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devices is the fact that their dielectric 
function (i.e., permittivity, ε  = ε1  + iε2)  
is predefined. Thus, several research 
groups, including ours, have recently 
merged two almost orthogonal fields, 
photo nics, and metallurgy, to pursue 
metallic materials with arbitrary permit
tivity.[1–5] Alloying is now a burgeoning 
framework for achieving materials with 
engineered optical properties, encom
passing both nanostructures and thin 
films, as will be surveyed in this Review.

Plasmonics exploits the interaction of 
incident electromagnetic fields with the col
lective motion of free electrons (plasmons) 
in metals. This phenomenon confines the 
electromagnetic fields in close vicinity of the 
metal interfaces, dramatically enhancing 
the electrical field intensity surrounding the 
material.[6–8] Plasmons can be divided into 
two categories: surface plasmon polaritons 
(SPP) that propagate along the metal and 
dielectric interface, and localized surface 

plasmon resonance (LSPR) that are confined in a subwavelength 
nanostructure. For the latter, their optical scattering or absorp
tion (and/or the nearby dielectrics and semiconductors) can be 
significantly increased. As a result, these enhancement effects 
are the underpinnings to a range of novel optical processes, and 
have found countless applications in photovoltaics,[9–11] photo
catalysis,[12–14] bio and chemicalsensing,[15,16] electrooptical modu
lation,[17,18] and superabsorbers.[19–21] As expected, the features of 
either type of plasmon are strongly dependent upon the dielectric 
function of the material, which is somewhat fixed in metals.

Concerning materials, coinage metals, such as Au, Ag, or 
Cu, are widely used in photonics due to their abundant free 
electrons and chemical stability.[1] Other noble metals including 

Metallic nanostructures and thin films are fundamental building blocks for 
next-generation nanophotonics. Yet, the fixed permittivity of pure metals 
often imposes limitations on the materials employed and/or on device per-
formance. Alternatively, metallic mixtures, or alloys, represent a promising 
pathway to tailor the optical and electrical properties of devices, enabling 
further control of the electromagnetic spectrum. In this Review, a survey of 
recent advances in photonics and plasmonics achieved using metal alloys 
is presented. An overview of the primary fabrication methods to obtain 
subwavelength alloyed nanostructures is provided, followed by an in-depth 
analysis of experimental and theoretical studies of their optical proper-
ties, including their correlation with band structure. The broad landscape 
of optical devices that can benefit from metallic materials with engineered 
permittivity is also discussed, spanning from superabsorbers and hydrogen 
sensors to photovoltaics and hot electron devices. This Review concludes 
with an outlook of potential research directions that would benefit from the 
on demand optical properties of metallic mixtures, leading to new optoelec-
tronic materials and device opportunities.
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1. Introduction

Metals are amongst the most extensively exploited mate
rials in the history of human civilization. Since the Industrial 
Revolution, their use has percolated into every aspect of our daily 
life. Metals were initially utilized in construction and machinery, 
and the early research in the field has been traditionally lim
ited to their structural and thermal properties. In the last dec
ades the understanding and control of the optical and electrical 
behavior in metallic materials from the macro to the nanoscale 
has enabled its adoption in optoelectronics, medicine, and aero
space, amongst other emerging fields. Yet, a primary constraint 
for utilizing metallic materials as building blocks in photonic 

Hall of Fame Article

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adom.202001082.

K. J. Palm
Department of Physics
University of Maryland
College Park, MD 20742, USA
K. J. Palm, S. Memarzadeh
Institute for Research in Electronics and Applied Physics
University of Maryland
College Park, MD 20742, USA
S. Memarzadeh, Prof. J. N. Munday
Department of Electrical and Computer Engineering
University of Maryland
College Park, MD 20742, USA

Adv. Optical Mater. 2020, 8, 2001082

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202001082&domain=pdf&date_stamp=2020-10-19


www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2001082 (2 of 21)

www.advopticalmat.de

Pt and Pd are also wellknown plasmonic materials, particu
larly promising for applications in photocatalysis.[22] In the 
last decade, Al has arisen as an alternative plasmonic material 
due to its low optical loss spanning the entire NUV–vis–NIR 
spectrum.[23,24] Very recently, Mg aroused attention as another 
promising alternative because of its biodegradability and bio
compatibility while retaining the advantages of Al, such as low 
optical loss, CMOS compatibility, and low cost.[25,26] Regarding 
other earthabundant options, transition metals such as Fe and 
Ni are conventionally used for magnetic and catalytic applica
tions, yet they have shown promises for certain NIR photonic 
devices despite the relatively high loss.[27]

While each of the aforementioned metals have their respec
tive advantages and limitations, they are all bound by their own 
optical properties. In other words, the welldefined dielectric func
tion of individual metals is a hindrance for achieving on demand 
and customizable optical responses. Alloying, blending of two or 
more different metal elements at the atomic scale, enables signifi
cant tunability to ε, beyond that of the individual properties of the 
constituent metals. As a result, it adds a powerful knob for modu
lation, and provides a pathway for developing gamechanging 
photonic devices. Here, we select examples of how alloying 
leads to values of permittivity not achievable by pure metals for 
the following binary mixtures: Ag–Au, Au–Cu, Cu–Ag, Al–Ag, 
Al–Mg, Al–Cu, Au–Pd, Fe–Au, Pt–Ni, Ag–Pt, Pd–Cu, Mg–Ca;  
and the ternary Ag–Au–Cu and Ag–Au–Pd combinations.

In this Review we present a survey of the relevant advances 
on the burgeoning exploration of metallic alloys, focusing on 
the fields of plasmonics and nanophotonics. We begin with the 
introduction of several primary alloy nanostructure fabrication 
techniques, as opposed to the prototypical colloidal chemical 
methods. Subsequently, we discuss experimental characteriza
tion of the alloys’ optical properties and analytical modeling of 
their dielectric functions. Next, we elucidate how this quantity is 
correlated underlyingly to other physical mechanisms and pro
cesses, such as electronic band structure and hot carrier effect. 
This section is followed by an overview of a number of rising 
and fastevolving applications of metal alloys on the basis of 
their uniquely tunable optical properties. To conclude, we pro
vide an outlook of potential research directions with respect to 
currently underexplored applications (e.g., dynamic photonics) 
and alternative computational approaches (e.g., artificial intel
ligence) to better guide the rational design of metal alloys. 
Through machine learning, we anticipate that the permittivity of 
binary and polyelemental metallic materials could be predicted, 
which, in turn, would accelerate the design of photonic devices.

2. Fabrication of Metal Alloy Nanostructures

The electromagnetic properties of metals have been explored 
in depth and utilized in realms such as electrical power trans
mission, telecommunication, antennas and radars, and artificial 
dielectrics.[28–31] However, the frequencies of the electromagnetic 
waves exploited in most of these early applications either fall in 
the radio frequency or microwave ranges, restricted by the rela
tively large dimensions of the initial devices and components. 
Bulk metals at these large dimensions are generally reflective 
and lossy at optical frequencies, thus their applications had been 

limited in this wavelength range. Yet, with significant advances 
in manufacturing and nanofabrication technology over the past 
few decades, the dimensions of devices have been reduced to 
the micro and nanoscale. This size reduction allows for funda
mentally different interactions between metals and optical fields 
when compared to their bulk counterparts, thereby opening the 
doors to new scientific fields, such as nanophotonics.

The optical behaviors of metal alloy nanostructures with 
subwavelength dimensions are strongly dependent upon their 
chemical composition, geometry, size, and distribution, all of 
which can be tailored during the fabrication process. Colloidal 
synthesis methods in the liquid phase are well researched 
and are the traditional route for the production of metal alloy 
nanoparticles. However, chemically synthesized nanostruc
tures often end up covered by different stabilizing species/
agents, and the alloys are typically limited to only two or three 
elements.[32,33] Here, we shift our focus to selected alternative 
methods that can mitigate these issues. For each one, we dis
cuss the details regarding the fabrication steps and give at least 
one example of alloyed nanostructures that can be achieved, 
along with its advantages and limitations.

2.1. Cosputtering with Thermal Annealing

A scalable and wellknown route to obtain metal alloy nano
structures (and thin films) in a large area (wafer size) is cosput
tering.[34,35] An example of this fabrication method used to 
create Ag–Au nanostructures is shown in Figure  1a(i).[34] The 
metals of interest are often deposited on the substrate from the 
sputtering sources simultaneously. The resulted ultrathin film 
layer is then annealed in a controlled O2free environment to 
prevent oxidation. During the annealing stage, substantial sur
face diffusion occurs on the interface between the thin film and 
the substrate to minimize the energy in the system. This dewet
ting process enables the formation of 3D (often) hemispheric 
nanoparticles with 10s to 100s of nanometers (see Figure 1a(ii)). 
To investigate if the particles indeed form a solid solution (mix
ture), energy dispersive Xray spectroscopy (EDS) elemental 
mapping has been performed on an individual site after milling 
by a Ga+ focused ion beam (FIB) (see Figure 1a(iii)). The homo
geneous distribution of the constituent elements throughout 
the crosssection confirms the successful alloying of Ag and Au. 
As expected, the final size and spatial distribution (density) of 
these nanoparticles are determined by parameters such as (i) 
the metals involved (compositions and surface diffusion coef
ficients), (ii) the substrate (cohesion and adhesion between the 
thin film and the substrate), (iii) the amount of material depos
ited (film thickness), (iv) annealing temperature and time, and 
(v) gas flow during the annealing step.[36] Because of the convo
luted contributions from all these factors, the fabricated nano
structures often exhibit imperfect distribution in shapes, sizes, 
and density, which limits the universality of this method.

In addition to cosputtering, sequential deposition method 
has been reported to fabricate metal alloy nanoparticles such 
as Pd–Ag, Pt–Ag, Pt–Ag–Au, and Pd–Ag–Au, where bilayer or 
multilayer films with thicknesses down to the nanoscale are 
formed.[37,38] Through subsequent annealing, the nanoparticles 
undergo nucleation, grain growth, and final breakdown of the 
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Figure 1. Fabrication methods of metal alloy nanostructures. a) Ag–Au produced by cosputtering deposition followed by thermal annealing. (i) Schematic. 
Adapted with permission.[36] Copyright 2019, Elsevier. (ii) Film topography imaged by SEM, (iii) EDS elemental mapping of a representative nanoparticle 
after center FIB milling. Adapted with permission.[34] Copyright 2017, Wiley. b) Ag–Au alloys deposited by sequential pulsed laser deposition: (i) AFM topo-
graphy of nanoparticles under ablation pulse ratio of 1:1. (ii) XPS spectra of Ag:Au alloyed films under ablation pulse ratios of 4:1, 1:1, and 1:4. Adapted with 
permission.[40] Copyright 2015, AIP Publishing LLC. c) Alloy nanoparticles generated by SPBCL, a tip-directed synthesis: (i) schematic, (ii) topography of 
polymer dots imaged by AFM before annealing, and (iii) EDS elemental mapping a single PtNi nanoparticle after annealing. Adapted with permission.[42] 
Copyright 2015, American Chemical Society. d) Au–Pd nanodisks fabricated by sequential vapor deposition on HCL mask with thermal annealing. (i) Sche-
matic of multilayer deposition. (ii) SEM image after annealing step, and (iii) HAADF-STEM image with corresponding elemental profile throughout the 
particle. Adapted with permission.[3] Copyright 2016, American Chemical Society. e) Nanoporous Au disk fabricated by EBL-based lithography: (i) fabrica-
tion schematic of nanodisks highlighting the formation of Au–Ag alloys (red dashed box), SEM images of (ii) arrays, and (iii) an individual nanoparticle 
where the empty pores illustrate the presence of Ag before a dealloying process. Adapted with permission.[44] Copyright 2017, American Chemical Society.
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large clusters into isolated particles due to the combinational 
effect of diffusion (inter and surface), Rayleigh instability, and 
surface energy minimization.[39] Similarly, this process is highly 
dependent on temperature, constituents, and thicknesses of the 
films.

2.2. Sequential Pulsed Laser Deposition

Pulsed laser deposition offers the opportunity of fabricating 
metal alloy nanostructures in a single step. As described by 
Verma et al.,[40] this method utilizes a highpowered pulsed laser 
beam focused on a metal target in vacuum. The laser vaporizes 
the metal, which then condenses on the Si substrate and forms a 
metallic layer. By sequential ablations of different targets, a thin 
film of densely packed metal alloy nanoparticles can be success
fully achieved, as shown in Figure  1b(i). Here, the alloy phase 
is verified by Xray photoelectron spectroscopy (XPS), where 
Ag gains dband electron charge from Au during annealing,[41] 
displaying different intensities at the peaks for varying abla
tion ratios (see Figure 1b(ii)). The correlation between the ratio 
of area under the XPS spectra and ablation conditions suggests 
that the compositions of the alloy films are defined by the ratio 
of ablation pulses alternating between the metal targets. There
fore, by controlling film thickness, substrate temperature, and 
metal composition, densely packed alloy nanoparticles can be 
generated. Nevertheless, the irregular distribution of the nano
structures along with the requirement of high deposition rates 
makes this method challenging for largescale production.

2.3. Scanning Probe Block Copolymer Lithography

Although the aforementioned techniques are considered reli
able, they do not establish fine control of the size, shape, and 
position of the final nanoparticles. To overcome these limita
tions, Chen et  al. have proposed a solution called scanning 
probe block copolymer lithography (SPBCL), which provides 
precise control of size within a 2–50 nm range.[42] Figure 1c(i) 
depicts the SPBCL deposition process. First, a mixed solu
tion of block copolymers, such as poly(ethylene oxide)bpoly 
(2vinyl pyridine) (PEObP2VP), and metal precursors is loaded 
onto an atomic force microscope (AFM) probe (or polymer 
pen tip) and is then deposited on the substrate as an array of 
polymer dots by scanning the AFM probe (see Figure  1c(ii)). 
The sample is then annealed in an Arenvironment to promote 
the aggregation and growth of the metal as a single cluster. 
The new polymer dots undergo further thermal annealing in 
H2 to remove the polymer and excess metal precursors, leaving 
only one particle at each individual site. The uniform distribu
tion of EDS elemental mapping (see Figure 1c(iii)) proves the 
formation of an alloyed PtNi nanoparticle. This method can be 
used for producing multielement alloy systems, with up to five 
different metals in a single nanostructure. Although SPBCL is 
a promising approach to fabricate alloy nanoparticles with con
trolled compositions (determined by the ratio of metal precur
sors), size (regulated by the amount of polymer loaded on the 
substrate), and position (easily controlled by the AFM),[42] it is 
not suitable for waferscale applications.

2.4. Lithography-Based Methods

Lithographybased fabrication routes have the primary advan
tage of providing very fine control of the geometry, ranging 
from hollowsquares to triangles, and the spatial distribu
tion of the metallic nanotructures. As known, electronbeam 
lithography (EBL) enables the formation of structures with 
subwavelength dimensions down to 20 nm. In this section we 
discuss two somewhat similar and wellestablished methods. 
The first one encompasses the use of tapered nanodisks (see 
Figure  1d(i)).[3] Here, the target metals are evaporated sequen
tially into a prefabricated mask originally made by holemask 
colloidal lithography (HCL).[43] The chemical composition of 
the nanostructures is adjusted by careful geometric calculation 
and precise tracking of the thickness of each metal layer during 
the physical vapor deposition step. Upon the metal layers dep
osition, the template is lifted off in acetone. The remaining 
nanodisks are then thermally annealed in an inert environ
ment for sufficient time to enable atomic mixing of the con
stituents, resulting in a random array of alloyed nanostructures 
(see Figure  1d(ii)). The formation of a Au–Pd alloy is verified 
by high angle annular dark fieldscanning transmission elec
tron microscopy (HAADFSTEM), which shows a highly equiv
alent elemental profile throughout the particle and is further 
supported by a homogeneous EDS elemental mapping of each 
metal in an individual nanodisk (see Figure 1d(iii)). To further 
confirm the generality of this method, a ternary system of Au–
Ag–Pd alloy nanodisks was also demonstrated.

The second technique is the conventional electronbeam 
lithography. As recently shown by Arnob et  al., well defined 
Ag–Au alloy nanodisks are obtained by implementing a process 
similar to the aforementioned HCL.[44] The multilayer metallic 
film is deposited through a mask that is predefined by a 
focused beam of electrons, and then is thermally annealed after 
the stripping of the mask (see Figure 1e(i)). Figure 1e(ii) shows 
a scanning electron microscopy (SEM) overview of a random 
array of patterned nanodisks. In this specific example, a closer 
look into the nanostructures, as shown in Figure 1e(iii), reveals 
the presence of pores, previously occupied by Ag, as a result of 
a dealloying process.

It should be noted that methods for alloy nanostructure 
fabrication are rapidly evolving, such as cosputtering followed 
by sequential ion implantation,[45] molecular beam epitaxy 
(MBE),[46] rapid focusedionbeam millingbased approach,[47] 
carbothermal shock synthesis,[48] and advanced approaches 
that integrate lithography with wetchemistry (e.g., capillary 
assembly, microcontact printing, dippen nanolithography, 
etc.),[49] which could enable higher control of material’s chem
ical composition and, therefore, its optical response.

We here emphasize that the fabrication method and con
dition not only determines the geometry, size, and distribu
tion of the formed nanoparticles, but it also exerts a signifi
cant impact on the phase of the resulting alloy systems. As 
an example, at room temperature, codeposited Au–Cu film is 
usually disordered as it is stable under equilibrium conditions; 
yet, annealing causes recrystallization to occur and superlat
tices can form.[50] For Ag–Cu a solid solution can be obtained 
by codeposition at low temperature (≈120 K) and subsequent 
warmup to room temperature, whereas highertemperature 
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annealing would result in impurity clustering and phase sepa
ration of the two constituents.[51] Metastable solutions can also 
be achieved by hightemperature annealing followed by rapid 
cooling for some alloys (e.g., Au–Ni).[52] These examples illus
trate well some of the many cases where it is difficult to antici
pate when a nanostructure beyond the equilibrium bounds of 
the composition defined by the pure metals can be achieved. As 
well documented in the literature,[53] the phase diagram of the 
system must be considered.

3. Optical Properties of Metal Alloys

One of the greatest benefits of using metal alloys in photonics 
is the remarkable tunability of their optical properties. Unlike 
pure metals whose ε is welldefined, alloying could allow for 
extensive tuning of ε by varying their chemical composition. In 
turn, the mixing of metals can give rise to permittivity values 
and optical responses that do not exist naturally in pure metals. 
In this section we review recent investigations of the optical 
behaviors of different metal alloy systems, and their associated 
dielectric functions. Further, we emphasize the intrinsic rela
tion between ε and the material electronic band structure.

3.1. Optical Extinction Spectra

Optical measurements with alloyed thin films and nanostruc
tures are primarily aimed at understanding how the optical 
extinction (absorption, reflection, or scattering) varies with the 
stoichiometry of the metal alloys, which is the basis for their 
optical tunability. It is important to note that the LSPR of a 
nanostructure is affected by both chemical composition and 
their size/geometry. Moreover, as expected, distinct fabrication 
methods can lead to nanostructures with different shapes and 
size. Therefore, the comparisons presented in this paragraph 
refer to samples obtained by the same experimental method 
and conditions (unless otherwise stated). Nugroho et  al.[3] 
have compared the optical behaviors of three different binary 
nanosystems: Au–Ag, Au–Cu, Au–Pd. A monotonical LSPR 
resonance frequency downshift up to 0.2  eV is observed for 
the Au–Ag nanodisks with increased Au content, with a slight 
deviation from the exact linear correlation (see Figure 2a(i),(iv)). 
But for the Au–Cu alloys, the variation of resonance frequency 
is much less significant (<0.1 eV) with varying Au content (see 
Figure 2a(ii),(iv)). Contrastingly, for Au–Pd, a slight addition of 
Au dramatically reduces the resonance frequency by as much as 
0.35 eV with 40% Au content, yet further addition of this metal 
only causes minimal changes in the resonance frequency (see 
Figure 2a(iii),(iv)). The resonance linewidth gradually broadens 
with up to 60% of Au content, but then quickly decreases by 
0.3  eV with Au content (see Figure  2a(v)). These LSPR peak 
shifting behaviors for the Au–Ag and Au–Pd alloy nanoparticles 
have been affirmed by Kadkhodazadeh et al.[43] Note that small 
discrepancies in the exact way the linewidth varies with Au 
content in the different aforementioned studies are somewhat 
expected and likely due to the different fabrication conditions 
used. Rioux et al.[54] have also reported that the extinction peak 
wavelength arising from LSPR resonance of 5 nm Au–Ag alloy 

nanospheres scales linearly with Au content (see Figure  2b), 
whereas the resonance linewidth reaches its maximum with a 
70% molar fraction of Au. An analogous linear shift of LSPR 
peak wavelength with increasing Au content in this alloy system 
has also been reported by Verma et al.[40] for densely packed nano
particles. Overall, there is a similar trend for the Ag–Au model 
system when comparing nanostructures fabricated by the same 
method: a linear (or almost linear) red shift of the LSPR with 
the increase of Au. The LSPR peak and width shift is an indica
tion of decent mixing of two metals in the formed particles.

Other than traditional coinage metalbased alloys, studies 
on earthabundant and cheaper alternatives are also on the 
rise.[55,56] Figure 2c shows the extinction spectra of Al–Mg alloy 
nanostructures over the entire NUV–vis–NIR wavelength range. 
The contributions to the total extinction from different metal 
constituents and respective multipolar scattering are explicitly 
differentiated. Pure Mg exhibits weak LSPR at long wavelengths 
(>1 µm) due to relatively high losses,[26] but the addition of Al to 
the metal lattice improves the overall resonances in this regime. 
Although the same fabrication method was implemented for all 
samples measured, the dipole and quadrupole signatures for 
the pure Al nanostructure is more pronounced and red shifted. 
As expected, the extinction for the Mgrich alloy samples pre
sent combined characteristics of both Mg and Al.

In addition, alloying traditional plasmonic metals with tran
sition ones can also reduce cost while maintaining the proper
ties of the transition metal element, such as catalytic activity or 
magnetism. Amendola et al.[57] have investigated the plasmonic 
responses of Fe–Au alloy nanospheres fabricated by laser 
ablation synthesis in liquid, showing that they display strong 
attenuation in resonance intensity as the atomic fraction of Fe 
increases. A small fraction of Fe (10%) quenches the resonance 
by almost 50% due to the interband transition of electrons from 
Fe dstates. A slight resonance blueshift from 524 to 506 nm is 
also observed with increasing Fe content (Figure 2d). Although 
the plasmonic features are changed, the superparamagnetic 
nature of Fe in this alloy is largely retained.[58]

Beyond binary mixtures, multielement alloys can potentially 
provide even finer control of the overall optical properties as 
more variables (multielement ratios) are accessible for tuning. 
As an example, Nugroho et  al.[3] have demonstrated ternary 
Au–Ag–Pd nanodisks with the extinction spectrum dominated 
by Pd despite the equal content of all elements. Nevertheless, 
research on alloys comprising earthabundant metals and mul
tielement constituents are still at its infancy; therefore, much 
more remains to be explored. It should be noted that optical 
responses in all abovementioned systems are not merely a 
linear combination of those of individual constituents, and 
macroscopic optical measurements on its own are not sufficient 
to provide fundamental insight on the origin of their optical 
behaviors. More indepth investigation on the dielectric func
tion of the alloys, is required to gain a better understanding of 
the systems, as will be discussed in the next section.

3.2. Dielectric Functions of Alloys

The macroscopic optical property of a nonmagnetic metal 
is microscopically determined by its frequencydependent ε, 
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which is influenced by a number of features of the material, 
such as chemical composition, lattice structure, degree of dis
order, carrier concentration, and size in the case of nanostruc
tures. As well reported in the literature, with a known dielectric 
function and a defined size and geometry, the scattering or 
absorption spectra of a nanostructure can be analytically calcu
lated by Mie theory or numerically simulated by methods such 
as finitedifferencetimedomain, discretedipoleapproxima
tion, etc.[59,60] In this section, we summarize experimental and 
analytical investigations of ε for various alloys. We also include 
recent work that relates it to the electronic band structure of 
alloyed material.

3.2.1. Experimental Determination of Dielectric Functions

The most common approach to experimentally measure ε of 
a material is variableangle spectroscopic ellipsometry. Briefly, 
polarized broadband light is incident on a sample of interest at 

multiple angles, and the change of the magnitude and phase 
of this polarization is measured. For thin films deposited on 
transparent substrates, transmission measurements are added 
to provide a more accurate description of ε.[61] The dielectric 
function of the sample is then retrieved by fitting the experi
mental transmission and reflection data using fitting models 
such as Bspline.[1]

Using ellipsometry, Gong and Leite[2] have measured ε for 
Ag–Au, Au–Cu, and Cu–Ag alloy thin films with varying chem
ical composition. A monotonic shift of the threshold wavelength 
for the interband transition, signified by the abrupt drop of ε2 
(see Figure 3a), is observed in the Ag–Au alloy with increasing 
Au content, resulting from the fact that these metals form a 
solid solution regardless of their concentration.[62] This mono
tonic shift has also been observed by Kadkhodazadeh et  al. in 
an independent study.[43] By contrast, Au–Cu alloys present a 
nonmonotonic variation in ε2 (see Figure 3b) due to the pres
ence of nonuniform small grains that enhance light scattering 
and absorption. In Cu–Ag, two distinct peaks are observed for 

Figure 2. Optical response of metal alloy nanostructures. a) (i)–(iii) Normalized extinction spectra of three different alloy nanodisks: Au–Ag, Au–Cu, 
and Au–Pd. (iv) Resonance frequency and (v) linewidth shift in each of the three alloys with increasing Au content. Adapted with permission.[3] Copyright 
2016, American Chemical Society. b) Extinction spectra of Au–Ag alloy nanospheres. Adapted with permission.[54] Copyright 2014, Wiley. c) Extinction 
spectra of Al–Mg alloy nanoparticles. Adapted with permission.[55] Copyright 2016, Optical Society of America. d) Normalized extinction cross-section 
of Fe–Au alloy nanoparticles with varying chemical composition x. Adapted with permission.[57] Copyright 2014, Royal Society of Chemistry.
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ε2, indicating that the interband transitions in each individual 
metal contribute independently to the dielectric function (see 
Figure  3c). This is because, unlike in Ag–Au, Ag, and Cu do 
not form a solid solution.[51] Remarkably, it is observed that in 
all three systems the performance of plasmonic resonances, 
defined by the SPP quality factor Q  = ε1

2/ε2, can surpass 
those of individual metals in certain wavelength ranges with 
particular chemical compositions, corroborating the potential 
benefits attainable by alloying. In Au–Pd alloys reported by 
Kadkhodazadeh et al., a 10% addition of Pd to pure Au leads to 
a substantial increase of ε2, whereas further incorporation of Pd 
increases it by a much smaller margin.[43]

The highly nonlinear relation between the chemical 
composition and ε has been demonstrated in many other 
alloy systems. Earthabundant Al–Mg alloys, as reported by 
Appusamy et al.,[55] is one example. The Al–Mg thin films are 
fabricated via cosputtering at room temperature, and a mix
ture of αphase solid solution and intermetallic compound 
phases (β and γ) coexist within the chemical composition 
range of interest. Figure 3d indicates that Alrich Al–Mg thin 
films exhibit higher values of ε2 for wavelengths from 350  to 
650  nm than either pure Mg or pure Al. Interestingly, the 
LSPR quality factor, defined by Q  =  |ε1|/ε2, improved in both 
Alrich and Mgrich alloys with modest Mg:Al ratios (35–70%) 
within the wavelength range of 250–300 nm, as a result of the 
shift of both ε1 and ε2. For Al–Ag, the addition of Al up to 
12% increases ε2 and slightly blueshifts the interband transi
tion edge. Within this range of Al concentration the alloy is 
mostly fcc αphase. Yet, very small fraction of Al (<2%) has 
negligible effect on its value (see Figure 3e), a manifestation 
of the nontrivial relation between the composition and the 
optical property.

In principle, the introduction of one metal element to the 
other often brings in impurityinduced states and enhances 
electron scattering in the conduction band. Therefore, for many 
alloys, the loss (signified by ε2) usually increases compared with 
their respective constituent metals.[63,64] However, as seen in the 
prior examples, ε2 can be contained and suppressed through 
alloying in certain systems (e.g., Au–Ag, Au–Cu, and Mg–Al) 
fabricated under specific conditions. Furthermore, another 
broad class of alloys—the mixing of the coinage metals with 
other electronrich ones, may provide a promising pathway 
to achieve materials with low ε2. A number of studies have 
revealed that the extra freeelectrons introduced by the metals 
with high density of carriers (e.g., Cd, Al, Mg, Zn, etc.) can 
raise the Fermi energy and blueshift the interband transition 
onset edge, which opens up a frequency range with a much 
lower ε2 compared to the original coinage metal.[65] In practice, 
alloys such as Cu–Al and Au–Cd have been found to exhibit 
this behavior in the bluegreen region of the visible spectrum 
while the effect is much less profound in other systems.[66,67]

We note here whilst plasmonics prevalently require a low 
ε2, certain optical devices do not. One of the most common 
examples are the superabsorbers,[19] which will be discussed 
in Section  4.1. More recently, the benefits of using ultrathin 
metallic films to increase light absorption in the NIR range of 
the electromagnetic spectrum have been demonstrated in sys
tems ranging from hotcarrier devices composed by Si/ultrathin 
layers of metals and alloys[27,68] to indexnearzero substrate and 

ultrathin metals.[69] In these devices, the large optical absorp
tion results from the combined effect of large optical attenua
tion within the lossy thinfilm material (e.g., semiconductors or 
metals) and the nontrivial interface phase shifts.[70] Overall, the 
tunability of optical property achieved through alloying, which 
commonly leads to an increase in ε2, can be a favorable feature 
for specific nanophotonic applications.

3.2.2. Analytical Modeling of Dielectric Functions

The most rigorous approach to compute ε of a metal or alloy is 
by firstprinciples calculation based on timedependent density 
functional theory where the response of the electron system 
to the timevarying electromagnetic perturbation is described 
fully quantummechanically.[71] In fact, a very recent study has 
adopted this approach to establish a dielectric function library 
for binary alloys composed of the common coinage and noble 
metal constituents.[72] In this section, however, we concentrate 
on the modeling of ε from the semiclassical perspective, which 
helps to provide more intuitive and straightforward under
standing of the alloy systems.

The dielectric function describes the spatially averaged 
response of bound and free charges to an exerted optical field 
in an optically continuous material. In metals, ε is typically 
modeled by the Drude–Lorentz formula[73,74]
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Here, the first term is the permittivity at infinite frequency, 
the second one is the wellknown Drude term, where ωp  
is the plasma frequency (proportional to the free carrier concen
tration), and the damping frequency γ denotes losses due to 
intraband transitions. The third term (Lorentzian term) com
prises a summation of Lorentz oscillators to account for inter
band transitions (valence dband to conduction spband) in 
metals.[75] The Drude–Lorentz model can be applied to metallic 
alloys in the same manner as pure metals, and the model 
parameters can be determined by fitting the experimentally 
obtained optical data. Hashimoto et  al.[76] have calculated the 
effective ωp and damping frequency γ of Au–Ag–Cu ternary 
alloys with varying Au, Ag, and Cu content. As expected, there 
is a strong nonmonotonic variation of these parameters with 
respect to the atomic ratios of the constituents, as displayed in 
Figure 3f. However the highquality fit requires an exceedingly 
large number of Lorentz oscillators (up to 15) to be included, 
which makes the model somewhat overfit and unphysical, as 
discussed in other literature.[54]

As previously stated, ε of metallic alloys cannot usually be 
estimated as a linear combination of its pure constituents 
weighted by concentration. However, at frequencies where 
interband transitions do not occur, and in systems where the 
damping frequencies of the constituent metals are similar, a 
linear combination works reasonably well (e.g., in Ag–Au for 
frequencies less than 2 eV).[40,77] Still, this approximation cannot 
account for the shift of the interband transition threshold due to 
the atomiclevel mixing of individual metal elements.[50] Gaudry 
et  al.[75] have proposed a method to overcome this limitation: 
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Figure 3. Dielectric function and band structure of metal alloys. Imaginary part of the dielectric function ε2 of binary mixtures of a) Ag–Au, b) Au–Cu, 
and c) Cu–Ag, and d) Al–Mg alloys as a function of chemical composition. Adapted with permission.[2] Copyright 2016, American Chemical Society. 
Adapted with permission.[55] Copyright 2016, Optical Society of America. e) ε2 as a function of ε1 for Al–Ag thin films. Adapted with permission.[5] 
Copyright 2017, IOP Publishing. f) Extracted plasma frequency ωp of the dielectric function for a ternary Au–Ag–Cu alloy. Adapted with permission.[76] 
Copyright 2016, Nature Publishing Group. g) Measured (upper row) and calculated (lower row) reflection spectra-derived SPP dispersion relations for 
Ag–Au alloy thin films with different Au content. Adapted with permission.[80] Copyright 2018, Wiley. h) DFT calculated electronic band structures of 
Ag–Au alloys. Adapted with permission.[68] Copyright 2020, American Chemical Society.
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model the smooth variation of the interband transition edge 
by a weighted summation of both the interband transition fre
quencies ω0j and ε2 of individual metal components in the Lor
entzian term. Nevertheless, the analytical model based on the 
Drude–Lorentz terms can be further refined by incorporating 
the quantum mechanical aspects of the electronic states of the 
material, as will be elaborated in the following section.

While the nonlinear variation of ε with alloy’s chemical com
position enables wide tunability, the resultant optical proper
ties generally do not fall significantly out of the range of the 
individual constituents. Interestingly, certain intermetallic alloy 
systems can yield unexpected properties that one hardly real
izes through metals or solid solution alloys. Prominent exam
ples are the intermetallic compounds AuAl2 and PtAl2. The 
bulk plasma frequency for these materials reduces from deep 
UV to 2 and 3 eV, respectively, right within the Vis regime and 
significantly lower than most metals and alloys.[78,79] This class 
of intermetallics further expands the achievable range of dielec
tric responses, enabling fundamentally different pathways for 
the improvement of the plasmonic properties and the resultant 
applications in the optical frequencies.

As mentioned at the beginning of this section, once the die
lectric function is determined, the optical behavior of an alloy 
system can be predicted analytically or numerically and com
pared with experimental results. As an example, Gong et al.[80] 
have measured the reflectivity spectra of coinage alloyed metal 
thin films using the classical Kretschmann prism coupling con
figuration specifically designed to compensate for momentum 
mismatch to excite SPP,[81] whereby the dip in the reflection 
spectrum at particular incident angle for each frequency is con
verted into a dispersion–relation contour of the SPP mode (see 
Figure  3g upper row). On the other hand, with the predeter
mined dielectric function of the alloy thin films, the SPP dis
persion–relation can be directly computed (see Figure 3g lower 
row). An excellent agreement with the experiment is observed, 
both of which demonstrate unambiguously the progressive 
transition of the dispersion curve from pure Ag to pure Au and 
the wellcontrolled optical behavior with the variation of the 
Au:Ag ratio.

In principle, the permittivity of polyelemental metallic 
mixtures can be tailored to match a desired optical response, 
which could be used in the inverse design of photonic devices. 
Nevertheless, in these cases the experimental determination 
of ε could involve the fabrication of a very extensive number 
of samples through a trialanderror conventional approach. 
Instead, one could use machine learning (ML) to predict ε for 
metallic mixtures ranging from binary to muticomponent ones, 
including the effects of small chemical composition variations. 
In Section 6, we provide our vision for how ML could accelerate 
the design of optical materials with on demand optical behavior.

3.2.3. Electronic Band Structure

Quantum mechanically, the interband and intraband transition 
probabilities are determined by the electronic band structure of 
the alloy system. Therefore, incorporating the electronic band 
structure into ε is needed for a more accurate description of 
the optical response of a metal. Inspired by the critical point 

analysis of the metal band structure,[82] a parametric analysis 
model for ε in an alloy system has been proposed by Rioux 
et  al.,[54] which suggests that the most important features in ε 
are largely determined by the critical points (Van Hove singu
larities) in the joint density of states (jDOS). The Lorentzian 
term εib(ω) in the dielectric function can be transformed to 
include the jDOS term as
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where l and k are the occupied and empty electronic states, 
respectively, and A is the oscillator amplitude encompassing 
the transition matrix element given by Fermi’s golden rule. As 
jDOS is mainly influenced by the critical points in the band 
structure, considering the transitions near the X and Γ points 
is adequate. By assuming a parabolic jDOS profile around 
these points, the parametric analysis model includes a total of 
30 fitting parameters to fully describe the frequencydependent 
ε for Ag–Au, and can be generalized to other alloy systems as 
well.[40,43] This approach relies on the known band structures of 
pure Au and Ag with different fitting parameters, followed by a 
weighted summation of εib of the two metals.

In the past, there have been various reports on the direct 
calculation of the band structure of alloys using density func
tional theory (DFT).[52,65] As a very recent example, Krayer 
et  al.[68] have shown explicitly how each metal contributes to 
the overall band structure of the Ag–Au alloys. As presented in 
Figure 3h, Au dominates most of the highenergy states in the 
alloy’s dband, whereas comparable contributions from Au and 
Ag are observed for other states across all critical points of the 
Brillouin zone. In another work by McClure et al. on Au–Pd,[83] 
the addition of Pd results in strong hybridization close to the 
Fermi level, with Pd dominating the values and profiles of the 
additional dbands. Overall, we envision that the DFTbased 
alloy’s band structure calculation and the parametric analysis 
method could be combined to precisely and efficiently model 
ε in alloys.

4. Applications

Benefiting from the combination of the optical properties 
of one or more metal elements with the catalytic, thermal, 
chemical, or magnetic properties of others, various alloybased 
photonic devices have flourished over recent years. This section 
is intended to present the advances on the employment of alloy
based structures and devices in a wide range of territories span
ning from superabsorbers to renewable energy systems.

4.1. Thin Film Superabsorbers

Superabsorbers are artificial optical materials/structures pre
senting a nearunity light absorption over a broad or selected 
narrow band of the electromagnetic spectrum. Typically, the 
ultrahigh absorption arises from impedance matching between 
the surrounding medium and the material.[84] One approach to 
achieve this requirement in the visible to NIR wavelength range 
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of the electromagnetic spectrum is to utilize an ultrathin planar 
film as the absorber unit cell.[85] The optical losses in this thin 
film give rise to nontrivial interference, which results in strong 
absorption. The absorber active layer contains a semiconductor 
thin film (e.g., Si or GaAs) on top of a metal substrate. The 
active layer is required to possess high values of ε2 in the fre
quency range of interest to achieve ultrahigh absorption.[69]

To realize adjustable optical absorption in this thinfilm 
structure, a superabsorber device employing AlCu as the metal 
substrate has been reported in a recent work from our group.[19] 
Here, the unit cell is a bilayer structure where an ultrathin Si 
slab sits on top of the AlCu thin film. In this device configu
ration, above and subbandgap photons are mostly absorbed by 
Si and by the metallic thinfilm layer, respectively. As shown 
in Figure 4a, the device outperforms those composed of pure 
metal substrates, reaching nearunity absorption (>99%). In 
addition, the structure supports dualband absorption. Further, 
the resonance can be finetuned by varying the thickness of the 
semiconductor layer, spanning the entire UV–vis–NIR range 
of the spectrum. At the same time, the shift of the absorption 
peak does not attenuate its intensity, as opposed to other pure
metalbased devices. This remarkable performance is attributed 
to the change of the dielectric function as mentioned in prior 
sections: the low magnitude of ε1 over the entire spectrum com
bined with the large ε2 particularly in the NIR regime. The n–k 
contour maps in Figure 4b show that the AlCu alloybased cell 

always outperforms the other candidate materials provided the 
thickness of the Si layer is greater than 15  nm. Further, even 
under oblique incidence up to 50°, the main resonance mode 
still absorbs 95% of incident light for unpolarized incidence, a 
manifestation of the device being a super absorber with great 
tolerance to polarization and incidence angle change. This scal
able approach has the advantages of being composed by metals 
that are CMOS compatible and earthabundant. It is likely that 
other metal combinations, not yet explored, could perform 
equally well to the example provided here.

4.2. Hot Carrier Devices

Light absorbing metal films and nanostructures can also be 
used for novel optoelectronic devices that exploit hot charge car
rier effects. When light is coupled into a surface plasmon mode, 
there are two decay routes for the plasmon: radiative decay into 
photons and nonradiatively into energetic charge carriers with 
excessive kinetic energies, i.e., hot carriers.[7] These hot car
riers can drive chemical reactions directly, or be collected as 
photocurrent across a metal–semiconductor Schottky junction 
or a metal–insulator–metal junction, before losing their energy 
through electron–electron and electron–phonon interactions, 
typically on a timescale of 100 fs–1 ps.[86] While hot carrier effect 
in metals have found numerous applications, ranging from 

Figure 4. Metal alloys for superabsorbers. a) Upper row: schematic of the bilayer semiconductor/metal thin film superabsorbers. Lower row: calcu-
lated absorption spectrum of each device with varying thickness d of the Si layer. b) Comparison of the absorption maps with respect to the material’s 
refractive index for different wavelengths and Si layer thicknesses d. The AlCu alloy outperforms its pure metal counterparts as well as Au, Ag, and Cr. 
Adapted with permission.[19] Copyright 2018, Wiley.
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photocatalysis to photosensing and photovoltaics,[27,87,88] most 
work has been limited to pure metals. Hence, metal alloys pre
sent a new opportunity to tune and control hot carrier effects 
for improved devices and new applications.

The initial energy distribution of hot carriers upon excitation 
plays a critical role in the efficiency of the subsequent injection 
into the junction, as it determines the fraction of the carriers 
that have enough energy to traverse the junction barrier and be 
collected by the counter electrode. This distribution depends on 
the electron density of states (EDOS) of the metal, which is fixed 
for a specific pure metal, and incident illumination. Gong and 
Munday[89] have adopted an effective, yet simple, EDOS calcula
tion to derive the energy distribution in different alloys, which 
results in configurations not attainable with pure metals (see 
Figure  5a). Depending upon the incident photon energy and 
the EDOS, hot carriers end up with different energy profiles. 
For example, both Ag and Cu have relatively flat distributions 

when illuminated with nearIR light; however, their alloy shows 
sharp features in the distribution of both electons and holes, 
which is advantageous. Similarly, alloys of other metals can pro
duce a variety of distributions that differ significantly from their 
pure metal counterparts. Alloying can also be used to increase 
light absorption within the metal, while still maintaining long 
carrier attenuation lengths, as shown by Krayer et al. with Ag–
Au alloys.[68] With known hot carrier energy profiles, one can 
choose proper doping types and concentrations in the semicon
ductors to form Schottky junctions with adequate barrier height 
for efficient current generation.

In addition to having an appropriate energy distribution, 
the carriers must have a lifetime that is long enough to make 
it to the metal–semiconductor junction without relaxing and 
losing energy. The electron–phonon interactions, which usually  
result in the electrons losing energy to the lattice, vary from 
material to material. Thus, metal alloys offer an opportunity to 

Figure 5. Metal alloys for hot carrier devices. a) Hot carrier initial energy distribution upon excitation by various photon energies in different alloys. 
Adapted with permission.[89] Copyright 2015, Optical Society of America. b) (i) Schematic of the excitation of the hot electrons in a thin gold film after 
coupling to the propagating surface plasmon. (ii) Pump pulse excites the electrons to energy states above the Fermi level, leading to an increase in the 
electron’s temperature. The hot electrons eventually cool down and dissipate their energy to the lattice following a series of electron–phonon coupling 
processes. (iii) Differential reflectivity measurement at resonance wavelength and (iv) electrons temperature distribution as a function of delay time 
between pump and probe pulses. Adapted with permission.[90] Copyright 2020, Optical Society of America.
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tailor and potentially suppress these interactions. To measure 
the relaxation time, ultrafast pumpprobe measurements are 
typically employed in which a highpower pump beam induces 
changes in the transmission or reflectivity of the sample (see 
Figure  5b). These changes are then monitored with a lower 
power probe beam, and data can be used to determine an effec
tive carrier temperature, which reduces over time as energy is 
released into the lattice. Laser fluence and electric field confine
ment caused by the surface plasmon resonance are external fac
tors that can modify the hotelectrons relaxation dynamics.[90] It 
has also been shown that sample geometry and the material’s 
band structure affect the relaxation time of the hot electrons.[91] 
These results suggest that the complex interplay between the 
atoms and the electrons in alloyed metals presents an addi
tional route for tuning of hot carrier dynamics. As an example, 
we recently showed that the addition of 2% Ag into Au can 
increase carrier lifetime by ≈35%.[92]

4.3. Optical Hydrogen Sensors

H2 gas is an ideal clean energy source candidate because 
when burned, it emits no greenhouse gases and can be easily 
transported to regions where high voltage power lines cannot 
reach. With the increase in H2 usage, highquality sensors are 
needed to regulate the flammability risks. In particular, optical 
H2 sensors are ideal due to a decreased risk of sparking in a 
flammable H2 environment when compared to electrical ones. 
These optical sensors utilize the change in a material’s optical 
properties as it hydrogenates, either through a shift in a nano
particle’s LSPR resonance or a change in the reflectance from 
a metallic thin film. Traditional H2 sensors are based off pure 
Pd because of its ability to absorb and desorb H2 at room tem
perature depending on the gas partial pressure. However, there 
are multiple issues with Pdbased H2 sensors including a high 
intracycle hysteresis, a limited pressure measurement range, a 
slow response time, and being easily poisoned by gases found 
in the atmosphere, such as CO and NO2.[93] Recently, alloying 
Pd with other metals has created the opportunity to greatly 
decrease or eliminate these negative characteristics, while 
maintaining a high sensing quality.[4,22,93–97]

Au is the most common material alloyed with Pd to improve 
its ability to function as a commercial sensor.[4,93–96] By alloying 
these two metals the initial dielectric function of the metallic 
mixture can be tuned as well as the metal’s response to H2 
exposure.[94] The main benefit of Pd–Au is that it eliminates 
the sensor hysteresis.[93,95,96] This feature is a deleterious char
acteristic in a sensor, because it causes an ambiguity of H2 
pressure depending on whether the sensor is on the loading 
or unloading portion of the cycle. The hysteresis in Pd sen
sors stems from the α to β phase transition of the hydrogen 
in the metal lattice, which results from its retention during 
unloading. Alloying Pd with Au suppresses this phase transi
tion by lowering the critical temperature of the α–β miscibility 
gap, causing the elimination of the hysteresis and allowing for 
a onetoone readout of the sensor.[93,95,96] This suppression of 
the phase transition in Pd–Au also has the added benefits of 
increasing the detectability range and decreasing the response 
time of the sensor.

Pd–Cu is another alloy commonly used for hydrogen sensing, 
due to the addition of Cu to the Pd lattice introducing a high 
resistance to sensor poisoning.[22,97] This combination allows 
the sensor to work in atmospheric conditions, eliminating deg
radation when exposed to gases such as CO.[22] Furthermore, 
sensing with Pd alloys has been improved by moving to ternary 
systems, where the benefits from multiple metallic elements are 
combined into a single material. As an example, the addition of 
both Au and Cu to Pd has lead to a H2 sensor that combines the 
chemical resistance of Pd–Cu alloys with the improved sensing 
performance of Pd–Au alloys, as shown in Figure 6b, creating a 
hysteresisfree sensor that is proven resistant to CO exposure.[22]

In addition to Pd, Mg is another material with favorable 
sensing qualities. Although pure Mg cannot absorb H2 at 
standard temperature and pressure, if this metal is capped with 
a thin (≈3 nm) layer of Pd, then it readily absorbs H2.[98] Mg has 
a much larger change in optical properties than Pd and has a 
much lower weight to hydrogen ratio, making it important for 
H2 storage. By alloying Mg with other metals, such as Ti, Ni, or 
Ca, switchable devices can be made that have a high reflection 
when under ambient atmosphere (metallic state) and have a 
high transmissivity in the visible spectrum when under H2 gas 
(hydride state). An example of this extreme tunability can be 
seen in Figure 6c, which depicts the reflection and tranmission 
spectra of a Mg0.94Ca0.06 alloy, where the transmission increases 
from near zero in the metallic state to ≈45% in visible spectrum 
in the hydride state.[99] This tunability is relevant for applica
tions such as coatings for solar collectors or smart windows, 
switchable mirrors, and tunable reflectors.[99–102]

4.4. Plasmon-Enhanced Catalysis

Plasmonenhanced catalytic effects utilizing metallic films and 
nanostructures have been a main focus of research by chemists 
and materials scientists, and widely explored in the past.[103–105] 
The employment of alloyed nanostructures in similar appli
cations has thus emerged to further improve upon the initial 
results with pure metals. This section provides an overview of 
how different alloy nanostructures have been utilized in various 
plasmonenhanced catalytic systems.

A photoelectrochemical watersplitting cell consists mainly 
of a metal–oxide–semiconductor photoanode (e.g., TiO2), 
where photocarriers are generated and extracted to drive 
the oxygen and hydrogen evolution reactions on the semi
conductor surface and the metal counter electrode.[106] The 
metal–oxide–semiconductor layer does not absorb visible 
light well due to its large bandgap energy. Thus, metal nano
particles are usually decorated on top of the photoanode to 
boost visible light absorption and excite hot electrons. These 
hot electrons are subsequently injected into the semicon
ductor layer and extracted to foster corresponding chemical 
reactions.

In photoelectrochemical cells, the plasmoninduced hot 
electron energy profile primarily determines its performance. 
For this reason, Au nanoparticles are not an ideal option for 
the cell because of its relatively low interband transition energy 
(≈2.3 eV), which results in the generation of hot electrons with 
low energies. By contrast, Ag can excite higher energy hot elec
trons due to intraband transitions. As shown in Section  3.1, 
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alloying Ag with Au can redshift the resonance wavelengths  
while retaining relatively high energies for excited hot elec
trons. Valenti et  al.[107] have recently demonstrated that a  
photoelectrochemical cell using Ag–Au nanostructures can 
significantly alter the hot electron energy profile as a result of both 
the optical resonance shift and the alteration of the material’s 
EDOS, hence the peak response shift of the incident photon 
conversion efficiency (IPCE) (see Figure  7a(i)). The alloy dis
plays a progressively increasing EDOS in the dband around 
3  eV below the Fermi energy, which increases the probability 
of intraband transitions between 450  and 520  nm in the vis
ible light spectrum range (see Figure 7a(ii)). It is noted that the 
cocatalytic property of the alloy nanoparticles that facilitates 

charge transfer from the semiconductor surface to the electro
lyte may also play a prominent role in enhancing the incident  
photon to current efficiency. To achieve further improve
ment, a tradeoff between the plasmon absorption peak shift 
and favorable hot electron energy profile ought to be carefully 
considered.

A similar Ag–Au alloyTiO2 based photoelectrochemical 
system has been reported by Chattopadhyay et  al.[108] In lieu 
of a bulk TiO2 photoanode layer, a layer of mesoporous TiO2 
nanofibers (mTNFs) is fabricated by a specifically designed elec
trospinning synthesis protocol. The Ag–Au nanoparticles are 
anchored on the surface of the mTNF layer. Under simulated 
solar illumination (60 mW cm−2), both the alloy and the mTNF 

Figure 6. Metal alloys for hydrogen sensors. Clockwise: a) change in the refractive index (n–k) upon hydrogenation of different PdxAu1-x alloys. Adapted 
with permission.[94] Copyright 2019, American Chemical Society. b) Hydrogen sensor measurements of Pd–Cu and Pd–Cu–Au alloys. (i,ii) Optical 
isotherms of the Pd–Cu. (iii–vi) Comparison of resonance peak change during cycling of Pd versus Pd95Cu5, showing that the addition of Cu to Pd 
increases chemical poisoning resistance, but decreases signal. (vii) Optical absorption and desorption isotherm of Pd70Cu30 and Pd70Au25Cu5 and (viii) 
sensitivity enhancement due to the addition of Au. Adapted with permission.[22] Copyright 2019, American Chemical Society. c) (i) Reflectance and (ii) 
transmittance data for a Mg0.94Ca0.06 switchable mirror. Transmittance data is compared with Mg0.88Ti0.12 and M6Ni switchable mirrors. Adapted with 
permission.[99] Copyright 2009, AIP Publishing LLC.
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layers absorb solar light and drive the H2 evolution at a rate as 
high as 516 µmol h−1 g−1, more than 2.5 times faster than using 
pure Au nanoparticledecorated cell (see Figure 7a(iii)).

Pd is a wellknown active catalyst for many organic synthesis 
reactions. In many of these reactions, heating is required to 
improve the yield and efficiency, which is energyintensive.[109] 
Further, recovering the homogeneous Pd catalyst postreac
tion for reuse is challenging. An alternative option is metallic 
nanostructures such as Au and Ag, which have found extensive 
applications in photocatalysis due to their strong LSPR cou
pling that creates high energy conducting electrons at the metal 
surfaces, promoting the activation of molecules for chemical 
reactions at the surface.[110]

To integrate the catalytic effect and the strong plasmonic 
effect of noble metals, Sarina et  al.[111] blend Pd and Au to 
form alloy nanoparticles as catalysts for more efficient organic 
synthesis. The resulted charge heterogeneity at the alloy par
ticle surface facilitates the interaction between the particles and 
reactant molecules compared with that at the surface of pure 
Pd. Furthermore, under irradiation the LSPRexcited electrons 
with high energies collected at the Pd site further strengthen 
the catalytic activity at ambient temperature while the electrons 
remain in the “hot” state. The alloy nanoparticles are fabricated 
by impregnation–reduction method, with an average size of 
3–6 nm, and the plasmonic absorption peak is observed in the 
nearUV regime (see Figure  7b(i)). For three particular types 
of reactions, the impact of alloying on the dark and light yield 
varies tremendously (see Figure 7b(ii),(iii)). For instance, under 
optimal conditions (Au:Pd molar ratio, irradiation wavelength 
range and intensity), the irradiation increases the product 
yield of Suzuki–Miyaura cross coupling to 96% from 37% 
in the dark, much higher than the yield (26%) with pure Pd 
and that (2%) with pure Au under irradiation. The irradiation
induced yield of the selective oxidation of aromatic alcohols 
reaches 100%, much higher than 22% with pure Pd, and 7% 
with pure Au. Interestingly, the Au:Pd ratio of 1:1.86 is found 
to be the optimal value for all aforementioned reactions due to 
the favorable charge distribution in the excited state upon LSPR 
resonant absorption (see Figure  7b(ii),(iii)). This alloybased 
photocatalyst opens the door for achieving a wide range of effi
cient organic synthesis reactions. Other recent works reported 
various alloy combinations (Au–Pd, Au–Cu, Ag–Pd) and their 
resulted yield improvement of various categories of organic 
synthesis reactions (crosscoupling, benzyl alcohol oxidation, 
nitrobenzene reductive coupling, nitrophenol reduction).[112–116]

Efficient oxygen reduction reaction (ORR) is crucial for devel
oping electrochemical systems such as metal–air batteries and 
fuel cells. The activity of ORR is closely correlated to the surface 
nature (e.g., element and crystalline facets) of the catalysts.[117] 

In addition, during ORR hydrogen peroxide can be generated 
as an intermediate product due to an undesired side reaction 
and can reduce its overall yield. Thus, there is a critical need 
for suppressing this intermediate product. In a recent work by 
Lin et  al.,[118] an edgeless Ag–Pt alloy nanocageshaped catalyst 
is implemented to minimize the production of hydrogen per
oxide, and to increase the current generation through plasmonic 
effects. As Figure 7c(i) shows, by increasing Pt content, the LSPR 
resonance peak redshifts from 526 nm for pure Ag to 645 nm for 
Ag–Pt alloy with 23% Pt content, while continuously broadening. 
The increase of limiting current density in the amperometric 
measurement is indicative of the plasmonic absorption and 
the plasmoninduced heating (see Figure  7c(ii)). Figure  7c(iii) 
demonstrates that the illumination on the Ag–Pt alloy nanoc
ages suppresses the formation of hydrogen peroxide. Interest
ingly, the transfer of hot electrons after plasmonic absorption 
plays a pivotal role in suppressing the intermediate formation 
as the vacancies in the 5d state of Pt are altered. Further, the 
enhanced LSPR field facilitates the rapid migration of reactants 
at the nanocage surfaces, further reducing the peroxide yield. 
Analogously, Li et  al.[119] has implemented a composite catalyst 
architecture formed by a 3D mesoporous graphene network with 
ultrafine Ag–Pt alloy nanoparticles (≈2.5  nm in size) dispersed 
on the surface, exhibiting 3.5× higher mass catalytic activity for 
ORR, compared with a commercial Pt/C (TKK) catalyst.

4.5. Photovoltaics

Considering the extensive number of reports in the literature 
describing the benefits of using metallic nanostructures to 
increase the overall power conversion efficiency of solar cells, 
we limit this section to a brief discussion of how alloys with on 
demand permittivity could be exploited for specific types of photo
voltaic devices. Shortly, the primary mechanisms responsible 
for the efficiency enhancement widely reported in the literature 
thus far are: optical path length increase, scatteringinduced 
waveguide mode coupling, and boosted field intensity caused 
by plasmon resonances. All of these processes help to increase 
the light absorption in the active layer of the solar cell, hence 
improving the overall performance of photovoltaic devices. Au, 
Ag, Cu, and Al are the most commonly used metals in plasmonic 
solar cells, and they each are suitable for different resonance 
wavelength ranges, determined by their dielectric functions and 
the size and shape of the nanostructure. As discussed earlier, 
alloying allows for the customization of ε, which then alters the 
resulting plasmonic responses and solar light absorption.

Although the efficiency of perovskite solar cells has soared 
since its discovery,[120] further performance improvement using 

Figure 7. Metal alloys for photocatalysis. a) Photoelectrochemical water-splitting. (i) Absorption spectra, and the change of IPCE in Au–Ag-incorporated 
photoelectrochemical cell compared with pure metals. (ii) Hot electron energy profile due to plasmonic absorption, in Au, Ag, and Au–Ag. Adapted with 
permission (direct link: https://pubs.acs.org/doi/full/10.1021/acsphotonics.6b01048).[107] Copyright 2017, American Chemical Society (Note: further 
permissions related to the material excerpted should be directed to the ACS). (iii) H2 evolution rate in Au–Ag–mTNF, compared with Au–mTNF and 
bare mTNF. Adapted with permission.[108] Copyright 2019, American Chemical Society. b) Au–Pd nanoparticle catalysts for organic synthesis reactions. 
(i) Absorption spectra of samples with Au–Pd alloy, Au, and Pd nanoparticles, and the control. Inset: photograph of fabricated samples. (ii) Reaction 
conversion rate of three particular types of organic synthesis (ii) under irradiation and (iii) in the dark. Adapted with permission.[111] Copyright 2013, 
American Chemical Society. c) Light-induced oxygen reduction reaction (ORR). (i) Absorption spectra of alloyed nanostructures. (ii) Limiting current 
density enhancement and (iv) suppression of peroxide intermediate product. Adapted with permission.[118] Copyright 2017, American Chemical Society.
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plasmonic nanostructures had been scanty.[121] An Ag–Au 
alloybased plasmonic CH3NH3PbI3 device has recently been 
reported by Lu et  al.[122] The alloyed nanoparticles utilized in 
this work are fabricated by a coreduction synthesis method, and 
are embedded in the mesoporous TiO2 layer (see Figure 8a(i)). 
Each particle adopts an irregular shape, with different fine 
geometrical structures and varying Ag:Au molar ratios at dif
ferent locations of the particle. As a result, various LSPR modes 
of distinct frequencies, polarizations, and field patterns can  
be supported. Due to the tailored dielectric function and the 
fine structures, the Ag–Au nanoparticles dramatically boost 
the light absorption in the broadband NIR wavelength range of 
the spectrum, especially around the band edge of the material 
(720–820 nm), and improve the charge carrier transfer rate (see 
Figure  8a(ii)). This results in an overall increase in efficiency 
from 8.9% to 10.3% (see Figure 8a(iii)).

In dyesensitized solar cells, the photoanode material is usu
ally required to absorb 80% of light over a very broad range 
of solar spectrum for acceptable power conversion efficiency; 
however, high absorption is difficult because the active region 
of these devices is typically small due to poor charge separa
tion and transport.[123] To increase the optical absorption over a 
broad frequency range, Xu et al.[124] have implemented a similar 
device configuration decorated with plasmonic Ag–Au alloyed 
nanostructures. The power conversion efficiency of the solar 
cell decorated with 2.38 wt% of Ag–Au nanoparticles reaches 

6.09%, corresponding to a 16% enhancement compared with 
the bare TiO2based device. Further improvement can be real
ized by adding an opaque diffusive back reflective layer at the 
counter electrode so the backward scattered light excites LSPR 
modes at more “hot spots” on the back side of the alloy nano
particles. Then, the performance is found to be elevated to 
7.85%, corresponding to a 32% enhancement for this case.

As for traditional Sibased plasmonic solar cells, a com
monly used metal is Ag because of its favorable dielectric func
tion.[125,126] Yet, Agbased nanostructures are generally subject 
to parasitic absorption loss and poor surface adhesion on semi
conductor substrates. To overcome this issue, Parashar and 
Komarala[127] have reported a Si solar cell that incorporates Ag–
Al alloy nanostructures. As expected, ε2 for Ag–Al changes sig
nificantly from that of pure Ag due to the shift of the interband 
transitions at the L points as Al replaces Ag in the lattice, while 
the real part only displays minimal changes in the visible wave
length regime. In turn, this feature helps reducing parasitic 
light absorption. In this solar cell device, the nanoparticles are 
embedded in dielectric SiON matrix (see Figure  8b(i)), which 
consists of a spacer and a capping layer. The spacer layer lowers 
the refractive index gradient between Si and air. The capping 
layer that covers the Ag–Al alloy reduces the phase mis
match between the incident and scattered light fields, further 
improving the forward scattering. As a result, the optical reflec
tance is reduced substantially, leading to a large absorption over 

Figure 8. Metal alloys for plasmonic solar cells. a) (i) Schematic of perovskite solar cell with irregular shaped Au–Ag nanoparticles embedded in a TiO2 
layer. (ii) Optical absorption and (iii) J–V characteristic with and without the alloyed nanostructures. Adapted with permission.[122] Copyright 2015, Royal 
Society of Chemistry. b) (i) SEM image of Ag–Al nanoparticles sprinkled in the SiON matrix. Inset: size distribution of the particles. (ii) Reflectance 
spectra and (iii) EQE for: bare Si solar cell, devices with SiON matrix, with nanoparticles on SiON matrix, and with nanoparticles on SiON matrix 
capped by SiON layer. Adapted with permission.[127] Copyright 2017, Nature Publishing Group.
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a broad wavelength range and a considerable carrier generation 
improvement in the underlying Si layer. The device with the 
35  nm Ag–Al nanoparticle/25  nm SiON exhibits a minimum 
average reflectance of ≈3.6% in the 300  nm to 1.15  µm wave
length range (see Figure 8b(ii)) and, as desired, a large external 
quantum efficiency (EQE)—close to 85% for 600–900 nm (see 
Figure  8b(iii)). The same structure thus presents a strong 
increase in both the shortcircuit current JSC (34.61  mA cm−2) 
and the overall power conversion efficiency (15.04%) compared 
with the bare textured Sibased device (26.27  mA cm−2 and 
10.82%, respectively).

4.6. Solar Thermal Absorbers

Solar thermal absorption is an alternative way to harvest solar 
energy in the form of heat. Similar to photovoltaic applications, 
Agbased nanostructures are among the most common metal 
nanostructures employed in plasmonic solar absorbers. How
ever, its relatively low melting point (≈960 ○C) poses a chal
lenge for reliable hightemperature plasmonic behavior because 
of thermalinduced aggregation or sublimation.[128] Therefore, 
alloying Ag with a thermally tolerant metal would help to 
improve the thermal stability and furthermore enable control
lable plasmonic behavior that meets the solar selectivity.

To demonstrate this concept, Gao et  al.[129] have reported 
a solar absorber device composed of Ag–Al alloy nanostruc
tures mixed with Al2O3 matrix, which forms a nanocermet 
composite. This nanocermet is comprised of highly dispersive 
Ag–Al nanoparticles scattered in the Al2O3 matrix. Here, the Al
dopant level determines the thermal and structural stability, as 
well as the plasmonic behavior of the nanocermets. The absorp
tion spectra in the range of 300 nm–2.5 µm exhibit pronounced 
LSPR peaks and relatively broadband absorption profiles, yet 
optical degradation arises as the annealing time and tempera
ture are increased for pure Agbased cermets, but not for Ag–Al  
ones. This thermal stability is attributed to the formation of 
an alumina capping layer on the Ag–Al nanoparticles during 

annealing. Ultralow reflectance within the entire solar spec
trum is observed in the structure (see Figure 9a), even under 
thermal annealing at 500  °C for a significantly long duration 
(up to 1002 h). The effective solar absorbance for this device is 
as high as 95% with excellent thermal stability. Moreover, the 
effective thermal emission is also considerably enhanced com
pared with pure Agbased nanocermet (see Figure  9b). The 
improved optical performance and thermal stability of the Ag–
Al alloy nanocermets demonstrate great promise of alloy nano
structurebased solar thermal applications.

5. Summary

In conclusion, metal alloys offer tremendous opportunities in 
shifting the paradigm from pure metaldominant plasmonics 
and photonics due to their customizable optical properties, not 
attainable with pure metals. Their permittivity can be readily 
controlled by tailoring their chemical composition, an under
explored and powerful variable. To date, several fabrication 
methods have been successfully implemented to achieve metal 
alloyed subwavelength nanostructures, ranging from cosput
tering followed by thermal annealing, sequential pulsed laser 
deposition, scanning probe block copolymer lithography, and 
conventional lithographybased routes. The main next chal
lenge regarding fabrication is the development of a highpreci
sion and lowcost method for largescale applications.

Concerning nanoscale alloys’ optical response, a primary 
figureofmerit that can be tailored using chemical composi
tion is the optical extinction spectra. Its peak wavelength and 
intensity have been shown to vary significantly in binary and 
ternary metallic mixtures, which is critical for applications 
ranging from superabsorbers to photovoltaics. The accurate 
determination of the permittivity of metal alloys has relied on 
variableangle spectroscopic ellipsometry measurements and 
its modeling. Here, most material characterization has focused 
on demonstrating how both ε1 and ε2 in alloys vary nonmono
tonically in comparison to its pure counterparts. In turn, this 

Figure 9. Metal alloys for solar thermal absorbers. a) Reflectivity spectra of the multilayer nanocermet structure compared with solar spectrum under 
different annealing conditions. b) Solar absorbance and thermal emittance (inset) comparison between Ag–Al alloy-based nanocermet and pure 
Ag-based nanocermet. It is evident that the former has much stronger absorption and emission at high temperature. Adapted with permission.[129] 
Copyright 2016, Wiley.
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feature can enable access to values of ε difficult to achieve with 
pure metals.

Metal alloys have demonstrated superior performance over 
pure metals in superabsorbers, hot carrier devices, hydrogen 
sensors, photocalytic systems, photovoltaics, and thermal solar 
absorbers, among other devices. As stated earlier, usually the 
alloying process is a pathway for obtaining a metallic mate
rial with tailored values of ε. In some cases, by alloying two 
or more metals one can benefit from the optical properties of 
one and the mechanical, chemical or thermal properties of the 
other(s), resulting in a composite. Thus, metal alloys are a ver
satile material system that has been underutilized until recent 
years, which are leading to a number of new photonic devices 
and applications for nextgeneration optoelectronics.

6. Outlook

From a material’s perspective, while alloys of coinage and noble 
metals such as Au, Ag, Cu, Pt, and Pd have been most heavily 
utilized, challenges remain including relatively high cost, bioin
compatibility, etc. Thus, earth abundant metals such as Al, 
Mg, and Ca are promising alternatives for creating metallic 
mixtures for photonics. To date, the research in Al and Mg has 
been primarily focused on its mechanical and thermal proper
ties for aerospace applications. Yet, its CMOScompatibility and 
the low values of ε2 in the UV–vis range of the spectrum, are 
unique attributes that should not be neglected when designing 
metallic mixtures.

Bimetallic alloys have been the mainstream basis in alloy
based structures and devices. Yet, more degrees of freedom in 
controlling the optical properties can be provided by alloying 
three or more metals. This can ideally provide more abundant 
choices for ε based on needs and associated applications. Not
withstanding the potentially high experimental and compu
tational efforts, the optical properties of multielemental alloys 
on its own are worth investigating, as the mixing of elements 
does not lead to intuitive linear combination of the properties 
of individual constituents. Highentropy multielemental alloyed 
nanoparticles can enable up to eight metals to be mixed.[130] 
Therefore, we anticipate them to be a natural nextstep for 
“finetuning” ε. By extending to multielement alloys, the mate
rials science community could establish a massive “recipe” pool 
of metallic alloys for researchers to choose from for different 
needs, and provide a guideline for the rational design of alloy
based photonic devices.

From a computational perspective, artificial intelligence 
methods, such as ML, are becoming more appealing and 
have been recognized in the material science community over 
recent years[131] as a pathway to accelerate the discovery of 
novel materials and to improve the performance of devices. 
This shift in paradigm has been inspired by their enormous 
impact in other research and engineering fields, such as nat
ural language processing, autonomous vehicle and computer 
vision, and facilitated by the dramatic advancement of user
friendly programming tools and frameworks, such as Tensor
Flow, PyTorch, and Keras.[132,133] A number of wellestablished 
algorithms in other fields have been borrowed and applied in 
materials science research, including support vector machine, 

gradient boosting regression, and deep neural networks. Suc
cessful utilization of ML techniques in materials sciencerelated 
research has been implemented in various subjects, including 
chiral metamaterial structure design,[134] perovskite solar cell 
performance forecasting,[135,136] battery lifetime predictions,[137] 
and guidance for synthesis strategy of quantum dots.[138] In par
ticular, ML has lately been utilized to predict the mechanical 
(e.g., elastic moduli, tensile strength, etc.), thermodynamic 
(e.g., thermal conductivity, mixing entropy, etc.) and catalytical 
properties (e.g., reactant binding energy on alloy’s crystalline 
facets) for various alloys,[139–143] and to predict ε for several 
compound materials and polymers.[144–147] The inverse design 
of alloys with targeted mechanical and electrical properties 
(e.g., tensile strength, conductivity, etc.) have also been realized 
using ML framework.[148]

In principle, ML methods apply highly nonlinear math
ematical or statistical models/algorithms/architectures, which 
is capable of capturing the complex relations between input 
(e.g., material’s compositional, structural parameters) and 
output (e.g., material’s properties of various kinds) by learning 
organically from the fed data during the training. This process 
does not directly model the underlying physical or chemical 
dynamics, yet the trained models can accurately reveal correla
tions between input “descriptors” and target output properties. 
Moreover, compared with conventional computational methods 
based on theoretical analysis or numerical simulations, or tra
ditional trialanderror experimental design method, a trained 
ML model is computationally inexpensive and extremely effi
cient to predict results, which can significantly accelerate the 
pace of material design, development, and subsequent imple
mentation. The benefits have been extensively exemplified in 
a plethora of material research areas as aforementioned. In 
principle, the design of alloys based on optical properties is 
anticipated to be highly feasible, provided appropriate ML algo
rithms are used with proper feature engineering, hyperparam
eter tuning and model selection and optimization. As a result, 
we advocate that with sufficient amounts of optical data and 
properly chosen algorithm and model training and optimiza
tion processes, ML can tremendously assist in the discovery of 
new metallic materials, composed by the combination of—five 
to ten elements based on targeted optical properties.
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