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Abstract: In this contribution, we present an experimental and numerical study on the coating of Al
plasmonic nanostructures through a conformal layer of high-refractive-index molybdenum oxide.
The investigated structures are closely coupled nanodisks where we observe that the effect of the
thin coating is to help gap narrowing down to the sub-5-nm range, where a large electromagnetic
field enhancement and confinement can be achieved. The solution represents an alternative to more
complex and challenging lithographic approaches, and results are also advantageous for enhancing
the long-term stability of aluminum nanostructures.

Keywords: aluminum plasmonic dimers; large refractive index molybdenum oxide; passivation;
sub-5-nm gaps; local electric field enhancement; environmental stability

1. Introduction

Plasmonic nanoparticle (NP) dimers [1-8] generating highly intense areas of electric
field enhancement, named hot spots, have been playing a crucial role in various applica-
tions, such as chemical and biological sensing [9], surface enhanced Raman spectroscopy
(SERS) [10-12], photocatalysis [13], and cavity quantum electrodynamics [14]. Local elec-
tric fields can be continuously enhanced by narrowing gaps until reaching the quantum
tunnelling region (~1 nm) [15,16].

It has been theoretically demonstrated that the use of appropriately refractive dielectric
coatings on dimers can greatly increase local electric field enhancement, with remarkable
hot spots at the nanogaps [17-19]. Deng et al. demonstrated that dielectric Mie resonances
can contribute to a strong light coupling effect, thus improving the light absorption when
the dielectric shell has a large refractive index and becomes thick.

Thus far, NP dimers as bowtie nanoantennas were experimentally coated with Al,O3
film by Lin et al. [20] to increase the local electromagnetic (EM) field (E) enhancement factor
(EF). They achieved a redshift of the plasmon resonance wavelength with respect to bare
dimers and calculated a progressive EM field EF increase (| E/Eg |2 = 1300, where Ej is the
incident EM field) in the gap, as the coating thickness increased.

Here, we experimentally use a high refractive index dielectric coating with nominal
zero loss (MoOy) on Al dimers, aiming to increase the electric field enhancement within the
nanogap. We used plasma-enhanced atomic layer deposition (PE-ALD) [21,22], providing
highly precise control of the thickness, very low contamination content, excellent uniformity
and conformality on structured surfaces with complex shapes [23]. These benefits result
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from the time-sequenced introduction of precursors inside the deposition zone, where
selective and self-limiting half reactions occur on the surface. Hence, thin-film growth is
determined by surface kinetics, allowing to avoid parasitic gas-phase reactions [24,25]. We
performed a comparison between high (MoOy) and low (Al,O3) refractive index coatings
on Al bare dimers, as coupled nanodisks (NDs), to better establish the coating effect within
the nanogaps. Furthermore, we performed a study on the EM field in the hot spots as a
function of the initial nanogap, to guide ALD efficient dielectric coating.

We also show that MoOj stabilizes the Al dimers upon exposure to indoor air, ensuring
long-term durability. Alis a low-cost metal and, in the last decade, it started driving a great
interest for nanoplasmonic-based devices operating in the UV /Vis spectral region [26,27].
Indeed, it is well-known that Al surfaces quickly oxidize when exposed to air, through the
formation of a few nm thick stable amorphous layer [2,26]. This layer partially protects the
metal against subsequent oxidation by preventing oxygen diffusion [26,28]. In the case of
evaporated Al nanostructures that are featured by a polycrystalline nature, a number of
defects, such as grain boundaries, are largely present; therefore, the native oxide layer may
exhibit cracks at the junction between metal grains [29], where Al corrosion can occur [30].
Therefore, corrosion can limit the long-term durability of aluminum-based devices [31].
Owing to the large surface-to-volume ratio of plasmonic nanostructures, the corrosion
phenomenon becomes even more restrictive at the nanoscale [32-35].

Consequently, novel methods to improve the long-term stability of optical properties of
plasmonic nanostructures based on Al should be investigated for technological applications
of practical utility.

Due to their wide use as solid propellants [36], a number of processes promoting the
long-term stability of Al nanoparticles have been investigated throughout the last decades.
Some organic materials have been used to stabilize aluminum NPs [37] but those coatings
were found to be permeable to oxygen, thus showing poor passivation capability.

ALD and plasma-enhanced chemical vapor deposition (PE-CVD) of thin inert layers
of metal oxides offer powerful alternative tools for Al corrosion protection. This is due to
their ability to deposit dense layers of oxide materials with controlled nanometer thickness
at the nanoscale. However, such layers were commonly used to protect flat metal surfaces,
such as alumina, titania [38,39] and hafnia [40]. Therefore, a layer with conformal coverage
on photonic nanostructures such as arrayed Al dimers, which is able to stabilize them in the
long-term, is lacking. To this end, the proposed MoOx coating has been demonstrated to
sustain plasmonic resonances lasting over 6 months with a slight decrease in the localized
surface plasmon resonance (LSPR) intensity.

Therefore, the overall benefit of using MoOx dielectric coating is two-fold: it improves
the plasmonic functionalities of Al nanogaps and boosts their chemical stability, which is
favorable for the large-scale fabrication, integration and packaging of such nanostructures.

2. Experimental Section
2.1. Fabrication of Al Bare Dimers

Two-dimensional arrays (80 x 80 elements) of single and coupled Al NDs were realized
on glass substrates by electron beam lithography (EBL), with lattice period of 350 nm and
470 nm, respectively. The substrate was first cleaned in acetone and 2-propanol. Then, a
180 nm poly(methyl methacrylate) (PMMA) layer was spin-coated at 5000 rpm and soft-
baked at 180 °C for 3 min. A 2 nm thick chromium layer was thermally evaporated onto
the PMMA to prevent charge effects in the electron beam writing procedure. The arrays
were written by a Raith 150 system at a beam current of 34 pA and an electron energy of
30 keV. After electron exposure, the Cr layer was completely removed by a ceric ammonium
nitrate-based wet etching for 20 s and rinsed in water. The exposed resist was developed in
MIBK:IPA solution in a 1:3 ratio for 3 min and rinsed in 2-propanol for 1 min. After thermal
evaporation of 31 nm thick aluminum, a lift-off process was performed in a mr-Rem500
remover solution (Microresist Technology, Berlin, Germany) and rinsed in 2-propanol.
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After Al native oxidation (over indoor air exposure of 6 days, a time enabling an almost
complete native oxidation [1]), the measured ND diameter is 120 nm and the thickness is
33 nm. Actually, by considering that the formation of the expected 3 nm thick native Al,O3
layer [26] consumes about 1 nm thick Al layer [2], we can estimate a height of about 33 nm
for both dimers and individual NDs. In addition, the dimer gap after native oxidation
resulted to be 28 nm.

2.2. Oxide Deposition by ALD

The amorphous dielectric films (MoOx and Al;O3) were deposited in a PE-ALD system
(SI ALD LL, SENTECH Instruments) composed by a reactor unit connected to a remote
capacitive plasma (CCP) source, a load-lock for ergonomic wafer loading, a precursor
cabinet, and a pumping unit consisting of a foreline dry pump and a turbomolecular pump
reaching a base pressure of 10-6 mbar. It is worth noting that remote CCP source, driven by
a 13.56 MHz generator, is attached to the upper flange of the reactor. During the deposition
process, the substrate is placed outside the plasma generation region. The gas carrier flow
for precursor pulsing was 40 sccm of ultra-high purity grade Nj (99.999%). As metalorganic
precursors, we used (NtBu),(NMej )Mo (from Strem chemicals Inc., Bischheim, France)
and trimethylaluminum Aly,(CHj3)e (from Strem chemicals Inc., Bischheim, France) for
MoOy and Al,O3 depositions, respectively. The reactor wall temperature was kept uniform
at room temperature (RT) during the film growth, the Mo cylinder was heated at 55 °C, and
all the delivery lines were heated at 120 °C to prevent condensation of the precursor. The
exposure time to O, reactant (150 sccm flow) was set at 2 s with RF power of 200 W. The
pressure used during the growth process was approximately 20 Pa, whilst the temperature
was kept at RT. The amorphous MoOy was grown on arrayed Al bare dimers and arrayed
Al NDs (both consisting of Al core/native Al,Oj3 shell), previously fabricated on a glass
substrate. Furthermore, MoOy and Al,O3 layers were deposited on p-type Si (100) wafers
with a resistance of 1-30 Ohm x c¢m (low doped substrates), thickness ~650-700 pm,
and native oxide of 2.8 nm (as measured by spectroscopic ellipsometry (SE) using SiO,
fit [41]), to retrieve their optical constants. All the substrates were pre-cleaned with
acetone and isopropyl alcohol.

2.3. Optical and Scanning Electron Microscopy Characterization

The transmission spectra of arrayed dimers and NDs were recorded by using a home-
made confocal scheme made by a Zeiss AxioScope Al optical microscope connected to a
spectrometer. The measures were performed in transmission configuration. The incoming
light from a tungsten lamp (450-850 nm) was first focalized by a condenser with NA < 0.1,
and then illuminated the sample from the bottom. Then, transmitted light was collected
through a 40x objective lens with NA = 0.95. The microscope output image was collimated,
collected, and reconstructed by a system of lenses on the entrance slits of a 200 mm spec-
trometer, equipped with a 150 lines/mm grating, and a CCD camera for measurements in
the Vis/NIR spectral range. In the case of the dimer arrays, linear polarization measure-
ments were performed. In this case, the incoming light was linearly polarized using a Carl
Zeiss (400-850 nm) linear polarizer. The light transmission was calculated with respect to
the light transmitted by the unpatterned substrate.

SE in the Vis/NIR range (450-850 nm) with a J.A.Woollam M-2000 system at three
angles of incidence (50°, 55°, 60°) was employed to determine the thicknesses and the
optical constants of the MoOx and Al,O3 dielectric films on silicon substrates with native
oxide on top. The model used to fit the SE data consisted of three layers: silicon for sub-
strate [42], native silicon oxide [41,43] and dielectrics as top layer. In a simplified picture, a
Cauchy model [44] was used for fitting the MoOx [45] and Al,O3 [46]. The thickness was
determined as the averaged value retrieved on a grid of 5 points on every sample.

In addition, the top view images of the samples were collected using a Zeiss Merlin
scanning electron microscope (SEM), operating at 5 kV and low current (100 pA).
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2.4. MoOy, Density Measurements

X-ray analysis was used to detect the density of MoOy films deposited at RT by
ALD through a Malvern PANalytical X'Pert Pro MRD diffractometer equipped with a
fast PiXcel detector-CuKo radiation. Specular X-ray reflectivity (XRR) was used to obtain
information about the density of the films. XRR measurements were recorded with an
incidence angle from 0 to 4° 20. XRR patterns were fitted using the X'Pert Reflectivity
software package; the sample model consisted of a MoOy /native SiO, /Si stack with surface
and interface roughness.

2.5. Finite-Difference Time-Domain (FDTD)-Based Numerical Simulation

Basically, the simulated structures consisted of arrayed Al core/native Al;O3 shell
dimers and dielectric coated dimers consisting of mentioned Al core/native Al,O3 shell
dimers coated by MoOy or Al,O3 dielectric films. Dimer geometries were designed through
3D CAD module of FDTD Lumerical software. The Al [47], native Al,O3 [48] and TiO, [49]
optical constants along with the experimental ones of MoOx and Al,Oj layers, retrieved by
SE, were used to numerically calculate the optical extinction and near-field EF maps in the
bare and coated dimer nanostructures. Air was chosen as the background medium with a
refractive index of 1, and the dimers were placed on a silica glass substrate with a refractive
index of 1.446. The incident light travelled in the perpendicular direction to the surface
containing the nanostructures with a polarization parallel (p-pol) and perpendicular (s-pol)
to the long dimer axis. Boundary conditions were considered to be periodic in the two
directions of the square lattice. Furthermore, symmetries were also considered to reduce
the simulation time, by reducing the area of the unit cell to a fourth of the original one.

3. Results and Discussion
3.1. Molybdenum Oxide Functional Passivation of Al Dimers for Enhancing Optical Field

First, we focused on fabricating Al coupled NDs by EBL, with a gap of 28 nm, measured
after native oxidation occurred (Figure 1a, top panel). The dimers were then coated with
two consecutive depositions of 4 nm thick amorphous MoOy each of which was performed
at RT in order to avoid any shape damage induced by sample heating. Figure 1a (bottom
panel) reports the MoOx-coated dimers with a final gap of approximately 12 nm after the
two MoOy depositions. Such a value results from the excellent uniformity along with
conformal coverage on structured surfaces of the ALD process. Indeed, by measuring the
width of tens of narrowed gaps (by ultra-high resolution SEM), we found that the dimer
gap narrows by following the following rule: final gap = initial gap —2 x (oxide thickness).
Hence, a deposition of 8§ nm thick MoOy on a 28 nm initial gap leads to a gap narrowing of
16 nm with a final gap of 12 nm.

As can be seen, the NDs exhibit a smooth surface and retain their circular shape. Then,
the measured far-field extinction spectra before and after coatings were collected (Figure 1b),
for transverse (s-pol) (perpendicular to the long dimer axis, see Figure 1a bottom panel)
and longitudinal (parallel to the long dimer axis) polarized excitation. As can be seen,
the oxide thickness affects the longitudinal polarization spectra very strongly. Here, the
thicker is the oxide film, the higher is the intensity of the dimer LSPR appearing in the
far-field extinction. The LSPR also redshifts by increasing the MoOy thickness, switching
from 710 nm in the bare case, to around 722 nm for 4 nm coating and to 734 nm for 8 nm
MoOy coating (Figure 1b). It is worth emphasizing that MoOx films were deposited on thin
native Al,Oj3 shell formed after Al air exposure (6 days after dimer fabrication).

Transversal polarization extinction curves exhibits a slight LSPR spectral redshift with
the increase in the oxide thickness from 495 nm of bare dimers to 515 nm with 8 nm of
MoOy as an effect of the increased refractive index of the surrounding medium [17]. A
slight intensity variation is observed in this case.

Furthermore, we numerically studied the concentration of EM field in the nanogap
by increasing the dielectric film thickness. We considered the two case studies of dimers
covered with 4 nm and 8 nm of MoOy, respectively. The MoOy optical constants were
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properly retrieved on 8 nm thick films deposited by ALD on Si substrates, with the same
growth parameters used to coat the dimers (Figure 2a, left panel), and were used as input
parameters in FDTD numerical simulations. These latter operations were performed by
considering a squared array of dielectric-coated Al dimers with lateral pitch of 470 nm as
reported in the SEM image of Figure 1a (bottom panel).

As Fabricated Dimers
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Figure 1. (a) SEM images of as-fabricated Al dimers (after native oxidation) with gap of 28 nm
(top panel) and after an 8 nm thick MoOx coating, deposited by ALD at RT, with a consequent gap
narrowing down to 12 nm (bottom panel). (b) Measured optical extinction spectra of Al dimers
by progressively increasing the MoOy coating on bare nanostructures (Al core/native Al,O3 shell
dimers) up to 4 and 8 nm thick dielectric films, for s-pol and p-pol polarized excitation.

The simulated optical extinction spectra for arrayed bare and MoOy-coated dimers
are reported in Figure Sla. Overall, they are in good agreement with the experimental
measurements reported in Figure 1b. Figure 2a (right panel) demonstrates the beneficial role
of the dielectric coating, which provides an enhanced optical extinction, for longitudinal
polarized excitation, by increasing the oxide thickness of the MoOy film. Such an extinction
increase is accompanied by a redshift in the LSPRs from 700 nm of the Al bare dimers, to
707 and 715 nm for 4 nm and 8 nm thick MoOy coating, respectively. On the other hand, the
observed redshift in extinction resonances for longitudinal polarization could be ascribed
to the increased interaction between the individual NDs as the gap is narrowed by oxide
coating. Actually, when two individual metallic NPs are brought into close proximity with
each other, their single surface plasmons couple themselves electromagnetically and the
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resulting LSPR redshifts [12,50-52]. On the other hand, for transversal polarized excitation,
we can consider non-interacting NDs in the dimer structure; hence, the LSPRs of individual
NDs undergo a slight redshift (not shown) due to the resulting larger refractive index of
the surrounding media, as already demonstrated in [1,2,17,53].
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Figure 2. (a) Refractive indices of Al;O3 and MoOy films, experimentally retrieved by analyz-
ing the deposited ALD layers with SE (left panel); they were used as input parameters in FDTD
numerical simulations. The extinction coefficients are null over the considered Vis/NIR spectral
range. Simulated maximum extinction intensities along with peak shifts as function of the dielectric
thickness (4 and 8 nm): MoOy (solid lines) and Al,O3 (dashed lines) (right panel). (b) Calculated
two-dimensional near-field enhancement factor 1E/Eq12 (Eg =1 V/m) maps (x-y view) for the bare
(Al core/native Al;O3 shell dimers) and coated dimers with MoOx and Al,Oj3 layers (4 and 8 nm
thick films). The maps were extracted at corresponding wavelengths of maximum extinction peaks
reported in panel a), and at the nanoantenna height where the EM field is maximum.
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To better assess the effect of dielectric coating to the fabricated MoOx-coated dimers,
we extracted, in the case of longitudinal polarized excitation, the near-field maps at corre-
sponding wavelengths of maximum optical extinction peaks reported in Figure 2a (right
panel). The near-field intensity is defined as: |E/Eg |2 where |Eg| =1 V/m is the incident
field amplitude. As can be observed in Figure 2b (for the MoOx case), the colors indicate
the | E/Ej |2 values in linear scale from minimum (dark blue) to maximum (dark red);
with the narrowing of the gap, the near-field maximum intensity exhibits an increase by
121% and 251% with 4 and 8 nm thick MoOxy films, respectively (from |E/Eg | 2 =146 to
324 and 515 with 4 and 8 nm thick MoOx films, respectively), as compared to as-fabricated
Al dimers. The EM field is mainly concentrated in the region between the dielectric surface
of the individual NDs facing each other, in agreement with our previous results concerning
the effect of native oxidation on Al nanogaps [12].

Indeed, Figure S2 reports the side-view maps of the field enhancement factor | E/Eq |2
of bare and MoOy-coated dimers. As can be noted, the EM field confinement in the air gap
delimited by the oxide film is highlighted. The latter also covers the glass substrate within
the gap. In addition, Figure S3 shows variations in | E/E |2 values across the nanogap
of the dimers reported in Figure S2 in order to highlight the EM field confinement by
progressively increasing the MoOy coating on bare nanostructures. Figure S3 demonstrates
how much the field confinement is affected by narrowing the gap, as it increases by reducing
the gap size with the oxide growth.

To better establish the dielectric role, a comparison with an oxide coating characterized
by a lower refractive index (in the Vis/NIR spectral range) than that of MoOy was also
addressed. To this aim, similar nanostructures were simulated with an Al,Os layer, whose
optical constants were experimentally retrieved on 8 nm thick films deposited by ALD on
Si substrates (Figure 2a, left panel). The simulated optical extinction spectra for arrayed
bare and Al,Os-coated dimers are reported in Figure S1b. Overall, they are in good
agreement with the experimental measurements reported in Figure 1b. Roughly, as the
thickness increases, the maximum extinction peak undergoes a redshift (Figure 2a, right
panel), as observed for MoOx film. However, the plasmon resonance peaks for both of the
dielectric thicknesses (4 and 8 nm) have a lower maximum value with respect to the MoOy
counterparts. In addition, the near-field maps demonstrated the lower efficiency of the low
refractive index Al,O3. As it can be observed in Figure 2b (for Al,Oj3 case), by narrowing
the gap, the near-field maximum intensity exhibits a relative increase by 82% and 202%
with 4 and 8 nm thick Al,Oj films, respectively. Such EM field EF values are lower as
compared to what was obtained with the MoO, layer.

Clearly, we can envision a very poor efficiency for dielectric layers with lower refractive
indices, e.g., SiOy, as compared to the mentioned ones.

Thanks to the rapid development of nanofabrication techniques, the production of
ultranarrow metallic nanogaps is now feasible. For example, sub-10 nm gaps can be directly
fabricated by high resolution electron beam lithography (EBL) or focused-ion beam (FIB)
milling [54-56]. However, such direct fabrication strategies are not ideal options to fabricate
sub-5 nm gaps; therefore, extremely high local field EFs [1,2] could not be easily attained.
Conversely, the dielectric coating by ALD of initial nanometer-sized gaps can represent a
reproducible and precise nanofabrication technique capable of producing sub-5 nm gaps.
In this context, it can be of practical interest to understand the trade off between the initial
gap of Al bare dimers and the maximum EM field achievable in the hot spot with the
ALD dielectric coating. To shed light on that topic, a few initial Al dimer nanogaps were
considered, and the EM field in the hot spot was numerically calculated by progressively
narrowing the initial gaps with a dielectric coating down to a 2 nm gap. Figure 3 reports
the exponential increase in the simulated EM field from |E/Eq |2 = 146 up to 8063, by
narrowing the Al dimer gaps from 28 nm down to 2 nm, respectively. As it can be noted,
by considering a progressive MoOx coating over three initial nanogaps of 28, 12 and 5 nm,
a beneficial role of the dielectric shell is observed. This is revealed by a larger EM field
enhancement within the hot spots, with respect to the initial EM field values. However, the
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MoOx-coated dimers with an initial gap of 5 nm attain large EM field values, in particular,
the EM field linearly increases with a slope of 652 nm~! with respect to the values of
218 and 25 nm~! for the initial gaps of 12 and 28 nm, respectively. Furthermore, the
percentage of EM field enhancement as function of the percentage of narrowed gap (by
MoOy ALD deposition), with respect to bare dimers for three initial nanogaps of 28, 12 and
5 nm, was reported in Figure S4. The latter demonstrated that the developed process is
extremely efficient in the case of large initial nanogaps. Indeed, a field enhancement by
more than 250% for 60% of a closed gap was attained for an initial gap of 28 nm. Conversely,
a limited field enhancement (of around 50%) was obtained for the same percentage of closed
gap (60%) for a narrower initial gap as low as 5 nm.

8000 | °
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Initial gaps:
6000 - =9 4
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C —&—5nm y OBk
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Figure 3. Maximum EM field enhancement factor | E/Eq |2 (Eg = 1 V/m) extracted within the dimer
gaps, at corresponding wavelengths of simulated maximum extinction peaks for bare (Al core/native
AlyOj3 shell dimers) and dielectric coated dimers by progressively narrowing the initial gaps of
28,12 and 5 nm with MoOy layers. The EM field EF for TiO, (1 nm thick)-coated dimers, with an
initial gap of 5 nm, is also reported. The TiO, film is characterized by a refractive index larger than
MoOx films in the Vis/NIR spectral range.

From the results reported in Figure 3, we clearly demonstrated the fundamental role of
the initial distance between the surfaces of two metallic elements in dielectric-coated dimers.
The desired | E/Eq |2 reported in Figure 3 for conventional Al dimers with 2 nm gap was not
attained, neither by using an initial gap of 5 nm, nor with a dielectric coating with a higher
refractive index, such as TiO; [49] (Figure 3), with respect to the experimentally used MoOx
layer. However, pure metallic sub-5-nm gaps were obtained with complex, costly and high
time-consumption technology such as He-beam lithography [2] or by EBL but only with
special substrates such as thin silicon nitride membranes [57], which are capable of reducing
electron backscattering effect but difficult to handle. Conversely, metallic nanogaps down
to 5 nm can be prepared by using common high energy EBL (50 KeV or better 100 KeV) with
high reproducibility, precision and accuracy on any substrates. Subsequently, such gaps can
be furtherly narrowed down to a few nm wide gaps by leveraging the conformal coating
of ALD dielectric layers. Such an approach represents a straightforward and low-cost
alternative fabrication strategy to squeeze light through those nanogaps.
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3.2. Molybdenum Oxide Functional Passivation of Al Dimers for Improving Environmental
Stability

The dielectric coating on Al nanostructures is also relevant for their environmental
stability. Many papers report the formation of a-few-nm thick stable oxide layer almost
immediately upon exposure to air, which preserves the nanoparticles from further degra-
dation [2,26]. However, as demonstrated in [31], this native oxide layer partially protects
the metal against subsequent oxidation; therefore, Al corrosion can occur [30].

Here, the stability of MoOy (8 nm)-coated Al dimers, MoOx (8 nm)-coated Al NDs
and Al bare NDs arrays after being exposed to indoor air conditions (air-conditioned dark
lab, 45% relative humidity at 21 °C) was evaluated by electron microscopy and optical
extinction measurements. It is worth emphasizing that Al samples were stored far from
chemical sources and possible contaminants in order to avoid biasing the experimental
results. The samples were continuously exposed to indoor air for six months, and we
did not perform periodical characterizations to induce morphology changes by sample
handling, external chemical contaminations, photocorrosion [58] and electron irradiation
from SEM.

Figure 4c (left panel) shows that Al bare NDs undergo an impressive morphology
change along with a fractional loss of metallic matter. With respect to freshly fabricated
NDs (Inset of Figure 4c, left panel), each nanodisk of the array shattered into smaller pieces.
Such a change in the ND morphology results is deleterious for the plasmonic properties
of those Al nanostructures because it leads to an increase in surface scattering loss with
a significant decrease in the intensity of the LSPR and a huge broadening, as is clearly
reported in Figure 4c (right panel). Such results are in good agreement with the results
reported in [31], in which Zhang et al. observed that the optical properties of Al ND
arrays are preserved for 90 days when stored in ambient air, regardless of their diameter,
due to a very slight oxidation during this range of time. Over the following months, the
nanodisks lose their optical properties. Conversely, the MoOy-coated dimers and NDs
remain almost unaffected in terms of morphology after being exposed for six months to
indoor air (Figure 4a,b, left panels). As it can be seen, the surface of the NDs appeared
smooth and retained their circular shape. This did not happen to bare Al NDs after being
exposed to air for similar periods of time (see Figure 4c, left panel). After six months
of air exposure, the MoOy-coated nanostructures showed a robust preservation of the
initial plasmonic properties in terms of LSPR wavelength, line width and resonant peak
intensity (Figure 4a,b, right panels); only a faint LSPR intensity reduction and redshift
was appreciable. This suggests that MoOy coating, deposited by ALD, ensures long-term
durability, which could be ascribed to the greatly improved performance of the physical
barrier driven by a high-density material produced by PE-ALD. Actually, by means of
X-ray reflectivity (XRR), we measured 3.2 g/ cm? for the MoO, film deposited at RT, a value
that can be easily improved by increasing the deposition temperature [59]. In addition, the
ALD technique provides a highly conformal coverage on structured surfaces, thus avoiding
air exposure of any portion of the covered Al nanostructures.

Therefore, we can envision a long-term durability of the plasmonic properties of Al
nanostructures whatever their shapes are, by using conformal MoOy coatings obtained by
a powerful tool such as the ALD.
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Figure 4. SEM images (left panels) and measured optical extinction spectra (right panels) of ar-
rayed (a) MoOy-coated Al dimers, (b) MoOy-coated Al NDs and (c) Al NDs. The SEM images
in panels (a) and (b) report the nanostructures after being exposed for 6 months to indoor air at
ambient conditions (air-conditioned dark lab, 45% relative humidity at 21 °C). The SEM images
in panel (c) report the morphology of freshly fabricated Al NDs (inset) and after 6 months of air
exposure, in order to better highlight the morphology change. The extinction spectra comprise the
curves before and after aging to indoor air.

4. Conclusions

In this work, we present a study on the effect of MoOy coating of Al nanodisks in
a coupled configuration. The study covers the effect of the thin oxide on the far-field
and near-field plasmonic features of the system, with a particular focus on the EM field
confinement and enhancement within the nanogap. It was experimentally found that, by
progressively coating Al dimers with large refractive index MoOy, the extinction intensities
and the near EM fields at the nanogaps were enhanced compared to bare dimers. Thanks
to the conformality of the ALD oxide layer, a nanogap can be engineered in the sub-5-nm
range without using extremely high resolution lithographic approaches.

Moreover, the beneficial effect of the MoOy coating on the long term stability of the
Al plasmonic nanostructures was also demonstrated. These results can be useful in a
large number of applications involving Al plasmonic nanostructures, such as sensing,
surface-enhanced Raman spectroscopy and catalysis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/photonics9080523/s1, Figure S1: Simulated extinction spectra for
Al dimers by progressively increasing the (a) MoOy and (b) Al,O3 coatings on bared Al nanostructures
(Al core/native Al,O3 shell dimers) up to 4 and 8 nm thick dielectric films, for s-pol and p-pol
polarized excitation; Figure S2: Calculated two-dimensional near-field enhancement factor | E/Eq |2
(Ep =1 V/m) maps (side view) for the bare (Al core/native Al,Oj3 shell dimers) and coated dimers
with MoOy layers (4 and 8 nm thick films). The maps are extracted at corresponding wavelengths of
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maximum extinction peaks reported in Figure 2a (right panel), and at the nanoantenna height where
the EM field is maximum; Figure S3: Simulated variations of field enhancement (|1 E/Ey | 2y values
across the nanogap of the bare and coated dimers reported in Figure S2. The field enhancement was
extracted at the nanoantenna height where the EM field is maximum; Figure S4: Percentage of EM
field enhancement as function of the percentage of narrowed gap (by MoOx ALD deposition), with
respect to bare dimers for three initial nanogaps of 28, 12 and 5 nm.
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