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The photoelectric effect was discovered by Heinrich Hertz in 
1887 while studying the effects of ultraviolet light on electri-
cal discharge from metallic electrodes1. The key explanation 

of the phenomenon was provided in 1905 by Albert Einstein2. 
He suggested3 that a beam of light consists of a set of discrete 
wavepackets (photons), each with a quantized energy E linked to 
their frequency v by Planck’s constant h (E = hv). This bold proposal 
explained why, below a certain threshold frequency, light cannot 
eject an electron from a metal surface, regardless of the intensity. 
The process requires a minimum photon energy equal to the metal’s 
work function. These historical events provided the initial sparks 
for the quantum revolution and spurred a tremendously diverse set 
of fundamental research efforts aimed at elucidating the complex 
physical, electrical, thermal, mechanical and chemical processes 
that can be stimulated with energetic, photoexcited ‘hot’ electrons. 
Figure 1 illustrates the wealth of possible hot electron effects.

The photoemission process (Fig. 1a), in which the energy of an 
incident photon is used to eject an electron, is arguably the most 
well-studied phenomenon involving hot electrons. The energy and 
angular dependence of the photoemitted electrons provide impor-
tant information about the electronic structure and the surface 
properties of solids4. Typically only a small fraction of photoexcited 
hot electrons make it out of a material, because the ejection process 
competes with very fast carrier relaxation processes. The section on 
‘Photoemission and ultrafast optical studies’ briefly reviews our cur-
rent understanding of hot electron excitation, relaxation, transport 
and photoejection mechanisms.

The excitation of an electron in a solid results in two types of car-
rier: an electron and a hole. These carriers are considered ‘hot’ if their 
energies are larger than those of thermal excitations at ambient tem-
peratures. The branching ratios of hot/cold electron/hole formation 
depend on the electronic structure and photon energy5. Both types 
of hot carrier stimulate useful physical or chemical processes, but 
their ability to do so is limited by rapid relaxation processes by which 
the carrier’s energy is converted into heat. On the flip side, carrier 
relaxation provides an opportunity to heat nanostructures effectively 
(Fig. 1b). The ability to stimulate and control local heating has many 
practical applications, which are discussed in the section on ‘Local 
heating with hot carriers’.
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The discovery of the photoelectric effect by Heinrich Hertz in 1887 set the foundation for over 125 years of hot carrier science 
and technology. In the early 1900s it played a critical role in the development of quantum mechanics, but even today the unique 
properties of these energetic, hot carriers offer new and exciting opportunities for fundamental research and applications. 
Measurement of the kinetic energy and momentum of photoejected hot electrons can provide valuable information on the elec-
tronic structure of materials. The heat generated by hot carriers can be harvested to drive a wide range of physical and chemi-
cal processes. Their kinetic energy can be used to harvest solar energy or create sensitive photodetectors and spectrometers. 
Photoejected charges can also be used to electrically dope two-dimensional materials. Plasmon excitations in metallic nano-
structures can be engineered to enhance and provide valuable control over the emission of hot carriers. This Review discusses 
recent advances in the understanding and application of plasmon-induced hot carrier generation and highlights some of the 
exciting new directions for the field.

Hot carriers can have positive or negative energy depending on 
their position with respect to the vacuum level. The negative-energy 
hot electrons are bound to the nanostructure but can have energies 
that are much larger than those arising from thermal excitations. 
As such, they are of particular importance in chemical and charge 
transfer applications. Such electrons can transfer into unoccupied 
levels of acceptor molecules in nearby structures and induce, for 
example, photochemical transformations (Fig.  1c) or photo-des-
orption (Fig. 1d). This insight has recently enabled the design and 
development of new photochemical processes that offer high lev-
els of spatial and temporal control over chemical reactions. These 
are discussed in the section on the ‘Applications of hot carriers 
in chemistry’.

Finally, there is an opportunity to harvest the hot carriers for a 
number of device applications (Fig. 1e,f), as discussed in the section 
on ‘Hot carrier devices’ where we focus on photodetection rather 
than photovoltaics, as the latter topic has recently been reviewed6.

At the birth of each photogenerated hot carrier is a photon 
absorption event. Plasmonics provides ways to manipulate light 
absorption with nanometre-scale precision and at sub-femtosecond 
timescales enabling new levels of control of hot carrier processes. 
We provide an outlook for the outstanding opportunities in this 
regard at the end of the Review.

Photoemission and ultrafast optical studies
The illumination of a metallic structure sets off a cascade of com-
plex processes that can have multiple outcomes, including the 
ejection or fast internal relaxation of hot carriers, the production 
of strong optical near fields and/or the (re-)emission of a photon. 
Our understanding of these processes has benefited from the field 
of surface femtochemistry, which became an intense research area 
in the 1990s. The first step in the excitation of a hot carrier is the 
absorption of a photon (Fig. 2a). The probability for photon absorp-
tion is proportional to the square of the local electric field inside the 
metal. Planar metal surfaces reflect most of the incident light, and 
light absorption is not very efficient. Early photoemission studies 
on metallic films revealed the importance of plasmon resonances to 
enhance light absorption in the near-surface region of the metal and 
thereby to enhance the photoemission7,8. In metallic nanostructures, 
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light absorption can be further enhanced by exciting localized sur-
face plasmon resonances. This produces an antenna effect resulting 
in light collection from an area that is larger than its physical size9,10. 
The associated light concentration has been verified by and used in 
surface-enhanced processes, including surface-enhanced Raman 
spectroscopy11, in photochemistry on surfaces12, and to photoexcite 
nearby quantum emitters13.

Plasmon resonances in nanostructures can be damped radia-
tively by re-emission of a photon or non-radiatively through the cre-
ation of hot electron–hole pairs via Landau damping (Fig. 2b)14. The 
branching ratio between these two decay mechanisms is determined 
by the radiance of the plasmon mode, which can be suppressed for 
structures supporting subradiant (dark) plasmon modes15. Landau 
damping is a pure quantum mechanical process in which a plasmon 
quantum is transferred into a single electron–hole pair excitation on 
a timescale τL  ranging from 1 to 100 fs. The plasmon-induced elec-
tric field, which represents a time-dependent perturbation on the 
conduction electrons of the metal, can induce transitions of elec-
trons from occupied to unoccupied states. As the transition matrix 
elements for electron–hole pair formation are small, however, the 
most probable immediate result of plasmon decay is the forma-
tion of a single electron–hole pair. A possible carrier distribution 
is illustrated in Fig. 2b. The distribution of the carriers depends on 
the plasmon energy, the particle size, the symmetry of the plasmon 
mode, and the electronic structure and density of states of the mate-
rial5. Landau damping is the physical mechanism that contributes 
to the imaginary part of the dielectric permittivities of a metal in 
the visible. A knowledge of the imaginary part of the permittivity 
thus provides a means for optimizing hot carrier generation. For 
instance, by tuning a subradiant plasmon mode to energies where 
the imaginary part of the permittivity is large, it is possible to maxi-
mize the hot carrier production. This tuning can be performed 
either by exploiting the unique geometrical tunability of localized 
surface plasmon resonances (LSPRs) of metallic nanoparticles, or 

by fabricating composite structures consisting of both noble met-
als and metals with strong intraband transitions (such as transi-
tion metals). For plasmon energies above the interband transition 
threshold, the dominant portion of the hot carriers will be hot 
holes formed at the upper edge of the noble metal d band with the 
electrons located just above the Fermi level.

Since the work functions of standard plasmonic metals are larger 
than their LSPR energies ħωLSPR, hot electrons will have negative 
energies ranging from the Fermi level EF up to EF + ħωLSPR and can-
not escape into vacuum. The hot electrons generated from plasmon 
decay will quickly redistribute their energy among many lower-
energy electrons via electron–electron scattering processes such as 
Auger transitions16. Although the dynamics of hot carrier relaxation 
processes have been extensively studied for extended surfaces, very 
little is known about this process in nanoscale systems. For extended 
metal surfaces, time-resolved studies17,18 suggest relaxation times τel 
around 100  fs to 1  ps for formation of a Fermi–Dirac-like distri-
bution characterized by a large effective electron temperature Tel 
(Fig. 2c). With the reduced velocity of these lower-energy electrons, 
interactions with the phonons increase. The subsequent equilibra-
tion with the lattice, which is characterized by a lattice tempera-
ture TL, occurs over a longer timescale τph of several picoseconds. 
The dynamics of this process can be well described using the so-
called two-temperature model where Tel and TL now become time-
dependent and eventually equal19. In a final step, heat is transferred 
to the surroundings of the metallic structure. This can take from 
100 ps to 10 ns depending on the material, the particle size and the 
thermal conduction properties of the environment (Fig. 2d).

For higher photon energies, a small fraction of hot electrons can 
also be emitted without energy loss. Advanced surface analytical 
techniques, such as angle-resolved photoemission spectroscopy can 
measure both the kinetic energy and momentum of the ejected elec-
trons20, in turn providing information on the energy and momen-
tum of the electrons inside a material. For example, it is possible 
to measure directly the band dispersion (Fermi surface), and study 
complex many-body interactions in solids (Fig.  2e). By following 
the trajectories of photoemitted electrons created by intense laser 
pulses, researchers have also been able to analyse the evanescent 
fields around plasmonic nanoparticles. Because electrons are pref-
erentially emitted from regions of high field intensity (hot spots) 
and subsequently accelerated within the evanescent fields of the 
plasmonic nanoparticles, they are steered in a direction determined 
by particle geometry (Fig. 2f)21.

Applications of hot carriers in chemistry
Initial interest in hot-carrier-induced chemical reactions of adsorbates 
on photoexcited metal surfaces was stimulated by three distinct areas 
of research. Femtochemistry studies using well-defined single-crystal 
metal surfaces under ultrahigh-vacuum conditions led to reports of 
chemical reaction pathways specific to femtosecond laser excitation, 
with reaction products that were clearly distinct from thermal, pho-
non-mediated processes19,22–24. The desire to transfer this insight to 
real-world catalysts drove the adoption of metal nanoparticles rather 
than surfaces with specific index faces16. Independently, the discovery 
of photochemical water splitting on TiO2 electrodes using ultraviolet 
light25 led to intense interest in species that could be added to semi-
conducting metal oxides to enhance light absorption in the visible 
region of the spectrum. The large absorption cross-sections of plas-
mon-resonant noble metal nanoparticles were particularly attractive 
for modifying the optical properties of metal oxides. Studies of charge 
transfer between metallic nanoparticles and surrounding metal 
oxides subsequently emerged26. The discovery of surface-enhanced 
Raman spectroscopy11 led to additional speculation as to whether 
direct plasmonic excitation could provide a pathway for enhanced 
photochemistry of adsorbate molecules at nanoparticle surfaces27,28.

Figure 1 | Effects that can be stimulated by the photoexcitation of hot 
electrons in a metal (blue). a, Photoemission of electrons from a metal 
surface into vacuum can occur when the electron energy exceeds the 
metal’s work function. b, Photoexcited hot electrons can remain trapped 
inside a metallic nanostructure and cause local heating of a metal particle 
(red) and its surroundings. c, Hot electrons can interact with molecules on 
a surface and induce photochemistry. d, The energy of hot electrons can 
be used to photo-desorb small molecules from the surface. e, Photoejected 
electrons from a metal can be captured by a counter-electrode (orange) 
to generate useful current. f, Photoejected electrons can be captured by 
an ultrathin semiconductor layer or two-dimensional materials (grey) and 
electrically dope them.
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In their transient higher-energy states, hot electrons can excite 
electronic or vibrational transitions in molecules adsorbed on metal 
surfaces and thus catalyse chemical reactions. The basic mechanism 
is illustrated in Fig. 1c,d. On extended metal surfaces, the timescale 
τnth is too short for the initial non-thermal hot electron distribution 
to have a significant effect on the adsorbate. Hot-electron-induced 
chemistry for such extended structures therefore most probably 
occurs after the high-effective-temperature Fermi–Dirac electron 
distribution has formed (Fig. 2c). Because the Fermi–Dirac distribu-
tion involves a continuous energy distribution of excited electrons 
(and holes) around the Fermi level, EF  ±  kBTel(t), only adsorbate 
resonances in the vicinity of the Fermi level can be populated. Thus 
state-selective population of specific adsorbate resonances cannot 
be accomplished on extended metal surfaces29. This conclusion 
is supported by many experimental studies showing that there is 
typically no significant wavelength dependence for surface femto-
chemistry reactions on metal surfaces. In contrast, on metallic nan-
oparticles the lifetimes of the initially generated non-thermal hot 
electrons can be substantially longer because of increased confine-
ment, more granular density of states and reduced electron–elec-
tron interactions5,16; also, the equilibration time with the lattice is 
longer because of reduced electron–phonon coupling. For example, 
in a study of small Ag particles on graphite, τnth was found to be 
approximately 2 ps (ref. 30). Thus for finite nanoparticles we expect 
a much larger number of high-energy hot carriers than on extended 
surfaces, and this may allow state-selective population of adsorbate 
resonances. This process provides a mechanism for the creation of 
negative-ion states of adsorbed or nearby molecules that can then 
undergo subsequent chemical transformations, as recently observed 
during plasmon-induced dissociation of H2 on Au nanoparticles31,32. 
This scenario can be generalized: by populating specific antibonding 

adsorbate resonances, it may be possible to selectively induce des-
orption, dissociation or translational motion of adsorbates on a 
metal nanoparticle surface.

Equally important is the generation of hot holes following sur-
face plasmon excitation of metallic nanoparticles, as these carriers 
become available for electron transfer from the highest occupied 
molecular orbital level of an adsorbate to the metallic nanopar-
ticle. For example, hot holes can induce oxidation of citrate mol-
ecules adsorbed on a Ag nanoparticle33–35, while the nanoparticle 
grows as a result of the reduction of silver ions in solution to their 
neutral state36.

Several key studies of chemical processes induced by hot elec-
trons and hot holes34 and driven by surface plasmons are illustrated 
in Fig. 3. A particularly simple reaction driven by hot electrons is 
the room-temperature dissociation of H2 at Au nanoparticle sur-
faces (Fig. 3a)31,32. In this case, no side reactions are possible: indeed, 
H2 only very weakly physisorbs onto the Au nanoparticle surface, 
and the presence of a porous oxide layer is needed to increase the 
accommodation coefficient of H2 on the Au nanoparticle surface. 
Because of the high mass of Au atoms, an impinging H2 molecule 
does not couple efficiently to the Au phonons and will therefore 
bounce off the surface without loss of kinetic energy. An oxide 
coating with a high solubility for H2 allows more efficient kinetic 
energy dissipation, and the H2 molecule will therefore spend more 
time near the metal surface. Excitation of the Au nanoparticle LSPR 
provides sufficient energy to populate an H2 antibonding orbital; 
a wavelength dependence corresponding to the excitation of the 
LSPR in this system can be clearly observed. Detection of the disso-
ciated molecule was accomplished by flowing both H2 and D2 to the 
plasmonic catalyst: under illumination, the detection of HD mol-
ecules indicated that the dissociation reaction resulting from hot 

Figure 2 | Photoexcitation and relaxation of metallic nanoparticles. a–d, Photoexcitation and subsequent relaxation processes following the illumination 
of a metal nanoparticle with a laser pulse, and characteristic timescales. a, First, the excitation of a localized surface plasmon redirects the flow of light 
(Poynting vector) towards and into the nanoparticle. b–d, Schematic representations of the population of the electronic states (grey) following plasmon 
excitation: hot electrons are represented by the red areas above the Fermi energy EF and hot hole distributions are represented by the blue area below EF. 
b, In the first 1–100 fs following Landau damping, the athermal distribution of electron–hole pairs decays either through re-emission of photons or through 
carrier multiplication caused by electron–electron interactions. During this very short time interval τnth, the hot carrier distribution is highly non-thermal. 
c, The hot carriers will redistribute their energy by electron–electron scattering processes on a timescale τel ranging from 100 fs to 1 ps. d, Finally, heat is 
transferred to the surroundings of the metallic structure on a longer timescale τph ranging from 100 ps to 10 ns, via thermal conduction. e, Fermi surface 
of a Sr2RuO4 single crystal surface in reciprocal space (showing the major symmetry points M, X and Γ) measured by analysing the energy and momenta 
of photoemitted electrons. f, Simulation of field enhancement in a plasmonic bow-tie structure, and the resulting electron trajectories. The length of the 
bow-tie antenna is 160 nm. Figures adapted with permission from: a, ref. 9, © 1983 American Association of Physics Teachers; e, ref. 20, © 2000 American 
Physical Society; f, ref. 21, © 2013 American Chemical Society.
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electron transfer to the transient negative-ion state had occurred. A 
pronounced difference between light-induced HD formation and a 
much weaker thermally driven HD population at room temperature 
provided a clear indication that the process is directly driven by sur-
face plasmons (Fig. 3b). In a follow-on study, the role of the passive 
oxide layer was examined by substituting the TiO2 layer with SiO2, 
a material with a much higher bandgap. The results confirmed that 
the oxide layer is only passively involved in the dissociation process; 
its role is limited to increasing the residence time of H2 near the 

metal31. In fact, the Au–SiO2 system features an increase of the reac-
tivity by almost two orders of magnitude over the Au–TiO2 system, 
where the conduction band of TiO2 can serve as an electron accep-
tor, draining the hot electron supply and thus preventing electron 
transfer into the antibonding H2 (or D2) orbitals.

In a particularly rich set of studies, the hot-electron-driven par-
tial oxidation of ethylene by O2 to form ethylene oxide was exam-
ined39–41. This industrially important reaction provides a remarkably 
simple platform for the study of plasmon-driven photodissociation 

Figure 3 | Examples of hot-carrier-induced chemical processes stimulated by plasmon excitations. a, A schematic depicting the initial step in hot-
electron-induced photodissociation of H2 by transfer of a hot electron into the antibonding orbital of the molecule, resulting in the formation of H2

– at 
the Au nanoparticle (NP) surface. AB, antibonding; B, bonding. b, A comparison of light-induced HD production (grey) relative to HD produced by 
the equivalent thermal response with no illumination (red). c, The supralinear behaviour of ethylene epoxidation as the incident laser intensity and 
temperature are both increased. Error bars represent standard deviation. d, A schematic depicting O2 dissociation, the rate-limiting step of the epoxidation 
reaction in c. Supralinear intensity dependence is attributed to multiple attempts by the hot electron to populate the transient negative ion (TNI) state. 
Single-electron or multi-electron excitations deposit vibrational energy into the adsorbate by accelerating the absorbed molecule for a lifetime, τe. If 
the vibrational energy produced is too low to overcome the activation barrier, Ea, the adsorbate returns to a thermally equilibrated state. e, A schematic 
depicting hot hole transfer from a photoexcited Ag nanoparticle to the highest occupied molecular orbital (HOMO) of a nearby citrate molecule: this 
transfer results in citrate oxidation, while the negative charge accumulation on the Ag nanoparticle induces reduction of nearby Ag+ ions, resulting in 
nanoparticle growth into nanoprisms. f, A theoretical calculation of the hot electron (red) and hot hole (blue) distributions in a 15-nm-diameter Ag 
nanoparticle, with the carrier lifetime (τ) varied between 1 ps and 0.05 ps for an incident light intensity of 1 mW μm–2. g, Schematic of an autonomous 
artificial photosynthesis device where all charge carriers are derived from the hot electrons and holes of surface plasmons. Co-OEC, cobalt oxygen 
evolution catalyst; CB, conduction band; VB, valence band. h, Hydrogen evolution of the water-splitting device shown in g driven by solar excitation in 6-h 
cycles. Figures adapted with permission from: a,b, ref. 32, © 2012 American Chemical Society; c,d, ref. 37, 2012 Nature Publishing Group; e, ref. 35, © 2013 
American Chemical Society; f, ref. 5, © 2014 American Chemical Society; g,h, ref. 38, 2013 Nature Publishing Group. 
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of O2. In this system, the reaction rate is controlled by the disso-
ciation of O2 to form adsorbed atomic oxygen, followed by a much 
faster addition of the reactive transient negative-ion species to the 
double bond of the ethylene molecule39. In these studies, the photo-
catalyst consisted of 60-nm Ag nanocubes, exposing Ag(100) facets 
for ensuring high reactivity as well as a well-defined plasmon reso-
nance. Several distinguishing properties of plasmonic photocatalysts, 
relative to conventional semiconductor photocatalysts such as TiO2, 
were identified37. First, there is a superlinear dependence of the reac-
tion rate on laser intensity (Fig. 3c), indicating that plasmonic pho-
tocatalysis can probably be characterized by a positive relationship 
between quantum efficiency and photon flux, in stark contrast to 
semiconductor photocatalysts that typically exhibit lower quantum 
efficiencies as the incident light intensity is increased. Second, the 
rate and quantum efficiency of photocatalytic reactions on plasmonic 
nanoparticles increase with temperature, a trend that is opposite to 
the characteristics of semiconductor photocatalysts. These proper-
ties indicate that plasmonic photocatalysts are highly promising 
for eventual implementation in industrially relevant processes. The 
studies add new insights to the distribution of energy between the 
plasmonic catalyst and dissociation of the O2 adsorbate. More specifi-
cally, a kinetic isotope effect (reactivity ratio of 16O2/18O2) of ~1.1 was 
observed and related to the energy distribution between electronic 
and vibronic states of the adsorbate due to hot electron transfer from 
the nanoparticle to the molecule. The kinetic isotope effect increased 
as a function of the incident light intensity, a behaviour attributed to 
multiple electronic excitation of the adsorbate molecule before over-
coming the activation barrier (Ea) for dissociation (Fig.  3d). These 
processes work together to increase the overall quantum efficiency of 
hot-electron-driven O2 dissociation, that is, the number of product 
molecules formed per incident photon, as both the operating tem-
perature and incident light intensity are increased. In this specific 
reaction, at source intensities of 400 mW cm–2 and 473 K, the quan-
tum efficiency was nominally 60%, indicating that plasmonic photo-
catalysts have potential for widespread use in real-world applications. 
Further improvements and a closer tailoring of plasmonic substrates 
to specific chemical reactions may result in even higher quantum 
efficiencies. These examples indicate that plasmonic nanoparticles 
can be used as substrates for heterogeneous catalysis, as they provide 
new reaction pathways, the potential for ‘soft’ (lower energy barriers) 
chemical reaction conditions, and higher-efficiency reaction rates 
than those achievable using conventional heterogeneous catalysts.

In addition to plasmon-induced transfer of hot electrons to anti-
bonding adsorbate orbitals, the reverse process is also possible. In a 
‘hot-hole-driven’ process, electrons transfer from occupied adsorb-
ate orbitals to transiently unoccupied states below EF in the metal. In 
particular, the surprising discovery that Ag nanoprism synthesis is a 
process controlled by resonant plasmon excitation is a prime exam-
ple of hot-hole-driven chemistry42. In this reaction, the reduction of 
the metallic nanoparticle results from the oxidation of citrate ions 
present in solution34. Under resonant illumination, electrons are 
transferred from the citrate ions to the Ag nanoparticles, which thus 
acquire a net negative charge. When Ag+ ions are present in solution, 
Coulomb forces cause the reduction of the ions at the nanoparticle 
surface, resulting in nanoparticle growth. Interestingly, the plas-
mon-induced growth process does not track the nanoparticle plas-
mon resonance, but rather, increases monotonically with increasing 
incident photon energy. It is believed that as the photon energy is 
increased, so is the oxidizing power of the hot hole, offsetting the 
decrease in the nanoparticle’s absorption cross-section (Fig.  3e). 
The lack of a strong wavelength-dependent response is fortuitous, 
as nanoparticle growth would result in an inevitable plasmon red-
shift that, depending on incident photon energy, could self-limit the 
nanoparticle growth process. Although this study is one of the very 
few that has elucidated fundamental properties of hot-hole-driven 

chemistry, it is important to note that this type of reaction could be 
used broadly in various contexts of oxidation chemistry.

The demonstration of both hot-electron- and hot-hole-driven 
photochemistry leads to new and more detailed questions about the 
hot carrier generation process, as well as the properties of plasmon-
excited hot carriers. If one was able to design nanoparticle sub-
strates with high yields of hot electrons and/or hot holes at specific 
energies, it could be possible to optimize a given plasmonic nano-
particle substrate for maximal quantum yield for a specific chemical 
reaction of interest. The potential fulfilment of this important quest 
for the chemistry community has stimulated theoretical interest in 
the investigation of hot carrier properties in metallic nanoparticles. 
Recent investigations have begun to examine the microscopic ori-
gin of the hot carrier generation process5,43,44. Results from one such 
investigation are shown in Fig. 3f, which shows the energy distribu-
tion for hot electrons and holes for a 15-nm-diameter Ag nanopar-
ticle. Describing the conduction electrons in a metal as free particles 
in a spherical potential well, the plasmon-induced hot carrier pro-
duction was calculated using Fermi’s golden rule. As the hot carrier 
lifetime is not known experimentally, it was used as a parameter 
in the calculation: carrier lifetimes were varied from τ = 1.0 ps to 
0.05  ps, consistent with the range of electron excitation lifetimes 
reported for extended metallic surfaces5. This series of calculations 
indicates just how sensitively the hot carrier distribution during 
continuous illumination of the nanoparticle depends on the carrier 
lifetime. For longer carrier lifetimes, plasmon decay results in ‘very 
hot’ electrons (energies high above the Fermi energy of the metal), 
whereas for shorter carrier lifetimes, the energies of the carriers are 
closer to the Fermi energy of the metal. Larger-diameter nanopar-
ticles favour generation of less ‘hot’ carriers. This calculation is also 
consistent with observations that relate higher hot-electron-based 
chemical reactivities to smaller nanoparticles, but well-controlled, 
systematic experimental studies of these effects are clearly needed.

A grand challenge for which plasmon-induced hot carriers may 
be particularly well suited, and which has recently received consider-
able interest, is in the harvesting of solar energy for direct generation 
of alternative fuels. The origin of this work was the initial discovery 
that n-type TiO2 electrodes, under ultraviolet illumination, could 
split water photoelectrochemically25. Subsequent efforts to incorpo-
rate resonant plasmonic nanoparticles into this process or to reshape 
the high-index photocatalysts into optically resonant nanostructures 
has resulted in increased light absorption at the catalyst surface and 
substantially increased reaction rates45–47. More recently, new insights 
have emerged regarding how to harness plasmon-induced hot car-
riers for water splitting48,49. Of particular significance is the recent 
work that combines both plasmon-induced hot electron and hole 
generation in the same integrated device, to produce an artificial 
photosynthesis device in which all charge carriers derive from sur-
face plasmons38. A schematic of this device is shown in Fig. 3g. The 
uniform array of aligned nanorods that serve as antennas is capped 
with a crystalline TiO2 layer resulting in a Schottky barrier. Atop the 
TiO2 layer of the nanorod is a layer of Pt nanoparticles, and on the 
side of each nanorod in the array a cobalt oxygen evolution catalyst is 
deposited. When light is incident on each nanorod, the hot electrons 
and the hot holes perform different functions. The hot electrons are 
injected over the Schottky barrier between the metal and the n-type 
TiO2 capping layer, into the conduction band of the TiO2. Because of 
the small dimensions of the TiO2 layer, the hot electrons remain in the 
conduction band and encounter the Pt nanoparticle layer at the TiO2 
surface. When immersed in water, the Pt nanoparticle layer emits the 
electrons, functioning as a reduction site for the evolution of H2. The 
hot hole, on the other hand, is transported to the cobalt oxygen evolu-
tion catalyst, resulting in the local generation of O2. This clever design 
shows a greater degree of integration than ever before seen in pho-
toelectrochemical water-splitting devices, with both half-reactions 
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mediated on the same nanorod in different, highly specific regions of 
the nanostructure. The device runs optimally under AM1.5 illumina-
tion, and under constant illumination can evolve hydrogen for more 
than 66 h without a decrease in activity (Fig. 3h). Although we can 
expect further optimization, this general device strategy50 provides a 
platform for the practical utilization of plasmon-induced hot carriers 
for the production of alternative sustainable fuels.

We close this subsection by mentioning other types of hot-car-
rier-induced transformations than chemical reactions. For exam-
ple, plasmon-induced hot electrons can be injected into a nearby 
graphene sheet and accomplish significant n-doping51. Hot carrier 
injection can also generate phase transitions in a nearby quantum 
phase-changing material such as VO2 (ref. 52) or single-layer MoS2 
(ref. 53). A recent experiment suggests that hot carrier generation 
may induce a magnetic phase transition in metallic nanocolloids54. 
Such optically controllable phase transformations may open up new 
avenues for active ultrafast plasmonic devices.

Local heating with hot carriers
The internal decay of hot electrons inside a metallic nanoparticle 
can lead to significant heating of the nanostructure itself and its 
immediate environment (Fig.  2c,d)55–58. The ability to effectively 
heat and measure59–61 the nanostructure’s temperature has resulted 
in many practical plasmonics applications, including selective iden-
tification and killing of cancer cells62, photothermal nanotherapeu-
tics63, modification of polymer surfaces64, local control over phase 
transitions65,66, growth of individual semiconductor nanowires and 
carbon nanotubes67,68, nanofluidics and chemical separation69, het-
erogeneous catalysis70,71, drug delivery72, photothermal melting of 
DNA73–75, and steam generation76.

We illustrate these exciting opportunities with a few represent-
ative examples. Figure 4a shows how light can be used to grow a 
silicon nanowire from a gold catalyst particle by chemical vapour 
deposition77,78. Typically such wires are grown in a globally heated 
tube furnace with silane (SiH4) as the reactant gas and at a tem-
perature above the melting temperature of a Au–Si eutectic alloy 
(363 oC). Here, the Au catalyst particle was directly heated with a 
focused laser beam with a wavelength of 532 nm, close to the sur-
face plasmon resonance of the particle. Individual, single-crystal 
nanowires could be grown (Fig. 4d, inset) using a laser power com-
parable to that of a laser pointer (a few milliwatts), suggesting a 
highly energy-efficient pathway to fabricate nanowire devices.

A potentially transformative application of localized heating due 
to resonant illumination of plasmonic nanoparticles is photothermal 
cancer therapy. This type of therapy requires the use of nanoparticles 
whose plasmon resonances are tuned to the near-infrared spectral 
region, where light absorption by tissue is minimal. Near-infrared 
resonant nanoparticles are injected into the organism, where they 

circulate and are taken up into a tumour over the span of several 
hours81. The tumour is then illuminated with resonant light, and 
the localized photothermal heating induces cellular hyperthermia, 
resulting in cell death and tumour remission (Fig. 4b,c)79. A similar 
effect can be demonstrated using solutions of broadband absorber 
nanoparticles, such as nanoshells, and solar irradiation80. By focus-
ing sunlight onto a nanoparticle solution, steam can be generated at 
remarkably high efficiencies (over 80%) with only a minimal heat-
ing of the bulk fluid. By dispersing nanoparticles into a fluid mix-
ture, the components can be separated by distillation using sunlight 
alone (Fig. 4d)80. In the case of an ethanol–H2O mixture, for exam-
ple, solar distillation yields a distillate richer in ethanol than can 
be achieved with conventional distillation. The mechanism of this 
localized heating effect, both in tumours and in fluids, is due to a 
light-trapping effect induced by incident photons scattering from 
multiple nanoparticles before an absorption event81.

In the above-mentioned applications, the need to heat only locally 
rather than globally has resulted in great increases in control, speed 
and energy efficiency with an accompanying reduction in cost.

Hot carrier devices
Photovoltaic devices that rely on photoexcitation and the subse-
quent separation of electron–hole pairs have dominated the photo-
detector and solar cell markets. The great success of this approach 
is lessened only by the fact that photons with energies below the 
semiconductor bandgap cannot be detected or harvested. One can 
circumvent this challenge by harvesting the energy of photoelec-
trons ejected from a metal. Just one year after Hertz’s discovery of 
the photoelectric effect, Alexander Stoletov built the first photoelec-
tric cell based on this principle82. This led to the development of 
photodetectors capable of detecting electrons that are photoejected 
from a metal over either a Schottky83–87 or oxide tunnel-barrier88,89.

The band diagram in Fig. 5a illustrates how light absorption in a 
metal can produce hot electrons that can be emitted over a Schottky 
barrier (ϕB) to produce current. In infrared photodetectors, respon-
sivities as high as 0.25 A W–1 (quantum efficiency ≈ 20%) for free-
space wavelengths of 1.5 μm have been reported at liquid nitrogen 
temperatures90. Lower barriers afford higher quantum efficiencies but 
give rise to an increased dark current so that operation at cryogenic 
temperatures is required.

A challenge in achieving high efficiencies is related to the efficient 
collection of the excited hot electrons. First attempts to quantify the 
current from photoejected electrons were made by Fowler91 and 
Spicer92,93. Spicer intuitively described the internal photoemission 
process from a metal film as proceeding via a series of three con-
secutive steps (Fig. 5a). In step 1, hot electrons are generated in the 
metal through the absorption of a photon. In this process electrons 
are lifted from states below the Fermi level by the pertinent photon 

Figure 4 | Physics and applications of hot-electron-induced heating. a, Schematic illustration of a plasmon-assisted nanowire growth procedure in 
which a low-power, continuous-wave laser is used to heat catalytically active, light-absorbing, metallic nanoparticles (catalyst) to induce the growth of 
semiconductor nanowires or carbon nanotubes. Inset: Scanning electron microscopy image of an individual silicon nanowire. b,c, Photographs of a mouse 
with a subcutaneous prostate cancer tumour on day of treatment by photothermal cancer therapy (b), and of the same mouse, 10 days post-treatment, 
showing full remission of tumour (c). d, Solar distillation apparatus. The inset shows the Fresnel lens used to focus sunlight. Figures reproduced with 
permission from: a, ref. 68, © 2007 American Chemical Society; b,c, ref. 79, © 2008 Elsevier; d, ref. 80, © 2013 American Chemical Society.
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energy hν. In step 2, some of the hot electrons will move towards the 
metal/oxide interface. For a first-order estimate of the efficiencies, it 
is often assumed that the generated hot electrons behave as free elec-
trons and that their initial momentum distribution is isotropic. The 
latter seems a reasonable initial assumption based on the large mis-
match between the wavevectors of the light/surface plasmon and the 
generated hot electron94,95. Although such an analysis may be relevant 
for semi-infinite planar interfaces, it cannot be straightforwardly 
extended to nanostructured interfaces or finite nanoparticles43,96–98. 
For such systems, the hot carriers are not free particles but bound 
to the nanostructure. Momentum conservation does not apply, and 
a more rigorous treatment accounting for the electron dispersion in 
the metal should be used to improve the accuracy of hot electron 
collection efficiency. Nevertheless, only some of the hot carriers will 
make it to the interface without undergoing inelastic collisions. A 
physical estimate of this fraction is provided by the mean free path 
of the electrons, which in metals and semiconductors is quite short 
(about 1–100 nm) and follows a more-or-less universal dependence 
on the energy above the Fermi level99. The hot electrons arriving at 
the metal/oxide interface with a kinetic energy exceeding the barrier 
ϕB have a certain probability of traversing the barrier (step 3) but can 
still be reflected. This follows from the requirement that the electrons 
have to conserve their energy, and, in the case of a planar interface 
separating two identical materials, their momentum tangential to 
the metal/barrier interface upon transmission through the barrier. 
This can be understood by analysing the constant energy contour 
that connects all of the possible terminations of the allowed electron 
momenta at a given kinetic energy 

Ekin =
2me*

ћ2
(k2

i,x + k2
i,y)

where ħ is reduced Planck’s constant, me* is the effective mass of the 
electron, and ki,x and ki,y are the hot electron momenta in either the 
metal (i = m) or barrier (i = b) in the x and y directions respectively. 
For free electron materials, these contours are circles (Fig. 5f). The 
high Fermi level of common metals and the band offset with the 
barrier material result in a difference in size of the two circles. This 
restricts the momenta of the hot electrons that can escape to a solid 
angle Ω beyond which total internal reflection occurs. Electrons 
within that solid angle can experience significant reflection as 
a result of the large wavevector contrast (that is, impedance mis-
match) between electrons in the metal contact and barrier100–102. It 
was proposed that roughening the metal/semiconductor surface or 
using sharp tips can alleviate the issue surrounding the impedance 
mismatch, and experimentally roughened surfaces have indeed pro-
duced higher photocurrents103,104. A recent investigation on tapered 
and nanostructured tips has demonstrated internal quantum effi-
ciencies up to 30%104. This hints at the exciting opportunity to engi-
neer optics-inspired, atomic-scale anti-reflection coatings, resonant 
tunnelling structures and other such structures to manipulate the 
electrons with characteristic wavelengths of the Fermi wavelength. 
Another approach to boost efficiency is to increase the interaction 
length of the metal in metal-clad semiconductor waveguides103,105 

or use optical antennas (Fig.  5d,e)106–108 capable of concentrating 
the light absorption near metal/semiconductor interfaces. Optical 
antennas also allow spectral tuning of the detectors (Fig. 5e).

Similar arguments hold for metal–insulator–metal (MIM) junc-
tions. Thin-film, integrated MIM junctions have been developed as 
detector elements in the terahertz and mid-infrared ranges since the 
1970s88.89. At these low frequencies, photoejected carriers cannot 
make it over the high energetic barriers (~1 eV) typically found in the 
MIM junctions. For this reason, one typically makes the oxide suf-
ficiently thin (~1 nm) to allow for barrier tunnelling. In the visible or 

Figure 5 | Hot electron devices. a, Band diagram of a Schottky detector. ITO, indium tin oxide. b, Gold taper used to adiabatically compress a surface 
plasmon polariton (SPP) into the Au/Si Schottky junction. c, Gold resonant antenna on an n-type Si substrate. d, Scanning electron microscopy image of 
the device shown in c with many Au antennas. e, Experimental photocurrent spectra for devices as in panels c and d with antenna lengths in the range 
from 110 to 158 nm. f, Constant-energy contours for hot electrons in the metal and barrier regions. Hot electron emission is confined to a solid angle 
Ω that is determined by the maximum allowed momentum of hot electrons in the barrier kb,ymax. km, hot electron momentum in the metal. g, Variation 
of photoresponsivity with polarization angle for a metal–insulator–metal (MIM) crossbar junction formed between a metal stripe and a planar bottom 
electrode. TM and TE are the transverse magnetic and electric modes, respectively. The inset shows a scanning electron microscopy image of the device. 
h, Photodetector device consisting of a heptamer plasmonic nanoantenna sandwiched between two graphene layers. Figures reproduced with permission 
from: a,c,d,e, ref. 106, © 2011 American Association for the Advancement of Science; b, ref. 104, 2013 Nature Publishing Group; f,g, ref. 98, © 2014 
American Chemical Society; h, ref. 109, © 2012 American Chemical Society.
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ultraviolet, an alternative approach based on hot electron generation 
in one of the metal contacts110 and its subsequent transport across 
the oxide to the other metal can be used111. Because of the arguments 
above, the efficiency of hot electron production and emission across 
the barrier has been too low for practical application112, and again 
plasmon excitations have only recently been explored to boost effi-
ciency102,113. Recent experiments have also indicated the possibility 
of directing hot electrons along the polarization of the incident light 
by exciting surface plasmons102,107,110. This can, for example, be seen 
in the strong polarization dependence of the responsivity of plas-
monic MIM detectors where one of the metals was reshaped into a 
plasmonic stripe-antenna. The large polarization dependence in this 
case could not be explained by the comparatively small difference in 
light absorption for the two polarizations along or orthogonal to the 
stripes (Fig. 5g).

There are also exciting opportunities to realize new function-
alities. For example, it was illustrated how the wavelength- and 
voltage-dependent transmission of hot electrons across a barrier 
can be exploited to perform spectrometry without the need for spa-
tial dispersion of the light114. Recently, very efficient capture of hot 
electrons emitted by optical antennas was also demonstrated with 
graphene, further opening the materials suite for hot electron detec-
tors (Fig. 5h)109. The fusion of the two-dimensional materials field 
with the hot carrier field opens up entirely new device functions 
by capitalizing on the electrically controllable optical and electronic 
properties of such atomically thin materials.

Outlook
This Review highlights a wealth of opportunities for the genera-
tion and use of plasmon-induced hot carriers in nanoparticles. 
Judiciously designed plasmonic nanostructures can greatly enhance 
light absorption and convert incident photons into hot electrons and 
holes with tunable energies5,43. This provides tantalizing opportuni-
ties for driving out-of-equilibrium physical and chemical processes 
using hot carriers and offering an extreme degree of control over 
their energies, temporal features and spatial distribution includ-
ing, for instance, the specific facet or step-edge from where they 
are ejected38,39. 

Although the feasibility of plasmon-induced hot carrier genera-
tion has been clearly demonstrated in several of the studies high-
lighted in this Review, further fundamental studies are needed to 
optimize these processes for viable technological applications. In 
particular, it will be important to determine with more accuracy the 
timescales involved in hot carrier relaxation and what physical and 
chemical parameters influence these timescales.

Timescales play a fundamental role in determining the energy 
distribution of the hot carriers and thus their probability of trans-
ferring into nearby acceptor levels or inducing chemical reactions. 
It is clear that the increased confinement in a finite nanoparticle will 
increase the lifetimes of excited carriers compared with the situa-
tion on extended surfaces, but the extent of this effect has not been 
investigated. Because hot electron transfer across Schottky barriers, 
as discussed in the section ‘Hot carrier devices’, has been observed 
experimentally86,103–106, it follows that a substantial number of hot 
carriers survive long enough for charge transfer processes to occur. 
The experiments on plasmon-induced H2 dissociation, discussed in 
the section on ‘Applications of hot carriers in chemistry’, show that 
hot electrons with energies more than 1 eV above the Fermi level 
are present31,32. Because a dissociation event occurs on a picosecond 
timescale, the lifetimes of these very hot carriers must exceed this 
picosecond timescale for dissociation to occur. Although the phase-
space argument inherent in Fermi liquid theory suggests that the 
lifetime of excited electrons depends inversely on the square of their 
excitation energy (measured from the Fermi level), this argument 
fails when the excitation energy is large and the dispersion of the 

electrons is different from electrons on the Fermi surface. Electrons 
only interact strongly when their wavefunctions overlap. This over-
lap is typically reduced when the energy difference between the 
electrons is large. For the same reason, high-energy electrons are 
unlikely to interact strongly with phonons.

On the topic of plasmon-induced photocatalysis, any funda-
mental insight gained into the yield and energy distribution of hot 
carriers will prove invaluable in exploiting these effects for new 
chemical reactions. It is important to remember that although this 
field is called ‘catalysis’ for historical reasons, the role of plasmonic 
substrates as sources of hot electrons and holes goes far beyond the 
traditional definition of a catalytic substrate: an entity that influ-
ences the rate of reaction but does not change its outcome. As an 
active contributor of a reactant — electron or hole — in a chemi-
cal process, the plasmonic substrate can result in an altogether new 
set of reaction products, not just a change in reaction rate. The 
opportunity to use plasmon-induced photochemistry to streamline 
chemical reactions to favour a specific product is only one tantaliz-
ing possibility: facilitating ‘impossible’ chemical reactions may be a 
recurrent theme, once the full potential of these hot carrier sources 
is better understood. Local heating may offer a different lever to 
control such reactions.

The experimental determination of the timescale for hot carrier 
relaxation will clearly go beyond conventional ‘plasmonic’ spec-
troscopies and will require ultrafast tools and, quite possibly, simi-
lar types of ultrahigh-vacuum instrument to those used in surface 
science. The successful realization of plasmon-induced hot electron 
science is also highly likely to involve new, non-traditional plas-
monic materials that allow more efficient hot carrier production 
yields than noble metals. In addition to important applications such 
as photodetection, photocatalysis and light harvesting, plasmon-
induced processes are also expected to provide new fundamental 
insight into dynamical processes at surfaces, including desorption 
of molecules and chemical reactions. Plasmons are intrinsically 
ultrafast excitations, and by coupling hot carrier generation on the 
surfaces of nanoparticles to excitations in nearby systems, such 
timescales can naturally be probed. Such studies will require new 
types of time-dependent chemical and physical modelling of quan-
tum mechanical processes and many-electron interactions. To fully 
capitalize on the many open opportunities, we still have much to 
learn about hot carriers after more than 125 years of study. With the 
advances in nanotechnology and nanoscale characterization, this 
field is ripe for scientific breakthroughs and will remain a hot topic 
for years to come.
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