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ABSTRACT: Aluminum nanocrystals created by catalyst-driven
colloidal synthesis support excellent plasmonic properties, due to
their high level of elemental purity, monocrystallinity, and
controlled size and shape. Reduction in the rate of nanocrystal
growth enables the synthesis of highly anisotropic Al nanowires,
nanobars, and singly twinned “nanomoustaches”. Electron energy
loss spectroscopy was used to study the plasmonic properties of
these nanocrystals, spanning the broad energy range needed to
map their plasmonic modes. The coupling between these
nanocrystals and other plasmonic metal nanostructures, specifically
Ag nanocubes and Au films of controlled nanoscale thickness, was
investigated. Al nanocrystals show excellent long-term stability
under atmospheric conditions, providing a practical alternative to
coinage metal-based nanowires in assembled nanoscale devices.
KEYWORDS: aluminum nanocrystals, nanowires, nanomoustaches, plasmonics, cathodoluminescence, electron energy loss spectroscopy

Reduced-dimensionality nanocrystals, such as nanowires,
are of substantial interest for applications that include

optical computing,1,2 electronic devices,3,4 and chemical
catalysis.5−7 They are considered to be important building
blocks of nanotechnology due to their excellent physicochem-
ical properties.8,9 Resonant illumination of a metallic nano-
particle can excite the collective oscillatory modes of free
electrons, known as localized surface plasmon resonances
(LSPRs). The LSPRs of large-aspect-ratio metallic nanocrystals
have discrete longitudinal and transverse modes that can be
selectively optically excited by specific wavelength and
polarization combinations and collectively excited by an
electron beam. Au, Ag, and Cu nanowires have all been
synthesized to date and all have certain limitations. Au and Cu
nanowires are lossy in the visible frequency range due to d-
band electronic transitions;10,11 Ag nanowires12−18 are readily
oxidized upon ambient exposure over a few days, limiting
reproducibility of their properties in device contexts.19

Development of a robust plasmonic nanowire without these
limitations could facilitate an increased interest in plasmonic
nanodevice development.
Aluminum has recently emerged as an Earth-abundant,

sustainable alternative to coinage metals in nanoparticle
synthesis. Al nanocrystals possess a self-limiting native surface
oxide, preventing ambient oxidation.20 Al supports LSPRs that

can be excited by light spanning the deep ultraviolet, the
visible, and into the infrared wavelength range,20 and lacks the
strong absorptive losses associated with the interband
transitions in the d-band metals Au and Cu.21 The use of
lithographically patterned Al nanostructures for plasmonic
applications has been limited by the multicrystalline nature and
uncontrolled oxide content of Al films that forms during film
growth.22,23 These characteristics motivate research interest in
the chemical synthesis of Al nanocrystals with large-aspect-
ratio morphologies.
Al nanowires have been grown using thermal substitution,24

chemical vapor deposition,25 sputtering,26 template-assisted
growth methods,27 and by solution phase synthesis.28,29

Recently, the catalyzed decomposition of alane (AlH3) with
a Ti-center, cyclopentadienyl ligand-bearing molecular catalyst
was shown to provide a useful strategy for morphology-
controlled Al nanocrystal growth.30−32 The catalyst ligands
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were shown to passivate specific index surfaces of the growing
nanocrystals, resulting in single crystal Al nanocrystal
morphologies with preferential growth along specific index
faces.30,32,33 Further increasing the Al nanocrystal anisotropic
growth, however, requires strategies beyond catalyst ligand
passivation. We can invoke the Sabatier principle34 from
heterogeneous catalysis, where we balance the relative binding
affinities of the reactant and product to the catalyst. Adopting
this principle for Al nanocrystal synthesis, overall reaction rates
should be reduced if either reactant or product binding
constants are too strong. Changing the catalyst metal from Ti
to a metal with a stronger binding affinity to Al should facilitate
the growth of strongly anisotropic nanocrystals by reducing the
growth rate.
Here we report the colloidal synthesis of Al nanowires,

nanobars, and nanomoustaches. Strongly anisotropic nano-
crystal growth is achieved by changing the catalyst metal from
Ti to V: from Tebbe’s reagent to bis(cyclopentadienyl)-
vanadium(III) bromide (Cp2VBr). This catalyst drastically
slows the reaction rate relative to Ti-based catalysts while
maintaining the surface affinity of the cyclopentadienyl catalyst
ligands for the growing nanocrystal.32 The nanocrystals display
exceptional stability under ambient conditions even one year

after synthesis, preserving their plasmonic behavior. Plasmon
mapping of Al nanowires through electron energy loss
spectroscopy (EELS) confirms that they support multiple
longitudinal plasmon modes, with the strongest modes in the
infrared (IR) region and higher order resonances extending
through the visible region and into the ultraviolet. Due to
being an electronic excitation, EELS captures both the
radiative and nonradiative plasmon decay processes, allowing
for visualization of dark modes. Additionally, the optical
properties of the nanobars and nanowires were characterized
using dark-field microspectroscopy of individual nanocrystals.
We studied the plasmonic characteristics of Al nanowires
coupled to Au films of increasing thicknesses to examine
plasmon coupling via virtual state interactions in this geometry.
We also investigated the coupling of Ag cubes with Al
nanowires, monitoring their cathodoluminescence (CL), and
demonstrating remote excitation of bright modes in this mixed-
metal system. These studies demonstrate the integration of
chemically synthesized, reduced-dimensionality Al nanocrystals
with other plasmonic metals into a variety of plasmonic
geometries.
Al nanowires, nanobars, and nanomoustaches were grown

under Ar atmosphere in a glovebox using a vanadium complex,

Figure 1. (A) Synthesis of Al nanobars and Al nanowires produced through the Cp2VBr-catalyzed decomposition of alane, with corresponding
single-particle SEM micrographs of the major product of each synthesis. Scale bars = 250 nm. (B) Single Al nanobar on glass substrate with the
corresponding darkfield scattering spectrum (blue) and FDTD simulation (dashed red). (C) Single Al nanowire on glass substrate with the
corresponding darkfield scattering spectrum (blue) and FDTD simulation (dashed red). Scale bars = 100 nm for (B, C).
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Cp2VBr, which decomposed alane catalytically at a slower rate
than reported for Al nanocrystal growth using Ti-based
catalysts (Figure 1a).30,33 The catalytic behavior of Cp2VBr
was observed through electron paramagnetic resonance (EPR)
spectroscopy, and the V3+ center lost all EPR signal upon
addition of AlH3 (Figure S1). The observation of V3+ X-band
EPR signals in Cp2VBr suggests very small zero-field splitting
between the two 3d electrons, and the elimination of the
signals upon its reaction with AlH3 indicates that a strong
electronic bond is formed between the two molecules. The
slower growth rate was also observed through inductively
coupled plasma mass spectrometry (ICP-MS), where the
quantification of atomic Al from time-stopped experiments
demonstrated a greatly reduced rate of Al particle formation
(Figure S2). Previously studied Al NC syntheses incorporating
a Ti-centered catalyst30,32,33 typically completed within hours,
while the V-catalyzed Al nanowire reaction typically occurred
over nominally 24 h.
Cooling the reaction temperature from 120 to 70 °C allows

for tuning from cubic and bar morphologies to Al nanowires
(Figure 1a). Diglyme was selected as the nanobar reaction
solvent to allow for the increased reaction temperatures, similar
to a previously published synthesis.31 Nanowires were grown
using anhydrous, unstabilized tetrahydrofuran, which was the
solvent that supported the best solubility of the vanadium
catalyst. The majority products of each reaction were single
crystalline anisotropic nanobars (42.6%) or nanowires (36.5%)
(Figure 1a, right). For Al nanobar reactions, cubes (14.7%),
right bipyramids (16.1%), and penta-twinned rods (6.3%) were

also present, as in previous studies.9,30 In Al nanowire
reactions, small cubes and bars (18.8%, combined), singly
twinned wires named “nanomoustaches” (1.9%), and 2D
nanodiamonds (9.9%) were also obtained. Both the nanobar
and nanowire syntheses also resulted in a minority of poorly
formed structures (20.3% and 32.9%, respectively). A detailed
summary of the various morphologies present is provided
(Figure S3). Corresponding SEM micrographs of the minority
products are also shown (Figure S4). The presence of particle-
wire fused hybrids (Figure S5) in the Al nanowire reactions
indicates that oriented attachment may be the likely growth
method, an observation that merits further detailed study,
which would require the analysis of reaction outcomes at early
time points under rigorously nonoxidative conditions.
High-resolution transmission electron microscopy (TEM)

images of Al nanobars and nanowires show their characteristic
3−5 nm amorphous Al2O3 layer, which protects the metallic Al
crystal from further oxidation (Figure S6). High-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) imaging was used in conjunction with
energy-dispersive X-ray spectroscopy to map the elemental
Al and O signals of the grown Al nanowires and nanobars,
confirming surface oxide growth (Figure S7). The average size
of the grown Al nanobars was 124 nm × 91 nm (with standard
deviations of 19 and 17 nm, respectively). The Al nanowires
had an average size of 3466 nm × 113 nm, with their lengths
varying from 345 nm to over 23 μm (Figure S3).
Single-particle dark-field microspectroscopy was performed

on individual Al nanobars (Figure 1b) and nanowires (Figure

Figure 2. EELS plasmon mapping of an Al nanowire. (A) LSPR maps and (B) their corresponding spectral components extracted by the NMF
method from EEL spectrum images. (C) EELS intensity map from the same Al nanowire, showing the discrete energy modes observed. The
intensity map is calculated by averaging the EEL spectrum along the nanowire width. The EELS data are cropped from 0.18 to 2.25 eV for
visualization purposes only.
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1c), where the spectra obtained were found to agree well with
finite-difference time domain (FDTD) calculations of the same
nanoparticle morphologies with the same optical excitation and
collection geometries used in the experiment. The Al
nanowires were found to have strong ultraviolet features for
transverse excitation, with the dipolar plasmon mode present at
∼3.5 eV and a strong quadrupolar mode near ∼5.0 eV. The
nanobars were similar to previously characterized Al nano-
cubes,30 with a visible dipolar plasmon at ∼2.7 eV seen as a
shoulder and a strong quadrupolar plasmon present near ∼3.6
eV.
To investigate the plasmonic properties of Al nanowires,

monochromated STEM-electron energy loss spectroscopy
(EELS) on individual nanowires and nanomoustaches was
conducted. Experimental data were gathered by scanning a
focused, monochromated 80 keV beam with an energy
resolution of 100 meV (zero-loss peak FWHM) over the
nanocrystal of interest and recording both HAADF images and
EELS maps. We confirmed the metallic characteristics of the
synthesized Al nanowires through observation of the bulk Al
plasmon at nominally 15 eV (Figures S8, S9). In all cases, the
samples that were imaged retained their metallic core without
degradation or special storage for over one year. The spatial
distribution of LSPR modes was extracted using non-negative
matrix factorization (NMF)35,36 from the spectral images
acquired by STEM-EELS (Figure 2a,b). We note that the

FWHM of NMF-extracted peaks cannot be directly compared
due to their non-Gaussian nature. The intensity maps in Figure
2c show the raw electron energy-loss spectra, normalized by
the zero-loss peak intensity and averaged along the short axis of
the nanocrystals as a function of position along their long axes
(see Supporting Information and Figure S10).
In the case of the Al nanowire, a Fabry-Peŕot type standing

wave pattern is present for modes m = 1−6 as seen in the
EELS studies of coinage metal nanowires.37−39 Similar to other
studies on the optical properties of aluminum nanostructures,
we also observed the bulk plasmon peak at 15 eV and a broad
peak at 6.9 eV corresponding to the electrostatic plasmon
(Figure S8).40,41 Multiple discrete resonance modes are
imaged along the length of the nanowire, similar to those in
Ag nanowires.38 The mapped plasmon fields radiate most
strongly for the lower-energy modes. We measured the decay
length of the EELS signal to evaluate the extent of the
evanescent field (Figure S11). The measured decay lengths for
0.43, 0.64, 0.83, 1.02, and 1.2 eV modes were 145, 110, 77, 55,
and 44 nm, respectively. These decay lengths are comparable
to those measured for Ag nanowires.37 For the lowest energy
modes, the plasmonic peaks radiate hundreds of nanometers
from the Al nanowire. A non-NMF-based EELS intensity map
was generated (Figure 2c) to confirm the identified plasmonic
features. This intensity map aligns quite closely with our NMF-

Figure 3. EELS plasmon mapping of an Al nanomoustache. (A) An example of LSPR maps and (B) their corresponding spectral components
extracted by the NMF method with 9 components from EEL spectrum images. (C) EELS intensity map from the same Al nanomoustache, showing
continuous energy modes from IR at 0.2 eV up to visible at about 2 eV. The intensity map is calculated by averaging the EEL spectrum along the
nanomoustache width. The EELS data is cropped from 0.18 to 2.25 eV for visualization purposes only.
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based energy selections, reinforcing our identification of
discrete nanowire plasmon modes.
We also studied the Al nanomoustache using monochro-

mated EELS (Figure 3). To our knowledge, no other
colloidally synthesized nanocrystal has demonstrated such a
uniform, continuous diameter variation over a multiple-
micrometer length scale. The Al nanomoustache shows almost
perfect mirror symmetry with respect to the singly twinned
domain boundary at its center, providing a unique opportunity
to examine the EELS LSPR mapping of Al nanowires across
curvature, thickness, and twinning variances.
The EELS LSPR maps of the nanomoustache (Figure 3a)

also show Fabry−Peŕot type resonances extending from the IR
(0.20 eV) into the visible region of the spectrum (1.54 eV).
Typical higher-energy plasmon modes are observed in UV as
well (Figure S9). The standing waves occur throughout the
curvature and diameter variance of the Al nanomoustache.
However, NMF decomposition (Figure 3b) suggests a
continuous, overlapping set of peak intensities distinct from
the discrete modes observed for Al nanowires (Figure 2b). The
energy and position of the plasmon peaks in the nano-
moustache extracted using the NMF decomposition are
ambiguous and depend on the number of NMF spectral
components selected for fitting. In Figure 3a and b, we show an
example of LSPR maps for 9 spectral components, where
additional local excitations, internal to the nanomoustache, can
be observed for all 9 modes. As can be seen in Figure 3B, the
modes overlap strongly with each other. For this morphology,
NMF is therefore unable to unambiguously identify discrete
modes, most likely because of the continuous gradient in the
nanomoustache diameter along its length. The strong depend-
ence of peak positions on the number of modes as well as the
appearance of additional local excitations suggests a continuum
of peak energies and positions. This observation is reinforced
by the EELS intensity map shown in Figure 3c, indicating a
continuous pattern of modes maintained for all resonant
energies rather than discrete modes typical of standing waves.
When compared to the discrete energy distribution of the
nanowire (Figure 2c), the absence of similar discrete energy
levels is clearly apparent for the Al nanomoustache (Figure 3c).
The diameter gradient of the Al nanomoustache introduces
different interference conditions, which results in a continuous
pattern of modes. We further probed whether this distribution
present in the raw EELS is from the peaks shifting in energy or
spatial domains (Figure S27). As EELS data were gathered
farther from the tips toward the thicker portions of the center,
the spectra significantly red-shifted, but the LSPR peaks are
clearly separated in the energy domain. Therefore, we attribute
the continuous energy shift observed to the local thicknesses
changing along the length of the nanomoustache wire, thus
changing the plasmonic response to electronic stimuli.
The scattering properties of Al nanowires in the visible

region of the spectrum allow for studies of coupled plasmon
behavior with other plasmonic metals. The coupling between
individual Al nanowires and plasmonic Au films of thicknesses
30, 60, 120, 240, and 1000 nm was studied using visible-NIR
dark-field microspectroscopy (Figure 4). Because conical
white-light excitation was used, the collected dark-field
scattered light was filtered through a linear polarizer in 10°
increments from 0°−180°. Scattered light perpendicular to the
nanowire is defined as transverse (Figure 4a), and light parallel
to the nanowire as longitudinal (Figure S12). A two-
dimensional theoretical model was developed to better

understand the evolution of the spectral features with film
thickness observed in the experimental data (COMSOL
Multiphysics 5.4).42 The model consists of an Al nanowire
surrounded by a 5 nm Al oxide layer atop a variable-thickness
Au layer on a semi-infinite silicon substrate. The dielectric
functions used for Al, Al2O3, Au, and Si were obtained from
literature values.43−46 Figures S13 and S14 show theoretical
spectra for wires with a circular cross section and a radius of 77
nm, including the alumina layer.
Since all of the nanowires imaged show visible thickness

deviations from a constant, circular cross section along their
lengths, we assume that those inhomogeneities dominate their
transverse scattering properties. To take this into account, the
nanowires were described as having an elliptical cross section.
The lengths of the semimajor and semiminor axes are taken as
free parameters to match the experimental data. For all wires,
the semiminor axis is oriented normal to the substrate.
For a nanowire positioned on a Si substrate with no Au film

present, a single Al nanowire peak is observed at ∼600 nm
(Figures 4a, part b, black). This peak is the Si-screened dipole
resonance. The calculated transverse scattering spectrum of the
Al nanowire decreases monotonically with increasing wave-
length between 500 and 1000 nm (Figures 4c, S13).
Furthermore, the thickness of the Al nanowire greatly shifts
the observed dipole resonance (Figure S28).
For an Al nanowire positioned onto a thin layer of Au (30 or

60 nm), the nanowire−film interaction gives rise to an effective
continuum at energies lower than those of the transverse
dipolar plasmon of the Al nanowire. In this case, the higher-
energy hybridized plasmon (650−700 nm) results from a
quasi-bound state in the continuum composed primarily of the
nanowire plasmon, red-shifted due to its interaction with the
film (Figures 4a,c and S13; red and blue). The broad density of

Figure 4. (A) Normalized transverse-polarized experimental darkfield
scattering spectra of Al nanowires on Au films of thickness 0 (black,
Si), 30 (red), 60 (blue), 120 (green), 240 (purple), and 1000
(yellow) nm. (B) Correlated SEM micrographs of the particles from
which each spectrum was collected are shown. All scale bars are 1000
nm. (C) Theoretical scattering spectra for an ovular Al cylinder
placed on top of Au films of thicknesses 0, 30, 60, 120, 240, and 1000
nm. The semimajor and semiminor axes are 77 nm × 72 nm, 77 nm ×
55 nm, 63 nm × 53 nm, 63 nm × 55 nm, 60 nm × 40 nm, and 70 nm
× 41 nm, respectively. All axis lengths include a 5 nm alumina layer.
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states of the Al nanowire, compounded by its slight
irregularities in shape and width, limits this resonance from
being a true bound state in the continuum. The peak observed
at longer wavelengths (900−1000 nm) is due to a virtual
resonance47 of the Au film, caused by the collective excitation
of all propagating surface plasmons in the Au layer whose
wavelengths are longer than twice the nanowire’s width
(Figure 4a,c, red, blue). A more detailed discussion of the
virtual resonance, including a virtual state calculation on an
adapted Al particle-Au film system using a previously reported
method,47 is presented in the Supporting Information (Figures
S15−S20).
When the Au film thickness is increased to 120 nm and

above, the Al nanowire transverse plasmon interacts with a
perfect image charge within the Au film, yielding a resonance at
∼650 nm (Figure 4, green, purple, and yellow). Here, the
thicker Au films lie within the semi-infinite limit. The nanowire
still couples to propagating surface plasmons in the Au layer in
this limit, so we still observe the virtual state as a broad spectral
feature at longer wavelengths (800−100 nm). The Al
nanowire-perfect image charge dimer has a higher energy
than the virtual resonance, consistent with experimental
observations. Changes in nanowire length from ∼2000 to
∼3500 nm did not qualitatively affect observed experimental
resonances, confirming that the observed nanowire−film
coupling is due to the transverse nanowire plasmon modes
(Figure S21). Further observations in changing an Al cylinder’s
length from 100 to 300 nm and to an infinite length show the
transverse dipole being broadened (Figure S29).

We also investigated the remote excitation of Ag nanocubes
by plasmons launched on individual Al nanowires (Figure 5a),
recording visible light emission from this coupled system. The
system was excited by scanning an electron beam across a
coupled Al nanowire−Ag nanocube pair and collecting the
light emitted from plasmonic bright modes, forming the CL
image (Figure 5b−f). Bright modes are not spatially resolved.
Without a Ag nanocube next to the nanowire, emission was
mainly detected when the electron beam was positioned at the
nanowire edges and defects (Figure S22). When the beam is
scanned across the center of the nanowire (or the isolated
nanocubes), local relative symmetry makes it difficult to excite
the bright LSPR resonance, consistent with observations in
other systems.48,49 This is seen in Figure 5b, where the edges
of the nanowire are brighter than the centers of the wire. Also
seen in Figure 5b is the bright mode of either an Al or an
alumina growth defect on the side of the nanowire as well as a
small area of emission from the Al nanowire tip. Both appear
dark when UV light is filtered from the image with a 400 nm
long-pass filter (Figure 5c, d). This indicates that the majority
of bright mode emission from these structures occurs at
wavelengths shorter than visible light. For CL images filtered
for 500 nm (Figure 5c) and 600 nm wavelength light detection
(Figure 5d), the CL emission images of the Al nanowire appear
more homogeneous than the panchromatic CL image (Figure
5b). We also collected spectra of the emitted CL at four select
excitation points along the Al nanowire (Figure 5e, f). The two
spectra obtained through direct e-beam excitation of the
nanowire show very similar emission, supporting a broad peak

Figure 5. Cathodoluminescent panchromatic imaging of an Al nanowire-Ag nanocube coupled system. All filtered CL images were uniformly
brightened by 40% to aid in identification of regions of interest. (A) SEM image of an Al nanowire coupled to a single Ag nanocube on a SiN grid.
Red markings highlight location of Al nanowire. SEM image without markings is shown in Figure S25. (B) Unfiltered CL map, (C) 500 nm
bandpass filtered map, and (D) 600 nm bandpass filtered map of the same nanowire−nanocube system. Brighter (more yellow) colors indicate a
higher intensity of light detected. (E) SEM micrograph (red markings indicate location of Al nanowire) depicting the approximate area where the
electron beam was placed to excite the Al nanowire−Ag nanocube system (see Figure S26 for raw beam-placement data), and (F) corresponding
CL spectra from each of the 4 points. Scale bars are 2 μm.
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from ∼500−600 nm (Figure 5e, f: green and red arrows and
spectra). When a point near the end of the Al nanowire was
excited, emission was centered at 500 nm (Figure 5e, f: orange
arrow and spectrum). Direct e-beam excitation of the Ag cube
directly adjacent to the Al nanowire shows a broad peak at
∼550−600 nm (Figure 5e, f: blue arrow and spectrum). The
broad CL spectrum from ∼500−600 nm is likely due to
combined Ag cube and Al nanowire tip emission. Coupling
between the Al nanowire and Ag cube is strong enough that
when the electron beam induces plasmon propagation along
the nanowire, the Ag cube is also excited and results in the
detection of the CL signal from ∼550−600 nm. This
propagated excitation of the Ag nanocube is best captured in
the filtered 600 nm panchromatic CL image (Figure 5d).
Changing the plasmonic emitter from a Ag cube to an Al NC
also demonstrated similar remote excitation in CL mapping
(Figure S24).
Al nanowires, nanomoustaches, and nanobars were

colloidally synthesized by substituting Ti-based catalysts with
V-centered compounds, slowing the rate of ligand-guided
nanocrystal growth. Al nanowires demonstrate excellent optical
properties due to their high degree of crystallinity. EELS
plasmon mapping allows for visualization of the ultraviolet,
visible, and IR modes supported by Al nanowires. EELS of the
Al nanomoustache showcases its unique optical properties,
which support a continuum of plasmonic modes. The coupling
of these reduced-symmetry Al nanocrystals with other
plasmonic metal structures was investigated. The coupling of
Al nanowires with Au thin films resulted in the emergence of a
quasi-bound state in a continuum resonance and the excitation
of low-energy virtual film resonances in the near-infrared
region of the spectrum. CL experiments confirmed that Al
nanowires can remotely excite directly adjacent Ag nanocryst-
als, emitting visible light. With the combination of optical
experiments performed, Al nanowires have been shown to
support bright plasmon modes from the UV to the IR regions
of the spectrum. The ambient stability and superior
crystallinity of colloidally grown Al nanowires should lead to
their incorporation into plasmonic systems in the future,
energizing plasmonic optoelectronic applications.
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