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Building Conventional Metasurfaces with Unconventional
Interband Plasmonics: A Versatile Route for Sustainable
Structural Color Generation Based on Bismuth
Fernando Chacon-Sanchez, Carlota Ruiz de Galarreta,* Eva Nieto-Pinero,
Marina Garcia-Pardo, Elisa Garcia-Tabares, Nicolas Ramos, Miguel Castillo,
Martin Lopez-Garcia, Jan Siegel, Johann Toudert, C. David Wright, and Rosalia Serna*

Plasmonic metasurfaces for structural color generation are typically built
using the archetypal noble metals, gold, and silver. These possess plasmonic
properties in the visible spectrum due to their inherent high free carrier
densities. However, they are much more expensive compared to many other
metals and exhibit several nanofabrication issues such as bad surface
adhesion or thermally activated inter-diffusion. In this work, it is shown that
interband plasmonic materials –whose optical properties are driven by
interband transitions instead of free carriers— are appealing candidates for
the fabrication of sustainable and cost-efficient metasurfaces for structural
coloring. By using bismuth, an environment-friendly interband plasmonic
material cheaper than gold and silver, nanodisks gap-plasmon metasurfaces
and planar Fabry-Perot cavities are modeled and fabricated, which both
successfully enable pure colors that can be robustly tailored upon suitable
design. By direct experimental comparison between both types of design in
terms of color efficiency, fabrication complexity, and angular robustness; how
bismuth-based gap surface plasmon metasurfaces can be excellent
candidates for color microprinting is shown, whereas nanolayered Bi
Fabry-Pérot cavities are ideal for macroscopic color coatings due to their ease
of fabrication and implementation.
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1. Introduction

Over the past decades, structural color gen-
eration inspired by the natural coloration
present in some plants and animals has
attracted much attention from the scien-
tific community, as it provides a chemically-
stable, and eco-friendly alternative to color-
ing with classic dyes and pigments.[1] Such
artificial structures have been to date pro-
posed for a wide range of applications, in-
cluding high-resolution color displays,[2–4]

anti-counterfeiting,[5] holography,[6] or tun-
able coloring.[2–4,7,8] Among the wide range
of photonic design platforms available to
achieve structural coloring, the use of
Fabry–Pérot cavities and metasurfaces are
arguably two of the most explored op-
tions. In this context, Fabry–Pérot cavi-
ties and gap-surface plasmon metasurfaces
have been substantially employed over the
last years, as the resonant behavior of both
systems allows for the selective suppres-
sion or enhancement of specific spectral
bands in the visible spectrum, yielding
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Figure 1. a,b) Real a) and imaginary b) parts of the permittivity for different p-block materials, including Bi,[30] Sb,[51] In, and Al.[52] c,d) Schematics of
our Bismuth-based platforms for the realization of colors, namely c) Fabry–Perot cavities, and d) Gap-plasmon metasurfaces.

a particular macroscopic color appearance when illuminated with
white light.[4,9–16]

Up to this point, the generation of macroscopic colors using
plasmonic structures has predominantly centered on the utiliza-
tion of noble metals. Here we focus on bismuth, an unconven-
tional plasmonic material that can offer a more environmentally
sustainable and economically efficient approach to color produc-
tion through plasmonic resonances. It is well known that in order
to excite plasmonic resonances in the visible spectrum, media
with negative real permittivity (𝜖1) and low-to-moderate imagi-
nary values (𝜖2) are required, a fact that has traditionally limited
the choice of available materials to the evident case of metals with
high density of free carriers; such as Au or Ag.[17] Nevertheless,
it has been noticed that from an optics point of view, materials
with lower free carrier concentrations can not only mimic the
plasmonic properties of materials possessing high density of free
electrons but also display distinct behaviors in different regions
of the electromagnetic spectrum.[17,18] In this context, alternative
materials exhibiting inter- and intra-band transitions in the
visible or near-infrared spectral regions have been proven to
offer a reliable alternative to noble metals for plasmonics-based
applications. These include, for instance, non-stoichiometric
TiN thin films prepared under specific atmosphere conditions,
or materials such as conductive transparent oxides like ITO or
AZO, which have been successfully demonstrated as suitable
candidates for plasmonics in different parts of the optical electro-

magnetic spectrum.[17,19] However, such materials are composed
of multiple elements, thus contrary to noble metals such as Ag or
Au, the stoichiometry of as-deposited films needs to be carefully
controlled at their deposition stage. Interestingly, as shown in
Figure 1a,b, single-element p-block materials such as aluminum,
indium, antimony, or bismuth can also exhibit suitable plas-
monic properties along the ultraviolet (UV), visible(vis), and near
infrared (NIR) regimes. In fact, excluding its interband transition
located at 𝜆 ≈800 nm (1.55 eV), aluminum possesses a Drude-
like (free electrons) permittivity function, resulting in negative
values of 𝜖1 with moderate values of 𝜖2 along the UV–vis spectra.
As a result, Al has been already proposed as a cheaper, Com-
plementary metal-oxide semiconductor-compatible plasmonic
material alternative to Au and Ag for different applications,
including super absorbers,[20] structural coloring,[4,12,21] or beam
steering.[22] In line with Al, In exhibits a similar optical behavior
(here however without the presence of interband transitions),
making it a suitable and competitive candidate for plasmonics
in the UV–vis, and even showing superior performance in the
UV regime when compared to archetypal plasmonic metals such
as Ag. Indeed, recently, the fabrication of ordered, plasmonic
nanostructures made of this material has been demonstrated by
means of soft imprint lithography combined with electrochem-
ical deposition.[23] However, indium is a relatively rare material,
with its abundance in Earth’s crust being ≈0.05 ppm only.[24] By
looking at alternative, more abundant, p-block materials such
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Figure 2. Theoretical reflectance of cyan (left) magenta (middle) and yellow (right) for both FP (black curve) and GSP (grey) structures. Insets show the
resulting macroscopic colors using both CIE and CIELAB color spaces combined with illuminant D65.

as Sb and Bi, one can realize that they exhibit similar behaviors
in the visible spectrum. Indeed, Sb ultra-thin films have been
proven as a single-element, solid-state phase-change material,[25]

with its amorphous to crystalline phase transition being accom-
panied by a huge contrast in permittivity functions, yielding
applications such as tunable macroscopic coloring and photonic
integrated circuits.[26,27] Recently, Bismuth has been also pro-
posed as a suitable candidate for UV-vis plasmonics, while acting
as a lossy, high refractive index dielectric in the infrared.[18,28]

This originates from the rather unique dielectric function of
Bi, as it possesses strong interband transitions in the infrared.
As highlighted by the blue curve in Figure 1a,b, Bi exhibits a
negative real permittivity in the UV–vis (thus explaining the
plasmonic-like behavior of nanostructured Bi),[29,28] while show-
ing a high, positive permittivity in the near-, mid-, and long-wave
IR, yielding (real) refractive indices of up to 10.[18,30] Moreover,
given its very low toxicity, Bismuth is generally regarded as
a sustainable metal and has been proposed as a promising
alternative to lead.[31,32] In addition, Bismuth-driven materials
are also being currently proposed for applications such as energy
storage and conversion, or environmental restoration.[33]

To date, a few Bi-based optical devices have been reported, in-
cluding plasmonic structural colors with Bi cavities and random
nanoparticles in the visible spectrum,[34,35] or perfect absorbers
based on metasurfaces,[36] or deeply subwavelength-sized thin Bi
films in the IR.[37,38] Moreover, bismuth possesses a relatively low
melting point (271 °C), with a significant permittivity contrast
between its liquid and solid states, fact that has been recently ex-
ploited to study the optical switching and tuning capabilities of
Bi embedded nanoparticles experiencing a solid-to-liquid volatile
phase-change upon laser irradiation.[39,40] A key issue to exploit
the full potential of Bi as a suitable building block for plasmonics
is the possibility to fabricate high-quality, ordered nanostructures
and thin films. In this context, ultrathin films of Bi prepared by

pulsed laser deposition (PLD) have been proven to exhibit high
density and spatial uniformity, with optical properties very close
to their bulk state.[29] Such high-quality films can be therefore ef-
ficiently used as building blocks for the design of metasurfaces
and other nanophotonic devices. Another relevant reason to de-
sign Bi-based devices is that, unlike most heavy elements, Bis-
muth is a sustainable, eco-friendly material,[32,33] and even has
potential on devices for environmental restoration, as can be seen
in ref. [33].

In this work, we present the design and experimental real-
ization of two different platforms for structural color genera-
tion, employing well-controlled thin films and nanostructures of
Bi prepared by pulsed laser deposition. The two proposed de-
signs are depicted in Figure 1c,d. The first one (Figure 1c) is
a conventional Fabry–Pérot (FP) cavity, consisting of an Al2O3
film of thickness t (variable), sandwiched between an optically
thick (100 nm) bottom Al mirror, and an upper ultrathin Bi layer
(10 nm). The second design is based on the so-called gap surface
plasmon (GSP) metasurfaces (Figure 2d), which have been suc-
cessfully employed for local amplitude and phase control over
the past decade.[14] The application of this type of structure for
plasmonic color generation is quite well-known and extended,
either for static[41,42] or dynamic coloring.[43] In analogy to our
FP approach, our Bi GSP metasurfaces consist of a thin dielec-
tric (SiO2) layer of thickness t sandwiched between an Al bottom
mirror, and an upper layer of Bi nanodisks arranged in a square
lattice of period Λ. For both structures, Bi has been covered with
a thin Al2O3 layer to prevent oxidation (10 and 40 nm for FP and
GSP respectively). While similar devices have been extensively
studied using archetypal plasmonic such as Ag, Au, or Al,[4,10,16,9]

the use of Bi as the main plasmonic material in such systems
remains unexplored. The pros and cons of each type of struc-
ture will be discussed in terms of color purity, robustness against
the angle of incidence, fabrication complexity, and microprint-
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Table 1. Values of the geometrical variables employed to obtain each structural color for FP and GSP devices.

Cyan Magenta Yellow

Fabry Pérot (FP) Dielectric layer tAl2O3 = 108 nm tAl2O3 = 220 nm tAl2O3 = 165 nm

Bi layer tBi = 10 nm tBi = 10 nm tBi = 10 nm

Gap Surface Plasmon (GSP) Dielectric layer tSiO2 = 84 nm tSiO2 = 29 nm tSiO2 = 20 nm

Bi structures Λ = 340 nmR = 109 nmtBi = 10 nm Λ = 380 nmR = 115 nmtBi = 20 nm Λ = 380 nmR = 101 nmtBi = 20 nm

ing capabilities. Our results are therefore useful to identify and
build the most appropriate design platforms toward structural
coloring depending on the application in mind but also highlight
the potential of Bi for plasmonics-based nanophotonic devices in
the visible spectrum, which could be extrapolated to other above-
mentioned unconventional plasmonic materials from the p-block
such as antimony or indium in a near future.

2. Results and Discussion

2.1. Bismuth Designs for Structural Color Generation

As briefly described in the introduction, in Figure 1c we showcase
our simplest Bi-based design platform, an FP cavity consisting of
an optically thick metallic mirror (Al), a dielectric spacer (Al2O3)
of variable thickness t, and an ultrathin (10 nm) Bi layer on top.
The working principle here is the one of a conventional FP cavity
based on optical interference effects. By changing the thickness
of the dielectric layer one can tailor absorption at specific spec-
tral bands, provided that the dielectric spacer thickness t satisfies
the destructive interference condition at a particular wavelength
𝜆 of interest. (i.e., tAl2O3

≈ m𝜆∕4nAl2O3
, with m being an odd in-

teger). On the other hand, as pictured in Figure 1d, the GSP
metasurface has a slightly more complex structure. The main
difference structure-wise is that the upper lossy plasmonic mate-
rial (Bi) forms a periodic array of finite-size nanodisks structures
(10 nm in thickness). This allows for the excitation of localized
surface plasmons which are mirrored on the Al bottom plane,
resulting in transverse magnetic dipole moments.[14] This allows
for the use of significantly smaller dielectric spacers compared to
FP cavities, as revealed by Table 1, and discussed previously in
the literature.[14,44]

The two Bi-based designer interfaces were optimized following
the methodologies described in the section “Design and Analy-
sis of Bi Structures”, in order to generate the three subtractive
primary colors in reflection (namely cyan, magenta, and yellow).
The final geometrical parameters resulting from optimizations
for each macroscopic color in our two designer interfaces are
listed in Table 1. In Figure 2, we show the resulting reflectance
spectra of each color calculated under normal incidence condi-
tions for both the FP (black curve) and the GSP (grey curve) de-
signs. Insets represent their corresponding macroscopic colors
employing two different color spaces (CIE and CIELAB, see sec-
tion “Macroscopic color calculations” for calculations details). As
it can be seen, colors obtained from CIE chromaticity diagrams
are similar for both designs, exhibiting slightly higher purity for
the case of GSP cavities (as shown in Figure S1b, Supporting In-
formation), which can be attributed to their lower minimum re-
flectivity as well as the higher number of parameters that we can

use to optimize the outcome. However, if we use the CIELAB
color space (which takes into account both the chromaticity and
the human perception of lightness), GSP colors become darker as
a consequence of their lower maximum reflectivity level, while FP
colors experience little-to-no change at all. Hence, bismuth-based
FPs have a better potential for the generation of high-efficiency
colors. As for the case of dyes and pigments, the robustness of the
macroscopic color against the angle of incidence is a highly de-
sirable property, especially when the applications in mind imply
decorative purposes or displays (i.e., where the macroscopic color
needs to be maintained with the viewing angle[1]). Usually, one of
the reasons to look for alternatives to FPs is the marked angular
dependence of their reflectivity,[15] which inherently occurs due
to changes in the optical path difference (thus the cavity phase,
and therefore the wavelength at which destructive or constructive
interference occurs). In order to investigate the robustness of our
devices against the viewing angle, we have also explored the ef-
fect of the angle of incidence on the reflectance spectra of our two
designs. In Figure 3, we compare the reflectance’s angular de-
pendence for (unpolarized) white light of both structures for the
case of cyan (i.e., where the resulting performance at normal in-
cidence is similar between GSP and FP designs, as previously re-
vealed in Figure 2). For the case of FP designs (Figure 3a), increas-
ing the angle of incidence results in a moderate blueshift, with
the reflectance characteristics being well-preserved up to 45˚. The
angular response of GSP (shown in Figure 3b) reveals slightly
smaller robustness of the absolute reflectance against the inci-
dence angle, due to several high Q-factor features arising at off-
normal incidence. These originate from Wood–Rayleigh (WR)
anomalies excited by the square periodicity of the GSP and occur
at the different material interfaces (a more detailed analysis of the
WR modes can be found in Section S2, Supporting Information).
In Figure 3c we show the reflectance at an incident angle of 30˚

for both systems, evidencing a drop in reflectance for the case of
GSP. Even so, it can be seen that macroscopic colors represented
in the inset are nicely maintained at oblique incidence for both
systems, making them fairly robust to the viewing angle.

Finally, we also note that despite the periodicity of our GSP
being smaller than the wavelength range (thus the structure is
non-diffractive at normal incidence), diffraction orders 𝜃m might
couple to the free space at oblique angles of incidence 𝜃i provided
that:

sin 𝜃±m = m 𝜆

P
± sin 𝜃i < |1| (1)

In order to investigate possible negative effects of such con-
ditions, diffraction simulations of our structure as a function of
the angle of incidence and polarization have been carried out, re-
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Figure 3. a,b) Angular dependence of the theoretical reflectance spectra (unpolarized), for: a) FP cavities, and b) GSP structures. c) Reflectance at 30˚

for both FP and GSP structures, and insets showing the corresponding macroscopic colors, revealing a more robust reflectance response of the FP
devices, as well as a decrease in brightness (CIELAB colors) for both structures with respect to normal incidence (c.f. Figure 2, left figure).

Figure 4. Comparison between experimental and computational reflectance spectra for cyan devices: a) FP at 20˚ of incidence (unpolarized), and b)
GSP at normal incidence. Insets show the corresponding macroscopic colors. c) SEM image of the measured GSP structure.

vealing very low diffraction efficiencies (< 10%) for angles above
8˚, occurring at the short part of the visible spectrum only (see
Section S3, Supporting Information). Diffraction at oblique inci-
dence by our Bi-based GSP devices is therefore expected to play
a negligible role in color perception.

2.2. Experimental Comparison Between the two Bismuth
Designer Interfaces

So far, we have numerically compared the optical characteristics
of both Bi-based FP and GSP structures, in terms of color purity
and angular robustness. In this section, we will proceed to dis-
cuss their optical characterization, fabrication complexity (scala-

bility), potential applications, and fidelity between the modeled
and experimentally characterized devices (here again for the case
of cyan, which is where we find better agreement between optical
performances for both approaches).

Figure 4 summarizes the experimental performance of our de-
vices for unpolarized light at near-normal incidence compared to
simulations. In particular, Figure 4a shows the calculated (contin-
uous curve) and experimental (dashed curve) reflectance spectra
of FP cavities for unpolarized light at 20° (i.e., the minimum an-
gle of incidence available in our spectroscopic ellipsometer, see
section “Angle-Dependent Reflectance Measurements: Bismuth
FP Cavities”), revealing a very good agreement, with the result-
ing inset color calculations also exhibiting an excellent matching.

Adv. Optical Mater. 2023, 2302130 2302130 (5 of 10) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. a) SEM images of 4 different sets of disks having different radii sizes for a fixed period of Λ= 340 nm. The yellow scale bar corresponds to
1 μm. b) Experimental, and c) theoretical reflectance of GSP metasurfaces with different radii shown in (a). Insets show the corresponding macroscopic
colors.

For the case of our Bi-based GSP metasurfaces, measurements
were performed with a low NA microspectrophotometer at nor-
mal incidence, and the results were compared with simulations
(represented in Figure 4b). An SEM image of the measured nan-
odisks is shown in Figure 4c). In line with our FP devices, an ex-
cellent correspondence between simulated and measured results
is once again evident, and so are the calculated macroscopic col-
ors. However, we note there are some minor divergences between
experimental and computational results for both structures, that
can be attributed to fabrication issues like disk-to-disk size vari-
ations, layer thicknesses (SiO2, Bi, or Al2O3), or roughness (not
taken into account in simulations).

In terms of fabrication complexity, as discussed in the Exper-
imental Section, FP structures can be fabricated with a more
straightforward process, consisting of depositing the different
material layers with pre-designed thicknesses to obtain a desired
macroscopic color. As a result, this can be done in a single step
for a particular color, however, we also note that the deposition
of different colors in a single step requires the use of a moving
mask or stencil to spatially control the dielectric thickness. On
the other hand, for GSP devices shown in Figure 4c, the fabrica-
tion process implies both thin film deposition and patterning via
lithography using polymer masks (see section “AFabrication of
Bi nanodisks”), which limits its industrial scalability and sustain-
ability, since lithographic structuration over large areas (cm2) is a
long, expensive, and multistep process. However, as opposed to
FP, GSP structures allow for color micro-printing in a single de-
position step, as the radii of the disks can be spatially tailored dur-
ing lithography, resulting in changes in the plasmon resonance
characteristics (i.e., spectral position and quality factor),[10,14] and

hence the perceived color, as we will see in more detail in the next
section.

2.3. Bi-Based GSP Structures: From Color Micro-Printing to
Sensing Applications

In order to investigate the color micro-printing capabilities of our
Bi-based GSP metasurfaces, a set of devices having different radii
of the upper Bi nano-disks (and the same thicknesses and period
as our cyan design, as in Table 1) were fabricated. This was carried
out in a single lithographic step via spatially varying the size of the
printed disks, a procedure that has been already demonstrated for
noble metal-based GSP metasurfaces.[44] In Figure 5b, we show
the resulting measured reflectance spectra at normal incidence,
together with their macroscopic colors represented in the inset.
As it can be seen, increasing the disk size results in a simultane-
ous decrease in maximum reflectance, and a slight blueshift of
the resonance positions. This turns into strong variations in the
perceived color luminosity, also in good agreement with simula-
tions shown in Figure 5c. However, we note that simulated colors
shown in the inset tend to also acquire a purple hue as the disk
size increases. This difference in hue can be attributed to higher
reflectance values obtained in the simulations over the red part
of the visible spectrum (𝜆 > 600 nm) with respect to measured
values. As explained in the previous section, we have attributed
these differences to experimental factors. In addition to luminos-
ity control, in Section S4 (Supporting Information) of the supple-
mentary material we show how by increasing the thickness of the
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Figure 6. a) Image of the fabricated GSP under measurement, taken with 40x objective. b,c) Comparison of the angular dependence for the GSP structure
between simulations (left) and experimental measurements (right) for p-polarized b) and s-polarized c) light. It can be seen that features on the simulated
reflectivity map are preserved for the experimental measurements.

Bi nanodisks, additional color palettes as a function of the disks
radii become accessible.

Finally, the reflectance robustness of our Bi GSP metasurfaces
against the angle of incidence for both P- and S- polarizations
was also experimentally validated by means of back focal plane
spectroscopy measurements at the microscale (see section
“Angle-Dependent Reflectance Measurements: Bismuth GSP
Metasurfaces”, for details). Figure 6a,b shows bipartite exper-
imental versus simulations reflectance maps for P- and S-
polarizations. Once again, a very good agreement between exper-
iments and calculations can be observed, where high Q-factor
reflectance features originated from Wood-Rayleigh anomalies
(whose dispersion has been previously discussed in Section S2,
Supporting Information) are nicely reproduced in experiments.
It can be noted that higher Q-factor features are slightly more
difficult to distinguish when compared to simulations, which
can be explained by the fact that light collection has been always
performed by integrating a set of solid angles determined by
the NA of the collection lens, whereas simulations were per-
formed assuming plane-wave excitation (i.e., collimated beams).
Therefore, for features with high-Q values, higher solid angle
resolution is needed, making them more difficult to detect.
This experimental limitation is especially patent to this figure
but also applies to previous figures (Figures 4,5). Focusing on
the optical performance of these structures, the presence of
such high-Q features at off-normal incidence is not ideal for
angular robustness on the perceived color, but they can find
additional suitable applications. For instance, as a result of their
inherent sharp, high Q-factor nature, Wood-Rayleigh anomalies
are extremely sensitive to environmental changes and indeed
have been demonstrated for the detection of small changes in
the refractive index (thus concentration) of specific analytes.[45]

2.4. Bi-Based FP Structures: Macroscopic Coloring Gamut

In line with the previous study on tailoring the GSP structure
response for applications, we have explored in more detail the

use of bismuth-based FP cavities for macroscopic structural col-
oring. For GSP structures, the fabrication of a whole macroscopic
color gamut would prove unnecessarily complicated, whereas the
structure and deposition process of FPs discourage color genera-
tion as a combination of microscopic CMY pixels. Therefore, the
most practical application for Bi-based FP cavities is the possibil-
ity of uniform macroscopic structural coloring. In this context,
the versatility of Bi FP cavities in terms of achievable color gamut
was investigated. Using an ultrathin Bi film as the top cavity layer,
we performed variable, graded dielectric deposition to obtain FP
cavities that display some of the potential colors (shown in Figure
7a). Measuring its reflectance on a grid of just 12 points, we can
observe a wide range of achievable colors, measured individually
in the right panel of Figure 7a. It is relevant to point out that
these are just some of the possible colors, and they can be ex-
panded even more taking into consideration higher Fabry-Pérot
interference orders.

Finally, we show the potential benefits of using Bi ultrathin
films toward structural coloring, as on Fabry-Perot cavities it
doesn’t look like the best choice over more conventional plas-
monic metals (such as Al, or Ag) with lower losses. However,
we find that Bismuth possesses superior performance, specif-
ically for subtractive color generation, when compared with
these more extended materials. To elucidate this, In Figure 7b
we showcase the reflectance spectrum for two FP cavities
with the same structure and using either Al or Bi for the
top metallic layer: Al(10 nm) /Al2O3(215 nm)/Al(100 nm) and
Bi(10 nm)/Al2O3(215 nm)/Al(100 nm).

At first glance, it can be seen that using an upper ultrathin Al
layer results in narrower, high Q-factor destructive interference,
which turns into a pale, whitish macroscopic color, as can be ob-
served in the insets in Figure 7b. In contrast, cavities made with
ultrathin Bi films exhibit a broader, low Q-factor resonance, re-
sulting in a high-purity yellow color for both CIE and CIELAB
color spaces. Such a behavior can be readily explained by carefully
examining the optical properties of both materials, represented
via their dielectric function in Figure 1a,b. A helpful magnitude
to compare these two materials is the plasmonic figure of merit
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Figure 7. a) The left panel shows an image of the macroscopic view of Bi-based FP cavities with graded Al2O3 deposition, showing a wide variety of
achievable colors. On the right panel, we have included the experimentally measured individual macroscopic colors b) Theoretical comparison between
FP cavities made with an upper Al layer and an upper Bi layer. Insets show the corresponding macroscopic colors for both systems (CIE-left, CIELAB-
right), revealing higher color purities for the case of Bi, as well as the plasmonic figure of merit for each material at the resonance wavelength.

(FOM = -𝜖1/𝜖2)[46] of both materials, which is actually the inverse
of their dielectric loss tangent (𝛿 = 𝜖2/𝜖1). Values of the FOM for
the case of bismuth are indeed several times lower in the visible
spectrum when compared to Al (see inset in Figure 7b). This in-
ferior plasmonic/metallic behavior when compared to Al results
in an inherent reduction of the quality factor of the resonances
when using Bi thin films as the upper metallic mirror on an FP
cavity, which translates into the benefit of higher purity subtrac-
tive colors.

3. Conclusion

We have introduced and experimentally validated the use of
bismuth as a non-expensive and sustainable unconventional
plasmonic-like material for structural color generation. To this
end, two different designer interfaces – namely Fabry–Pérot cav-
ities and gap surface plasmon metasurfaces — have been ex-
plored. Our results reveal that the fabrication of structural col-
ors with both Bi-based FP and GSP devices using thin films de-
posited via PLD is highly reliable, and has very good fidelity (i.e.,
good correspondence with theoretical models). Furthermore, the
pros and cons of each type of structure have been evaluated in
terms of color purity, robustness against the angle of incidence,
fabrication complexity, and microprinting capabilities. Regarding
the employment of such approaches in real-world applications,
the FP approach would be undoubtedly better for uniform macro-
scopic coloring, due to its fabrication simplicity (thus industrial
scalability), and large number of achievable colors. On the other
hand, FP cavities lack color microprinting and sensing capabili-
ties, the fact that could be overcome by using the GSP approach,
where local color printing can be achieved via spatially varying
the size of the Bi disks in a single lithographic step. Moreover,
improving angular robustness of Bi-based GSP can be further ex-
plored by the use of slightly disordered Bi-nanodisks, preventing

the excitation of Wood-Rayleigh anomalies without compromis-
ing the color purity.[47]

We believe our work clarifies the importance of choosing the
appropriate design for structural coloring depending on the fi-
nal application in mind, but also highlights the potential of us-
ing unconventional, single-element plasmonic materials toward
structural color generation (here in particular for Bi, but alter-
native plasmonic p-block materials such as In or Sb should be
further explored in a near future). Finally, we also highlight that
the fabrication of nanostructures via lithography combined with
lift-off processes employing PLD has been demonstrated only
recently,[48] thus, our work also reinforces the potential of PLD
techniques for high-precision lift-off lithographic processes.

4. Experimental Section
Design and Analysis of Bi Structures: The optical properties of thin films

such as the ones employed in this work might vary significantly depend-
ing on the materials growing conditions (such as the chamber geome-
try, methodology employed, base and working pressure, deposition rate,
etc).[49] Therefore, in order to guarantee the accuracy of both simulations
and experiments, the dielectric functions of all as-deposited materials em-
ployed in this work (namely Al, SiO2, Al2O3, and Bi) were previously char-
acterized by spectroscopic Ellipsometry (Woolam VASE, spectral range
200–1800 nm). The resulting permittivity functions employed in simula-
tions for all the materials might be found in Section S1 (Supporting Infor-
mation).

Once the optical properties were properly characterized, the design, op-
timization, and analysis of Bi devices were carried out employing the com-
mercial finite element methods software package COMSOL Multiphysics
for the case of GSP devices, and a transfer matrix method Python code for
FP cavities. Fine details about the boundary conditions and optimization
processes employed in the GSP model can be also found in Section S1
(Supporting Information).

Macroscopic Color Calculations: Macroscopic color calculations were
carried out via Matlab from theoretical and experimental reflectance spec-
tra using both CIE1931 and CIELAB color spaces, and the standard illumi-

Adv. Optical Mater. 2023, 2302130 2302130 (8 of 10) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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nant D65 (Daylight). First, the CIE1931 XYZ coordinates were calculated
using standard colorimetry theory as follows:

X = 1
N

𝜆=780nm
∫

𝜆=380nm
I (𝜆) R (𝜆) x̄ (𝜆) d𝜆 (2)

Y = 1
N

𝜆=780nm
∫

𝜆=380nm
I (𝜆) R (𝜆) ȳ (𝜆) d𝜆 (3)

Z = 1
N

𝜆=780nm
∫

𝜆=380nm
I (𝜆) R (𝜆) z̄ (𝜆) d𝜆 (4)

Where R(𝜆) is either the computed or measured reflectance, I(𝜆) is the
spectral distribution of the standard illuminant (D65), and x(𝜆), y(𝜆), z(𝜆)
are the standard observer tristimulus color matching functions. N is the
normalization factor given by:

N =
𝜆=780nm

∫
𝜆=380nm

I (𝜆) ȳ (𝜆) d𝜆 (5)

Finally, the chromaticity coordinates x and y were obtained through the
following relations:

x = X
X + Y + Z

; y = Y
X + Y + Z

(6)

Fabrication of Bi-Based FP and GSP Devices: Thin Film Deposition: De-
position of Bi and Al2O3 was performed by pulsed laser deposition (PLD).
An ArF excimer laser (𝜆= 193 nm) was used, with a pulse duration of 20 ns,
and a repetition rate of 10 and 20 Hz for Bi and Al2O3 respectively. The base
pressure inside the vacuum chamber was in the range of 1 × 10−7 mbar.

Deposition of Al and SiO2 was carried out by means of magnetron sput-
tering. SiO2 films were prepared by reactive RF sputtering from a pure
(99.999%), undoped, silicon target using a commercial sputtering system
(Nordiko 2000) in a mixed Ar (50sccm) /O2 (10 sccm) gas atmosphere.
The base pressure was 1.3 × 10−8 mbar, with a working (Ar/O2) pressure
of 8.3 × 10−3 mbar. RF power was set to 200 W, yielding a sputtering rate
of 5.9 nm min−1.

For Al films, a custom-built DC sputtering system and pure Al targets
(99.999%) were used in a non-reactive Ar atmosphere (20 sccm). The base
pressure was 1× 10−6 mbar, with a working Ar pressure of 1.7× 10−3 mbar.
DC power was set to 170 W, resulting in a deposition rate of 9.9 nm min−1.

Fabrication of Bi Nanodisks: Bi nanodisks were fabricated over
100 μm × 100 μm areas employing standard electron beam lithography
and lift-off techniques. First, Si/SiO2 substrates were cleaned in warm ace-
tone and soft sonication for 10 min, then rinsed in isopropyl alcohol and
dried with N2. Next, the Al/SiO2 bilayers were prepared via magnetron
sputtering (using the processes described previously). The resulting films
were spin-coated with a positive photoresist (PMMA diluted in anisole,
Microchem 950K A4) at 6000 rpm, yielding a resist thickness of 250 nm
which was then baked at 100 °C for 15 min to evaporate the anisole sol-
vent, thus forming a solid PMMA mask. An e-beam lithography process
(Nanobeam NB4) combined with lift-off was carried out to transfer the
nanodisks patterns onto the resist. Optimum exposing electron doses to
obtain the desired pattern dimensions were found to lie between 8 and
9 cm−2. After e-beam lithography, the PMMA regions exposed to electrons
were developed in a 15:5:1 solution (isopropryl alcohol: methyl isobutyl
ketone: ethyl methyl ketone) for 45 s at room temperature, while gently
shaking the sample. Bi nanodisks were then deposited inside the mask by
PLD. Finally, the remaining PMMA regions were removed via preliminary
PMMA delamination in acetone using a pipette, followed by soft sonica-
tion first in warm acetone and then in isopropyl alcohol.

Angle-Dependent Reflectance Measurements: Bismuth FP Cavities: Re-
flectance of FP cavities as a function of the angle of incidence was mea-
sured over small areas (≈0.3mm2) employing a spectroscopic ellipsome-
ter, and making use of low NA focusing lenses to reduce the cross-section
of the (otherwise collimated) incident beam of white light. This allowed

us to measure with more accuracy on thickness gradients discussed in
Figure 7a.

Angle-Dependent Reflectance Measurements: Bismuth GSP Metasurfaces:
Since GSP metasurfaces were fabricated over areas smaller than the ellip-
someter beam, a specialized fourier image spectroscopy setup was em-
ployed to obtain angularly resolved reflectance spectra.[50] The setup con-
sisted of a high magnification optical microscope coupled to an external
4f lens system that allowed for the projection of the back focal plane of
the objective lens (Nikon Plan Fluor 40×, NA = 0.75 OFN25 DIC M/N2)
to the slit of a VIS–NIR spectrograph (Princeton Instruments, Acton Spec-
traPro SP-2150 and a CCD camera QImaging Retiga R6 USB3.0 Color). All
spectra were presented normalized by the reflectance of an optically thick
silver mirror.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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