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Aluminum (Al) is a cost-effective alternative to noble metals for plasmonics, particularly in the ultraviolet
(UV) and visible regions. However, in the near-infrared (NIR) region, its performance is hindered by inter-
band transitions (IBTs) at around 825 nm, leading to increased optical losses and broad resonances.
Surface lattice resonances (SLRs) offer a promising solution by enhancing the plasmonic quality factor
(Q-factor) through coherent coupling of localized surface plasmon (LSP) modes with Rayleigh anomalies.
Although high-Q SLRs have been demonstrated in homogeneous environments, achieving similar
enhancements in asymmetric media such as air remains a challenge. This study presents a novel approach
for improving the Q factor of aluminum in air by utilizing SLRs in aluminum nanoparticle (NP) arrays fabri-
cated via electron beam lithography (EBL) on a high refractive index indium tin oxide (ITO) substrate. The
ITO substrate enhances long-range coupling between NPs, reinforcing coherent interactions. Using
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absorption micro-spectrometry and finite-difference time-domain (FDTD) simulations, we demonstrate Q
factors reaching 110 in air, significantly exceeding typical values in IR in an asymmetrical surrounding
medium. Our results establish aluminum as a viable low-cost material for high-performance plasmonic
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1 Introduction

Metallic nanoparticles (NPs) absorb and scatter light due to
their ability to support localized surface plasmon (LSP)
resonances.' ™ These resonances involve coherent oscillations
of surface conduction electrons in response to the incident
electric field of light, leading to the generation of an enhanced
optical near-field.*® The amplification of the local field results
from a significant dipole moment at optical frequencies
induced by electron oscillations. The LSP frequency of a metal-
lic NP is closely influenced by the particle’s size and shape, as
well as the permittivity of the metal and the surrounding
medium.”*°
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applications in sensing, telecommunications, and optoelectronics.

Aluminum (Al) is frequently used in plasmonics due to its
lower cost and higher abundance compared to precious metals
such as gold and silver."'™® Moreover, at ultraviolet (UV) and
near-visible wavelengths, aluminum is more suitable for large-
scale applications, such as optical sensors, photovoltaics, and
nanoantennas.'®?* Optimizing the quality factor (Q factor),
defined as the ratio 4/AJ (4 is the wavelength of the plasmon and
A4 is the full width at half maximum of the plasmon resonance),
is highly desirable and still remains a challenge for aluminum,
especially for applications that require high-sensitivity sensing
or strong light-matter interactions.>*>® Indeed, aluminium
nanoparticles show poor Q-factors in the visible wavelength
range, around 2-4, limiting the latter applications.">*” One way
to improve the quality factor is to take advantage of the exci-
tation of surface lattice resonances (SLRs).”®*®* These modes
arise from coherent coupling of single NP LSP resonance by the
in-plane diffraction orders of the lattice, so-called Rayleigh
anomalies (RAs). The most relevant feature in the extinction
spectra is the emergence of an additional band, with an asym-
metric line shape - Fano profile - resulting from the interference
between the broad resonance in the individual NPs and the
narrow resonance given by the RA.*>*° Using this approach,
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researchers have demonstrated a reduced line width with higher
Q-factor SLRs in the UV region. For instance, X. Zhu et al., have
shown remarkably high Q-factors in water, up to 53, for wave-
lengths below 500 nm.>” More recently, B. W. Lin et al. provided
an in-depth analysis of the properties of SLRs with an experi-
mental Q-factor of 125 (in silica) in the UV region using a one-
dimensional aluminum grating.*'

In the near-infrared region, aluminum has limitations
because of interband transitions (IBTs) occurring near the
visible-to-NIR spectral range, making it less practical com-
pared to metals like silver and gold. Such IBTs occur when
electrons in the material are excited from a lower energy band
(typically the valence band) to a higher energy band (typically
the conduction band), absorbing energy from incident light.
The IBT for Al is centered at around 825 nm, leading to higher
ohmic losses, degrading the optical performance of alumi-
num-based plasmonic devices in this spectral range, while it is
crucial for various plasmonic applications, including telecom-
munications (800-1600 nm), NIR sensing, optoelectronic
devices, and photovoltaics.*®**™** Additionally, it also aligns
with the transparency window of most living tissues, making it
particularly suitable for non-invasive and non-destructive
medical diagnostics and treatments. As a result, the Q-factor of
the plasmonic resonance is significantly reduced, leading to
broader and less well-defined resonances in the NIR spectrum.
To enhance the Q-factors in the NIR region, recent studies
have explored the implementation of SLRs. For instance, L. Li
et al. proposed bimodal SLR sensors based on asymmetric Al
nanoparticles deposited on an Al film, with SLR wavelengths
located in the red spectral range.”” These sensors showed good
sensitivity to refractive index changes but exhibited relatively
low Q-factors (around 30). In a separate study, the same
authors reported Q-factor values of up to 42 in the visible
range using Al NPs.*® In another work, Bin Alam et al. explored
the degree of freedom polarization in Al V-shaped NPs
arranged in rectangular periodic arrays. Using incident colli-
mated light in normal incidence and a broadband superconti-
nuum laser source, they achieved a remarkable quality factor
of 800 at a wavelength of 1160 nm in a homogeneous sur-
rounding medium, where optimal SLR properties are
anticipated.””

However, developing SLR-based devices in an inhomo-
geneous environment presents significant challenges.*® For
example, operating in air or water is crucial for sensing appli-
cations but introduces substantial difficulties when employing
SLRs. In fact, if symmetrical environments enable optimal
coupling of incident light to plasmonic modes, an asymmetri-
cal surrounding medium, in contrast, disrupts phase-match-
ing conditions, thereby diminishing excitation efficiency and
propagation. Specifically, asymmetry in the medium intro-
duces a refractive index mismatch, weakening constructive
interference between modes.*® This reduction in interference
results in diminished field enhancement and, consequently,
lower sensing performance.

The substrate clearly plays a key role in modulating surface
lattice resonances (SLRs), near-field coupling, and field
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enhancement. Dielectric layers or conductive films like indium
tin oxide (ITO) can shift or enable SLR modes in specific spec-
tral regions, as evidenced in recent work. Substrate-induced
asymmetries also affect dispersion and mode selection, influ-
encing emission directionality and coherence. This makes sub-
strate engineering especially important when integrating mole-
cular gain materials and 2D lattices into metasurfaces.’® >’

The question of improving the quality factor of aluminum,
particularly in air for nano-optics applications, has not been
explored in the spectral region of interband transition, well
known for significantly damping the optical properties of plas-
monic particles. This is the primary focus of this article. To
overcome this limitation, we propose the fabrication of regu-
larly arranged aluminum nanoparticles (made by electron
beam lithography, EBL) sustaining SLR modes. In order to
improve SLR efficiency, the NPs are deposited on a high-refrac-
tive-index indium tin oxide substrate. Indeed, the high refrac-
tive index of the ITO substrate can act as an efficient wave-
guide, enhancing long-range coupling between the NPs. We
experimentally and theoretically investigate the optical
response of circular aluminum disk arrays in air using a
visible-NIR absorption micro-spectrometer and analyze the
impact of different interparticle distances (grating constants)
and diameters on the Q-factors. Theoretical calculations were
performed using the finite-difference time-domain (FDTD)
method. We show that these Q-factors are further amplified by
the efficient coherent coupling between particles facilitated by
guided modes in the ITO substrate, with a remarkable increase
in the IBT region compared to values found in the ultraviolet
(UV) region, despite the limitations inherent to this spectral
region. Experimental Q-factor values reach up to 110 in air,
highlighting the potential of aluminum, a cheap and abun-
dant metal, for advanced device applications in the NIR
region.

2 Results and discussion

The optical performance of aluminum NPs gradually decreases
beyond the UV spectral range. This decline is primarily attribu-
ted to the increase in the imaginary part of aluminum’s dielec-
tric function with increasing wavelength, as shown in Fig. 1.
The figure illustrates the real and imaginary components of
the dielectric function (¢) of aluminum versus wavelength (in
nm) and energy (in eV) extracted from the experimental data of
Raki¢ et al.”* These are in good agreement with the data from
the Drude-Lorentz model, with plots derived from the formula
given in the SI (eqn (S1)-(S3)). While the real part of ¢ deter-
mines the wavelength of the plasmon resonance, the imagin-
ary part quantifies the damping of the optical performance of
plasmonic structures. As evidenced in Fig. 1a, the imaginary
part of (&) indicates stronger damping in the NIR region.

This damping originates from two primary factors: (i) inter-
band transitions (IBTs). For aluminum, they arise from electronic
transitions between electronic discrete energy levels. IBTs can be
described using the Lorentz model (see Fig. 1b and eqn (S2) in
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Fig. 1 (a) Complex dielectric function of aluminum as a function of
wavelength and energy, with experimental data from the work of Raki¢
et al., represented by red and blue dots for the real and imaginary com-
ponents, respectively. Theoretical calculations based on the Drude—
Lorentz model are shown as solid red and blue lines for the real and
imaginary components, respectively. (b) Imaginary part of the dielectric
constant of aluminum plotted using the Drude—Lorentz model (solid
dark line). The Drude (blue dots) and Lorentz (red dashed line) contri-
butions to the above model are plotted separately.

the SI). As shown in Fig. 1b, the Lorentz contribution produces a
peak in the imaginary part of the dielectric function centered at
approximately 1.5 eV or 825 nm (red dashed line), with a full
width at half maximum (FWHM) of 0.7 eV (280 nm); (ii) bulk
aluminum damping. For higher wavelengths, this damping
becomes even more significant, as displayed in Fig. 1b (blue
dashed line). This behavior is modeled using the Drude model
(eqn (S3) in the SI), showing that Im(e) increases with increasing
wavelength. The combined effects significantly reduce the
optical efficiency of aluminum nanoparticles, limiting their
applicability in the NIR region. For example, Fig. S1(a-c) illus-
trates the calculated extinction spectrum in air, obtained
through the FDTD method, for a single disk with a diameter
varying from 135 to 240 nm (height: 60 nm) deposited on an
80 nm thick ITO layer. The results clearly show a strong
damping of the LSP band in the NIR region.

To overcome this limitation, we aim to take advantage of
the long-range interactions between aluminum nanoparticles
to generate SLRs on a high-refractive-index ITO layer, which
acts as a waveguide. Indeed, beyond facilitating electron eva-
cuation during the electron beam lithography process, the ITO
layer can function as a waveguide, potentially enhancing long-
range interactions between particles. The excitation of SLRs
originates from the diffraction of photonic modes in the sub-
strate. These modes emerge only when the particles are separ-
ated by specific distances, defined by the grating constant A.>
For example, in a square array, the first-order mode associated
with a grazing wave - referred to as the Rayleigh anomaly in
the plane - occurs when A = A/n, where 4 is the incident wave-
length and 7 is the refractive index of the substrate. This long-
range coupling mechanism introduces an additional peak in
the extinction spectrum, distinct from the LSP resonance. This
SLR peak exhibits a higher quality factor (Q-factor) compared
to the LSP resonance, reflecting its enhanced coherence.

In this work, we focus on the square arrays of circular Al
disks with diameters (D) ranging from 100 to 240 nm and a
fixed height (H = 60 nm). The grating constants (A) vary from
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292 nm to 679 nm experimentally (measured by scanning elec-
tron microscopy). These NPs are deposited on a thin layer of
indium tin oxide with a thickness of 80 nm, deposited on a
glass substrate. A schematic representation and a SEM image
of the fabricated device are provided in the SI (Fig. S2a and
S2b). As mentioned previously, the ITO layer can act as a wave-
guide. This effect occurs if its refractive index exceeds those of
both the superstrate (air, in our case) and the glass substrate
(with a refractive index of 1.52). Ellipsometry measurements
performed on the provided ITO layers, as shown in Fig. S3,
indicate that the refractive index is complex but has a very
small imaginary part. The experimental data align closely with
the values reported by Minenkov et al.,>® showing a decrease in
the refractive index with increasing wavelength, reaching
values close to 1 in the NIR. Interestingly, annealing the ITO
substrate at 500 °C leads to a significant increase in its refrac-
tive index, as evidenced by the ellipsometric measurements.
Thermal annealing significantly alters the structural and
optical properties of ITO thin films by facilitating oxygen
absorption from the air into the ITO layer. This process
reduces oxygen vacancies and defect densities, thereby enhan-
cing the material’s optical and electronic properties.””*® This
is particularly the case in the NIR range, as shown in Fig. SL.3.
For example, at 4 = 1000 nm, the refractive index of the
annealed sample nearly doubles, reaching approximately 2,
compared to a refractive index of 1.25 for the non-annealed
ITO sample. Given these values, as well as those of the super-
strate and the glass beneath the ITO, the latter can potentially
act as a waveguide.

The key question is: combined with SLR excitation, to what
extent does the increase in the refractive index of the ITO layer
improve the optical properties of the Al NPs in the NIR region?
To address this, we first conducted a set of experiments com-
paring the optical responses of two distinct Al NP arrays before
and after annealing the ITO layer. Each array was composed of
particles with a diameter D = 135 nm and a height H = 60 nm,
but with grating constants A = 292 nm and A = 489 nm (reflect-
ing the exact values obtained from the SEM measurements).
The lowest grating constant A = 292 nm has been chosen such
that there is no (or very little) far-field coherent coupling
between the nanoparticles, while A = 489 nm is such that there
is a coherent interaction leading to the emergence of an SLR
mode. Finite-Difference Time-Domain (FDTD) simulations
were conducted using the same geometric parameters as in
the experimental setup. The refractive index of indium tin
oxide was incorporated based on ellipsometry measurements,
considering both non-annealed and annealed conditions. To
account for the spontaneous formation of an alumina passiva-
tion layer over time, a 5 nm-thick aluminum oxide shell was
incorporated around the nanoparticles.*'® Note that the
Al,O; capping layer effectively passivates the structure, preser-
ving SLR quality over time without impacting the optical
response, as confirmed by unchanged extinction spectra six
months post-fabrication.

Fig. 2 displays the experimental (black curves) and FDTD-
calculated (red curves) extinction spectra of the two arrays,

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr02363g

Open Access Article. Published on 13 August 2025. Downloaded on 4/6/2026 7:37:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

A =292 nm

N =489 nm

(a)

Extinction

Extinction

450 550 650 750 825 450 550 650 750 825
Wavelength (nm) Wavelength (nm)

Fig. 2 Extinction spectra in air for the square arrays of aluminum disks
(D = 135 nm and H = 60 nm): (a) experimental data (black line) and
FDTD simulation (red dashed line) for a non-annealed sample with a
grating constant A = 292 nm; (b) experimental data (black line) and
FDTD simulation (red dashed line) for an annealed sample with a grating
constant A = 292 nm; (c) experimental data (black line) and FDTD simu-
lation (red dashed line) for a non-annealed sample with a grating con-
stant A = 489 nm; and (d) experimental data (black line) and FDTD simu-
lation (red dashed line) for an annealed sample with a grating constant A
= 489 nm. The vertical blue dashed line indicates the wavelength of the
Rayleigh anomaly of order (0, +1).

both before and after annealing the ITO substrate. We first
examine the extinction spectra for A = 292 nm (Fig. 2a) before
annealing the ITO substrate. In the calculated spectrum, a pro-
minent band appears at 508 nm in the extinction spectrum,
attributed to the dipolar plasmon mode. This grating constant
is such that a limited long-range coupling takes place. This is
evident as the first-order (0, +1) Rayleigh anomaly (marked as
blue dashed vertical lines at a minimum of extinction) occurs
at 444 nm (far from 508 nm). The experimental spectrum
aligns well qualitatively with the FDTD-calculated spectrum,
with a slightly larger experimental FWHM attributed to minor
polydispersity in the diameter of the nanostructures.
Interestingly, two additional peaks, less intense, and two
minima are observed at shorter wavelengths (447 nm and
409 nm). After annealing, the dipolar mode (referred to as
peak 1 in Fig. 2b) exhibits a slight red shift, located at 545 nm,
as confirmed by the FDTD-calculated spectrum. This is attribu-
ted to the increased refractive index of ITO, as evidenced in
Fig. S3. The two shorter-wavelength peaks at 466 nm and
430 nm (denoted as peaks 2 and 3, respectively) become more
pronounced and intense, exhibiting a slight red shift com-
pared to the non-annealed sample. The extinction spectra of
the annealed sample show remarkable agreement between
experimental measurements and FDTD simulations. This
alignment is mainly due to the consideration of the true
values of the optical index of annealed ITO in the simulations.
Note that the refractive index of aluminum remained
unchanged before and after annealing.

To confirm the origin of peak 1, the distribution of electric
field, along the XZ plane intercepting the nanoparticles, was

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 FDTD simulation results depicting the XZ mapping of the
modulus of the normalized electric field for an annealed square array of
aluminum nanoparticles with diameter D = 135 nm, height H = 60 nm,
and grating constant A = 292 nm: (a) at 545 nm, (b) at 466 nm, and (c) at
430 nm, corresponding respectively to spectral peaks 1, 2 and 3
observed in Fig. 2b. The dashed lines represent the ITO waveguide layer.

plotted using FDTD (see Fig. 3a). FDTD calculations were also
performed along the X and Y axes at the air/ITO interface
(corresponding to a height of H = 0 nm; see Fig. S4a) and at H
=60 nm (corresponding to the height of the NPs; see Fig. S4d).
Peak 1, located at 545 nm, is clearly associated with a dipolar
LSP mode (Fig. 3a). Indeed, the lobes of the dipolar resonance
are observable in the cross-section and characterized by two
maxima in the electric field emerging symmetrically from the
nanoparticle surface along the direction of the incident polar-
ization (Fig. S4a and S4d). Therefore, as shown in Fig. 3a, the
electric field maxima are clearly located near the regions of
high refractive index.

To investigate the origin of peaks 2 and 3, the distribution
of the electric field was plotted along the X and Z axes, (see
Fig. 3b and c) and along the X and Y axes (Fig. S4b-S4f). At
466 nm (peak 2); the XZ mapping (Fig. 3b) clearly reveals the
excitation of a guided mode (GM) whose position is just above
the (0, 1) anomaly. This peak arises from the combined con-
tributions of the lattice mode ((0, +1) anomaly), the guided
mode in the ITO layer, and the LSP resonance of the metallic
particles. The distribution of the electric field modulus, calcu-
lated just below the particles, shows four lobes (Fig. S4b),
unlike the one calculated in the superstrate at H = 60 nm
(Fig. S4e), which only shows two lobes. This confirms that this
resonance is basically dipolar. On the substrate side, due to its
interaction with the GM excited in the ITO layer, the GM,
which propagates along the (O)) axis, interferes with the loca-
lized plasmonic mode, leading to the appearance of dark
fringes in the particles, causing the two lobes to split. The
E-maps calculated in the XY planes intersecting the particles
(Fig. S4) show that as one moves away from the ITO layer (and
the GM), the lobes, initially separated by the effect of the GM
mode, come closer together, and the resonance regains its
dipolar character. Similar results have been reported by R. Guo
et al., who studied the optical response of gold disk arrays de-
posited on a thin alumina layer, itself supported by a quartz
substrate.’ In their study, a similar peak was observed on the
blue side of the dipolar mode, attributed to the excitation of a
quadrupolar mode. This phenomenon was related to the
higher refractive index (RI = 1.76) of the alumina intermediate
layer compared to the superstrate (water, RI = 1.33) and the
substrate (quartz, RI = 1.45), thus acting as a waveguide.

Nanoscale, 2025, 17, 21640-21648 | 21643
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Because of the higher refractive index, total internal reflection
occurred within the alumina layer when the incident angle
equaled or exceeded the critical angle. As a result, reflections
occur at both interfaces. The reflected light interacts with
nearby nanoparticles, supporting both vertical and horizontal
components of the electric field, thereby exciting the quadru-
polar mode in the nanoparticles. In our case, for the annealed
sample, where the ITO intermediate layer acts as a waveguide,
peak 2 can be identified as a quadrupolar mode, driven by the
presence of both vertical and horizontal components of the
electric field due to total internal refection in the ITO wave-
guide. Notably, while a clear quadrupolar behavior is observed
at H = 0 nm (at the ITO/air interface, Fig. S4b), the mapping
reveals a dipolar profile at H = 60 nm (corresponding to the
height at the top of the NPs), as evidenced in Fig. S4e. This
means that two modes — dipolar and quadrupolar - coexist
within the same NP, as shown in the electric field mapping at
H =0 nm and H = 60 nm. Such an effect has been observed
and explained in detail by A. Muravitskaya et al. and attributed
to an asymmetrical surrounding medium.®® Note that for the
non-annealed sample, where the low refractive index of the
ITO layer prevents the formation of waveguide modes, both the
experimental and calculated spectra exhibit a much less pro-
nounced quadrupolar mode. This reduction is likely due to
the absence or near-absence of reflected light in the ITO layer.

In contrast to peak 2, the field mapping at 430 nm, corres-
ponding to the wavelength of peak 3, reveals another plasmon
mode with a dipolar character (Fig. 3c, Fig. S4c and S4f). This
broad resonance corresponds to a LSP without any significant
coupling with the Rayleigh anomaly, as can be seen in these
last figures.

In Fig. 2c and d, we focus on a grating constant, A =
489 nm, corresponding to a strong coherent coupling between
particles. This grating constant is designed to generate a (0,
+1) diffracted order positioned at approximately 734 nm.
Before the annealing process, the experimental extinction
spectrum displays four bands (see Fig. 2¢), which qualitatively
align with the FDTD-calculated spectrum. No clear evidence of
the SLR mode is observed, as the Rayleigh anomaly occurs at a
wavelength longer than the LSP resonance, thereby restricting
long-range coupling. After annealing, the four distinct bands
become significantly more resolved (Fig. 2d). The peak
(referred to as peak 1) located at 750 nm emerges with an
extreme sharpness and high quality factor, on the order of Q =
110. This peak is associated with the emergence of a SLR
mode, as evidenced in Fig. S5a and S5d. Remarkably, although
it is located in the spectral region of the electronic transition
band, the quality factor of such a plasmonic mode is the
highest observed in the literature for aluminum in an inhomo-
geneous medium (in air, in our study). The high-quality factor
observed in the IBT region could be attributed to a weak coup-
ling between the SLR mode and the IBT, which leads to a
Fano-type resonance profile. However, the maximum Q-factor
for NPs with different diameters depends mainly on the posi-
tion of the plasmon wavelength relative to the RA position (as
discussed below, see Fig. 7). These maxima are therefore
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observed well beyond the IBT for NPs with larger diameters,
excluding any contribution from a weak coupling between the
IBT and the SLR mode. A more detailed explanation is pro-
vided in the SI. The enhancement in the quality factor after
annealing the ITO is attributed to a red shift in the region of
strong coupling between the LSP resonance and the Rayleigh
anomaly, resulting from an increase in the ITO refractive
index. This ITO layer acts as a waveguide, supporting multiple
total internal reflections that strengthen the coupling and con-
sequently improve the quality factor. Finally, three additional
bands at 566 nm (denoted 2'), 529 nm (denoted 3’), and
480 nm (denoted 4') are clearly observed in the calculated
extinction spectrum, showing excellent agreement with the
experimental one (see Fig. 2d).

To confirm or determine the origin of these peaks, we per-
formed 2D electric field mapping along the X and Z axes (as
described in Fig. 4) and along the X and Y axes (as described
in Fig. S4). The field map, associated with the sharp resonance
at 750 nm (peak 1'), reveals the simultaneous excitation of NP
plasmon excitation along the polarization direction and the
formation of a standing grazing wave (Rayleigh anomaly) in
the perpendicular direction, as shown in Fig. S5a and S5d.
This clearly identifies the peak as being attributed to an SLR
excitation, resulting from the excitation of a (0, +1) diffracted
order (Fig. 4a). Furthermore, the calculated normalized electric
field intensity reaches a maximum value of approximately I = |
E|* = 2 x 10%, which is exceptional for this metal in the NIR
spectral region. In contrast, the study by O. Lecarme et al
observed a Rabi splitting in the optical spectrum at around
825 nm, which resulted in a significant reduction in electric
field intensity.*>

The electric field mapping at 566 nm (peak 2) corresponds
to an LSP mode coupled to the (1, +1) RA, as indicated by the
field lines oriented at 45° (Fig. 4b, Fig. S5b and S5e). The peak
at 4 = 528 nm corresponds to an SLR resonance, resulting from
the coupling between the LSP resonance and the (1, +1)
anomaly in the substrate (Fig. 4b). These diagonal wavefronts
are particularly highlighted by the mapping of the electric
field calculated in the substrate at the minimum of the peak at
A = 529 nm (Fig. S5c and S5e). As shown in the XZ cross-
section, the GM mode is not excited in this case due to the
shift of the (0, +1) evanescent order toward longer wavelengths

Ay =750 nm Ay =566 nm Ay =529 nm

|o3/3|

200 400 600 800
X (nm)

200 400 600 800 200 400 600 800
X (nm) x (nm)

Fig. 4 FDTD simulation results depicting the XZ mapping of the
modulus of the normalized electric field for an annealed square array of
aluminum nanoparticles with diameter D = 135 nm, height H = 60 nm,
and grating constant A = 489 nm: (a) at 750 nm, (b) at 566 nm, and (c) at
529 nm, corresponding respectively to spectral peaks 1, 2° and 3’
observed in Fig. 2d. The dashed lines represent the ITO waveguide layer.
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(greater than 740 nm), preventing its excitation (Fig. 4c).
Indeed, these GM modes are efficiently excited only when the
structure is sub-wavelength, meaning that it is positioned
above the (0, +1) anomalies. Finally, the peak at A = 488 nm
corresponds to an SLR resonance, resulting from the coupling
between the LSP resonance and the (0, +1) anomaly induced
by the superstrate (air).

To highlight the sensitivity of the SLR peak wavelength to
the grating constant, we varied the grating constant from A =
345 nm to A = 627 nm. Fig. 5a and b show the experimental
and calculated extinction spectra (for the annealed samples),
respectively, with excellent qualitative agreement between the
two. As the grating constant increases, the SLR peak corres-
ponding to the Rayleigh anomaly of order (0, +1), located at
the longest wavelengths in the spectrum, undergoes a clear red
shift and becomes notably sharper near the IBT region. A high
experimental Q-factor of 67 in air is achieved for A = 527 nm,
corresponding to a resonance at 821 nm, precisely at the
center of the interband transition. Interestingly, this grating
period is aligned with minimal detuning 6 = Agtr — 4ra
(Fig. 5b).

As mentioned before, higher-order SLR modes can also be
excited. As the grating constant increases, this peak red shifts
and becomes sharper, indicating a stronger coupling with the
Rayleigh anomaly of the (+1, +1) order. For example, at A =
627 nm, a sharp peak at 697 nm corresponds to an SLR mode
coupled with a diffracted order (+1, +1). This peak exhibits a
characteristic Fano-type profile, typical of an SLR mode in
phase with the diffracted mode, and its quality factor reaches
64 experimentally. The ability to excite higher-order SLR
modes with high Q-factors offers a significant and additional

(a) (b)
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275 225 185 150 275225 185 150
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-
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ting constant (nm)

Fig. 5 Comparison between the experimental (a) and FDTD-calculated
(b) extinction spectra of annealed Al NP arrays with varying grating con-
stants, A, ranging from 345 nm to 627 nm. The vertical blue dashed line
indicates the wavelength of the Rayleigh anomaly of order (0, +1) in the
substrate plane, while the vertical green dashed line represents the
Rayleigh anomaly of order (+1, +1). Panels (c) and (d) show the dis-
persion diagrams corresponding to the experimental and calculated
spectra, respectively.
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advantage in controlling and enhancing the coupling between
SLR modes and diffracted orders in the visible and NIR spec-
tral regions.

Fig. 5¢ and d display the experimental and calculated dis-
persion diagrams, respectively. These diagrams show excellent
agreement and highlight that as the grating constant
increases, the SLR wavelengths associated with the diffracted
orders (0, +1) and (+1, +1), which approach the Rayleigh
anomalies (indicated by the dashed lines), exhibit a reduction
in the FWHM, resulting in a higher quality factor. To highlight
the importance of ITO annealing on the optical response of
the gratings, we compared the experimental and calculated
spectra for both the non-annealed and annealed cases at
various grating constants (Fig. S6 and S7, respectively). The
experimental spectra are in excellent agreement with the calcu-
lated ones. Comparison of the spectra obtained before
(Fig. S6) and after annealing (Fig. S7) clearly reveals a signifi-
cant improvement in the optical properties of ITO, particularly
in terms of spectral resolution and a reduction in the FWHM.
Finally, in order to clearly illustrate the ITO layer’s waveguiding
role in supporting SLRs, we also performed FDTD simulations
for arrays with grating constants A = 300 nm and A = 500 nm,
comparing the extinction spectra with and without an 80 nm
ITO layer on glass (Fig. S8). A clear SLR appears only at A =
500 nm with the ITO layer, confirming its crucial role in
enabling near-infrared SLR modes, as discussed in the SI.

To extract the Q-factor values, we first estimate the FWHM
of the different arrays before and after the annealing process
(see Fig. 6a and c). The plots show the relationship between
the FWHM values and the SLR peaks for each grating constant.
Before annealing, the minimum experimental FWHM values
are on the order of 40, whereas after annealing, they decrease
to less than 10. Consequently, the experimental Q-factor values
for the annealed samples are significantly higher, reaching a
maximum of 110 (Fig. 6d), compared to 20 for the non-
annealed samples (Fig. 6b). Notably, while the experimental
data agree well in terms of the SLR wavelengths for the
minimum FWHM, the calculated Q-factors are generally
higher than the experimental ones, reaching up to 500 for the
annealed arrays (Fig. 6d). This discrepancy can be attributed to
the fact that our samples are not ideal, unlike the targets used
in the FDTD calculations, due to the polydispersity in diameter
and surface roughness within the array. More importantly, we
achieved the highest Q-factor in air in the most critical spectral
region, the IBT region.

As mentioned earlier, while the grating constant plays a
crucial role in modulating the wavelength of the SLR mode in
the near-infrared region, particularly around the interband
transition of aluminum, another approach is to adjust the par-
ticle diameter. Indeed, modifying this parameter allows tuning
of the SLR wavelength corresponding to the maximum quality
factor, thereby providing better control over optical perform-
ance across an extended spectral range around the inter-band
transition. Therefore, Fig. 7 illustrates the evolution of the
quality factor, calculated using the FDTD method, as a func-
tion of the SLR wavelength for a given particle diameter. Each
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Fig. 6 (a) Experimental (blue dots) and calculated (red dots) values of

the full width at half maximum (FWHM) as a function of the SLR modes
(associated with the Rayleigh anomaly of order (0, +1)), corresponding
to the non-annealed arrays of Al NPs with grating constants ranging
from 292 nm to 679 nm. (b) Experimentally deduced (blue dots) and cal-
culated (red dots) Q-factors as a function of the SLR modes. (c)
Experimental (blue dots) and calculated (red dots) values of the full
width at half maximum (FWHM) as a function of the SLR modes, corres-
ponding to the annealed arrays of Al NPs with grating constants ranging
from 292 nm to 679 nm. (d) Experimentally deduced (blue dots) and cal-
culated (red dots) Q-factors as a function of the SLR modes.
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Fig. 7 (a) Calculated Q-factor values as a function of the SLR modes
for various diameters (ranging from D = 100 nm to D = 240 nm) in a
non-annealed array of Al NPs with different grating constant ranges
starting from 300 nm to 750 nm. (b) Calculated Q-factor values as a
function of the SLR modes for the same range of diameters (D = 100 nm
to D = 240 nm) in an annealed array of Al NPs, with different grating
constant ranges starting from 300 nm to 750 nm. The grating constant
ranges were chosen as a function to cover the optimized quality factor
of the SLR for each nanoparticle diameter.

SLR wavelength corresponds to the grating constant 400 nm <
A £ 750 nm, as shown in Fig. S9, for NPs with a diameter of D
= 240 nm. Fig. 7a and b compare these quality factors before
and after ITO annealing. We observe that, at a constant dia-
meter, the maxima of the quality factors are systematically red-
shifted, exceeding 1100 nm in wavelength, with values reach-
ing approximately 200 for a diameter of D = 240 nm (Fig. 7b).
The SLR wavelengths exhibit a significant red shift after the
annealing process, as shown in Fig. S10, which compares the
dispersion diagrams of the arrays before and after annealing
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for various NP diameters. This shift is explained by a signifi-
cant increase in the refractive index of ITO induced by anneal-
ing. Furthermore, regardless of the diameters considered, the
quality factors are systematically higher after the annealing of
ITO. This improvement is attributed to the presence of the
waveguide layer, which facilitates the emergence of SLR modes
with sharper resonances, in an asymmetrical environment.
Note that the maximum Q-factors decrease with increasing NP
diameter. This can be attributed to the monotonic increase in
the imaginary part of the aluminum dielectric constant in the
NIR region, as well as retardation effects that become more
pronounced in the NPs at larger diameters.®® However, these
last results highlight the importance of simultaneously con-
trolling the grating constant and particle diameter to fully
exploit the properties of SLR modes around the interband
transition and, more generally, in the near-infrared region.

3 Conclusion

In conclusion, this study highlights the potential of aluminum
nanoparticles arranged in regular arrays on high refractive
index ITO substrates to significantly enhance quality factors in
the interband transition region within an inhomogeneous
medium. Through the excitation of surface lattice resonances,
the coherent coupling of individual NPs is enhanced by mul-
tiple total reflections in the annealed ITO waveguide layer,
overcoming the challenges posed by IBT that typically degrade
aluminum’s optical performance in this spectral range and
more generally in the near-infrared region. The experimental
results reveal Q-factor values as high as 110 in air for Al NPs,
even within the IBT region, emphasizing the viability of alumi-
num as a cost-effective and abundant alternative for advanced
plasmonic and nano-optics applications, including sensing
and telecommunications.

4 Experimental section
4.1 Experimental

4.1.1 Electron beam lithography. The arrays were fabri-
cated using electron beam lithography (EBL) and characterized
by scanning electron microscopy (SEM) using a Zeiss Supra 40
MEB-FEG instrument. To prepare nanostructured surfaces, a
100 nm thick layer of PMMA resist (poly(methyl methacrylate))
was spin-coated onto glass substrates pre-coated with an
80 nm indium tin oxide layer.®” The nanostructures were
defined through electron beam exposure, followed by chemical
development. Aluminum was subsequently deposited by
thermal evaporation and the process was finalized with a lift-
off step, resulting in aluminum nanodisks with a height of 60
+ 5 nm and a diameter of 100 nm. This fabrication method
offers precise control over nanoparticle size, shape, and
spacing, enabling the fine-tuning of plasmonic resonances at
specific wavelengths.®*%?

This journal is © The Royal Society of Chemistry 2025
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4.1.2 Ellipsometric spectrometry. Measurements were per-
formed using a UVISEL-HJY ellipsometric spectrometer. For
this study, we performed multiple-wavelength analysis in the
1.5-6 eV range at a fixed incident angle of 70°. The modulator-
analyzer configuration was set at M = 0° and A = 45° and did
not show discontinuities in determining the ellipsometric
angles. To improve analysis, the metallic layers were deposited
on polished Si/SiO, wafers, previously characterized to reduce
the amount of unknown variables in the model. The measures
were analyzed through a Drude-Lorentz model, with the simu-
lations directly based on the IS and IC ellipsometric intensi-
ties. This allowed reduction of uncertainties due to multiple
transformations of the measured signal.

4.1.3 Extinction micro-spectroscopy spectra. The optical
response of the samples was analyzed in air using far-field
visible-NIR extinction micro-spectroscopy in the wavelength
range of 400-1000 nm. Illumination was provided by a halogen
lamp from the glass side at normal incidence. The spectro-
meter (LOT ORIEL model MS 260i) was coupled to an optical
microscope (OLYMPUS BX 51) equipped with a 10x objective
lens (numerical aperture (N.A.): 0.25). The probed area was a
circular spot with a diameter of approximately 125 pm to fit a
structured array size of 80 x 80 pm?>.

4.1.4 FDTD calculations. Finite-Difference Time-Domain
(FDTD) simulations were performed using Lumerical software.
The structure was illuminated at normal incidence from the
substrate side with a plane wave on the z axis. In the near
field, the normalized electric field intensity was calculated in
the vicinity of the aluminum disks at H = 0 nm. For far-field
simulations of the extinction spectra, the detector was placed
at a distance away from the structure. A perfectly matched
layer (PML) was applied along the top and bottom of the
z-axis, while periodic boundary conditions were implemented
along the x- and y-axes to simulate the nanoparticle arrays. A
5 nm layer of aluminum oxide was added all around the alumi-
num nanoparticle deposited on a layer of glass coated with
80 nm ITO. A mesh step size of 5 nm was used for the
different simulations. To measure the extinction efficiency, we
placed a monitor inside the PML region at the top of the arrays
to collect the transmitted light T. The extinction efficiency is
directly related to T with the following relationship:

ExXtefficiency = —log10(T). (1)

We used Palik’s Handbook of Optical Constants of Solids
directly integrated in Lumerical to simulate the refractive
indices of aluminum and aluminum oxide. For ITO, we used
the results we obtained in ellipsometry for annealed and non-
annealed refractive indices. For glass, the refractive index of
soda lime glass (n = 1.52) was used.
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