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ABSTRACT
Recent advances in the ability to synthesise metallic nanoparticles with tailored geometries
have led to a revolution in the field of plasmonics. However, studies of the important
complementary system, an inverted nanostructure, have so far been limited to two-dimensional
sphere-segment voids or holes. Here we reveal the localized surface plasmon resonances
(LSPRs) of nanovoids that are topologically enclosed in three-dimensions: an “anti-
nanoparticle”. We combine this topology with the favourable plasmonic properties of
aluminium to observe strongly localised field enhancements with LSPR energies in the extreme
UV range, well beyond those accessible with noble metals or yet achieved with aluminium.
We demonstrate the resonance tunability by tailoring the shape and size of the nanovoids,
which are truncated-octahedra in the 10-20 nm range. This system is pristine: the nanovoid
cavity is free from any oxide or supporting substrate that would affect the LSPRs. We exploit
this to infer the LSPRs of pure, sub-20nm Al nanoparticles which have yet to be synthesized.
Access to this extreme UV range will allow applications in LSPR-enhanced UV photoemission

spectroscopy and photoionization.

The localized surface plasmon resonances (LSPRs) supported by metallic nanostructures
play a central role in the fast-developing field of plasmonics. With advances in wet chemical

synthesis and nanofabrication, metallic nanoparticles with various shapes, sizes, and


mailto:joanne.etheridge@mcem.monash.edu.au

compositions can be produced, leading to highly tunable LSPRs and the associated local
electromagnetic field enhancements.!> Numerous applications have emerged including LSPR-

enhanced spectroscopy and chemical sensing, as well as catalysis and optoelectronics.!-

Considerable advances have been made in understanding the plasmonic response of
nanoparticle systems, including the dependence of the plasmon resonance energy on the metal,
as well as nanoparticle shape and size.!” However, much less is known about the
complementary system, an inverted nanostructure or “anti-nanoparticle”.® Indeed,
experimental studies have so far been limited to essentially two-dimensional (2D) systems
(namely, holes or truncated spherical voids)®!'® or dielectric spheres encapsulated in metal.!” A
topologically enclosed void (that is, an empty space containing no matter, completely

encapsulated by a material) has not previously been studied experimentally, due to the

difficulty of creating such fully-encapsulated voids.

Here we present the experimental LSPR study of topologically enclosed 3D nanovoids.
These are grown and fully encapsulated within aluminium, as illustrated in Figure 1a and 1b.
Aluminium is an attractive material for plasmonic applications due to its relative abundance
and low cost (in contrast to the noble metals), combined with its tuneable high-energy
LSPRs.!*37 However, the fabrication and synthesis of Al nanostructures have presented a
number of difficulties compared with their noble metal analogues, which has impeded its use
in plasmonic nanostructures. For example, the plasmon linewidth of fabricated Al nanoparticles
is large across the visible range due to damping by the interband transitions which occur at
~1.5 eV?13® plus surface roughness and grain boundaries within the particles.>? Recently, a
number of significant advances in Al plasmonics have been made. In particular, chemical
synthesis of crystalline Al nanoparticles has been achieved, delivering nanoparticles >70 nm
in diameter.®> These have shown promise in UV-catalysis.** In addition, fabricated Al-based
plasmonic devices have been engineered to reduce the plasmon linewidth and achieve highly
sensitive, deep-UV surface enhanced Raman sensing,?’ colorimetric sensing,*> and plasmonic-
based displays.*®*” Both fabricated and chemically synthesised Al nanoparticles oxidise, with

oxide layers typically 2 — 4 nm, which is known to red-shift the energy of the LSPR.?23133

In the present work, nanovoids were grown within Al foils in the shape of truncated octahedra
with sizes <20 nm (Figure 1b). The plasmonic response of these fully buried voids, and its
dependence on size and shape, was investigated using electron energy-loss spectroscopy

(EELS) in a scanning transmission electron microscope (STEM).!33%43 A key virtue of these



encapsulated internal voids is the absence of any supporting substrate or complicating oxide
on the void surface, providing a pure system for fundamental studies. We exploit this and use
the experimental measurements from nanovoids to derive, from the sum rule, the LSPR
properties of pure Al nanoparticles <20 nm in diameter, which have yet to be reliably
synthesised.!®*7 We also investigate a coupled void system with a view to future fabrication of

coupled nanovoid arrays.
RESULTS AND DISCUSSION

The 3D nanovoids were fabricated by quenching high-purity aluminium (99.9999+ at.%)
from a temperature just below its melting point. The Al nanovoids are {111}-terminated
octahedra truncated by {100} planes at the six corners. Owing to the absence of mass, they
appear darker in annular-dark-field (ADF) STEM images (inset, Figure 1c) for a <110>-
oriented void. EEL spectra taken from different regions of the void show distinct peaks between
9 and 14 eV (Figure 1c¢ and Supplementary Figure 1). There are no such peaks in the spectrum
taken from the surrounding Al matrix (black curve, Figure 1c), indicating that they are
associated with LSPRs of this inverted system. However, these peaks inevitably sit on the tails
of the prominent bulk plasmon (~15 eV for Al) and the surface plasmon peaks of the oxidised
Al film surfaces (7-8 eV). Subtracting the bulk-Al spectrum reveals three main energy-loss
peaks when the electron beam is positioned at specific points across the void (Figure le). For
the beam positioned at the {111} face centre (red square, inset, Figure 1c) a low energy peak
~11 eV dominates the loss signal. A higher energy signal is observed at ~12.5 eV for the beam
positioned at the truncated-octahedral edge (green rectangle) and the highest energy peak at
~13 eV dominates the loss signal when the beam is positioned at the {100}-faceted corner (blue

square).

These features of the EEL spectra are confirmed by electrodynamic EELS simulations based
on the electron-driven discrete-dipole approximation (e-DDA),*-*¢ as shown in Figure 1d and
1f (see also Supplementary Note 1 and Supplementary Figures 3-7). Both the raw experimental
spectra and the bulk-Al-subtracted spectra are reproduced, demonstrating the power of the e-
DDA calculations in describing both surface and bulk plasmon excitations. The calculations
also reveal that the LSPR peaks are intrinsically broad, with FWHMs > 1 eV (Figure 1f). It
verifies that our instrumental resolution (~0.5 eV) is sufficient to characterize these peaks with
little instrumental broadening (comparing Figure le with 1f). The broad nature of the LSPR
peaks, together with the spatial overlap between the different LSPR modes, leads to



considerable signal mixing in both the experimental and calculated spectra. To separate the
LSPR modes and to achieve spatially-resolved maps representing pure LSPR modes, we apply
a multivariate analysis for blind decomposition (non-negative matrix factorization (NMF)),*
summarized in Figure 2. Four distinct spectral components (three LSPR spectra and the bulk-
Al spectrum) are separated robustly, which form a basis set to sufficiently model the raw
spectra (bottom-left plot in Figure 2). In contrast to the mixed spectra (Figure 1¢), each isolated
LSPR component is dominated by a single peak (peak positions summarized in Table 1),
suggesting a separation of the intrinsic plasmon modes. Furthermore, the NMF analysis as a
function of beam position also allows the spatial distribution of each spectral component to be
determined (middle panel, Figure 2). For the three major zone-axes of Al, the EELS spectra
show no significant variations from different voids similar in size, and their spatial distributions
are consistent: the red, green, and blue components localize at the {111} faces, edges, and
{100} -faceted corners of voids, respectively. The mixed-color maps can be interpreted based

on the ideal truncated-octahedral models in all three orientations.

The e-DDA calculated EELS maps at different resonance energies (right panel, Figure 2)
show good agreement with experimental maps for the <100>-oriented void, further validating
the spatial distributions of LSPR modes derived from NMF analysis. Similar spatial
distributions of LSPR modes can also be obtained using principal-component analysis, but the
derived spectral components can have non-physical negative intensities (Supplementary
Figures 8-10). Figure 2 therefore provides a complete picture of the three prominent LSPR
modes from nanovoids in Al in different orientations. These comprise a lower-energy {111}
face mode; an intermediate-energy edge mode; and the highest energy mode localized at the
{100}-faceted void corners. We note that the spatial spreads of all LSPR modes revealed here
are < 5 nm and are thus more localized than other reported LSPR modes.*>**** This can be
attributed to both the geometry of the truncated-octahedral nanovoids (i.e. perfectly flat facets
and edges sharp at the nanometer scale*’) and less delocalization of the higher energy-loss

interactions with the incident electron beam.*®

To gain greater physical insight into the origin of the LSPR signals, we calculate the induced
electric field distributions in 3D for fixed electron beam positions and energy losses, (Figure
3). Despite the fixed beam positions, the induced field always spans the whole void,
demonstrating the resonant nature of stationary waves excited by the incident electrons. The

induced field is enhanced at the {111} faces (red), <110> edges (green), and {100}-faceted



corners (blue) of the voids for 10.7 eV, 12.1 eV and 13.2 eV, respectively - consistent with
EELS maps for the corresponding LSPR modes (Figure 2). However, a careful inspection of
Figure 3a reveals that the field enhancement for the “corner mode” is localized at the <110>
edges surrounding the {100} facets, rather than at the {100} facets themselves (as seen for the
“face mode” case), indicating that the “corner mode” in Figure 2 is actually another “edge

mode” localized at the {100}-faceted corners.

The excellent agreement between experiments and calculations in Figs. 1-3 is conventionally
difficult to achieve in Al plasmonics: Al plasmon resonances depend sensitively on surface
oxidation, and granular structure, which are inevitable in Al nanoparticles.'®** These structural
complexities in Al nanostructures often lead to discrepancies between experiments and
theoretical predictions,*! making the interpretation of Al plasmonic properties challenging. The
exceptional agreement achieved here can be attributed to the purity of the nanovoid system:
The voids have clean, oxide-free surfaces*’ and are embedded in large volumes of single crystal
Al (hundreds of microns from grain boundaries). Importantly, there is no supporting substrate
either. The nanovoids therefore provide a special system free of structural complexities, ideal

for investigations of the intrinsic LSPR properties of aluminium.

We can exploit the purity of this nanovoid system to explore the LSPR response of the
complementary nanoparticle system by applying the sum rule'®* to the experimentally
measured nanovoid LSPRs. We demonstrate the validity of this approach by comparing these
experimentally deduced LSPR energies with those determined from e-DDA calculations of
pure Al nanoparticles with an identical truncated-octahedral geometry and size. By changing
the electron beam positions relative to the nanoparticle in the calculation (Figure 4), all three
major LSPR modes can be excited (consistent with the nanovoid system). The resonance
energy for each mode is identical across particle orientations, with only the relative magnitudes
of the loss probabilities changing, consistent with experimental observations of the nanovoid

system (Figure 2).

Table 1 summarizes all resonance energies from both the nanovoid (measured
experimentally) and the complementary nanoparticle systems (calculated using e-DDA). The
resonance energies of the same mode from the two complementary systems (Es1, Ey2) fulfil the

sum rule®:

E3 +ES = E;%



where E, is the bulk plasmon energy (~15.3 eV for Al). This demonstrates that the plasmonic
properties of pure (oxide and grain-boundary free) Al nanoparticles can be derived simply from
experimental measurements of the complementary nanovoid system via the sum rule. We note
that Al nanoparticles with shapes similar to truncated octahedra have been synthesised

experimentally, but only with sizes >70 nm and with an oxide surface layer.*?

Table 1. The sum rule of LSPR energies from Al nanovoids and nanoparticles with small {100}
facets (dioo = 17 nm)

Truncated octahedra LSPR modes

small {100} (dioo =17 nm) Face Edge Corner
Eq: Al nanovoids (experiment) 10.7 eV 12.6 eV 13.3eV
Es2: Al nanoparticles (e-DDA) 10.8 eV 8.9eV 7.4 eV
E,= |Eq®>+Egp2=153¢V 152 eV 15.4 eV 152 eV

It has been reported that the shape of Al nanovoids can be tailored using high-energy (=160
kV) electron irradiation: the {100} facets move towards each other (dioo decreases) while the
{111} facets remain fixed, giving rise to larger {100} facets.” STEM-EELS mapping of large-
{100} faceted voids reveals that this shape modification can effectively tune the corner-mode
peak from 13.3 to 12.7 eV, combined with a subtle redshift of the face-mode peak, (Figures 5a
and 5b and Supplementary Figures 1 and 2). e-DDA simulations (Figures 5c¢ and 5d) confirm
the experimental observation and further show that, by tailoring the void shape from a perfect
octahedron (dioo = 20 nm, dashed curves) to a large- {100} truncated octahedron (dioo = 14 nm,

dotted curves), the corner-mode peak redshifts from 13.6 to 12.7 eV (Figure 6a).

The opposite trend was observed in the simulation of the complementary Al nanoparticle
systems: changing the shape from an octahedron to a large-{100} truncated octahedron
blueshifts the corner-mode peak from 6.6 to 8.3 eV (Figure 6d and Supplementary Figure 11).
This is again consistent with the sum rule: the corner-mode energies from complementary

systems with the same shape fulfil the sum rule, as demonstrated in Table 2. Again, this



demonstrates that the LSPR energies for the yet-to-be-synthesised nanoparticles can be

determined accurately from the experimental measurements of the nanovoids via the sum rule.

Table 2. The sum rule of corner-mode LSPR energies from the Al nanovoids and
nanoparticles with different shapes. Experimentally measured energy values are indicated by

“exp”, all other values are derived from e-DDA calculations.

Corner mode

Truncated octahedra | large {100} small {100} no {100}
(d111=12 nm) (dioo=14nm)  (dioo=17nm)  (dioo =20 nm)
Esi: Al nanovoids 12.7 eV (exp) 13.3 eV (exp) 13.6 eV
Es2: Al nanoparticles 83 eV 7.4 eV 6.6 eV

15.2 eV 15.2 eV 15.1 eV

E,= |Eq®> +Egp2=153¢V

It is worth pointing out that for the large-{100} faceted void (di0o= 14 nm), the corner-mode
peak at 12.7 eV is nearly identical to the edge-mode peak, as shown by the blue and green
curves in Figure 5d (also indicated by the arrows in Figures 6a,b). Induced electric field
calculations (Figure 3c) also show that both modes exhibit similar field enhancements at the
{110} edges. They confirm the observation in Figure 3a, that the corner mode is actually
another “edge mode” localized at the {100}-faceted corners. Furthermore, a comparison
between Figures 3a and 3c suggests that the corner and edge modes become degenerate when
the {110} edges all have the same length, as seen in the large-{100} faceted void. When the
{110} edges become shorter around the corners, as for the small-{100} faceted void, the corner
mode is split from the edge mode (at 12.6-12.7 eV) and shifts towards higher energy, which
was observed experimentally (Figure 5a,b). The same trend was observed in the Al nanoparticle
systems (indicated by arrows in Figures 6d,e). A blue-shift of resonance energy with an
increase in the degree of truncation of nanocrystals is consistent with that predicted for
triangular prisms®® and observed experimentally for decahedra.’’ Our calculations give a

physical justification for these reported empirical observations.



We also explored the coupling effects between adjacent voids in analogy to complementary
nanoparticle dimers. The possibility for these voids to grow in close proximity to each other,
as observed in our sample (Figure 7b), suggests the potential for controlled nucleation and
growth of coupled nanovoid systems. We explore the usefulness of this for plasmonic
enhancement using e-DDA and find that weak plasmonic coupling of Al nanovoids separated
by ~1.6 nm 1is possible (Figure 7c¢). A broad peak at 10.4 eV is likely due to the dark-mode
resonance from coupling, as the resonance energy is lower than all the plasmonic modes from
a single void. For the experimentally observed voids (Figure 7a,b), the lateral separation is
observed to be a single atomic layer (~0.3 nm), but the depth separation in this particular case
is determined to be 6 nm using quantitative convergent-beam electron diffraction (QCBED,
see Methods) taken through each void, therefore no coupling between these two voids was
observed in the EELS measurements. Further investigation on the production of nanovoid

dimers and arrays that are sufficiently close to enable coupling is underway.

As a final remark, the overall shape of a void is defined by the lowest energy crystallographic
planes of the host matrix, here aluminium. Very little is known regarding the mechanisms of
void nucleation and growth, and there exists as yet no method for the arbitrary control of shape
and size. However, some control has been demonstrated, as outlined in Methods, suggesting
opportunities for future exploitation. In addition, voids can be fabricated in much larger number
densities and as ordered arrays through ion beam irradiation.>** This offers the prospect of

fabricating arrays of voids in chosen patterns to engineer desired photonic behaviour.

CONCLUSION

In summary, we demonstrate that these tiny, aluminium-encapsulated 3D nanovoids provide
strongly localized field enhancements with tuneable LSPR energies that extend the currently
available plasmon spectrum into the extreme UV region. These energies are far beyond that
achievable with noble metal nanoparticles and are equal or greater than would occur in the
complementary aluminium nanoparticle system - if it could be synthesized. This is a pure and
simple system, free from oxides, defects and substrates, and hence ideal for studying the
intrinsic properties of Al plasmonics via the sum rule. Moreover, the potential to control the
nucleation and growth of these nanovoids and the weak field enhancement associated with
coupled nanoparticles, open the possibility of engineering useful and cheap plasmonic

nanovoid arrays for applications requiring the extreme UV regime.

METHODS



Truncated octahedral voids were made reproducibly with diameters ranging from sub-10 nm
to ~25 nm as well as with varying aspect ratios. This was achieved through different heat
treatments involving heating high-purity aluminium (99.9999+ at.%) to just below its melting
point (typically 550-600°C), in order to generate a high equilibrium vacancy population, and
then quenching at different rates and temperatures in order to manipulate the clustering of
vacancies into voids. Quenching was performed into 0°C and 20°C water as well as into liquid
nitrogen. STEM imaging and EELS mapping were carried out on a double-Cs corrected FEI
Titan 80-300 S/TEM equipped with a Gatan Image Filter (GIF Tridiem), operating at 80 kV
and with a standard Schottky field emission gun (FEG) without a monochromator. The lower

accelerating voltage causes less damage in bulk Al,>*>°

which is essential to achieving reliable
EELS mapping on voids but still provides sufficient energy for the electrons to be transmitted
through the full thickness of the foil. The electron gun lens setting was adjusted to reduce the
beam current, so that the EELS energy resolution could be improved to ~0.5 eV (from 0.8-0.9
eV for a Schottky FEG) as measured from the FWHM of the zero-loss peak. The energy
resolution can be further enhanced by post-processing using the Richardson-Lucy
deconvolution.® A ~18 mrad convergence angle was used to yield a ~2 A diameter electron
beam, and a ~10 mrad collection angle was used to collect the EEL signal. To exclude any
beam damage artefacts, we monitored the STEM images carefully to make sure that there were
no structural changes after EELS mapping. Multiple EELS mapping on the same voids was
also performed to check for consistency. To compare with experimental observations,
electrodynamic EELS simulations were performed based on the electron-driven discrete-dipole
approximation (e-DDA),*-*6 with the simulation parameters presented in Supplementary Note
1. To determine the void geometry and dimensions, convergent-beam electron diffraction
(CBED) patterns were also collected with the electron beam traversing a void and were pattern-
matched using the ‘multislice’ description of electron scattering.’” The void was modelled as a
sequence of slices that contain no atoms, sandwiched by two pure Al slabs. Such a quantitative
CBED (QCBED) approach can determine the dimension of a void along the direction of the
incident beam with a precision of 3 atomic layers. The accuracy and precision of the QCBED
measurements is unaffected by the presence of amorphous oxide layers at the top and bottom
exterior surfaces of the TEM foil, the effect of which is removed through the differential

QCBED analysis.?*-
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The Supporting Information containing additional experimental data, data analysis, and

details of simulations is available free of charge on the ACS Publications website at DOI:
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Figure 1. EEL spectrum comparison between experiments and calculations. (a) A schematic
showing voids fully enclosed in a TEM specimen of an Al foil. (b) A magnified rectangle from
(a) showing two truncated-octahedral voids inside an Al foil with thin AlO, layers above and
below. (c) Experimental EEL spectra corresponding to regions highlighted in the inset. Inset:
ADF-STEM image showing a void with truncated octahedral shape in <110>-oriented bulk Al.
(d) e-DDA calculated spectra at the face (red), edge (green), and corner (blue) of a truncated-
octahedral void. Inset: model used for calculation, showing a void with digo ~17 nm embedded
in a 51 nm Al cube. The Al cube is covered by a ~3 nm Al,O3 surface oxidation layer. (e,f) Net

spectra after subtracting the bulk Al spectra from (e) the experiment and (f) the calculation.
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Figure 2. STEM-EELS mapping of LSPRs on three Al nano-voids in multiple projections.
Left panel: The component spectra derived from NMF analysis. Bottom-left plot shows a raw
EEL spectrum (black dots) averaged over a whole void. The spectrum can be perfectly fitted
(cyan curve) with the four components derived from NMF analysis. Middle panel: The EELS
weight maps associated with the component spectra on the left, illustrating the spatial
distribution of the face (top row, red), edge (2" row, green), and corner (3" row, blue) modes
in different orientations. 4™ row: Weight maps formed by the Al bulk spectrum (dashed curve
in the bottom-left plot), showing “bright-field” STEM contrast. Scale bars equal 5 nm. 5™ row:
False-color mixed maps are in excellent agreement with the truncated octahedral models
(bottom row). Right panel, e-DDA calculated EELS maps for a void with digo ~17 nm
embedded in a 28 nm oxide-coated Al cube. The non-uniform EELS intensity along <110> for
the edge mode (green) is a simulation artefact due to the limited number of dipoles used to

model the void.
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Figure 3. (a) e-DDA calculated E? plot in 3D. Both the induced electric fields and the electron
beam path along <100> light up. The scale is normalized to the maximum E? and is therefore
dimensionless (same for ¢). Crystallographic axes are drawn to show void orientation in the
middle panel and the directions of some of the bounding edges are also indicated. Note that all
edges bounding voids in aluminium have <110> orientations. The LSPR modes and
corresponding resonance energies are labelled at the lower-left corner. Energies slightly off the
resonance energies are used to minimize the mixing effects from different LSPR modes. (b)
Model used for calculations (same model used in Figure 1b,d). Dots show the electron beam
positions which excite face (red), edge (green) and corner (blue) LSPR modes. (c) e-DDA
calculated E? plot in 3D, the same as (a) but for a void with larger {100} facets. (d) Model used
for calculations in ¢ showing a void with dioo ~14 nm embedded in the same cube as (b). Note

that the model in (d) has the same di11 as in (b), but smaller dioo due to a larger truncation.
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Figure S. Tunability of LSPR modes with the shape of Al nano-voids. (a,b) Experimental net
spectra after subtracting the bulk Al spectra from voids with (a) small- and (b) large-{100}
faceted corners. Insets: ADF-STEM images showing the corresponding voids in <110>-
oriented bulk Al regions where EEL spectra are taken highlighted. (c,d) Calculated net spectra
after subtracting the bulk Al spectra from (c) small- and (d) large-{100} faceted voids. The
dashed lines illustrate the redshifts of the LSPR peaks from face (red) and corner (blue) modes
from small- to large-{100}-faceted voids, for experiments and calculations. (a) and (c) present

the same data as Figs. le and 1f.
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11 for optical DDSCAT calculations using a photon source on these nanoparticles.
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to-edge void dimer with 1.6 nm distance between the two closest edges. The inset shows the
model used for calculations at the [100] zone axis, with the cyan, light-green, and dark-green
dots indicating the electron beam positions for the correspondingly-colored EEL spectra. The
thick black spectrum is from the single void calculation, which is nearly identical to the dashed
cyan spectrum from the void dimer calculation, indicating very weak coupling. On the other
hand, a broad peak at ~10.4 eV in the dark-green spectrum (indicated by an arrow) is likely to
reflect the dark-mode resonance from coupling. Such a weak coupling is not observed
experimentally in (a) and (b), due to the ~6 nm separation between the two voids along the
[110] direction, as illustrated in the bottom-left model. The model of an edge-to-edge void
dimer (i.e. no gap, used in the e-DDA calculation) is shown in the bottom right, while both

models look the same in the [110] orientation.
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TABLES

Table 1. The sum rule of LSPR energies from Al nanovoids and nanoparticles with small {100}
facets (dioo = 17 nm)

Truncated octahedra LSPR modes

small {100} (dioo =17 nm) Face Edge Corner
Eq: Al nanovoids (experiment) 10.7 eV 12.6 eV 13.3eV
Es2: Al nanoparticles (e-DDA) 10.8 eV 89¢eV 7.4 eV
E,= |[Eg> + Ex;2 =153 ¢V 152 eV 15.4eV 152 eV

Table 2. The sum rule of corner-mode LSPR energies from the Al nanovoids and
nanoparticles with different shapes. Energies are mostly derived from e-DDA calculations,

with the experimental values indicated by “exp”.

Corner mode

Truncated octahedra large {100} small {100} no {100}

(di11=12 nm) (dioo=14nm) (dioo=17nm) (dioo =20 nm)

Es1: Al nanovoids 12.7 eV 13.3 eV 13.6 eV
(exp) (exp)

Es2: Al nanoparticles 8.3eV 7.4 eV 6.6 eV

. 152 eV 152 eV 15.1eV
Ey= |Egq* +Egp* =153 ¢V
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