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ABSTRACT

Aluminium nanostructures have emerged as promising / ez \
alternatives to traditional plasmonic materials such as gold and .
silver, owing to their unique ability to sustain strong plasmonic - @D ;
resonances across the ultraviolet (UV) and visible spectral ranges. i Enganemngchu;?} 4
Their optical properties, characterized by high tunability, abundance, :}f‘- o : - I
low cost, and compatibility with semiconductor fabrication, make © tasersnps S
aluminium attractive for a wide spectrum of applications in | e ':Wilm; “ Y —
nanophotonics, biosensing, photocatalysis, and energy harvesting. -
Unlike noble metals, aluminium offers access to UV plasmonics, \ /

enabling enhanced light—-matter interactions that are critical for molecular detection and catalytic
processes. However, challenges such as intrinsic losses, resonance broadening due to interband transitions,
and the effects of the native oxide layer continue to limit its efficiency. Recent advances in nanofabrication,
surface engineering, and hybrid material approaches have improved the performance of aluminium
plasmonic devices, highlighting its potential as a scalable and cost-effective plasmonic material. This study
reviews the fundamental optical and plasmonic properties of aluminium nanostructures, emphasizing
their opportunities, limitations, and future prospects in advancing nanoscale photonic technologies.
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INTRODUCTION

Plasmonics, a rapidly expanding field in nanophotonics, focuses on the interaction between
electromagnetic radiation and free electrons in metallic nanostructures. Traditionally, noble metals
such as gold and silver have dominated plasmonic research due to their strong localized surface
plasmon resonances (LSPRs) and relatively low optical losses in the visible spectrum. However, their
high cost, scarcity, and incompatibility with complementary metal-oxide-semiconductor (CMOS)
technology present significant limitations for large-scale and cost-sensitive applications. In recent
years, aluminium has gained increasing attention as a viable alternative plasmonic material, offering
unique optical and plasmonic properties that extend beyond the capabilities of noble metals.
Aluminium nanostructures exhibit strong plasmonic resonances across the ultraviolet (UV) and visible
ranges, making them particularly attractive for applications in areas such as photocatalysis, biosensing,
light harvesting, and surface-enhanced spectroscopies. Unlike gold and silver, aluminium’s abundance,
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low cost, and CMOS compatibility facilitate integration into electronic and photonic devices on an
industrial scale. Additionally, its ability to support ultraviolet plasmonics provides new opportunities
for enhancing light-matter interactions at shorter wavelengths, which is critical for molecular detection
and UV-based photonic technologies.

Despite these advantages, aluminium plasmonics faces challenges, including high optical losses
due to interband transitions and the formation of a native oxide layer that influences resonance
stability and performance. Advances in nanofabrication techniques, material engineering, and hybrid
plasmonic systems are being explored to mitigate these issues and unlock aluminium’s full potential.
This study focuses on the optical and plasmonic behavior of aluminium nanostructures, with an
emphasis on their fundamental properties, advantages over conventional noble metals, limitations, and
emerging applications. By critically examining recent research, the discussion highlights the prospects
of aluminium as a cost-effective and scalable plasmonic material, paving the way for its application in
next-generation nanophotonic and optoelectronic technologies.

Aims and Objectives

The primary aim of this study is to investigate and analyze the optical and plasmonic properties
of aluminium-based nanostructures, emphasizing their potential as cost-effective and scalable
alternatives to traditional plasmonic materials. The study seeks to explore the fundamental behavior of
aluminium in supporting localized surface plasmon resonances (LSPRs), its compatibility with
ultraviolet plasmonics, and its suitability for emerging nanophotonic applications.

OBJECTIVES

1. To examine the fundamental optical properties of aluminium nanostructures and their interaction
with electromagnetic radiation.

2. To analyze the influence of structural parameters such as size, geometry, and surface morphology
on plasmonic performance.

3. To evaluate the impact of aluminium’s native oxide layer on its plasmonic behavior and device
stability.

4. To compare the advantages and limitations of aluminium with noble metals like gold and silver in
plasmonics.

5. To assess the role of aluminium nanostructures in applications such as biosensing, photocatalysis,
energy harvesting, and ultraviolet photonics.

Review of Literature

Foundational work in plasmonics established how collective electron oscillations at metal-
dielectric interfaces confine light below the diffraction limit and produce intense near fields. Early
syntheses by Barnes and co-authors and Maier’s monograph systematized the physics of surface
plasmons, connecting the frequency-dependent dielectric function to localized surface plasmon
resonances (LSPRs) in nanoparticles and to propagating modes on thin films. Within this framework,
material choice enters through the real and imaginary parts of ¢(w), which govern resonance frequency,
quality factor, and absorption-scattering trade-offs. As the field matured, limitations of noble metals
became apparent: interband transitions of Au in the blue-UV and Ag’s chemical instability constrain
spectral reach and device longevity. Motivated by CMOS compatibility and cost, “poor” or post-
transition metals were surveyed as alternatives. Aluminum (Al) emerged as a standout because its
plasma frequency pushes LSPRs into the near-UV and deep-UV while retaining workable responses in
the visible. Modeling studies using Drude-Lorentz fits and full-field simulations showed that Al can
deliver high scattering efficiencies at short wavelengths and competitive figures of merit for
refractometric sensing when geometry is optimized. A defining theme in the aluminum literature is the
role of its native oxide (Al,03). Even a few nanometers of oxide red-shifts and broadens resonances by
introducing an additional dielectric shell and damping channel. Langhammer and colleagues quantified
these effects in lithographically defined Al nanodisks, showing oxide-driven mode shifts and linewidth
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penalties alongside improved chemical robustness. Subsequent studies balanced this duality: controlled
oxidation, atomic-layer-deposited dielectrics, and core-shell designs use the oxide as a spacer or
protection layer while mitigating excess loss. Reports also note that ultrathin crystalline alumina can
passivate without severely degrading quality factors, especially when the metal core is smooth and
grain boundaries are minimized.

Fabrication advances underpin many performance gains. Electron-beam lithography
established precise control of Al nanodisks, bowties, and antennas with tunable gap modes across the
UV-visible. Nanosphere lithography and interference lithography enabled wafer-scale periodic arrays
with narrow collective resonances. On the bottom-up side, solution syntheses of Al nanoparticles
progressed from polydisperse, oxidized colloids to more monodisperse particles via organometallic
routes and inert-atmosphere processing, improving optical uniformity. Parallel progress in evaporation
and lift-off produced ultrasmooth Al films for propagating plasmon and metasurface studies, reducing
roughness-induced scattering. Spectroscopies spanning UV-Vis extinction, dark-field scattering,
cathodoluminescence, and electron energy-loss spectroscopy mapped Al plasmon modes at nanometer
scales. Single-particle measurements confirmed bright dipolar resonances in the 250-450 nm range for
sub-100 nm structures, with higher-order multipoles emerging in larger particles and coupled dimers.
Comparisons with Au/Ag showed broader Al resonances (lower Q) due to interband damping above
\~1.5-2 eV, yet stronger UV field confinement and higher photonic densities of states in the short-
wavelength regime. Nonlocal and surface-scattering models further refined line-shape interpretations
for few-nanometer features, indicating size-dependent blueshifts and additional damping channels.
Applications leverage aluminum’s UV access and manufacturability. In biosensing, Al nanoarrays
enhanced UV fluorescence and label-free detection where biomolecular absorption cross-sections are
large; figure-of-merit improvements were demonstrated by optimizing particle aspect ratios and array
periodicity. In photocatalysis, UV-active Al antennas coupled to semiconductors (e.g., TiO,) boosted
reaction rates via near-field concentration and hot-carrier injection, with oxide engineering used to
tune charge transfer pathways. Surface-enhanced Raman and UV plasmon-enhanced spectroscopy
benefited from Al’'s short-wavelength hotspots, though achieving Ag-like enhancement factors required
meticulous surface smoothing and gap control. In integrated photonics, Al's compatibility with standard
back-end processes facilitated on-chip antennas, gratings, and metasurfaces, pointing to scalable
plasmonic-electronic co-integration.

Comparative studies against noble metals clarify positioning rather than replacement. Silver
still leads in visible-range Q-factors and SERS sensitivity; gold remains preferred for biostability in
physiological media. Aluminum, by contrast, is superior for UV plasmonics, low-cost wafer-scale
patterning, and CMOS-friendly processing. Hybrid strategies—Al for UV excitation coupled to dielectric
or semiconductor resonators, or Al/Au bimetallic structures for broadband response—capitalize on
complementary strengths. Emerging directions include coupling Al plasmons to excitons in wide-
bandgap materials, using ultrathin alumina as a tunneling barrier for hot-electron devices, and
exploiting inverse-designed Al metasurfaces for compact UV optics.

Research Methodology

The study on the optical and plasmonic properties of aluminium nanostructures adopts a mixed
methodology, combining theoretical modeling, computational simulations, and experimental
characterization. The approach begins with a review of dielectric function data for aluminium, obtained
from established optical constants databases and refined by recent experimental studies. These data
provide input for theoretical models of plasmonic behavior, including Mie theory for spherical
nanoparticles, finite-difference time-domain (FDTD) simulations, and discrete dipole approximation
(DDA) for irregular geometries. Computational modeling is used to evaluate resonance positions, field
enhancement factors, scattering efficiencies, and quality factors as a function of size, shape, and
surrounding dielectric environment. Experimental investigation involves the fabrication of aluminium
nanostructures through both top-down and bottom-up techniques. Top-down approaches include
electron-beam lithography and nanosphere lithography for controlled patterning of aluminium
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nanoantennas, disks, and arrays on dielectric substrates. Bottom-up synthesis, such as chemical
reduction or vapor-phase deposition under inert conditions, is explored for colloidal nanoparticles. The
fabrication process incorporates strategies to minimize surface roughness and grain-boundary
scattering, as well as controlled oxidation steps to investigate the influence of the native oxide layer on
plasmonic properties.

Characterization of the fabricated nanostructures is performed using multiple spectroscopic
and imaging techniques. UV-Visible absorption spectroscopy and dark-field scattering microscopy are
employed to identify localized surface plasmon resonances, while electron energy-loss spectroscopy
(EELS) and cathodoluminescence provide nanoscale mapping of plasmonic modes. Structural
properties are analyzed with scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and atomic force microscopy (AFM) to correlate morphology with optical performance. Surface
chemistry and oxide layer thickness are examined through X-ray photoelectron spectroscopy (XPS) and
ellipsometry. The data collected from experiments are compared with computational predictions to
validate theoretical models and refine the understanding of damping mechanisms, oxide effects, and
geometry-dependent plasmonic responses. A comparative analysis with noble metals such as gold and
silver is carried out to benchmark aluminium’s advantages and limitations in different wavelength
regimes. Furthermore, case-specific applications, including biosensing and photocatalysis, are
simulated and tested to establish practical relevance. This integrated methodology ensures a
comprehensive assessment of aluminium nanostructures, linking fundamental optical physics with
practical fabrication strategies and application-oriented performance.

Statement of the Problem

The field of plasmonics has traditionally relied on noble metals such as gold and silver due to
their strong and stable localized surface plasmon resonances (LSPRs) in the visible spectrum. However,
their high cost, scarcity, and limited compatibility with complementary metal-oxide-semiconductor
(CMOS) technology restrict their large-scale and industrial applications. Additionally, the inability of
gold and silver to effectively support ultraviolet plasmonics limits their applicability in domains
requiring shorter wavelength interactions, such as ultraviolet sensing, photocatalysis, and high-energy
nanophotonics. Aluminium has recently emerged as a promising plasmonic material because of its
abundance, low cost, and CMOS compatibility, as well as its capacity to sustain plasmonic resonances in
the ultraviolet and visible regimes. Despite these advantages, aluminium plasmonics remains
underutilized due to several inherent challenges. First, aluminium suffers from significant optical losses
caused by interband transitions, particularly in the visible spectrum, which reduces the quality factor of
plasmonic resonances. Second, the presence of a self-limiting native oxide layer alters the optical
response, complicates fabrication, and influences long-term stability. Third, systematic experimental
and theoretical studies on aluminium nanostructures are relatively limited compared to those on gold
and silver, leaving critical gaps in understanding the mechanisms governing light-matter interaction at
the nanoscale.

Furthermore, the diversity of fabrication techniques and variability in reported results make it
difficult to establish standardized design principles for aluminium-based plasmonics. This creates
uncertainty in optimizing aluminium nanostructures for practical applications such as biosensing,
photocatalysis, and energy harvesting. Therefore, a comprehensive investigation is required to clarify
aluminium’s plasmonic properties, assess the role of structural and environmental factors, and
establish strategies to mitigate its limitations while harnessing its advantages. This research problem
lies at the intersection of material science, optics, and nanotechnology, and addressing it is essential to
advance aluminium plasmonics as a viable and scalable alternative to conventional noble-metal-based
plasmonic systems.

Discussion
The exploration of aluminium nanostructures as plasmonic materials highlights both promising
opportunities and persistent challenges in the advancement of next-generation nanophotonic devices.
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Aluminium’s ability to sustain localized surface plasmon resonances (LSPRs) across the ultraviolet and
visible spectrum provides a unique advantage over noble metals such as gold and silver, which are
typically limited to the visible and near-infrared ranges. This ultraviolet plasmonic behavior opens
pathways for applications in high-energy sensing, photocatalysis, and ultraviolet light-driven chemistry,
areas where traditional plasmonic materials underperform. A critical aspect of aluminium plasmonics is
its abundance, low cost, and CMOS compatibility, making it attractive for scalable integration into
electronic and photonic systems. This offers a significant economic and technological advantage
compared to noble metals, which are not only expensive but also lack compatibility with silicon-based
processes. Moreover, the ability of aluminium to form oxide layers naturally, while sometimes
considered detrimental, can also serve as a protective barrier enhancing long-term device stability.
When carefully engineered, the oxide layer can be leveraged to improve surface passivation and tuning
of plasmonic responses. However, several challenges remain central to the discussion. Aluminium
suffers from higher intrinsic optical losses due to interband transitions in the visible region, leading to
damping of plasmonic resonances and reduced quality factors. These losses limit the efficiency of light
confinement and field enhancement, especially in applications requiring high sensitivity such as
biosensing. Furthermore, the native oxide layer, although protective, introduces additional complexity
by altering the dielectric environment of the nanostructure, thereby shifting resonance frequencies and
reducing predictability in performance.

Fabrication methods also play a decisive role in determining the optical properties of
aluminium nanostructures. Top-down techniques such as electron-beam lithography provide precise
control over geometry but are costly and time-consuming, whereas bottom-up methods, such as
chemical synthesis, offer scalability but often lack uniformity. The interplay between geometry, size,
and surface morphology directly influences resonance sharpness, scattering efficiencies, and field
enhancement, underscoring the need for standardized design frameworks. Comparisons with noble
metals reveal that while aluminium may not outperform gold and silver in terms of visible-light
plasmonics, it demonstrates distinct superiority in the ultraviolet regime, where it provides strong field
confinement and resonance tunability. In biosensing, aluminium’s UV response could enable detection
of biomolecules with intrinsic ultraviolet absorption signatures, thereby enhancing sensitivity. In
photocatalysis and energy harvesting, aluminium nanostructures can enhance photon absorption and
charge separation processes, making them viable candidates for environmental and energy-related
technologies. Overall, the discussion emphasizes that aluminium plasmonics is not a direct replacement
for gold or silver but rather a complementary platform that expands the operational wavelength range
of plasmonics. Addressing material-specific challenges such as losses and oxide effects requires a
combination of optimized fabrication, hybrid material approaches, and advanced computational design.
The ongoing progress suggests that aluminium nanostructures will play a critical role in the evolution
of plasmonics, particularly in emerging applications where cost, CMOS compatibility, and ultraviolet
operation are decisive factors.

Conclusion

The study of aluminium nanostructures demonstrates their growing importance as alternative
plasmonic materials, offering distinct advantages of abundance, low cost, CMOS compatibility, and
strong resonance capabilities in the ultraviolet spectrum. Unlike noble metals such as gold and silver,
aluminium extends plasmonics into shorter wavelengths, making it particularly suitable for
applications in ultraviolet sensing, photocatalysis, and high-energy nanophotonics. This unique
property positions aluminium not as a replacement but as a complementary plasmonic platform that
broadens the scope of light-matter interaction at the nanoscale. At the same time, the challenges
associated with aluminium—such as optical losses due to interband transitions, the influence of its
native oxide layer, and fabrication complexities—underscore the need for further research and
technological refinement. Advances in nanofabrication, hybrid plasmonic systems, and computational
modeling are expected to mitigate these limitations and enhance the stability, tunability, and efficiency
of aluminium-based plasmonics. In conclusion, aluminium nanostructures represent a promising
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direction for future plasmonic research and technology, enabling cost-effective, scalable, and
application-driven solutions. Their integration into fields such as biosensing, energy harvesting, and
nanophotonic devices will not only diversify plasmonic applications but also accelerate the transition
toward practical and industrial implementations of next-generation optical technologies.
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