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ABSTRACT: Bismuth is a particularly promising alternative
plasmonic metal because of its theoretically predicted wide
spectral bandwidth. In this study, we experimentally demon-
strate the correlation between the shape and size of individual
bismuth plasmonic antennas and their optical properties. To
this end, we employ a combination of scanning transmission
electron microscopy and electron energy loss spectroscopy. Bar-
shaped and bowtie bismuth plasmonic antennas of various sizes
were fabricated by focused ion beam lithography of a
polycrystalline bismuth thin film. Our experimental findings
demonstrate that these antennas support localized surface
plasmon resonances and their dipole modes can be tuned
through their size from the near-infrared to the entire visible
spectral region. Furthermore, our findings demonstrate that bismuth exhibits a plasmon dispersion relation that is nearly
identical to that of gold while maintaining its plasmonic performance even at higher plasmon energies, thus rendering it a
promising low-cost alternative to gold.
KEYWORDS: bismuth, nanophotonics, plasmonic antennas, localized surface plasmons, electron energy loss spectroscopy

Collective oscillations of free electrons in metallic
nanoparticles, called localized surface plasmon reso-
nances (LSPR), are known to enhance the local

electromagnetic field in the vicinity of nanoparticles.1 These
extraordinary properties of plasmonic nanostructures, often
called plasmonic antennas, have been used in various
applications, including biosensing,2,3 catalysis,4 and ultrathin
optical elements.5,6 Gold has been a material of choice and
subject of study for many years in the context of plasmonic
applications. However, the strong damping of LSPRs at
energies above 2 eV, caused by the gold interband transitions,
limits the use of gold plasmonic antennas to the near-infrared
and a part of the visible spectral region.7 This limitation has
prompted the exploration of alternative non-noble plasmonic
metals, such as gallium,8 magnesium,9 potassium,10 alumi-
num,11 silver amalgam,12 and vanadium dioxide.13,14 Another
material that has been theoretically predicted to offer a spectral
interval wider than the visible region is bismuth.15

The low effective mass of free electrons and the dielectric
function of bismuth suggest that it is an attractive plasmonic
material suitable for plasmonics spanning from the near-
infrared to the ultraviolet spectral region.16,17 Furthermore, the
extraordinary properties of bismuth, including quantum
confinement,18 temperature-induced metal-to-semiconductor
transition,19 and high values of the Seebeck coefficient,20 when
combined with its plasmonic performance, have the potential
to yield new applications. Despite theoretical predictions of

plasmonic activity in bismuth,15 experimental research in this
field has been limited to investigating circular or spherical
bismuth nanostructures using far-field optical spectrosco-
py.21−25 The primary challenge of the method is that it mostly
measures the overall response of an ensemble of nanoparticles
rather than of individual ones. This is because real samples
generally contain nanoparticles of various sizes, resulting in
plasmonic resonances that mutually overlap in the measured
spectrum. Consequently, it becomes impossible to isolate the
contribution of a single nanoparticle.26,27 As a result, the
exploration of the spectral tunability of LSPRs in individual
bismut nanostructures as a function of their size using
previously employed techniques is rendered unfeasible.
In this work, we present a study that uses electron energy-

loss spectroscopy in a scanning transmission electron micro-
scope (STEM-EELS)28 to address the optical response of
individual bismuth plasmonic antennas. We show the spectral
tunability of the dipole LSPR modes over the near-infrared and
visible spectral range and correlate it with the size of bismuth
nanostructures.
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RESULTS AND DISCUSSION
Bismuth plasmonic antennas were prepared using a standard
focused ion beam (FIB) lithography process29 and charac-
terized using STEM-EELS.30 The schematic workflow for the
fabrication and characterization of bismuth plasmonic antennas

is shown in Figure 1. Thirty nm thick bismuth films were
deposited on commercially available silicon nitride membranes
by magnetron sputtering (Figure 1a). The micrograph
obtained by scanning electron microscopy (SEM) shows the
deposited bismuth layer with polygonal grains. The cross-

Figure 1. Schematic workflow for the fabrication and characterization of bismuth plasmonic antennas: (a) bismuth thin films were deposited
by magnetron sputtering on a silicon nitride membrane, (b) bar-shaped and bowtie bismuth plasmonic antennas were fabricated by FIB
lithography, and (c) their morphology was captured by STEM ADF micrographs and LSPRs were explored by STEM EELS.

Figure 2. EELS analysis of bar antennas: (a) Measured EEL spectra (further fitted with two Gaussians) of bar antennas with the length
ranging from 103 to 503 nm. The first peak in every spectrum corresponds to the longitudinal dipole (LD) mode and the second to the
longitudinal quadrupole (LQ) mode. The dashed lines are guides for the eye and follow the energy of LD and LQ modes that increases with
the decreasing length of the bar antenna. (b) A schematic of the LD and LQ mode with the marked area at the edge of the antenna where the
EEL spectra were collected. (c) STEM ADF micrographs of individual analyzed bar antennas. The length of the scalebars is 250 nm.
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sectional view of a lamella cut off from the sample shows a
pronounced roughness of the bismuth polycrystalline layer
(see Figure S1). To further assess the oxidation resistance of
the bismuth thin films when exposed to air, we employed a
series of diffraction experiments while the diffractograms
measured approximately half a year after deposition exhibited
no indications of any bismuth oxide crystal phases (see Figure
S2). Plasmonic antennas were fabricated from bismuth thin
films by FIB lithography (Figure 1b). We targeted bar-shaped
and bowtie bismuth plasmonic antennas. The width of the bar-
shaped antennas is 80 nm and their length varies from 100 to
500 nm. Bowtie antennas have a wing angle of 90° and their
total length, which is equal to their width, ranges from 130 to
620 nm. FIB lithography patterns with marked length of the
bar-shaped antenna and width of the bowtie antenna are
shown in Figure 1b together with STEM annular dark field
(ADF) micrographs of 286 nm long bar and 288 nm wide
bowtie antenna. Figure S3 shows the thickness maps and
thickness profiles of a 410 nm long bar-shaped and a 288 nm
wide bowtie bismuth antenna measured by STEM EELS.
Figure 1c shows a setup of electron energy loss spectroscopy
used to measure the EELS of individual bismuth nanostruc-
tures with analysis of the 294 nm long bar antenna. It includes
a STEM ADF micrograph, a background-subtracted electron
energy loss spectrum integrated over the left corner of the
antenna with a peak at 1.0 eV corresponding to a longitudinal
dipole LSPR mode, and the loss probability map at the peak
energy (1.0 eV) showing the spatial distribution of this mode
with two maxima at the corners of the antenna.

First, we have inspected the set of 16 bar-shaped antennas
with a length from 103 to 503 nm. The results are summarized
in Figure 2. Figure 2a presents EEL spectra measured on the
edges of fabricated bar antennas (the integration area is
marked in Figure 2b by the black rectangle), whose STEM
ADF micrographs are depicted in Figure 2c. These EEL
spectra exhibit pronounced peaks in the energy region 0.8 to
3.2 eV corresponding to the longitudinal dipole (LD) and
longitudinal quadrupole (LQ) LSPR mode, which are
schematically shown in Figure 2b. The identification of
modes was performed with the help of numerical simulations
and loss probability maps. A comparison of the EELS
experiment and the theory for the 400 nm bar is shown in
Figure S4 and the loss probability maps of all bar antennas are
shown in Figure S5. The measured EEL spectra were fitted by
two Gaussian curves to extract the characteristic parameters of
the observed individual plasmon peaks. These parameters are
the peak position corresponding to the energy of the respective
LSPR mode, the loss probability maximum, and the full width
at half-maximum (FWHM) of the peak (see Table S1). The
loss probability maxima obtained for both LD and LQ modes
remain approximately the same for all antenna lengths, with an
observable decrease for the shortest antennas.
In the following, we will focus on the LD mode. The highest

loss probability of 2.3 × 10−5 was observed for the 199 nm
antenna, while the lowest loss probability of 1.3 × 10−5 was
observed for the 103 nm antenna. Similarly, the FWHM of
fitted plasmon peaks remains roughly constant for most of the
antennas, with an observable increase for the shortest antennas
only. The lowest FWHM of 0.22 eV was observed in the 503

Figure 3. EELS analysis of bowtie antennas: (a,b) Measured EEL spectra (further fitted with a Gaussian) from the outer corners (a), where
the peak corresponds to the transverse dipole (TD) mode, and gaps (b), where the peak corresponds to the longitudinal dipole antibonding
(LDA) mode, of bowtie antennas with the width ranging from 134 to 620 nm. Dashed lines are guides for the eye and follow the energy of
TD and LDA modes that increases with the decreasing width of the bowtie antenna. (c) Schematic depiction of the TD and LDA mode with
marked areas where the EEL spectra were collected. (d) STEM ADF micrographs of the analyzed bowtie antennas. The length of the
scalebars is 400 nm.
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nm long antenna. For all remaining antennas longer than 240
nm, the FWHM remains below 0.38 eV. For shorter antennas,
the FWHM increases to 0.65 eV for the shortest antenna. For
bar antennas longer than 200 nm, the plasmonic response such
as the peak intensity and the FWHM remains comparable,
offering stable plasmonic performance regardless of the
antenna dimension. Consequently, bismuth bar antennas
represent a vivid plasmonic system tunable from the visible
to the near-infrared spectral region.
Second, we have investigated the set of 11 bowtie antennas

with a width from 134 to 620 nm. The results are summarized
in Figure 3. To characterize the plasmonic performance, we
studied the EEL spectra at the bowtie corners (Figure 3a) and
at the gap between its two wings (Figure 3b). The integration
area where the spectra were collected is depicted in Figure 3c
together with a schematic of the transverse dipole (TD) mode
with the maxima at the outer corners of the bowtie and the
longitudinal dipole antibonding (LDA) mode with the
maximum at the gap of the bowtie. The peaks in the measured

EEL spectra and their respective plasmon modes were
identified with the help of numerical simulations and loss
probability maps. A comparison of the EELS experiment and
the theory for the 288 nm bowtie is shown in Figure S6, and
the loss probability maps of the TD and LDA modes of all
bowtie antennas are shown in Figure S7. The peak energy, loss
probability maxima, and FWHM of the TD and LDA modes
were obtained by fitting the measured spectra with Gaussian
curves (see Table S2). In the case of the TD mode, the loss
probability is the highest for antennas with widths from 180 to
480 nm. The highest value of 2.6 × 10−5 is reached by the 396
nm bowtie. For bowties below and above the specified antenna
width range, the loss probability decreases. The lowest
observed loss probability of 1.1 × 10−5 was measured in the
480 nm antenna. The FWHM of the TD plasmon peaks
increases with decreasing antenna width. The lowest FWHM
of 0.17 eV was evaluated for the 620 nm bowtie, whereas the
highest FWHM of 0.56 eV was observed for the 180 nm
antenna. Antennas with widths between 233 and 480 nm

Figure 4. Spectral tunability of bismuth plasmonic antennas: (a) Plasmon energy and Q factors of the LD and LQ modes extracted from the
measured EEL spectra shown in Figure 2 as a function of the length of the bar antennas. (b) Plasmon energy and Q factors of the TD and
LDA modes extracted from the measured EEL spectra shown in Figure 3 as a function of the width of the bowtie antennas.
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exhibit TD plasmon peaks of comparable FWHM values
between 0.30 and 0.36 eV. In the case of the LDA mode, the
loss probability increases with the width of the antennas and
culminates at 4.4 × 10−5 for the 396 nm bowtie. The lowest
loss probability of 1.4 × 10−5 was measured for the smallest
(134 nm) antenna. The FWHM generally increases with
decreasing antenna width, from the lowest value of 0.25 eV of
the largest antenna to 0.50 eV of the second smallest bowtie.
Third, we have evaluated the spectral tunability of bismuth

plasmonic antennas. The plasmon resonances in both the
bowtie and bar antennas range from the near-infrared to the
visible part of the spectrum.
In the case of bar antennas (Figure 4a), the LD mode energy

covers the interval from 0.80 eV (corresponding to 1550 nm in
wavelength) for the longest 503 nm antenna to 2.04 eV (608
nm in wavelength) for the shortest 103 nm one. The LQ mode
energy covers the energy interval from 1.41 eV (879 nm in
wavelength) for the longest antenna to 3.13 eV (396 nm in
wavelength) for the shortest one. The Q factor, defined as the
LSPR energy divided by its FWHM, of the LD mode remains
constant for all antenna lengths and fluctuates around the value
of 3. In the case of the LQ mode, the Q factors are higher than
those for the LD modes. For the shortest antenna, the Q factor
of the LQ mode is the highest, reaching a value of 8.6. With
increasing antenna width, the Q factor values decrease,
reaching a minimum of 3.8 for the longest antenna.
In the case of bowties (Figure 4b), the energy of the TD

mode ranges from 0.76 eV (1631 nm in wavelength) for the
largest 620 nm antenna to 1.63 eV (761 nm in wavelength) for
the smallest 134 nm antenna. The LDA mode energy interval
covers the interval from 0.97 eV (1278 nm in wavelength) for
the largest antenna to 2.25 eV (551 nm in wavelength) for the
smallest. The Q factors of the TD modes fluctuate around the
value of 3 for all bowtie antenna widths, except for the largest
ones for which the Q factor increases over 4. In the case of the
LDA modes, the Q factors are higher and fluctuate constantly
around the value of 3.5 except for the smallest antennas
(widths around 200 nm and smaller), where the Q factors
increase, reaching a maximum of 5.6 for the smallest bowtie
antenna.
In summary, the dependence of the plasmon resonance

energy on the antenna size proves the suitability of bismuth to
cover the near-infrared spectral region and, with sufficiently
small (below 100 nm) nanostructures, even the entire visible
region while maintaining its plasmonic performance through-
out the spectral bandwidth. However, the use of litho-
graphically fabricated nanostructures of the two tested
geometries is not capable of supporting LSPR in the ultraviolet
spectral region, as very small structures (below 50 nm in size)
would be necessary. Such small structures can be achieved by,
for example, a bottom-up process such as chemical synthesis.
Finally, we compare the plasmonic properties of bismuth

with those of gold. A direct comparison of the plasmon
resonance energies of the TD and LDA modes in bismuth and
gold bowties is shown in Figure 5. The pseudodispersion
relations for these two modes in bismuth bowties overlap with
the corresponding pseudodispersion relations for gold bowties.
The observed overlap of the pseudodispersion relations
suggests that bismuth can be considered as an alternative
material to gold. The Q factors of the bismuth antennas are
marginally lower than those of gold (see Figure S8), however,
this disadvantage is counterbalanced by their consistent
performance even at higher plasmon energies. Furthermore,

the significantly lower cost of bismuth antennas enhances their
applicability.
It is imperative to consider two other pivotal factors that

influence the suitability of various plasmonic materials: their
biocompatibility and chemical stability under ambient
conditions, such as their resistance to oxidation when exposed
to air. In both cases, bismuth exhibited properties comparable
to those of gold. The present study employed a series of
diffraction experiments using both X-ray and electron
diffraction to assess the oxidation resistance of bismuth thin
films when exposed to air. The diffractograms measured
approximately half a year after deposition exhibited no
indications of any bismuth oxide crystal phases, despite
prolonged exposure of the bismuth film to ambient conditions.
Consequently, bismuth in the form of thin polycrystalline
layers appears to be chemically stable and resistant to
oxidation. However, bismuth can be easily oxidized in an
oxygen-reactive atmosphere, such as oxygen plasma, or by
annealing under an oxygen atmosphere. The diffractograms are
included in Figure S2. As a result, bismuth can be easily
covered by a few nanometers of oxide layer that may act as an
insulator and, for example, prevent charge transfer in catalytic
reactions. On the contrary, gold is resistant to oxidation under
any conditions. Further, we note that a limiting factor in high-
temperature applications might be the melting temperature of
bismuth, which is much lower (271.5 °C) than the melting
temperature of gold (1064 °C).
In terms of its toxicity, bismuth is generally considered

biocompatible. The only known bodily harm caused by
bismuth is inflammation of the lungs after inhalation of fine
bismuth powder, which is caused by mechanical irritation of
the tissue. However, when bismuth is introduced into the body
in other forms, no negative effects on mammals have been
observed, even at doses as high as 1000 mg per 1 kg of body
mass.32,33 Consequently, bismuth emerges as a promising
alternative to gold, offering cost-effectiveness, chemical
stability, biocompatibility, and enhanced plasmon energy
tunability, albeit at the expense of reduced plasmon resonance
intensity.

Figure 5. Pseudodispersion relation of LSPR in bismuth and gold
bowties: Energy of the TD and LDA modes in bismuth (data from
Figure 4b) and gold (data from ref 31) bowties is plotted as a
function of the reciprocal antenna width. The overlap of the
dependencies for both materials suggests the full substitutability of
gold by bismuth in plasmonic applications.
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CONCLUSIONS
In conclusion, we have fabricated bar-shaped and bowtie
bismuth plasmonic antennas using a standard focused ion
beam lithography of a polycrystalline bismuth thin film and
characterized them using STEM-EELS. This approach enables
the study of plasmonic properties at the single-particle level
and the exploration of the spectral tunability of localized
surface plasmon resonances in individual bismuth nanostruc-
tures as a function of their size and shape. The spectral
tunability of single modes over the near-infrared and visible
spectral range has been demonstrated, and a correlation with
the size and shape of bismuth nanostructures has been
established.
Our experimental results show that bismuth is a suitable and

cost-effective material for plasmonic applications. The dipole
modes in the explored nanostructures are tunable from the
near-infrared spectral region to the entire visible region.
Furthermore, the plasmon resonances exhibited by these
structures are found to be stable over the entire plasmon
energy interval. Moreover, we have shown that the dependence
of the plasmon energy on the antenna size for gold and
bismuth is highly congruent, thereby establishing bismuth as a
viable alternative to gold. This is further underscored by the
observation that bismuth also covers the energies above 2 eV.
In addition, the lower cost of bismuth, together with its
biocompatibility and resistance to oxidation, make it a suitable
candidate for use, especially in industrial and large-scale
plasmonic applications.

METHODS
Metal Deposition. A 30 nm thick bismuth thin film was

deposited on a 30 nm silicon nitride membrane (by Agar Scientific)
with lateral dimensions of 250 × 250 μm2 by DC magnetron
sputtering. We used Magnetron Sputtering System BESTEC with the
following parameters: chamber pressure 8·10−4 mbar, sample rotation
5 rpm, argon gas flux 15 sccm, argon ion energy 310 eV, and total
current of argon ions 25 mA resulting in the deposition rate of 0.45 Å
s−1.

FIB Lithography. FIB lithography of the polycrystalline bismuth
thin film was performed using FEI Helios by gallium ions with an
energy of 30 keV and an ion beam current of 2 pA. We note that the
highest available beam energy and the lowest available beam current
are optimized for the best spatial resolution of the milling.

EELS Measurement. EELS measurements were carried out in a
TEM FEI Titan equipped with a GIF Quantum spectrometer
operated at 120 keV in the scanning monochromated mode with the
convergence semiangle set to 10 mrad and the collection semiangle
set to 11.4 mrad. The probe current was adjusted to around 100 pA.
The dispersion of the spectrometer was set to 0.01 eV per channel
and the FWHM of the zero-loss peak was around 0.15 eV. The
acquisition time was adjusted to use the maximal intensity range of
the CCD camera in the spectrometer and avoid its overexposure. EEL
spectra were integrated over rectangular areas at the edges of the
nanostructures where the LSPR is significant. They were further
divided by the integral intensity of the zero-loss peak to transform the
measured counts into a quantity proportional to the loss probability
(i.e., the zero-loss peak area equals 1), background subtracted by
subtracting the EEL spectrum of a pure silicon nitride membrane (so
the resulting spectrum starts at 0 intensity at the low-energy side), and
fitted by Gaussians. We note that no deconvolution was applied.

Numerical Simulations. Numerical simulations of EELS spectra
were performed using the MNPBEM toolbox34 based on the
boundary element method. The dielectric function of bismuth was
taken from ref 35 and the surrounding dielectric constant was set to
1.6 to approximate the effect of the silicon nitride membrane
substrate. The 120 keV electron beam was positioned 5 nm outside

the antenna. The loss probability density was further recalculated to
the loss probability at energy intervals of 0.01 eV corresponding to the
dispersion of the spectrometer in the experiment.
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