eletromagnetic field in nanosized volumes, creating high-field “hot spots”,
most useful for enhanced nonlinear optical spectroscopies. The commonly employed metals,
Au and Ag, yield plasmon resonances only spanning the visible/near-infrared range.

Stretching upward, the useful energy range of plasmonics requires exploiting different
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materials. Deep-ultraviolet plasmon resonances happen to be achievable with one of the
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cheapest and most abundant materials available: aluminum indeed holds the promise of a
broadly tunable plasmonic response, theoretically extending far into the deep-ultraviolet. Complex nanofabrication and the unavoidable Al oxidation have
so far prevented the achievement of this ultimate high-energy response. A nanofabrication technique producing purely metallic Al nanoparticles has at last
allowed to overcome these limits, pushing the plasmon resonance to 6.8 eV photon energy (*180 nm) and thus significantly broadening the spectral range
of plasmonics' numerous applications.
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luminum is one of the most promising

materials for the future of plasmonics,

and the one that is attracting an ever
growing attention.' ?° The main factors be-
hind the rise of aluminum are the large
sensitivity of its localized-surface-plasmon
(LSP) frequency to relatively small varia-
tions of nanoparticle (NP) size,>® the broad
plasmonic spectral range attainable,*” the
compatibility with CMOS technology,®'
and last but not least, its great abundance
on the Earth's crust.

In the small-particle limit, the LSP reso-
nances of Al may theoretically reach up to
the deep ultraviolet (DUV) electromagnetic
(EM) range, a feature unparalleled by the
more traditional plasmonic metals Au and
Ag.*** Several factors have however stood
in the way of reaching this theoretical value.
When pushing the high-energy limits of
Al plasmonics, indeed, the strong depen-
dence of the LSP on the NP size turns into
a disadvantage, as NP radii above 10 nm
already suffice to significantly redshift its
plasmon resonance.’ Additionally, alumi-
num, unlike Au or Ag, is subjected to the
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quick formation of a few-nanometers-thick
oxide layer upon exposure to atmosphere,®*
that redshifts the LSP with respect to the
pure-metal case.’

The objective difficulty in fabricating and
characterizing Al nanostructures in their
purely metallic state has so far restricted
any research activity on oxide-free Al plas-
monics to theoretical calculations.”***
Supporting these theoretical predictions
with the experimental observation of the
plasmonic response of metallic Al NPs would
provide a benchmark for testing the theory,
understanding the dielectric properties of the
Al free electrons under confinement and,
more fundamentally, exploring the actually
attainable high-energy limits of plasmonics.

In this work, we report the observation
of the LSP resonances of Al nanoparticles,
arranged in two-dimensional (2D), high-
density arrays on the nanopatterned surface
of insulating LiF(110) single crystals. The
systems were fabricated and characterized
under strict ultra-high vacuum (UHV) condi-
tions, without exposing the samples to atmo-
sphere between fabrication and measurement
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Figure 1. Morphology and plasmonic response of NW and NP arrays. (Top) Schematic drawing of a nanopatterned LiF(110)
surface. (a and b) AFM image of Al nanowires and nanoparticle arrays. The images have been recorded ex situ on sacrificial
samples. The image size is 1 x 1 um? (c) Extinction spectrum of nanowires in the L (gray markers) and T (red markers)
geometry. (d) Extinction spectrum of nanoparticles in the L (gray markers) and T (red markers) geometry.

thus preventing any significant oxidation of the Al fabricated depositing 2.5 nm of equivalent thickness of
surface. The Al NPs exhibit a strikingly high LSP energy, Al, at grazing incidence, on the nanopatterned surface,
with a main dipolar resonance at 6.8 eV (=180 nm), while NPs were realized by annealing the NWs. All
far beyond any currently reported value. The plasmon samples were fabricated in UHV, and maintained in
excitation is very broad toward the high-energy side, UHV all the time between the fabrication and their

remaining sizable up to 9—10 eV photon energy, due measurement, but a few sacrificial samples were ex-
to multipolar resonances arising from the combined tracted from the experimental chamber in correspon-
effect of single-particle characteristics and mutual dence of various stages of sample preparation, in order
electromagnetic coupling. The availability of purely to be characterized ex situ by AFM, thus providing a
metallic particles uniquely allowed to directly monitor snapshot of the NW and NP array morphology.

the oxidation effects on the LSP, from the very start of In Figure 1a,b, we report two representative AFM
the phenomenon. Comparing data with theoretical images of Al NWs and NPs, respectively (the image size
calculations not only allowed to rationalize the optical is 1 x 1 um?, the height color scale is the same for both
response of the NPs, but also hinted at possible shape images). The images have been acquired ex situ on two
evolutions of the metallic core during oxidation. distinct sacrificial samples shortly after their fabrica-

tion. Although the unavoidable oxidation of these
samples induces a partial swelling of the nanostruc-

The samples consisted of 2D arrays of metal nano- tures, the images are fully representative of the NW and
wires (NW) or NPs, supported on ridge-valley nanopat- NP array morphology. A large number of small, densely
terned LiF(110) surfaces (Figure 1,top).>?*” NWswere  packed clusters, aligned along the direction of the LiF

RESULTS AND DISCUSSION
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nanoridges, is clearly visible in both images. In the as-
deposited case (nanowires), the deposition induced
the formation of Al wires, whose rough, mound-like
surface most likely arises because of Stranski-Krastanov
growth. The mounds' edges clearly become sharper
and better defined in the annealed case, suggesting
a morphological evolution of the system that, accord-
ing to our previous work,>?’ can be safely assigned to
the thermal dewetting of the NWs and the consequent
formation of disconnected NPs aligned along the
LiF nanoridges. The NP density deduced by means of
digitization algorithms from Figure 1b reads (1300 +
40) NP/um?. Knowing the total amount of material
deposited (2.5 nm equivalent thickness), the mean NP
volume is found just short of 2 x 10> nm>, while the
mean NP-array pitch along the surface direction either
parallel or perpendicular to the LiF nanoridges reads
approximately 25 nm.

The optical response of the samples was assessed
in situ by transmission measurements in the 2.75—12 eV
photon energy range, at the BEAR beamline at the
Elettra synchrotron radiation source. The transmission
spectra were acquired at room temperature, in normal
incidence, with linearly polarized light. The degree of
linear polarization was 0.89 at 7.9 eV and 0.86 at 10.3 eV.
The polarization direction was aligned either parallel or
perpendicular to the LiF ridge direction. We will refer to
these geometries as longitudinal (L) or transverse (T),
respectively. The optical transmission spectra were all
measured within 1 h of the sample fabrication and
have been normalized to the bare-LiF transmission
spectrum. The LiF crystals used in this experiment were
transparent up to an energy £ > 11.5 eV, hence
perfectly suited for DUV transmission experiments.

In Figure 1¢,d, we report the optical-extinction spec-
tra, measured on the same sample in the NW and NP
case, respectively. In the NW case, the L excitation
shows a broad, low-energy extinction, peaking in the
visible regime. Conversely, the transverse extinction
exhibits a narrower, blueshifted peak with its max-
imum at 6.6 eV and a broad DUV tail extending as far as
11 eV. The extinction spectra dramatically change after
annealing. In the L geometry, the main extinction peak
is now found at 5.6 eV, with a pronounced high-energy
shoulder around 8.5 eV. In T geometry, instead, the
main extinction peak is now found at 6.8 eV, with a
prominent shoulder on its high-energy side at 8.5—
9 eV that endows the resonance with a fairly broad-
band character all over the DUV range (fwhm ~ 3.7 eV).

Oxidation was performed within the UHV vessel,
by controlled exposure to research-grade oxygen
gas. Even at extremely small exposure, oxidation had
a significant effect on the extinction spectra. In Figure 2,
we report various spectra acquired for increasing
oxygen exposures of the Al NPs. Figure 2a shows the
T-geometry extinction following the exposure to 100
langmuir (1 langmuir = 1 x 10~ mbar x s) of research
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grade O,. In Figure 2b,c, the L and T spectra after the
exposure to 5000 langmuir are reported, respectively.
Figure 2d,e display the L and T spectra obtained upon
5 min of exposure to atmosphere. In each panel, the
corresponding pristine spectrum is reported as a red
line, in order to highlight the effects of oxidation.

Upon the 100 langmuir exposure, a value for which
we expect oxygen atoms to merely start absorbing on
the NP surface,?® the T-spectrum changes were man-
ifested as a barely detectable decrease of the high-
energy shoulder and increase of the low-energy tail.
At 5000 langmuir, the main effect on the L spectra was
a quasi-rigid redshift of the LSP peak, by roughly 0.3 eV.
In the T case, a similar redshift is accompanied by a
strong damping of the high-energy shoulder. Upon
exposure to atmophere, the L peak further red-shifted
to 5.0 eV, became narrower and completely lost, within
experimental uncertainty, its high-energy shoulder.
Under analogous conditions, the T main peak slightly
red-shifted with respect to the 5000 langmuir case
(LSP energy 6.1 eV), but exhibited a further quenching
of its high-energy side, becoming significantly narrower
than the pristine case.

A few qualitative considerations can already be
made looking at the spectra of Figures 1 and 2. First,
we notice that the energy of the main extinction
peak (6.8 eV), safely ascribed to the excitation of a
LSP resonance,? is by far the highest ever reported for
optical excitation of metallic particles. Previous high
values ranged indeed between 5.8 and 5.9 eV, both for
Al core—shell metal/oxide particles.>'® Although the
BEAR setup did not allow to directly assess the Al NP
oxygen content, the considerably higher LSP energy
observed here in comparison with the analogous
oxidized case? and the strong sensitivity of the LSP to
oxygen exposure (cf. Figure 2) strongly substantiate
the claim of having fabricated virtually oxygen-free
nanoparticles. On the basis of the known sticking
coefficient of molecular oxygen on Al,*° the overall
exposure to background pressure in the UHV vessel
between fabrication and measurement, and previous
works on the subject,’ the spurious oxide thickness on
the NP surface can be estimated below 0.2 nm, for an
overall NP purity larger than 95%. This is the first time
that such NPs are successfully characterized by optical
spectroscopy.

Deeper insights about the influence of the mutual
EM interaction between the NPs, the origin of the
high-energy shoulders, the system's birefringence
and the oxidation dynamics can be achieved compar-
ing the experimental spectra with appropriate compu-
tational models. The main issues involved in modeling
the self-organized NP arrays are thoroughly discussed
in ref 2. In brief, the AFM characterization yields with
fair accuracy the NP areal density and the NP-array
pitch, from which the mean NP volume of 2 x 10> nm?
and the mean pitch along and across the ripples, equal

VOL.8 = NO.9 = 9239-9247 = 2014 F@L@Mi{\)

WWwWW.acsnano.org

9241



A [nm]

400 300 200 150 120

0.2

0.1

Relative extinction

0.0

[ | | I
|_Transverse a - o4
— Bare-NP ’
O 100 Langmuir 0.3
O 5000 Langmuir
@ Atmosphere 0.2
0.1
A [nm]
400 300 200 150 120 0.0
[ I I I
04 b Longitudinal — 0.4 cJDJ
]
03Z
D
02
=
013
=
feror-gei-3-1-oc-b-p-r-i-i-3-g 0.03
[ [ | I [ [ [ [ | |
0.4
0.3
0.2
0.1
ol oo e e ek e VX
4 6 8 10 4 6 8 10
Energy [eV] Energy [eV]

Figure 2. Plasmonic response vs oxidation. Extinction spectra of Al nanoparticles as a function of oxidation. (a, ¢, and e)
Spectra measured in T geometry upon exposure to 100 langmuir, 5000 langmuir, and atmosphere (gray markers). (b and d)
Spectra measured in L geometry upon exposure to 5000 langmuir and atmosphere (gray markers). In all panels, the extinction
spectrum measured in the purely metallic case is reported as the red line.

to 25 nm, are deduced. The exact NP shape eludes
the AFM analysis, while electron microscopies (in any
case not available in situ) are strongly limited in their
application by the heavily insulating nature of the
substrate.

Thus, to proceed with the modeling, some basic
hypothesis about the actual NP shape have to be
made, which are gradually optimized by comparison
with experimental data (see the Materials and Methods
section for more details). We notice that the substantial
absence of oxide effectively removes one morpholo-
gical variable from the system modeling, allowing
more freedom to explore the NP shape in simulations
with respect to analogous oxidized cases.? The effect
of the morphological array disorder (irregular array
pitch, NP size dispersion) could not be realistically
taken into account, due to computational-time/power
limitations. Superradiant modes delocalized over sev-
eral neighboring particles, like the low-energy dipolar
modes, are however only weakly affected by array dis-
order effects. 33! Thus, neglecting shape/arrangement
disorder in the simulations should impact more heavily
the multipolar, high-energy part of the spectrum rather
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than the dipolar modes. When optimizing the particle
geometry by experiment-theory comparison, we will
accordingly mainly seek agreement in the dipolar part
of the spectrum.

The best agreement between experimental and
simulated extinction spectra is then found for the NP
geometry and dimensions indicated in the top of
Figure 3. The NP is partly laid on both the (010) and
(100) facets. Such a configuration may physically ori-
ginate from the tendency to maximize the exposed
LiF surface, since its energy is considerably lower than
the one of Al >33 while the different contact angle with
the (010) and (100) facet might be due to a residual
hysteresis during the thermal NW dewetting. Other
obvious geomettries, such as assuming the NPs to be
semiellipsoids laid on a single facet, yielded far too red-
shifted values for both L and T geometries. We notice
that the choice of a “smooth” NP shape, like an ellipsoid,
neglects the likely presence of facets, edges and corners,
that might contribute multipolar resonance modes.>*
However, probing many more geometries without in-
dependent input would add little to what can be learnt
from the analysis of this model NP shape.
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Figure 3. Simulations of the plasmonic response. (Top panel) NP geometry employed for simulations. (a and b) Calculated
extinction spectra in (a) L and (b) T configuration for the Al NP geometry represented in the top panel (red, light-blue thick
continuous lines) and for the incoherent summation of several spectra calculated applying perturbative changes to the NP
shape (brown, blue thin continuous lines, see text for details). Markers show the experimental data. (c—e) Spatial maps of the
magnetic-field component out of the image plane (color map) and of the electric currents (arrows) in T geometry at photon
energies of (c) 6.5, (d) 7.7 and (e) 9.6 eV in the plane bisecting the NP and normal to the LiF ridges (top right panel).

The calculated L and T extinction spectra for the
best-matching geometry are reported in Figure 3,
panels aand b, respectively. The experimental spectra
are reported as markers, for the sake of comparison.
It immediately appears that, apart from a small red-
shift that could not be accommodated by the simula-
tions, the energy of the main extinction peaks is well
reproduced, as is the large sample birefringence,
clearly induced by the uniaxial system's symmetry.
In the high-energy part, the calculations show multi-
ple peaks: in T geometry, weak features are predicted
in the 8—9 eV range, and a prominent peak is seen
at 10 eV. In L geometry, almost-evenly spaced peaks

BISIO ET AL.

appear at energies of roughly 6, 7, and 85 eV,
respectively.

Quite generally, the high-energy features can be
ascribed to the excitation of multipolar modes in the
NPs. As an example, cross sections of the nanoparticle
reporting the distribution of the (001) component
(out of the image plane) of the magnetic field (color
map) and the induced currents (arrows) are reported
in Figure 3c—e for the T geometry, at energies of 6.5,
7.7, and 9.6 eV, respectively. The different number of
nodes is clearly seen. Corresponding L-polarized maps
are reported in the Supporting Information. Calculations
performed for a single Al NP neglecting interparticle
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Figure 4. Experimental (top panels ) and calculated (bottom panels ) extinction spectra in L (left panels) and T (right panels)
geometry as a function of oxidation. Experimental data: extinction spectra of pristine Al NPs (red line) and following a brief
exposure to atmosphere (markers). Calculations: extinction spectra of the pristine NPs (red line), and in the presence of a
homogeneous Al-oxide layer on the exposed NP surface, formed to the detriment of the Al metallic core (orange, 2 nm; green,

3 nm; blue, 4 nm; violet, 5 nm).

interactions are reported in the Supporting Information.
There, we notice a strong damping of the high-energy
part of the extinction with respect to the interacting-
NP case. This suggests that most of the weight of
the multipolar peaks is due to the effects of interparticle
EM coupling in the array, rather than to single-particle
characteristics. Concerning the electric-field enhance-
ment ratio, the predicted values, sampled in L con-
figuration at a distance of 0.5 nm from the NP surface
within the interparticle gaps, read between 3 and 9
in the 5—10 eV energy range (see the Supporting
Information).

The agreement between theory and experiment in
the high-energy region is indeed worse than that for
the main dipolar peak. Qualitatively, the main reason
for this significant discrepancy is the poor modeling of
size/shape/pitch disorder in the arrays.>*° To quantita-
tively support this statement, sets of simulations were
performed as a function of perturbative changes of the
NP shape, leaving however periodic boundary condi-
tions unchanged. More details can be found in the
Supporting Information. The high-energy region of
these sets of spectra showed indeed much larger
relative variations in peak height and energy than the
corresponding low-energy, dipolar peak. Thus, the
incoherent summation of a large number of extinction
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spectra obtained upon perturbative changes of the
system's morphological parameters shows the ten-
dency for sharp high-energy peaks to smoothen more
effectively than dipolar peaks. Examples of the inco-
herent summation of a few spectra calculated upon
a slight compression or expansion of the “model”
ellipsoid along directions normal to the two LiF facets
are reported in Figure 3a,b as the thin brown (blue)
lines (see the Supporting Information). The slight
smoothening of the high-energy peaks indicates that
size/shape dispersion plays a role in the high-energy
discrepancy. We expect analogous effects for the array-
pitch/geometrical-arrangement dispersion.

Turning our attention to the effect of oxidation, we
report in Figure 4 the extinction spectra calculated
in L and T geometry, respectively, in the presence of a
homogeneous oxide shell on the exposed NP surface
created to the detriment of the core itself, keeping the
different Al-atom density in the metal and oxide into
account. The calculated oxidized spectra are reported
in the bottom panels, for a different thickness of the
oxide layer, from 2 to 5 nm (the experimental spectra
of pristine NPs and NPs exposed to atmosphere are
reported in the top graphs, for the sake of compar-
ison). An overall damping of the high-energy part of
the extinction spectra is witnessed in both optical
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geometries, in general agreement with the experimen-
tal data. This can be ascribed to a simultaneous shrink-
ing of the metal cores and increase in their mutual
distance, both effects leading to a damping of the
multipolar contributions.

In T geometry, the experimental dipolar-peak red-
shift upon oxidation is already correctly reproduced
for only 2 nm of oxide, while, interestingly, the redshift
in L geometry approaches the experimental value only
when the oxide thickness is modeled as 5 nm thick.
With all the necessary care about the correctness of the
NP shape, the difference between the experimental
and calculated oxidation trends suggests that the
simple picture of homogeneous oxide formation on
the exposed NP surface might not catch the full physics
of the oxidation process.

The fact that NPs exhibit a different oxidation dy-
namics with respect to flat surfaces, due to the high
curvature of the NP surface and the presence of
reactive sites, is by now well established.?**>~38 Inter-
estingly, however, deviations from perfectly spherical
shape of the pristine metallic NPs (due to edges, corners
or the contact with the substrate) produce a shape
modification of the metallic core during oxidation. 3%
Low-coordinated surface sites (edges, corners) can in-
deed act as preferential absorption sites, and gradually
turn a faceted particle into a more spherical one, or
produce less-conventional metal-core shapes® or va-
cancy clusters*® that yield an evolution of the plasmonic
response not accounted for by the homogeneous-oxide
model.

CONCLUSIONS

Summarizing, we reported the plasmonic response
of oxide-free Al nanoparticles, arranged in densely
packed two-dimensional arrays on the surface of in-
sulating LiF crystals. The NPs exhibit a broadband
plasmonic response in the deep-ultraviolet region
of the EM spectrum, peaking at an energy of 6.8 eV

MATERIALS AND METHODS

Fabrication. The samples were fabricated by means of bottom-
up procedures that easily lend themselves to be applied under
UHV conditions, allowing to fabricate extremely small metallic
nanoparticles.>?*” Morphologically flat LiF(110) substrates
were purchased from Crystec Gmbh. Nanopatterned LiF(110)
surfaces, featuring a ridge-valley surface morphology, con-
sisting of evenly spaced [100] and [010] facets separated by
macrosteps, with a periodicity A &~ 25 nm (Figure 1, top) were
fabricated by homoepitaxial deposition of ~240 nm of LiF at
570 K.2*27* Following an ex situ atomic-force microscopy
(AFM) characterization (Multimode/Nanoscope IV system, Digi-
tal Instruments-Veeco, tapping mode), the nanopatterned sub-
strates were transported to the BEAR beamline endstation at the
Elettra synchrotron radiation source, and loaded in its prepara-
tion chamber.*®~>° Al films with equivalent thickness (defined
as the equivalent thickness of material needed to achieve
a uniform substrate coverage) of 2.5 nm were then deposited
at room temperature (RT) by molecular-beam epitaxy at grazing
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(4~ 180 nm), by far the highest ever reported for a LSP
resonance observed by optical excitation of metallic
nanoparticles. The dense packing of the NP in the
arrays induces a multitude of DUV-active hot spots,
with a density above 10'"/cm?, having estimated field-
enhancement ratios up to almost 10 in the DUV range
within the interparticle gaps. Comparison with theore-
tical models allowed to ascribe the broadband DUV
plasmonic features to the excitation of dipolar and
high-order collective plasmon modes, and suggested
a possible shape evolution of the NP with ongoing
oxidation.

Such DUV plasmon represents the current overall
high-energy limit for LSP resonances and, so far, the
only experimental counterpart of the various theore-
tical estimations of plasmonic activity of pure Al in the
DUV. The combination of small NP size and dense NP
packing achieved in our 2D arrays simultaneously
yields DUV LSP resonances and a very broadband
excitation that is partly preserved upon a quick ex-
posure to atmosphere.

At the present state of technology, applications
of purely metallic Al NPs may seem scarce due to the
complex fabrication and, most notably, to the environ-
mental influence on their plasmonic response. Future
developments, both in science and technology, might
however circumvent current limitations; graphene coat-
ing, successfully applied for the environmental shielding
of Ag NPs, could be just one such possibility.*' Though
challenging in fabrication, atmosphere-resistant, DUV-
plasmon-active substrates may become a reality, and
represent an advantage in dedicated experiments fea-
turing DUV EM excitation for Raman experiments,'”*?
label-free detection of biomolecules,**** high-resolution
microscopy™® and nanolithography,* taking plasmonics
toward spectral ranges where molecular resonances,
materials' response and physical-process cross sections
can be significantly different with respect to the visible-
IR spectral window.

incidence (60° from the normal) on the nanopatterned LiF(110)
(Al 99.999% purity, Alfa Aesar) in the preparation chamber of
BEAR. The Al thickness was determined by a calibrated quartz-
crystal monitor. Thanks to the shadow effect of the nanoridges,
elongated metallic structures were formed along the LiF ridges
(nanowires, NW). The system was then flashed at 670 K in
vacuum for 5 min to promote the dewetting of the Al NWs
and the corresponding formation of arrays of disconnected
NPs.2?” The preparation chamber at BEAR is connected with the
measurements chamber under UHV conditions, so that the
samples are not exposed to atmosphere between fabrication
and measurement. The base pressure in the BEAR chamber is in
the 107'° mbar range, and never exceeded 3 x 10~° mbar
during the sample preparation.

Calculations. The simulations were performed employing
a commercial FEM software, COMSOL Multiphysics. The array
was modeled by designing a unit cell with periodic boundary
conditions on the lateral sides. Extinction spectra were calcu-
lated directly from the transmission data collected by means of
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a port analysis at different energies, from 2.5 to 11.5 eV. Perfectly
matched layers have been placed beyond the ports to avoid
unphysical reflections at the boundaries of the simulation
domain. Aluminum, aluminum oxide and LiF dispersive optical
parameters have been taken from refs 51, 52, and 53, respec-
tively. Geometry discretization has been accomplished by
meshing the cell with tetrahedral elements with a maximum
element size to allow convergence of the results. For the NP
shape, we started, after ref 2, by assuming an oblate ellipsoid,
laid on the (010) facet of the LiF nanopatterns, having its “out-of-
plane” semiaxis (normal to the (010) facet) equal to 0.7 times the
in-plane semiaxis, and truncated at the intersection with the
(010) and (100) facet planes. The extinction spectra were
optimized as a function of rigid shifts of such ellipsoid with
respect to the LiF nanogroove, keeping the array pitch un-
changed, truncating the NP at the intersection with the facets
and rescaling the NP dimensions in correspondence of each
truncation in order to maintain the ellipsoid volume at the
experimental value of 2 x 10° nm?.
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