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Plasmonic nanostructures, such as nanoparticles of Au, Ag, Cu 
and Al, have emerged as an important class of optically active 
materials. The initial interest in these materials was based on 

their high ultraviolet–visible optical cross-sections, manifested in 
enhanced oscillating electric fields concentrated in small volumes 
around the surface of and within the nanostructures1–4. This prop-
erty of plasmonic nanoparticles to concentrate the light energy 
at their surface has been exploited in many applications, includ-
ing surface (plasmon)-enhanced Raman spectroscopies (SERS)5–7, 
enhancement of second harmonic generation8,9, and enhanced 
sensing of fluorescently labelled entities in biological systems10,11. 
In these applications, the plasmon-induced electric field leads to 
increased rates of optical scattering from a molecule that is placed 
within this field1.

A question that has emerged recently is whether it is possible to 
take advantage of the physical properties of plasmonic nanostruc-
tures for additional applications that go beyond just increasing scat-
tering rates in nearby molecules. For example, one can envision a 
multicomponent hybrid material, where a plasmonic component 
amplifies and concentrates the light energy within the material, 
and an attached non-plasmonic component extracts this energy in 
the form of electronic excitations (energetic electron–hole (e–h) 
pairs) to perform a function12. Examples of these hybrid materials 
include plasmonic-metal/metal, plasmonic-metal/semiconductor 
and plasmonic-metal/molecule systems3,4,13–16. At the core of these 
applications is a flow of energy across plasmonic/non-plasmonic 
interfaces.

In this Perspective, we discuss the emerging field of hybrid 
plasmonic materials (‘hybrid plasmonics’). The central question 
we explore is how the optical, physical and chemical properties of 
a plasmonic nanoparticle change when a small amount of another 
material (that is, molecules or thin layers/small clusters of differ-
ent metals or semiconductors) is attached to its surface to form a 
hybrid plasmonic material. Our aim is to shed light on the potential 
of these hybrid nanostructures to control the flow of energy across 
plasmonic/non-plasmonic interfaces, therefore opening up avenues 
for engineering new families of energy conversion devices (photo-
voltaics, photocatalysts, photodetectors and so on). We also discuss 

common misconceptions and fundamental questions that deserve 
more attention, as well as related challenges and opportunities. We 
complete the Perspective by describing a few recent examples of the 
practical applications of hybrid plasmonic materials.

Plasmon excitation and decay in metal nanoparticles
We begin by discussing the processes taking place when a clean 
plasmonic nanoparticle interacts with electromagnetic radiation. 
This interaction leads to enhancements in the optical extinction 
cross-section accompanied by an increase in the oscillating surface 
electric fields at the resonant frequencies (Fig. 1a). At these fre-
quencies, conduction electrons coherently couple with the photon 
electric field, creating localized surface plasmon resonance (LSPR) 
excited states. From a macroscopic perspective, the particle is coher-
ently polarized. From a quantum perspective, the LSPR excited state 
has been described as a coherent superposition of low-energy elec-
trons and holes near the Fermi level (EF)17,18. This collective elec-
tronic oscillation state decays within a few femtoseconds (~10 fs) 
via photon scattering into the far field or by creating (in most cases) 
single e–h pair excitations within the nanoparticle, with the energy 
of these e–h pairs equal to the photon energy (Fig. 1b(i))19. For clean 
plasmonic nanoparticles, the process of photon scattering, whose 
rate constant is proportional to the square of the particle volume, 
dominates plasmon relaxation for relatively large particles of Ag 
and Au (over ~70 nm), while for smaller nanoparticles (less than 
~20 nm) the e–h pair formation (that is, photon absorption) is the 
dominant process20,21.

The e–h pair formation in the nanoparticle can proceed via the 
following mechanisms22: (1) indirect phonon-assisted intraband 
(s-to-s) transitions from the s states below EF to the s states above EF. 
In this process, another body (for example, a phonon) is required 
to conserve the electron momentum. The rate constant (the inverse 
of the plasmon relaxation time) for this excitation mechanism is  
γph ≈ 1013–1014 s–1 for nanoparticles that are tens of nanometres in 
diameter22,23. (2) Momentum conserved (that is, allowed) formation 
of multiple e–h pairs from a single photon. The rate constant for 
this process is γ ≈ 1015(Eph/EF)2 s–1, where Eph is the photon energy. 
For visible photons impinging on Ag, the probability for this process 

Flow and extraction of energy and charge carriers 
in hybrid plasmonic nanostructures
Suljo Linic    ✉, Steven Chavez and Rachel Elias   

Strong interactions of electromagnetic fields with plasmonic nanomaterials have been exploited in various applications. These 
applications have centred on plasmon-enhanced scattering rates in nearby molecules or plasmon-induced heating. A question 
that has emerged recently is whether it is possible to use plasmonic nanostructures in a range of hot electron (hole) applica-
tions, including photocatalysis, photovoltaics and photodetection. These applications require coupling of a plasmonic com-
ponent, which amplifies the interaction of light with the material, to an attached non-plasmonic component that extracts this 
energy in the form of electronic excitations to perform a function. In this Perspective, we discuss recent work in the emerging 
field of hybrid plasmonics. We focus on fundamental questions related to the nanoscopic flow of energy and excited charge 
carriers in these multicomponent materials. We also address critical misconceptions, challenges and opportunities that require 
more attention.

Nature Materials | VOL 20 | July 2021 | 916–924 | www.nature.com/naturematerials916

mailto:linic@umich.edu
http://orcid.org/0000-0003-2153-6755
http://orcid.org/0000-0002-1085-8372
http://crossmark.crossref.org/dialog/?doi=10.1038/s41563-020-00858-4&domain=pdf
http://www.nature.com/naturematerials


PerspectiveNATure MATerIAlS

is ∼1013–1014 s–1, and this process becomes more relevant at higher 
photon energies24. (3) Indirect geometry-assisted intraband s-to-s 
transitions. Here, the momentum is conserved by an electron col-
lision with the surface in the so-called Kreibig decay25–28. The rate 
constant for this excitation is dependent on the size of the particle, 
and it can be described using γgeo ≈ vF/R, where vF is the Fermi veloc-
ity and R is the radius of the nanoparticle. For Ag nanoparticles, 
the rate constant for these transitions is ∼1014 s–1 for nanoparticles 
with a diameter of ~10 nm and ~1013 s–1 for nanoparticles with a 
diameter of ~100 nm (ref. 22). (4) Direct momentum conserved 
photon absorption by electron excitation from the d states below 
EF vertically up to the s states above EF, often referred to as inter-
band (d-to-s) transitions. While rate constants for these transitions 
are wavelength-dependent, when they are energetically accessible 
the transition rates are higher compared to the above described 
phonon-mediated s-to-s excitations22,29,30. The accessibility of these 

transitions at the given wavelength for different metals depends 
on the location of the metal d states relative to EF. For instance, Ag 
d-to-s interband excitations cannot be induced by visible light pho-
tons, since the d band of Ag lies well below EF. Au and Cu are also 
characterized by a full d band; however, the energies of these d bands 
are higher compared to Ag, so visible light photons above a specific 
threshold energy can induce d-to-s interband excitations in these 
metals. In contrast to noble metals, the d states for the non-noble 
transition metals (Pt, Pd and so on) are not completely full, and they 
intersect EF. As a result, these metals can absorb photons via inter-
band excitations throughout the visible range.

The macroscopic parameter that describes these different pho-
ton absorption processes is the imaginary part of the dielectric 
function, ε2, which is shown in Fig. 1c for various materials. This 
parameter describes the bulk materials and does not account for 
the particle geometry-specific Kreibig surface decay mechanism.  
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Fig. 1 | Characteristics of plasmon excitation and decay. a, Normalized experimental and simulated extinction spectra for 60 nm Ag spheres and 40 nm 
Au spheres in water illustrate large optical cross sections at LSPR wavelengths. Corresponding contour plots for the simulated electric field enhancement, 
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As explained above, due to the inaccessibility of d-to-s transitions, 
it is not surprising that ε2 is smallest for Ag across a wide wave-
length range, while it is larger for Au and Cu, and even larger for  
other materials.

An inspection of the decay rates (1 to 4 above) indicates that 
all the proposed mechanisms can play a role in the plasmon decay. 
The exact magnitude of each mechanism and therefore the energy 
of generated charge carriers, as well as the location of their ini-
tial generation and transport properties, depend on the geometry 
(size and shape) and elemental nature of the plasmonic nanopar-
ticle. For example, due to the inherently larger rate constant of the 
momentum-conserved, ‘allowed’ d-to-s excitations compared to the 
s-to-s excitations, plasmon decay via these excitations is critically  

important when these states are energetically accessible (for 
example, in Au and Cu)31. Additionally, plasmon decay via the 
surface-mediated Kreibig excitations (which is critical for small 
nanostructures) pushes the initial e–h formation to the surface as 
demonstrated in several recent experimental and theoretical stud-
ies27,32. We also note that due to the symmetric nature of the s band 
around the Fermi level in metals, an initial decay of a plasmon 
through the s-to-s transitions has a high probability of generating 
equally energetic electrons and holes in the s band. On the other 
hand, the excitation of interband d-to-s transitions generates an 
asymmetric distribution of low-energy s electrons and high-energy 
d holes (Fig. 1d)33. These d holes have low mobility and are there-
fore difficult to extract. This high degree of complexity stipulates 
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that any quantitative modelling of plasmon decay processes, even 
in monometallic nanostructures, requires a complete metal- and 
geometry-specific electronic structure of the material that goes well 
beyond simple approximations such as the jellium model34.

Plasmon decay via photon absorption in hybrid materials
Let us now examine how the plasmon decay process changes when 
a small amount of another non-plasmonic material (molecules, thin 
layers or small clusters of different metals or semiconductors) is 
attached to the surface of a plasmonic nanoparticle to form a hybrid 
plasmonic material. We note that even if this layer of non-plasmonic 
material covers the entire nanoparticle, as long as it is relatively thin 
(for most materials up to 1 nm), incoming light will reach the plas-
monic component and induce a plasmonic excitation. From the 
electronic structure perspective, this non-plasmonic entity often 
supports direct momentum-conserved electronic excitations (akin 
to the d-to-s transitions, mechanism 4 above) at LSPR frequencies. 
Also, due to the formation of the chemical bonds between this entity 
and the plasmonic metal, local interfacial electronic states arise that 
are shared between the two materials. In most cases, these interfacial 
states also allow for the direct momentum conserved excitations30.

Based on this reasoning, we postulated that the formation 
of hybrid plasmonic materials in most cases means that addi-
tional, location-specific pathways become available for the initial 
e–h pair formation to take place (for example, at the plasmonic/
non-plasmonic interface or directly within the non-plasmonic 
material). This influences the location of the initial energetic e–h 
pair formation within the hybrid nanostructure (Fig. 1b(ii)) and  
has critical consequences on the flow and dissipation of energy 
within the hybrid material. To test these hypotheses, we studied the 

processes of photon absorption in several hybrid plasmonic sys-
tems. In one of these studies, we analysed the changes in photon 
absorption induced when we deposited a ~1.0–1.2-nm-thin shell of 
Pt onto a plasmonic Ag nanocube core with a ~75 nm edge length 
(Fig. 2a)12. The measurements showed that the hybrid Ag–Pt mate-
rial exhibits optical extinction due to the excitation of LSPR, similar 
to monometallic Ag nanoparticles. In monometallic Ag nanocu-
bes, most of the electromagnetic energy was scattered into far field, 
consistent with high scattering rates of these relatively large Ag 
nanoparticles (Fig. 2a(i)). On the other hand, a substantially larger 
fraction of energy was absorbed in the Ag–Pt core-shell nanostruc-
tures (Fig. 2a(ii)). Furthermore, we found that in Ag–Pt, the process 
of the initial energetic e–h pair formation was almost exclusively 
confined to the Pt shell, that is, to the surface regions of the hybrid 
material (insets of Fig. 2a).

An analysis of the underlying mechanisms uncovered two fac-
tors that play crucial roles in the preferential energy dissipation 
through the Pt shell35. One factor is that, for visible photon energies, 
ε2 is larger for Pt compared to Ag (Fig. 1c). Therefore, there is a nat-
ural preference for energy to be dissipated through the absorption 
in the Pt shell. Another factor is that this Pt absorption channel is 
further enhanced by the presence of high LSPR-induced oscillating 
electric field intensities at the surface layers of these nanostructures 
(where the Pt layers reside). We note that the rate of optical excita-
tion is proportional to the intensity of the local electric field (E2)36. 
We demonstrated that the same physical mechanism was in action 
when thin layers of molecular dyes or a semiconductor were depos-
ited on Ag nanoparticles37.

The proposed mechanistic hypotheses have recently been tested 
in a number of transient absorption pump–probe measurements, 
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ultrafast two-photon photoemission (2PP) spectroscopy measure-
ments, and LSPR lifetime measurements on a single nanoparticle 
level38–41. In one of these studies, 2PP spectroscopy was used to mea-
sure the LSPR decay with high spatial and temporal resolution in a 
hybrid system containing Ag nanoparticles deposited on TiO2 (ref. 38).  
It was demonstrated that the LSPR decay generated non-thermal 
electrons on a <10 fs timescale. These hot electrons almost exclu-
sively originated from the interfacial electronic states, formed in 
the process of the chemical attachment of Ag to TiO2 (Fig. 2b). The 
results supported the notion that the interfacial Ag–TiO2 states 
opened up fast energy dissipation channels (mechanism 4 above), 
and that the location of the initial energetic e–h formation (due 
to LSPR decay) proceeded through these interfacial states. Similar 
observations were made in the direct measurements of the plasmon 
decay rates at a single particle level for Au nanoparticles coated with 
different metal oxides39. The measurements showed that the LSPR 
decay rate was governed by the availability of energetically accessi-
ble electronic states at the interface of Au and metal oxides (Fig. 2c),  
indicating that the decay proceeded through these interfacial 
states. In yet another study, transient absorption spectroscopy 
was employed to investigate the ultrafast photodynamics of small  
(~8 nm) Au–Pt core-shell nanospheres40. It was demonstrated that 
up to 80% of the photon energy was deposited in the ultrathin Pt 
shell on extremely short lifetimes in the case of Au–Pt (Fig. 2d).

These recent mechanistic findings, derived in pulsed as well as in 
continuous-wave illuminations studies, paint a consistent picture of 
photon absorption in hybrid plasmonic materials and also shed light 
on several previously made observations. For example, it has been 
known that the LSPR decay rate can be changed (often enhanced) 
when molecules (or other entities) are chemisorbed on the sur-
face of plasmonic nanoparticles. This observation, loosely labelled 
‘chemical interface damping of plasmons’, was initially reported by 
Träger et al. in their spectral hole burning measurements and was 
more recently supported by a number of single particle measure-
ments30,32,42–46. These measurements showed the rate of LSPR decay 
was heavily influenced by the nature of an absorbed molecule, sug-
gesting that the interfacial molecule/particle states played a critical 
role (Fig. 3a)42. Furthermore, the literature is full of examples where 
plasmonic enhancements in Raman spectroscopy are much larger 
than those predicted by the plasmon electric field enhanced Raman 
scattering rates5,47–49. For instance, CO molecules have a much 
larger LSPR-induced enhancement in the SERS signal compared to 
N2 molecules on an identical plasmonic material—despite similar 
free-molecule Raman cross-sections (Fig. 3b)47. These discrepancies 
are usually explained by invoking a ‘chemical enhancement’ mecha-
nism, wherein electronic charge is somehow exchanged between the 
nanoparticle and molecule, giving rise to additional enhancements 
in the Raman scattering rates akin to the resonant Raman excitation 
process. We believe that the interface-mediated LSPR decay mecha-
nism, explained in the previous paragraphs, can explain both the 
chemical enhancements in SERS and chemical interface damping 
processes. This mechanism suggests that these processes should be 
important when there are local electronic states at the nanoparticle/
molecule interface that can be excited by the high local surface plas-
monic fields.

Common misconceptions and moving the field forward
It is critical to discuss some common misconceptions related to 
extracting charge/energy in hybrid plasmonic systems. Two impor-
tant sources of these misconceptions are the assumptions that:  
(1) energetic charge carriers are initially formed at a homogeneous 
rate throughout the material, and (2) since their lifetime is short 
as they thermally equilibrate with nanoparticle phonon modes 
on the order of ~10 ps, the charge carriers cannot be involved in 
surface (interface) processes. A common corollary to this is an 
often-discussed claim that the light-induced, macroscopic and 

homogeneous heating of the nanostructure is the only way by which 
plasmonic nanoparticles can affect other non-plasmonic entities in 
the system (for example, induce chemical reactions on the surface 
of the nanoparticle)50,51. The issue with these arguments is that it has 
been shown in direct photodiode measurements that hot carriers 
generated in hybrid plasmonic systems can cross metal/semicon-
ductor Schottky junctions with relatively large barrier heights with 
non-negligible quantum efficiencies41,52. This indicates that ener-
getic, non-thermal charge carriers readily sample the surface (junc-
tion) before equilibrating with the phonon modes. Additionally, 
substantial increases in the rates of chemical transformations on the 
surface of plasmonic nanoparticles, changes in product selectivity, 
and very high kinetic isotope effects in light driven reactions, which 
cannot be fully explained by a macroscopic heating of phonon 
modes, have been reported53–61.

To properly model and explain the behaviour of the multicom-
ponent plasmonic systems, it is necessary to recognize that two (or 
more) components give rise to spatially non-homogeneous physical 
properties, which, at the femtosecond-temporal and atomic-spatial 
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resolutions, impact the initial location of energetic charge car-
rier formation as well as the flow of these carriers in the system. 
Assumptions of spatially homogeneous behaviour of these systems 
(as are often made in the modelling of plasmon heating) or tempo-
ral steady-state behaviour, as described above in the context equili-
bration with the phonon modes before charge is extracted, overlook 
critical phenomena. A proper model that can capture the behaviour 
of hybrid plasmonic materials requires adequate representation of 
both, the plasmonic and non-plasmonic components as well as the 
interface between them.

Specifically, in modelling the behaviour of these hybrid materi-
als, it is critical to fully describe: (1) the Kreibig decay channel that 
pushes the plasmon decay (initial hot e–h formation) to the sur-
face of nanoparticles; (2) the importance of the electronic states that 
allow for the direct fast decay channels (akin to the d-to-s transitions 
above) in almost all plasmonic/non-plasmonic hybrid materials 
and interfaces, which leads to spatially non-homogenous dielectric 
function; and (3) the non-homogeneous nature of the electric field 
that drives the optical excitations. The physical situation becomes 
even more complex when two plasmonic particles are close to each 
other (~1 nm apart). In these systems, the above-described optically 
excited metallic polarization, which characterizes one-particle LSPR 

states, becomes a junction surface polarization, leading to high local 
fields at the particle junction (that is, the light energy becomes 
highly concentrated at the junction between the particles)6. This 
concentration of optical energy (‘hot spots’) can further shift the 
process of initial e–h formation to these junctions62.

The extent to which energetic charge carriers sample the plas-
monic/non-plasmonic interface is further augmented by the fact 
that even the energetic charge carriers initially formed in the bulk of 
the plasmonic component, due to large mean free paths of s electrons 
and holes in plasmonic materials (for example, 50 nm for s-orbital 
electrons in Ag), can reach the surface (interface) without losing 
energy31,62,63. This means that a large fraction of energetic electrons 
or holes are either initially formed in the non-plasmonic component 
(or at the interface) or readily sample the interface before losing 
energy. This can have dramatic consequences. For example, scatter-
ing of hot charge carriers through the molecule that resides on the 
surface of plasmonic metal or the initial formation of these charge 
hot carriers directly in the molecule can lead to rapid chemical trans-
formations of the molecule64–67. These chemical transformations can 
take place either on charged (or excited) potential energy surfaces 
or via vibronic coupling within the molecule, wherein a hot elec-
tron (or hole) that scatters through the molecule can lead to elevated 
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molecular heating even without macroscopic heating of the nano-
structure25,30,54,56,68. There are many contributions supporting this 
local charge excitation-mediated chemical reaction mechanism30,69. 
In a recent study, Kazuma et al. used scanning tunnelling micros-
copy (STM) to study the plasmon-induced dissociation of dimethyl 
disulfide on Ag and Cu surfaces at a phonon system temperature 
of 5 K (Fig. 3c(i))69. The yield of the plasmon enhanced reaction, 
γLSP, was observed to be two orders of magnitude higher than the 
yield of the purely photoinduced process, γphoton (without LSPR—
Fig. 3c(ii),(iii)). The wavelength-dependent plasmon-induced yield 
mapped directly with the in-gap electric field intensity, supporting 
the role of direct intermolecular excitations at the metal–adsorbate 
interface in improving efficiencies (Fig. 3c(iv)). Comparable find-
ings have also been reported for the plasmon-induced dissociation 
of O2 on Ag with quantum yields reaching up to 1.2%57. Similar 
arguments associated with high probabilities for the initial forma-
tion of energetic charge carriers at semiconductor/metal interfaces, 
discussed above (Fig. 2b,c), can explain the experimentally mea-
sured flow of energetic charge carriers across Schottky barriers in 
metal/semiconductor systems.

In addition to describing the initial location of generated e–h 
pairs, their energy distribution, and their flow through the nano-
material, it is also critical to accurately describe how these ener-
getic charge carriers couple to phonon modes. In this context, the 
field has relied on so-called two temperature models that assume:  
(1) an electronic energy thermalization, where the exited electronic 
structure is described in terms of an elevated temperature Fermi–
Dirac distribution; and (2) the transfer of this electron energy to a 
phonon distribution that is described by the equilibrium phonon 
temperature70. While these approximations might be adequate to 
describe an electron and phonon temperature in monometal-
lic nanoparticles, they are not sufficient to capture the physical or 
chemical behaviour of hybrid materials as they naturally lead to the 
above described misconceptions71,72. An obvious example of the fal-
lacy of the two-temperature model is the fact that SERS measure-
ments have demonstrated that in many cases, molecules chemically 
attached to plasmonic nanoparticles are not in thermal equilibrium 
with the phonon modes of the nanoparticle itself. This suggests a 
preferential coupling of the SERS photons (via energetic electrons 
or holes) with the vibrational adsorbate modes compared to the 
nanoparticle phonon modes. To move the field forward, we need to 
adequately describe how local electronic excitations couple to local 
phonon modes.

We showed above that hybrid plasmonic nanostructures can be 
engineered to ‘push’ the location of the initial energetic charge car-
rier formation to the surface or to the non-plasmonic component. In 
principle, this can be done by any combination of the following three 
concepts: (1) employing very small nanostructures where Kreibig 
surface decay is the dominant LSPR decay pathway; (2) creating 
plasmonic geometries that support very high local plasmon E fields 
at their surface; or (3) embedding another non-plasmonic material 
with a high imaginary part of the dielectric function, at the surface 
of plasmonic nanoparticles (Fig. 4a,b). Taking advantage of these 
opportunities opens avenues for a new generation of hot carrier and 
energy conversion devices for photocatalysis, photodetectors and 
photovoltaics. For example, attaching a thin layer of a semiconduc-
tor on a plasmonic material should lead to substantial enhancements 
in the absorption in the semiconductor component of the hybrid 
nanostructure (Fig. 4b). The question is whether the energetic 
charge carriers formed in the semiconductor can be extracted (for 
example, drive redox) reactions before they thermalize to the semi-
conductor band edge or before they recombine—that is, is it possible 
to have power efficiencies above the Schockley–Queisser limit?

To begin addressing these questions and to take advantage of 
these opportunities, multicomponent plasmonic nanostructures 
need to be designed and synthesized with precise geometries, 

including shape and size of the plasmonic and non-plasmonic 
components and an atomistic control over their coupling (Fig. 4c). 
To accomplish this, major advances in the controlled and scalable 
synthesis of multicomponent nanostructures need to take place. It 
is fair to say that the past 30 years of research in the materials sci-
ence community have been characterized by an extensive focus on 
synthesis and characterization of single-component nanomaterials. 
Our ability to fully control the synthesis of multicomponent nano-
structures is rather limited to highly expensive and difficult to scale 
nanofabrication approaches.

Applications of hybrid plasmonic materials
Even with these obstacles, it is encouraging to see multiple recent 
examples of hybrid plasmonic demonstrations of novel physi-
cal and chemical properties. In one of these studies, a classical 
tris(bipyridine)ruthenium(II) ([Ru(bpy)3]2+) molecular photocata-
lyst at the surface of Ag nanoparticles, showed a 50-fold enhance-
ment in photon-to-current efficiency compared to standalone 
[Ru(bpy)3]2+ in photocatalytic oxidation of urea (Fig. 5a)73. Similarly, 
our group has demonstrated that it is possible to drive light-induced 
chemical transformations on non-plasmonic and non-photo-active 
Pt surfaces when thin layers of Pt (~1 nm thick) are coated onto Ag 
nanoparticles (Fig. 5b)12. There are similar examples of antenna–
reactor photocatalysts, where plasmonic aluminium (Al) nanodiscs 
(the antenna) are coupled to Pd materials (the reactor) to drive 
photochemistry on non-photoactive Pd nanoparticles with high 
selectivity (Fig. 5c)74,75. Hybrid plasmonic systems have also been 
shown to improve the efficiencies of photovoltaics for solar energy 
conversion and photodetectors for sensing applications14,34,76–79. For 
example, Mali et al. reported the fabrication of perovskite solar cells 
functionalized with Au-decorated TiO2 nanorods with internal 
quantum efficiencies as high as 93% and a corresponding thermo-
dynamic power conversion efficiency of 14% (Fig. 5d)77. These effi-
ciencies were ~30% lower for identical samples without plasmonic 
Au. Furthermore, Li et al. demonstrated that a ten-fold increase in 
the photocurrent generation (drain current) of a Si–MoS2 gateless 
photodiode upon the incorporation of Au nanoparticles78. When 
illuminated with an incident power of 50 μW, the diode photocur-
rent was measured to be ~3 μA and ~29 μA for the Si–MoS2 and 
Si–Au–MoS2 systems respectively (Fig. 5e). This corresponded to a 
photoresponsivity of 11.2 A W–1 for the Si–Au–MoS2, two orders of 
magnitude higher than the previously reported value for monolayer 
MoS2 photodetectors80.

Mechanistic analysis showed that in all these hybrid systems, the 
transfer of energy between illuminated plasmonic and non-plasmonic 
components was responsible for the observed plasmon-mediated  
efficiency enhancements.

In conclusion, current experimental evidence suggests that it is 
possible to extract energy out of plasmonic nanostructures, charac-
terized by large optical extinction cross-sections, before the energy 
is thermalized with nanostructure phonon modes. The main reason 
for this is that the initial formation of energetic e–h pairs within the 
plasmonic nanostructures seems to be concentrated to a particular 
location in the system, such as the plasmonic/non-plasmonic inter-
face12,35,37–39. To move the field forward, we need to understand how 
the plasmon energy is distributed in time and space in these systems. 
It is critical to rigorously assess the geometric locations on the ini-
tial formation of energetic charge carriers. As we pointed out in the 
text above, this requires us to fully appreciate the non-homogeneous 
nature of the electronic structure (dielectric function) and the opti-
cal response (electric field) of plasmonic materials to incident 
illumination. Furthermore, we need to unearth the fundamental 
physical factors that govern the propagation of the energy stored 
in these e–h pairs through multicomponent systems. These funda-
mental insights will ultimately inform us about the upper limits of 
energetic charge carrier extraction from hybrid plasmonic systems.
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