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Abstract

Plasmonic materials are promising for applications in enhanced sensing, energy, and 

advanced optical communications. These applications, however, often require chemical and 

physical functionality that is suited and designed for the specific application. In particular, 

plasmonic materials need to access the wide spectral range from the ultraviolet to the mid-infrared 

in addition to having the requisite surface characteristics, temperature dependence, or structural 

features that are not intrinsic to or easily accessed by the noble metals. Herein, we describe current 

progress and identify promising strategies for further expanding the capabilities of plasmonic 

materials both across the electromagnetic spectrum and in functional areas that can enable new 

technology and opportunities.

Introduction

Plasmonic materials have been actively investigated at both the fundamental and applied 

level for decades. Early impacts were in the areas of sensing, biomedical applications, and 

spectroscopy, while current advancements are rapidly influencing diverse areas that include 

catalysis, distillation, communications, information processing, and heat transfer.1-7 Continued 

progress in these areas, however, requires enhancement of the plasmonic material functionality to 
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be suited to the specific application. However, this is challenging because the most common 

plasmonic materials, noble metals, have a limited plasmonic range and narrow set of chemical 

properties when compared to the broader set of transition metals and soft materials. Meeting the 

growing demands for greater material function necessitates expansion of plasmonic functionality 

beyond the visible and near-infrared in addition to learning to integrate chemical or physical 

functionality not native to noble metals. 

Localized surface plasmon resonance (LSPR), refers to the collective oscillation of 

conduction electrons, which is the origin of efficient light absorption in plasmonic nanoparticles. 

Using the LSPR to access new material functionalities is dependent on the integration of new kinds 

of functional materials and motifs and the resultant cooperative interactions between nanoscale 

components. Traditionally, gold and silver nanoparticles were the primary focus for plasmonic 

materials due to their synthetic accessibility, robust absorption, and colloidal stability.8 Noble and 

coinage metal plasmonics, however, are sharply limited in range and application due to narrow 

absorption regions, a relatively weak affinity for most adsorbates, and high cost.6 These challenges 

have spurred an ongoing interest in identifying new plasmonic materials that have better 

absorbance and increased spectral range as well as highly active surface properties. To access these 

enhanced properties, which would diversify plasmonic application significantly, other metals and 

materials must be identified.

Compositional enhancement through the incorporation of non-archetypal metals or 

functional ligands affords finely tuned electronic structures, broader absorbance ranges, and 

increased stability. Combining fundamental knowledge from synergistic areas has led to an 

increased number of functional plasmonic materials and an expansion of the applicable 

wavelengths for well-known but limited plasmonic materials. Herein, we describe progress toward 
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identifying non-archetypal plasmonic materials with enhanced spectral activity or functional 

motifs that can enable the next generation of light-enhanced functional materials. 

Figure 1: Representation of Functional Versatility in Plasmonic Materials Across the 

Electromagnetic Spectrum. The integration of non-archetypal plasmonic materials has greatly 

expanded the region of spectral activity and enhanced functionality in the areas of sensing and 

detection, energy materials, and electronics and communication.

Emerging Materials that Support High and Low Energy Plasmon Resonances

To widen the functional plasmonic electromagnetic range that is accessible the 

development and integration of new plasmonic components and functional motifs is necessary. 

Accessing higher and lower energy regions of the spectrum towards increased material 
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functionality must include non-traditional components including semiconductors, transition 

metals, organic polymers, and two-dimensional (2D) materials. Both theoretical and experimental 

works have relied on using gold and silver as model systems, thus providing a comparative analysis 

that is thorough but limited to the visible.3, 6 As such, the understanding of these materials, their 

dielectric properties, and their agreement with classical models is well understood. While not the 

focus of this review, for many applications it is essential to decrease the inherent loss of the LSPR 

for performance; we direct the reader to other reviews that discuss this in depth.1, 6 For emerging 

materials, however, a better understanding of both the intrinsic material properties and their 

influence on LSPR is needed. This is particularly true for emerging metal nanoparticle platforms, 

such as Al and Bi, as well as a wide variety of potential alloys and intermetallics.6, 9 Better 

understanding of the complex dielectric functions, surface oxidation, confinement, and interfacial 

effects will all provide guidance toward which compositions are best suited for a given application.

Table 1: Application areas for commonly used plasmonic materials across the spectrum. 

Material Applications 

Al SERS, Enhanced Fluorescence (100 – 400 nm) 

Rh SERS, Biosensing, Enhanced Fluorescence (100 – 400 nm)

In SERS, Biosensing, Reflective Coatings (100 – 400 nm) 

Au 

Biosensing, Photothermal Therapy, Enhanced Catalysis (520 – 1800 

nm)

Ag

Enhanced Catalysis, SERS, Biosensing, Enhanced Fluorescence, 

Reflective Coatings (400 – 800 nm)
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Cu Enhanced Catalysis, SERS (400 – 800 nm)

CuS/Se/Te Optical Communications (1100 – 1700 nm)

Graphene

Telecommunications, Sources and Detectors, Optoelectronics (~3000 – 

8000 nm)

MoS2

Telecommunications, Sources and Detectors, Optoelectronics (~3000 – 

8000 nm)

Ultraviolet (UV) plasmonic materials are typically metals that do not have interfering 

interband transitions from approximately 200–400 nm (Figure 1, Table 1). Interest in UV 

plasmonic materials is primarily driven by the opportunity for taking advantage of higher energy 

resonances compared to the visible; the relatively higher energy of UV photons can promote 

enhanced sensing due to molecular resonance effects, as well as photocatalysis and enhanced 

photodegradation processes that use high-energy photons for bond breaking.10 Non-traditional 

plasmonic metals such as aluminum, rhodium, indium, and magnesium have consistently been 

shown to support plasmon resonances within the UV region of the spectrum.10-14 Aluminum has 

been investigated as a thin film,13 as nanoparticle antennas,15 and patterned in arrays16 for enhanced 

Raman and fluorescence spectroscopies. Rhodium nanoparticles with spherical and tripod 

morphologies have been successfully used for SERS and enhanced fluorescence via charge 

transfer and theoretical studies show significant promise for biosensing in the deep-UV (100 – 400 

nm).11, 17 Indium nanoparticles fabricated in arrays have been used for refractive index sensing18 

and to enhance blue light photodetectors.19 Colloidally synthesized indium particles have been 

used for deep-UV SERS,20 biomolecular imaging21 and anti-reflective coatings.22 Colloidally 

synthesized magnesium nanoparticles with a ~6 nm self-limiting oxide layer exhibit size- and 
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shape-dependent plasmon resonance in the UV.23 Dielectric function analysis suggests that 

bismuth, antimony, and gallium can have inducible plasmon resonances in the ultraviolet region 

that is mediated through interband transitions; this could create new tunability opportunities by 

manipulation of the metal band structure, rather than nanoparticle size or shape.24 

Traditional coinage metals have plasmon resonances that are found in the visible portion 

of the spectrum and have applications in sensing, photocatalysis, and photothermal therapy 

(Figure 1, Table 1). Gold nanoparticles can be tuned to support an LSPR from ~520–1,800 nm; 

these have been used extensively for biosensing and photothermal therapies25 as well as 

photocatalysis.26, 27 Silver, like gold, has a similarly wide plasmonic range and generally supports 

stronger LSPRs; it has well-known applications in photocatalysis28 and SERS.29 Copper, while 

less well-studied than gold or silver, can be used for selective photocatalysis,30 SERS,31 and single-

particle nanospectroscopy.32 Heavily-doped semiconductor materials are an emerging plasmonic 

colloidal platform, however, they face a significant number of challenges in reaching carrier 

concentrations sufficient for resonance in the visible range, which must be ~ 1022 cm-3.33 Transition 

metal nitrides, such as titanium nitride (TiN), have higher carrier concentrations than their oxide 

counterparts, enabling them to support an LSPR in the visible.1, 29

Doped semiconductors do, however, provide an emerging and remarkably tunable platform 

for plasmonics in the near-infrared (NIR, (Figure 1, Table 1)).34 Transparent conducting oxides 

(TCO) such as aluminum-zinc-oxide and indium-tin-oxide can be doped to have resonances 

throughout the NIR.1 Similarly, sulfides and transition metal oxides have high electron mobility 

allowing them to have observable metallic properties in the NIR.1 Fluorine/indium co-doped 

cadmium oxide and fluorine/tin co-doped cadmium oxide are examples of cooperative effects that 

allow for increased charge carrier density in TCO’s allowing for continuous tunability in the NIR.35 
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Cu-S/Se plasmonic materials can also be manipulated through dopant concentrations which alter 

the carrier density and have shown further tunability in the NIR based on size and shape.36 Such 

colloidal chalcogenide semiconductors comprised of CuS or CuTe are self-doping through 

oxidation which allows for fine-tuning of the LSPR from 1100 – 1700 nm and are applicable for 

optical communication.37 Transition metal oxides such as RuO2, provide a functional branching 

point for plasmonic materials in the NIR due to their small negative permittivity and low losses 

making them ideal candidates for photonics applications.38

2D materials provide a unique platform for mid-infrared (MIR) plasmonics owing to their 

electrical conductivity, strong light-matter interactions, and mechanical flexibility (Figure 1, 

Table 1).39 Graphene displays metallic behavior and plasmon resonance in the MIR.40 Graphene’s 

plasmon has been used in this region for thermal energy transfer, imaging, and sensing that are 

tunable via carrier density and surface geometry.41 MoS2 has lower carrier densities than graphene, 

however when layered its photoresponse increases from ~7.5 mA, which is similar to graphene, to 

~100 mA, providing a comparable response to silicon of the same thickness thus making it a 

candidate for photoluminescent applications.39 Cerium-doped indium oxide nanocubes show better 

optical mobility than ITO nanocrystals because Ce doping minimizes ionized impurity scattering 

producing exceptionally narrow line widths. The result of this is that these nanocubes exhibit the 

highest quality factors observed for nanocrystals in this spectral region and can be used to enhance 

molecular vibration signals in the MIR.42 Black phosphorus is an electronically anisotropic 

plasmonic material that has a resonance in the MIR and is also classified as a hyperbolic material, 

meaning that it has potential applications in broadband thermal sources and propagation of 

directional surface plasmons.43  
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The extension from traditional plasmonic materials such as gold and silver, to non-noble 

metals, semiconductors, and 2D-materials expands the range of plasmonics from deep UV to the 

MIR. This broadening of the functional spectral window for plasmonics creates new opportunities 

for enhancing a wide variety of optical processes (Figure 1). Furthermore, the increasing variety 

of material compositions that exhibit plasmonic functionality increases the environments and 

modalities through which these materials can be used. To fully utilize these novel plasmonic 

materials, fundamental research must characterize intrinsic properties as well as cooperative 

interactions in functional materials. Future discoveries in this area require continued synthetic 

advances for accessing new materials and improved dielectric and resonant understanding of 

transition metals, alloys, and semiconductors.

Designing Materials for Enhanced Physical and Chemical Functionality

To realize many of the emerging applications of plasmonic materials, expansion of the 

spectral plasmonic window is not sufficient. That in itself only expands the functional 

electromagnetic range over which one can absorb and use photons. Incorporating functional motifs 

that can provide access to enhanced chemical and physical functionality remains essential. 

Functional motifs including ligands, geometries, surface structure, assembly, and judicious 

metallic-mixing are emerging as consistent strategies for enhancing for catalysis, sensing, and 

optoelectronic applications (Figure 2).
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Figure 2. Motifs and Strategies for Enhanced Functionality in Plasmonic Materials. 

Overview of motifs that expand the functional properties of plasmonic materials. These 

cooperative motifs contribute to the engineering of devices which aim to harness plasmonic effects 

for enhancing physical and chemical processes. These include (clockwise from top left) 

incorporation of functional ligands, investigation of refractory materials, geometric design at the 

nanoscale, directing energy and carrier flow, investigating hybrid core-satellite materials, order 

and assembly of nanoparticles, investigating alloys and multimetallics, and tailoring surface 

structure,

Plasmonic metal nanostructures have been shown to enhance efficiency in the conversion 

of solar energy to chemical energy. It has been shown that the integration of catalytically active 

materials with plasmonic materials can increase catalytic activity and selectivity (Figure 2).5 

These pairings result in hybrid plasmonic systems that direct energy into a catalytically relevant 

material that is not plasmonically active in that optical region.44 Core-shell cubic Ag@Pt 

nanoparticles have been studied for preferential CO oxidation and as a model system for 
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distinguishing plasmonic and catalytic effects of the constituent materials. It was observed that 

there was directed plasmon energy transfer from the silver core to the platinum shell.44 

Antenna/reactor particles also provide a secondary way to drive plasmon-enhanced photocatalysis 

whereby the ‘antenna’ drives hot electron generation in a neighboring catalytic metal or 

semiconductor.45 This proximity effect is based on the augmented field surrounding the plasmonic 

metal which is capable of driving a “forced” plasmon in the non-plasmonic metal. Such pairings 

include Aluminum/Palladium46 for H2 splitting and Aluminum/Iridium (Figure 3e)47 for nitrous 

oxide decomposition. Incorporation of semiconducting materials allows for more effective 

separation of charge carriers in plasmonic systems, as evidenced by gold nanoparticle decorated 

p-type gallium nitride photocathodes48 and copper nanoparticle decorated p-type nickel oxide 

photocathodes49 exhibiting enhanced activity and selectivity for photoelectrochemical CO2 

reduction. Moreover, the expanded understanding of plasmonic processes has enabled single metal 

systems where the incorporation of an ionic liquid medium in a photoelectrochemical cell opens 

an avenue towards the plasmonic photosynthesis of hydrocarbons.50

Sensing and spectroscopic enhancement is one of the most well-known and longest studied 

applications of plasmonic materials. Indeed, plasmonic materials have been used in surface-

enhanced Raman spectroscopy (SERS), biosensing and diagnostics, plasmon-enhanced 

fluorescence (PEF), and surface-enhanced infrared spectroscopy (SEIRAS) for sensing from the 

UV to NIR.51, 52 Gold and silver have historically been used for such applications due to their 

strong plasmonic absorbance and synthetic accessibility, however, the introduction of UV-active 

metals and doped semiconducting materials have expanded the functional optical range.13 

Colloidal synthetic techniques have led to chiral magnesium nanoparticles that show enhanced 

chiral sensing in aqueous media.53 Furthermore, integration of distinct materials for plasmonic 
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enhancement and analyte capture can further lower limits of detection (Figure 2). Quantum dots 

comprised of silver chalcogenides coupled with mercaptosuccinic acid have shown up to 10-fold 

enhancement for SEIRAS applications and are advantageous for potential applications in 

biological systems due to their low toxicity.54 The inclusion of soft materials through the deliberate 

incorporation of functional ligands allows for increased sensing specificity, especially in biological 

systems.55 Coupling peptides, which have been long used for self-assembly, with plasmonically 

active metallic nanoparticles produces stimuli responsive biosensing tools that have optical 

response that is identifiable as an SPR shift or observable color change that is enzyme specific 

(Figure 2).56 

Controlled phase change, either through modification of the crystal lattice, or transition 

from a solid to a liquid, falls into the area of ‘active plasmonics’ whereby a characteristic LSPR 

‘signal’ can be modulated in real-time.57 Ge3Sb2Te6 and Ge2Sb2Te5 allow for a fast optical switch 

in response to thermal stimuli that originates from the pronounced changes in the dielectric 

properties that occur during the phase transition between amorphous and crystalline states.58 Single 

crystalline palladium nanocubes have also been shown to exhibit crystal structure phase changes 

from α to β as well as a redshift in the LSPR in H2 rich environments, providing avenues towards 

more sensitive and specific H2-sensing.59 Gallium and its alloys have garnered significant interest 

due to near-room temperature melting points that allow for ease of phase transition and the 

subsequent study of metallic plasmonic properties that are free from structural defects that lead to 

extrinsic losses.60, 61 The incorporation of selectively fluorinated surface ligands (Figure 2) allows 

for reversible, reconfigurable assemblies of Ag nanoparticles that achieve long-term switchability 

and a substantial plasmonic response originating from the reconfiguration process.62 
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Refractory materials with plasmonic properties are promising alternatives for high 

temperature electronic applications because of their stability at temperatures >2000 oC (Figure 

2).63 Interstitial transition metal nitrides with their excellent dopant capacities and tunable 

wavelengths, starting in the visible region, provide a practical solution to the problem of noble 

metal instability at elevated temperatures.29  TiN is a well-studied refractory material that has 

applications in biomedical sensing, cancer therapy, photocatalysis, and optoelectronics.29 The use 

of TiN nanoparticles embedded in Mg-based materials to transform photoexcitation to 

photothermal heating of a nanoparticle packed bed reactor has proved a promising alternative to 

the severely energy-intensive Haber-Bosch process for the production of ammonia.64

The incorporation of non-traditional materials with plasmonically-active ones along with 

the continued improvement in nanoscale design and structure, increases opportunities for 

plasmonic systems. A few of the emerging motifs that enhance plasmonic properties and 

functionality are highlighted in Figure 2, however this is by no means exhaustive. Unlike 

traditional plasmonic metal nanomaterials, such as thin films or small nanoparticles, the use of 

functional materials can increase catalytic activity, augment sensitivity in plasmon-enhanced 

sensing techniques, decrease structural defects through ease of reconfiguration, and improve 

stability for high temperature applications. This increased functionality coupled with spectrally 

versatile components leads to emergent materials with greater spectral tunability and relevance in 

novel photonic applications.

Emerging Platforms and Materials
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The development of new classes and applications of plasmonic materials is rapid. These 

emerging areas include entirely new compositions as well as new kinds of applications in diverse 

fields such as quantum materials. These areas continue to build upon the themes and motifs 

discussed above by integrating fundamental knowledge from distinct areas. These materials 

combine fundamental knowledge from previous plasmonic studies and combine them to push the 

boundaries of this field towards plasmonic composites with broad range absorbance and greater 

applicability in device fabrication. Here we highlight five areas: alloys and non-archetypal 

materials, quantum materials, hierarchical materials, soft-matter plasmonics, and 2D materials.

Alloys and multi-metallic nanostructures have long been of interest for providing a tunable 

plasmonic optical response (Figure 2).5, 65-67 Additionally, the coupling of cooperative metals can 

provide access to enhanced electronic effects44 and tunable adsorption.68 Synthetic advances in 

both physical deposition and wet chemical methods have led to several new approaches. Layer-

by-layer lithography and co-sputtering, for example, have led to the fabrication of supported 

ternary alloy arrays for hydrogen sensing69 and ultrathin Pd-Au alloys for low-temperature 

catalysis,70 respectively. Advanced synthetic techniques also provide an avenue towards efficient 

plasmonic materials including controlled galvanic replacement reactions for Au-Ag nanoparticles 

with tunable cavity size for enhanced photocatalytic hydrogen generation.71, 72 While still novel, 

significant progress has been made on the optical properties and potential applications of 

magnesium nanoparticles as they have sustainable plasmon resonances from the UV to NIR 

(Figure 3d).12, 73 Gallium and gallium based alloys provide a unique opportunity to manipulate the 

plasmon resonances and regions actively and are tunable based on composition.74

Quantum materials combined with plasmonic ones could integrate the promise of new 

modes of information storage and manipulation with the intense optical enhancement provides by 
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plasmonics.75, 76 Incorporating plasmonic nanoparticles on quantum photonic platforms has lead 

faster operating speeds and functionality at room temperature.77 Additionally, the ability for 

plasmonic materials to confine light can be used to create switchable and enhanced emitters, as 

has been shown with Ag and  WS2 78 and for metallised optical fibers. 79 The quantum materials 

field is rapidly advancing, and the small mode volumes and rapid optical switchability of 

plasmonic materials will continue to provide unique enhancement opportunities.

Hierarchical materials, meanwhile, provide opportunities to arrange plasmonic 

components into two- and three-dimensions, such that the arrangement of multiple compositions 

and their interparticle coupling can be finely controlled (Figure 2). A number of strategies exist 

for the arrangement of plasmonic nanoparticles, too many to detail here.8 2D gold nanoparticle 

superlattices provide an opportunity to better understand and manipulate nanolasing while 

providing insight into controllable multi-modal lasing capabilities through deliberate symmetry 

breaking.80 Meanwhile, 2D Cu-Pt nanoparticle lattices can significantly enhance hydrogen 

evolution reaction due to long-range coupling through the lattice.81 DNA-programmed crystalline 

superlattices can access a wide variety of colors when using Ag and Au nanoparticles, in addition 

to providing fine control over the collective refractive index of the composite material.82, 83 

Composite materials of gold nanoparticles and liquid organic crystals enable cooperative 

interactions that lead to tunable hierarchical structures with helical motifs and inherent optical 

chirality.84 More exotic techniques have also led to the coupling of gold and graphene for plasmon 

enhanced detection of bacteria,85 3D microreactors composed of aluminum with directed 

deposition of silver or gold particles decorating the interior of the cavity through plasmonic 

manipulation,86 and tubular nanomembrane arrays with engineered hotspots for ultrasensitive 

SERS.87 Thin films of cadmium oxide doped with n-type plasmonic oxide nanocrystals, comprised 
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of indium, aluminum, and tin, exhibit tunable plasmon modes from the NIR to the MIR that are 

dictated by dopant concentration.88 Metamaterials fabricated through wide-area nanoimprinting 

with colloid Au nanocrystal building blocks afford superstructures with plasmon resonances from 

the visible to NIR.89 While the approaches to arrange plasmonic materials continue to grow, the 

applications that are accessible by multi-dimensional arrangement are still emerging.

Organic or “soft” materials provide an inexpensive and exceptionally tunable alternative 

or accompaniment to traditional plasmonic metals.90  The key to manipulating plasmonic activity 

in these structures lies in continuous conjugation such that metallic properties can emerge in these 

systems. For example, the incorporation of additional conjugated rings into polycyclic aromatic 

hydrocarbons induces a red-shift in the observed plasmon resonance.91 Advances in 

electrochromic devices for display technologies have been accomplished through the integration 

of graphene derivatives through stabilization in ion-gel membranes.92 Other π-conjugated systems, 

such as fluoroarene-modified oligothiophenes, have been shown to provide SERS enhancement 

factors > 105 (Figure 3a).93 Interestingly, conductive organic materials can behave as composites 

whereby a polymer matrix acts as the plasmonic material and as a redox-active, dynamically 

tunable nano-antenna.94 Fully organic plasmonic materials provide an avenue for flexible 

plasmonic devices such as wearable biosensors or flexible display technologies that do not require 

metal constituents, potentially making them more cost-effective and structurally deformable.

2D materials beyond graphene offer a unique opportunity for controlled volume plasmonic 

materials due to their tunable thickness and unique electronic properties that enable plasmonic 

response over a wide frequency range (Vis – THz).95 Indeed, coupling complementary 2D 

materials that harness phonon-polariton contributions to incident irradiation such as hBN, MoO3, 

and V2O5 provide access to greater optical tunability with lower loss potential.96-99 Graphene 
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analogs, such as hexagonal boron nitride can be stacked to achieve heterostructures that have 

plasmon-phonon hybridization which can be controlled simultaneously with the total plasmon 

contribution.100-103 MoO3 and V2O5 have been recently shown to have directionally controllable 

phonon-polaritons along the axis of irradiation, making these materials ideally positioned for 

nanophotonic applications in communications and energy transmission.104, 105 Interlayer electron 

transfer has been shown in similar heterostructures of pentacene and graphene through plasmon-

driven tunneling-type electron transfer that is highly sensitive to molecular orientation thus, 

making it ideal for structural characterization of bionanoparticles (Figure 3b).106 Photonic crystal 

cavity lasers, which can be applied to “on-chip” optical communications, have been realized for 

tungsten and molybdenum sulfides, selenides, and tellurides and are active in the visible region of 

the spectrum with precise control over the exciton emissions at the surface of the material.107 

Transition metal carbides, such as InSe, are another plasmonic 2D material that have applications 

in electrodes and photodetectors (Figure 3c).108, 109  Finally, 2D transition-metal chalcogenides 

were recently shown to have significant SERS enhancement due to chemical effects, as opposed 

to the typically more significant electromagnetic effect.110
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Figure 3: Recent demonstrations of function-enhanced plasmonic materials. a.) Schematic 

representation of the fabrication and characterization of fully organic nanostructured SERS films. 

Adapted from ref. 93 under creative commons attribution 4.0 

http://creativecommons.org/licenses/by/4.0/ b.) Illustration and AFM topography of 2D 

graphene/pentacene heterostructured nanomaterials. Adapted from ref. 106 with permission from 

the American Chemical Society. c.) Chronoamperometry measurements under 350 nm 

illumination of bending cycles coupled with optical images of MXene UV photodetectors. Adapted 

from ref. 109 with permission from the Royal Society of Chemistry.   d.) Cartoon representations, 

SEM images, and elemental analysis of twinned Mg nanoparticles. Adapted from ref. 73  e.) 

Schematic representation of AlIr nanoparticles and reactivity under irradiation measured via mass 

spectrometry.  Adapted from ref. 47 with permission from the American Chemical Society.
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Outlook

The combination of new building blocks and synthetic techniques enables the creation of 

novel nanostructured plasmonic materials with optical properties ranging across the 

electromagnetic spectrum and enhanced chemical and physical functionality. The cooperative 

integration of functional motifs gives rise to advanced material properties, we have highlighted 

several relevant in fields including catalysis, detection, and communications. 

The materials highlighted herein could provide a basis for the improvement or 

enhancement of plasmonic materials and photonic devices, particularly in areas that include:64, 68, 

71, 85, 87, 91, 95, 100, 106

  Lowering the energy barriers for catalytic reactions

 Electronic structure control for sensing enhancement and surface sensitivity

 Hybridization of plasmon-phonon interaction for next-generation communications devices 

Meanwhile, the combination of refractory materials with non-archetypal metals, for example, 

has led to the light-driven production of ammonia.64 Moreover, the manipulation of active 

plasmonic materials provides new platforms for the real-time manipulation of dielectric 

properties58  and all -organic reversible photoswitches.94 2D materials provide access to terahertz 

communication frequencies at room temperature.78 Finally, material advances are changing our 

perception of SERS, a relatively mature application of plasmonics, where organic 

semiconductors93 and 2D molybdenum telluride110 can provide significant chemical enhancement 

effects that may enable highly specific detection platforms. 

Future technologies that rely on plasmonic materials will continue to require materials 

innovation that provide high quality response across the electromagnetic spectrum while 
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incorporating and increasing diversity of functional motifs. Integrating materials, such as metals 

and oxides, continues to be important both for intrinsic performance and for complementary metal 

oxide semiconductor (CMOS)-compatibility. Continued effort should be made to investigate non-

archetypal plasmonic materials, including multi-metallic structures, non-noble metals such as Ga, 

In, and Mg, and organic and 2D materials. A particular challenge in this area is the lack of 

established and consistent dielectric function information, due to variability in the electronic 

properties due to differences in processing conditions and synthesis. Because many applications 

of plasmonic materials require consistent performance in harsh conditions, such as catalysis, 

distillation, and thermal management, continued investigation of refractory materials and 

plasmonic response in extreme conditions is essential. Overall, novel functionality in plasmonic 

nanomaterials continues to be driven by nanoscale integration, robust characterization, and 

thoughtful combination of functional components. Continued breakthroughs in these areas will 

expand the spectral and functional versatility of plasmonic materials.
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