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Plasmon-induced hot-electron generation at
nanoparticle/metal-oxide interfaces for
photovoltaic and photocatalytic devices

César Clavero

Finding higher efficiency schemes for electron-hole separation is of paramount importance for realizing more efficient conver-
sion of solar energy in photovoltaic and photocatalytic devices. Plasmonic energy conversion has been proposed as a promising
alternative to conventional electron-hole separation in semiconductor devices. This emerging method is based on the genera-
tion of hot electrons in plasmonic nanostructures through electromagnetic decay of surface plasmons. Here, the fundamentals
of hot-electron generation, injection and regeneration are reviewed, with special attention paid to recent progress towards
photovoltaic devices. This new energy-conversion method potentially offers high conversion efficiencies, while keeping fabrica-
tion costs low. However, several considerations regarding the materials, architectures and fabrication methods used need to be

carefully evaluated to advance this field.

concentrating properties of surface plasmons open up a wide

range of applications in the field of plasmonics’. Localized
surface plasmon resonance (LSPR) can occur in properly designed
nanostructures in which confined free electrons oscillate with the
same frequency as the incident radiation and eventually enter
resonance, giving rise to intense, highly localized electromagnetic
fields. Consequently, such nanostructures have been proposed as
efficient light-trapping components that can be integrated in pho-
tovoltaic cells to increase the efficiency of conventional architec-
tures considerably®*. However, recent investigations have shown
that plasmonic nanostructures can also directly convert the col-
lected light into electrical energy by generating hot electrons* .
After light absorption in the nanostructures and LSPR excitation,
plasmons can decay, transferring the accumulated energy to elec-
trons in the conduction band of the material. This process produces
highly energetic electrons, also known as ‘hot electrons, which can
escape from the plasmonic nanostructures and be collected by, for
example, putting the plasmonic nanostructures in contact with a
semiconductor, thereby forming a metal-semiconductor Schottky
junction®. This new scheme for solar energy conversion opens up
a way to realize photovoltaic and photocatalytic devices whose
performances may rival, or even exceed, those of conventional
devices. However, some difficulties and limitations inherent to the
nature of this energy conversion process and to the properties of
the materials employed need to be addressed in order to achieve
larger efficiencies while keeping fabrication costs low.

_|_he outstanding light-trapping and electromagnetic-field-

Plasmonic energy conversion

Plasmonic hot-electron generation. Electrons not in thermal
equilibrium with the atoms in a material are frequently referred to
as hot electrons. The term hot electrons refers to electrons whose
distributions can be fundamentally described by the Fermi func-
tion, but with an elevated effective temperature'*. When a material
is illuminated with highly energetic photons (for example, ultra-
violet radiation), hot electrons are generated and emitted from the

material via the photoelectric effect’®. Electrons whose energies
exceed the work function of the material are emitted, producing
a photocurrent. However, as the solar spectrum is mostly com-
posed of less energetic visible and near-infrared photons, the use
of this effect is impractical for photovoltaic devices. Hot electrons
can also be generated by exothermic chemical processes'®", such
as those that occur in dye-sensitized solar cells'®. In these cells, a
dye molecule anchored to a semiconductor absorbs incoming light
and transfers energetic charge carriers to the semiconductor®.

A major breakthrough in this field was the recent discovery of
hot-electron generation in plasmonic nanostructures. Following
light absorption and LSPR excitation in these nanostructures,
electromagnetic decay takes place on a femtosecond timescale,
either radiatively through re-emitted photons® (Fig. 1a, left) or
non-radiatively by transferring the energy to hot electrons'>*-
(Fig. 1a, right). In the non-radiative process, surface plasmons first
decay into single-electron excited states. This might be followed by
photoemission if the electron energy exceeds the work function of
the material®*. Two-photon processes have also been described?.
Non-radiative decay in noble-metal nanostructures can take place
through intraband excitations within the conduction band or
through interband excitations caused by transitions between other
bands (for example, d bands) and the conduction band. However,
the d band energy levels respectively lie 2.4 eV and 4 eV below the
Fermi energy levels for Au and Ag, making interband excitations
considerably more unlikely than intraband excitations*?*. The
remaining photoexcited electrons relax through electron-elec-
tron and electron-phonon collisions, and are ultimately converted
into heat™.

Figure 1b depicts the parabolic density of states (DOS) in the
conduction band of a plasmonic nanostructure with a Fermi
energy Ep, as a function of energy. After non-radiative surface
plasmon decay, electrons from occupied energy levels are excited
above the Fermi energy. For example, surface plasmons in Au and
Ag noble-metal nanostructures can transfer energies between
approximately 1 eV and 4 eV to hot electrons; this energy depends
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Figure 1| Surface-plasmon decay, hot-electron generation and injection. a, Localized surface plasmons can decay radiatively via re-emitted photons

or non-radiatively via excitation of hot electrons. In noble-metal nanostructures, non-radiative decay can occur through intraband excitations within

the conduction band or through interband excitations resulting from transitions between other bands (for example, d bands) and the conduction band.

b, Plasmonic energy conversion: electrons from occupied energy levels are excited above the Fermi energy. ¢, Hot electrons can be injected into a
semiconductor by forming a Schottky barrier with the plasmonic nanostructure. Hot electrons with energies high enough to overcome the Schottky barrier
®se= @ — Xs are injected into the conduction band E, of the neighbouring semiconductor, where ¢,, is the work function of the metal and y; is the electron

affinity of the semiconductor.

on the carrier concentration and the size and shape of the nano-
structures”?*”. An efficient mechanism for capturing such hot
electrons is to form a Schottky barrier with an appropriate semi-
conductor. Figure 1c shows a Schottky barrier between a plas-
monic nanostructure and an n-type semiconductor, such as TiO,.
TiO, is a good electron-accepting metal oxide because of the high
DOS in its conduction band; it thus permits fast electron injec-
tion. Hot electrons with energies higher than the Schottky barrier
energy @ can be injected into the semiconductor with an emis-
sion efficiency dependent on their energy®. In addition, tunnelling
across the barrier can take place with a much lower probability?.
The energy needed for hot electrons to overcome the energy bar-
rier in this system is considerably smaller than the bandgap of the
semiconductor E, (refs 7,28). After injection of hot electrons into
the neighbouring semiconductor, the plasmonic nanostructures
are left positively charged because of electronic depletion. An
electron-donor solution or a hole-transporting material (HTM) is
required to be in contact with the nanostructures to transport the
generated holes to the counter electrode, keeping the charge bal-
ance and sustaining an electric current.

As this Review will show, plasmonic devices are not affected by
the thermodynamic factors that limit the efficiencies of conventional
semiconductor-based devices, and they thus open a new horizon of
possibilities in the field of solar energy conversion. The size, shape
and composition of the plasmonic nanostructures can be adapted
to obtain broad absorption across the whole solar spectrum. The
high absorption cross-section of plasmonic nanostructures allows
the thickness of the active zone to be reduced while maintaining
a high light-trapping efficiency. In addition, recent studies have
shown that their efficiency rises slightly with increasing tempera-
ture because of a higher probability of hot-electron injection®.

First steps towards plasmonic energy conversion. Early stud-
ies published in 1996* showed hints of surface-plasmon-induced
charge separation in noble-metal nanoparticles in contact with
TiO,. Zhao et al.* were the first to report an anodic photocur-
rent generated by visible-light illumination of a TiO, electrode
with a TiO, overlayer containing gold or silver nanoparticles. This
was a striking result because the wide bandgap (3.3 eV) of TiO,
means that conventional TiO, electrodes generate photocurrents
only when illuminated with ultraviolet light. The origin of these
photocurrents was unclear at the time; Zhao et al. suggested the
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excitation of LSPR in the nanoparticles as a possible mechanism.
This research field remained dormant for some years until 2003,
when multicolour photochromism (that is, a reversible change in
colour on illumination) in Ag nanoparticles dispersed in TiO, was
reported®. This phenomenon was ascribed to LSPR-induced charge
separation and oxidation of the Ag nanoparticles’" (Fig. 2a). The
inverse process, namely reversible injection of electrons from TiO,
into Ag in core-shell Ag-TiO, nanoparticles, was also demon-
strated by Hirakawa and Kamat*.

Shortly after, several studies>®**** demonstrated the three steps
required to generate a photoinduced closed-circuit current — hot-
electron generation, injection and regeneration. Systems consist-
ing of Au or Ag nanoparticles absorbed onto nanoporous TiO,
(which, in some cases, was in contact with an electron-donor solu-
tion) were investigated (Fig. 2b). Tian and Tatsuma®® observed
hot-electron injection into the TiO, matrix on excitation of LSPR
in the nanoparticles by visible light illumination. Subsequently,
compensative electrons from a donor solution in contact with the
plasmonic nanoparticles were injected into the nanoparticles, bal-
ancing their electronic deficit and ultimately creating an electric
circuit. The measured action spectra, which show the incident
photon-to-electron conversion efficiency (IPCE) as a function of
wavelength, exactly reproduced the extinction spectra of the Au
nanoparticles, clearly demonstrating that LSPR plays a key role in
promoting hot-electron generation (Fig. 2b).

Following these pioneering studies, very many studies have
investigated plasmonic hot-electron generation with application
to both photovoltaic and catalytic devices. Most of these stud-
ies investigated Au or Ag nanoparticles in contact with TiO,**
(Fig. 2¢), but more recently multiple combinations of materials
and architectures have been proposed. Some examples are mul-
tilayer assemblies of Au nanoparticles and TiO, nanosheets*, Pt
nanoparticles on TiO, thin films*, Ag-decorated TiO, nanotube
arrays** (Fig. 2d), ZnO nanorods decorated with Au nanopar-
ticles*®!, hierarchical Au-ZnO flower-rod heterostructures™
(Fig. 2e), Au nanoparticles in contact with CeO,”*, Au nano-
prisms on WO,*, AgBr decorated with Ag nanoparticles and dis-
persed in AlL,O,*, Ag-Agl supported on mesoporous alumina”,
AgCl particles decorated with Ag nanoparticles®, core-shell SiO,—-
TiO, nanoparticles decorated with Au nanoparticles®, M-TiO,
core-shell nanocomposites (where M = Au, Pd, Pt)*¢ (Fig. 2f),
Au nanorods on Si” and Au-alumina-Au multilayers®.
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Figure 2 | Hot-electron generation by plasmonic nanostructures. a, Photochromism in Ag nanoparticles as a result of hot-electron generation®°. b, Sketch
of the system proposed by Zhao etal.* consisting of Au nanoparticles deposited on nanoporous TiO, (left). Tian etal.>¢ used a similar system, but added
an electron donor solution. The action spectra, that is, incident photon-to-electron conversion efficiency (IPCE), and extinction spectra share the same
spectral shape. ¢, Transmission electron micrograph for Au-decorated TiO, nanoparticles®®. d, Scanning electron micrograph of Ag in TiO, nanotubes®.

e, Scanning electron micrograph of Au nanoparticles on ZnO flower-rod heterostructure®?. f, Transmission electron micrographs of Au-TiO, core-shell
nanoparticles®®. Figure reproduced with permission from: a, ref. 30, © 2002 NPG; b, ref. 5, © RSC 2004; ¢, ref. 38, © 2011 ACS,; d, ref. 48, © Springer 2012;
e, ref. 52, © Springer 2013; f, ref. 60, © 2011 ACS.

Timescales of hot-electron generation, injection and regenera-
tion. Fast-electron injection in the neighbouring semiconductor
before carrier recombination is a key factor for increasing the
efficiency of the energy conversion process. Several studies have
focused on the timescales of the hot-electron generation, injec-
tion and regeneration mechanisms. They exploit the increased vis-
ible and infrared absorbance of TiO, when electrons are injected
into the conduction band®®***. Furube and Du’s group'"¢>%* have
used ultrafast visible-pump/infrared-probe femtosecond transient
absorption spectroscopy to characterize the charge transfer kinet-
ics. Laser pulses (duration, 150 fs; wavelength, 550 nm) were used
to excite LSPR in Au nanoparticles deposited on TiO, (Fig. 3a),
while the transient absorption of TiO, at 3,500 nm was simulta-
neously monitored. The group found that hot-electron genera-
tion and injection completed within 50 fs. Because relaxation of
electrons with a non-Fermi distribution in Au nanoparticles was
found to occur through electron-electron (<100 fs), electron—
phonon (1-10 ps) and phonon-phonon (~100 ps) interactions,
the researchers concluded that electron injection occurs before
or during thermalization as a result of electron-electron inter-
action'"$>%. Interestingly, comparison with ruthenium N3 dye
on TiO,, which is known to have a carrier injection efficiency of
almost 100%, allowed them to determine that the injection effi-
ciency was around 40% for Au-TiO, under 550-nm excitation.
The injected hot electrons decay back to the nanoparticles after
1.5 ns when no donor solution is in contact with the Au nano-
particles, whereas carrier regeneration takes place when a donor
solution is used. Tian et al.®*** investigated the timescale of the
charge regeneration process when different electron-donor layers
were in contact with the Au nanoparticles. They used [Fe(CN)]*,
Fe?*, ferrocenecarboxylic acid®® and polyethylene oxide filled with
TiO, nanoparticles containing optimized redox couples of I/I;
(ref. 64). The oxidized Au nanoparticles were shown to be totally
regenerated in less than 20 ns in the presence of I, making this
the fastest process. To further enhance the energy conversion effi-
ciency of this process, it is critical to achieve faster hot-electron
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injection before energy loss occurs through electron-electron col-
lisions and faster carrier regeneration by using optimized donor
solutions or HTMs.

Effects of size and shape of plasmonic nanostructures. The size
and shape of active plasmonic nanostructures are among the most
important parameters for LSPR excitation and hot-electron gen-
eration. They affect not only the wavelength at which LSPR takes
place, but also the efficiency of the charge separation process. As
mentioned above, surface plasmons decay by either radiative emis-
sion of photons (the dominant process in large Au and Ag (20-
40 nm) nanostructures®’) or through non-radiative excitation of
hot electrons (the dominant process for smaller nanostructures®).
The nanostructure size at which radiative decay starts becoming
the predominant process strongly depends on the optical char-
acteristics of the material. Langhammer et al.®® investigated this
dependence in lithography-patterned Ag, Pt and Pd nanodisks
with sizes ranging from 38 nm to 530 nm. Interestingly, non-radi-
ative decay was found to be the dominant process for Pd and Pt
nanodisks for all the investigated sizes, whereas it disappeared for
Agnanodisks larger than 110 nm. Yu et al.* observed larger photo-
currents for 15-nm-diameter nanoparticles than in nanoparticles
with larger diameters because of more efficient decay of surface
plasmons into hot electrons in the 15-nm-diameter nanoparti-
cles. In addition, spherical nanoparticles exhibit a single plasmon
resonance peak, whereas structures such as nanorods exhibit two
characteristic peaks that correspond to longitudinal and trans-
verse modes. This phenomenon has been investigated in peri-
odically distributed Au rods nanopatterned on TiO, single-crystal
substrates'®” (Fig. 3b) and in nanorod-based plasmonic systems'.
Double-peaked extinction spectra allow the optical absorption
range to be extended, which is typically in the visible range for Au
nanostructures, to the near-infrared region. The action curves of
the nanorods accurately reproduce their extinction spectra, with
a maximum IPCE of around 8.4% when they are immersed in an
electron-donor solution. Strikingly, the photoelectric conversion
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Figure 3 | Hot-electron regeneration and shape effects. a, Ultrafast visible-pump/infrared-probe femtosecond transient absorption spectroscopy shows
the timescale of hot-electron injection in the TiO, conduction band®?. b, SEM images for nanopatterned Au nanorods. The dimensions of the Au nanorods
are 100 nm x 240 nm x 40 nm. The action spectra corresponding to non-polarized light (black), polarized light along the minor (red) and major (blue) axis
directions of the nanorods reproduce the extinction spectra. Also, a progressive increase in the photocurrent is observed with increasing temperature®. c,
Oxidation of Ag nanorods and redeposition of small Ag nanoparticles takes place as a result of plasmon-induced charge separation. After LSPR excitation
and hot-electron generation, the oxidized Ag* ions diffuse in the water layer adsorbed on the TiO, substrate and eventually recombine with electrons from
TiO,, forming satellite redeposited islands. The atomic force microscopy images show Ag nanorods with various aspect ratios (ARs) that have undergone
excitation of multipole plasmon modes from m =1to 4 after irradiation with 800 nm. The rods experience changes in length depending on the incident
wavelength and mode excited. Horizontal scale bars are 50 nm (ref. 71). Figure reproduced with permission from: a, ref. 62, © 2007 ACS; b, ref. 29, © 2010

ACS; ¢, ref. 71, © 2012 ACS.

efficiency obtained with these plasmonic structures increases with
increasing temperature, in contrast to the general trend of semi-
conductor-based solar cells (Fig. 3b, bottom). Plasmonic energy
conversion could thus solve the overheating problem that afflicts
conventional photovoltaic cells®.

Several works have provided insights into the localization of hot-
electron generation in plasmonic nanostructures. Kazuma et al.”*”!
showed that sites in Ag nanorods on TiO, exposed to higher elec-
tromagnetic fields generate more hot electrons. After LSPR exci-
tation and hot-electron generation, the oxidized Ag* ions diffuse
in the water layer adsorbed on the TiO, substrate, and eventually
recombine with electrons from TiO,, leading to the formation of
satellite redeposited islands (Fig. 3¢, top). This effect was observed
in rods with different aspect ratios that sustained different multi-
pole plasmon modes (m is 1-4), as shown in the atomic force
microscopy images shown in the bottom portion of Fig. 3c. Islands
appeared in locations where the LSPR electromagnetic field was
more intense, confirming the hypothesis that the charge generation
process is induced and/or promoted by the intense electromagnetic
fields in the plasmonic nanostructures. Optimizing the design of
plasmonic nanostructures so as to maximize the electromagnetic
fields will increase hot-electron generation.

The geometry and the locations of the plasmonic nanostruc-
tures relative to the neighbouring semiconductor material are
also very important. Knight et al.'* showed that the photocurrent
generated by an active plasmonic element can be significantly
enhanced by embedding it in the neighbouring semiconductor,
as this permits more efficient transfer of hot electrons. Also, as
shown below, direct contact between the donor solution or HTM
and the semiconductor material should be avoided to prevent det-
rimental carrier recombination.
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Towards solid-state devices. Electron-donor solutions and HTMs
play a key role in regenerating the carriers after hot-electron injec-
tion. Tian and Tatsuma® compared the performances of seven dif-
ferent donor solutions: [Fe(CN)]*, I, Fe?*, ferrocenecarboxylic
acid, Br~, 1,1’-ferrocenedicarboxylic acid and CI". They reported
an IPCE of 12% at around 560 nm when Fe?* was used as an elec-
tron donor. They obtained an extremely high IPCE of 26% on the
addition of 4-nitrobenzoic acid, which they attributed to the acid
being adsorbed on exposed TiO, and blocking the recombination
of electrons. Subsequent studies®®* associated the higher effi-
ciency of Fe?* to faster carrier regeneration rates.

Carrier regeneration using liquid electrolytes is advantageous
for photocatalysis applications as the liquid electrolyte facilitates
the flow of the processing chemicals past the plasmonic nano-
structures. In contrast, liquid cells are impractical for photovoltaic
applications because of their lack of stability and problems with
leaking and evaporation. In recent years, several solid-state plas-
monic solar cell structures have been proposed, bringing practical
application one step closer. Initial results for solid-state photovol-
taic cells with organic and inorganic HTMs were unsatisfactory;
the efficiencies obtained were very low, being around four orders
of magnitude lower than those of liquid cells with an electrolyte
containing a redox couple. Yu et al.”> tested different solid-state
cell architectures in which Au nanoparticles are in contact with
TiO, and various HTMs, including poly(N-vinylcarbazole) (PVK),
N,N'-bis(3-methylphenyl)-N,N’-diphenyl-[1,1'-biphenyl]-4,4’-
diamine (TPD), Cul and CuSCN. They obtained a very low
maximum IPCE of 0.0024% using PVK, which they attributed to
carrier recombination caused by contact between the HTM and
TiO,. They also considered possible degradation of the HTM lay-
ers. Surprisingly, higher efficiencies were obtained in subsequent
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studies that did not include any specific electrolyte or HTM layer.
Takahashi and Tatsuma’”* showed that devices consisting of Au
and Ag nanoparticles on TiO, and in contact with indium-tin
oxide (ITO), where electrons are simply injected into the nano-
particles from the ITO film, can achieve IPCEs of around 0.4%
and 0.6% for Au and Ag nanoparticles, respectively. Tian et al.*
recently produced solid-state solar cells with considerably higher
efficiencies (an IPCE as high as 6%) by using a similar architecture
consisting of Au nanoparticles on TiO, and polyethylene oxide
filled with TiO, nanoparticles as the HTM, which contains opti-
mized redox couples I/I,~. Recently, Reineck et al.”> used Spiro-
OMeTAD as the HTM film in solid-state cells with self-assembled
Au and Ag nanoparticles, obtaining IPCEs of 4.9 and 3.8%, respec-
tively. Although recent advances in this field are encouraging, fur-
ther research is needed to obtain HTMs and architectures that
prevent carrier recombination occurring through direct contact
with the semiconducting material.

Other applications and approaches. The injection of hot electrons
from plasmonic nanoparticles into the semiconductor matrix on
illumination significantly changes the conductivity of the system.
Several studies have explored the possibility of using this principle to
obtain plasmo-electronic devices in which the conductivity is con-
trolled by varying the intensity of the visible light illumination. In
recent studies””, this effect has been observed in nanoparticles sta-
bilized with different self-assembled monolayers, which increased
or reduced the electrical conductivity of the material during reso-
nance, depending on whether they contained neutral or charged
ligands, respectively. Mubeen et al.”® proposed devices consisting of
Au nanoparticles and TiO, multilayers in which hot-electron tun-
nelling produced an over 1,000-fold increase in the conductance on
illumination by 600 nm light. Son et al.” reported surface-plasmon-
enhanced photoconductance in TiO, nanofibres loaded with Au
nanoparticles. Several other works have focused on plasmonic pho-
toinduced currents in nanodiode structures. Lee et al.*° observed an
enhanced photocurrent as a result of plasmon-assisted generation
of hot electrons on nanodiodes consisting of gold islands on TiO,;
the photocurrent can be further enhanced by incorporating dye
molecules®. Knight et al.” observed hot-electron flows induced by
infrared irradiation of Au/Si nanoantennas. Wadell et al.** investi-
gated Au-SiO,-Pd nanoantennas. Also, manipulation of plasmonic
resonance by changing the electronic density has been proposed for
applications such as smart windows and displays®.

So far, only a few works have explored plasmonic charge sepa-
ration using propagating surface plasmon polaritons (SPPs). The
use of SPPs is interesting as they cannot decay directly into pho-
tons unless surface roughness is present?; thus, non-radiative
decay is the only mechanism possible in flat films. Wang et al.?®
proposed a new architecture based on SPP excitation in a metal—-
insulator-metal structure illuminated under the prism coupler
configuration. Owing to the high localization of SPPs on the top
metal thin film, more hot electrons are transmitted from the top
electrode to the bottom electrode than in the opposite direction,
leading to the detection of a net photocurrent. Wang et al’s cal-
culations suggest that this kind of architecture could achieve effi-
ciencies of up to 4.3% for 640-nm irradiation of Ag films, and of
up to 3.5% for 780-nm irradiation of Au films. Nevertheless, in
practice, they were only able to measure efficiencies of around
2.7%, as a result of surface recombination at the metal-insulator
interface. Along the same lines, Pradhan et al.** investigated semi-
conductor-insulator-semiconductor heterojunctions consisting
of AL:Zn0O/SiO,/Si.

New directions in plasmonic energy conversion
Plasmonic hot-electron generation is a very promising energy
conversion process. However, it requires new advances in order to
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Figure 4 | Materials for plasmonic solar cells. a, Optical extinction of
metal (Al, Ag, Au and Cu) and conducting oxides (RuO,, AZO and ITO)
plasmonic nanostructures. The solar irradiance spectrum is plotted in

the background. b, Fermi level (E;), conduction (E.) and valence (E,)

bands energy for selected metals, conducting oxides and wide-bandgap
semiconductors of interest for the fabrication of plasmonic nanostructures.
The energies are plotted on a potential scale (V) versus the normal
hydrogen electrode (NHE) and also versus vacuum. The values for E_ and
E, for TiO,, ZnO, CeO, and AgBr were obtained from refs 19, 9, 100 and 101,
respectively. The E; values for Au, Ag, Cu, ITO, FTO, AZO and GZO were
obtained from refs 64, 4, 93 and 102-105, respectively.

approach the record efficiencies achieved by state-of-the-art semi-
conductor solar cells. Several aspects directly related to the nature
of these devices need to be considered, including the materials
used to fabricate the plasmonic nanostructures, the semiconduc-
tors used to capture the photoexcited hot electrons, their archi-
tectures and even the fabrication method. This section reviews
and discusses some of the most important aspects that need major
advances to further improve the efficiency of this energy conver-
sion method.

Efficiency and fabrication cost of plasmonic versus conven-
tional photovoltaic devices. A very important point that needs to
be carefully considered is the efficiency of the plasmonic devices
relative to that of conventional photovoltaic cells. Currently, the
most commonly used solar cells are based on crystalline Si (c-Si).
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Commercial solar cells generally have average efficiencies in
the range 16-20%, although efficiencies has high as 28.3% have
recently been achieved in single-junction solar cells®. Second-
generation photovoltaic devices consisting of thin-film cells made
from amorphous silicon, CdTe or copper-indium-gallium disele-
nide (CIGS) deposited on cheap substrates such as plastic, glass or
stainless steel have achieved efficiencies of up to 20.3% (ref. 85).
Third-generation devices encompass a large range of new technol-
ogies, including multijunction cells, multiband cells, hot-carrier
cells and solar thermal technologies®. Because they employ sev-
eral semiconductors with different bandgaps, multijunction solar
cells have considerably broader absorption spectra than single-
junction solar cells. This approach recently resulted in a record
efficiency of 43.5% being realized under concentrated illumina-
tion®. In contrast, the maximum efliciency achieved to date in
dye-sensitized solar cells based on hot-electron generation is only
11.4% (ref. 85). In contrast, plasmonic solar cells based on hot-
electron generation are still in their infancy; their efficiencies are
discussed below.

The energy from surface plasmon decay is transferred to elec-
trons over the whole DOS distribution of the nanostructure’s
conduction band. This creates a very broad distribution of hot-
electron states above the Fermi energy, so that many hot electrons
may have insufficient energy to be injected into the semicon-
ductor. White and Catchpole® estimated the efficiency limit of
Schottky-barrier-based plasmonic energy conversion devices.
Assuming a parabolic DOS for the conduction band of metals
such as Ag and Au, a Schottky barrier energy of ¢, = 1.2 eV, and
an equal photoexcitation probability for all the electrons in the
conduction band, results in a maximum IPCE of 8%. However,
photoemission experiments in noble metals indicate that elec-
trons close to the Fermi energy are preferentially excited over
lower energy electrons®, which considerably increases the effi-
ciency of this process. To reflect this observation, White and
Catchpole® also performed calculations for a more realistic
model in which the effective conduction band edge is 0.15 eV
below the Fermi level. Such a narrow DOS distribution makes
the emission efficiency approach a step-like function in which the
probability of hot electrons with energies higher than ¢ cross-
ing the barrier approaches 100%. For this case, they calculated a
considerably higher efficiency of 22.6% for ¢y, = 1.4 eV. Further
engineering of the DOS of the plasmonic material to favour pref-
erential excitation of electronic levels close to the Fermi energy,
such as in semiconductor-based plasmonic nanostructures, along
with tuning of the Schottky barrier, will allow efficiencies well in
excess of 22% (ref. 25). Furthermore, the use of materials with
LSPR frequencies spread over the whole solar spectrum will ena-
ble more efficient utilization of the solar radiation, as shown in
the next subsection.

Efficiencies higher than 22% certainly make plasmonic solar
cells an interesting alternative. However, the success of this tech-
nology is dependent on realizing a high efficiency while keeping
fabrication costs low. The cost of Si has dropped over the past few
years, but c-Si solar cells require relatively thick (180-300 um)
films with their associated expensive processing®. Second- and
third-generation thin-film-based solar cells are cheaper to fab-
ricate, but their materials have poor light trapping, so that plas-
monic and dielectric light-trapping mechanisms are required’. In
this sense, plasmonic solar cells combine the low fabrication costs
of second-generation solar cells with the highly efficient light trap-
ping of their plasmonic elements.

The method used for fabricating plasmonic energy conversion
devices also greatly affects their cost. So far, they have been mostly
fabricated by inexpensive solution-based methods in which com-
mercially available noble metal and semiconductor nanoparti-
cles are properly combined®**¢>72. Noble metal nanoparticles of
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controlled size have also been obtained by photocatalysis®***7°,
electrodeposition®’, electrodeposition through a thin alumina
nanomask”™, electrostatic self-assembly’”® and by a modified
Turkevich method**. More complicated structures, such as core—
shell nanoparticles, have been fabricated®®'. Also, noble metal
nanoparticle-decorated TiO, nanotubes have been fabricated by
the hydrothermal method* and electrochemical anodic oxida-
tion***’. Only a few studies have used lithography to achieve more
elaborate plasmonic nanostructure shapes, such as nanorods'®*
and nanowires'. Although the above-mentioned techniques are
useful for demonstrating this energy conversion method, scalable
techniques that provide a high degree of homogeneity over larger
areas together with fine control of the sizes and shapes of nano-
structures will be needed to further develop and eventually com-
mercialize these kinds of devices. To realize these goals, techniques
based on physical vapour deposition that have been modified to
enable nanoparticles to be created from a high-pressure plasma
are promising®-?'. They allow reactive gases such as oxygen to
be added, enabling the formation of size-controlled nanoparti-
cles of oxides such as TiO,, aluminium-doped zinc oxide (AZO)
and ITO. Other emerging technologies, such as nanoimprinting,
should also be considered for this application®. The use of such
techniques will lead to important breakthroughs in the develop-
ment of this technology.

Plasmonic materials and semiconductor acceptors for opti-
mized solar absorption. So far, noble metals such as Ag and Au
have been virtually the only materials used in plasmonic energy
conversion. Noble-metal nanostructures exhibit very intense
LSPR excitations, which give rise to very strong light absorption,
mainly in the visible region. The frequency at which plasmonic
nanostructures undergo LSPR strongly depends on their carrier
concentration. For spherical nanoparticles in air, LSPR occurs at a
frequency of w g = w,/ V3, where the plasma frequency w, directly
depends on the carrier concentration n, according to®”

w,= : 1

where e is the charge of an electron, m* is the effective mass of
an electron and ¢, is the permittivity of free space. Figure 4a
shows the calculated optical extinction (that is, optical absorp-
tion) for Al, Ag, Au and Cu nanoparticles superimposed on the
solar spectral irradiance AMI1.5. These nanoparticles have very
intense but narrow absorptions in the lower wavelength region
of the visible range because of their relatively high carrier con-
centrations® (around 5.9 x 10** cm™ for Ag and Au). However, a
significant portion of the solar radiation that reaches the Earth’s
surface has longer wavelengths; about 40% of the solar radia-
tion has a wavelength longer than 800 nm (ref. 29). It is there-
fore of paramount importance to find materials that allow us to
use a greater portion of the solar spectrum. Conducting oxides
and semiconductors have lower carrier concentrations than
noble metals, and hence lower plasma frequencies, placing their
resonances in the near-infrared range. Figure 4a shows the cal-
culated extinctions of the widely used conducting oxides RuO,,
aluminium-doped zinc oxide (AZO) and ITO. Conducting oxides
have broader absorptions than noble metals, mainly because of
their higher optical losses®. The use of plasmonic nanostruc-
tures made from conducting oxides to capture and convert the
infrared region of the solar spectrum will extend the range of
application of plasmonic solar cells, significantly increasing their
overall efficiency.

Furthermore, it is possible to use the doping concentration
in conducting oxides such as AZO and ITO to tune their carrier

NATURE PHOTONICS | VOL 8 | FEBRUARY 2014 | www.nature.com/naturephotonics

© 2014 Macmillan Publishers Limited. All rights reserved.



NATURE PHOTONICS boi:101038/NPHOTON.2013.238

concentration, and hence the spectral region in which plasmonic
resonance takes place. For example, the carrier concentration of
AZO can be varied in the range 0.5-10 x 10* cm~ by changing the
concentration of Al; this enables the surface plasmon resonance to
be varied over the wide range of 2,200-880 nm (ref. 95), as shown
in Fig. 4a. In addition, it is possible to create alloys of two or more
metals with fine-tuned plasmonic properties®®. Nanostructures
made from noble-metal-transition-metal alloys are the best can-
didates for this application because their Fermi level and surface
plasma frequency w gy can be modified. Other materials, such
as conducting transition-metal nitrides (for example, TiN, ZrN,
HfN and TaN) are interesting for plasmonic applications as they
exhibit metallic properties at visible frequencies®. Analogous to
multiple-junction solar cells in which semiconductors with dif-
ferent bandgaps are combined in order to cover the whole solar
spectrum, systems that combine multiple metals and conducting
oxides will permit the absorption spectrum of the devices to be
matched to the solar spectrum.

The semiconductor used to trap the photoexcited hot electrons
greatly affects the charge injection mechanism. Important factors
to consider are the bandgap of the semiconductor, which affects
the height of the semiconductor-metal Schottky barrier, and the
density of available states in the conduction band, which affects
the efficiency of the hot-electron injection process. Good align-
ment of the Fermi level of the plasmonic nanostructures with the
bands of the semiconductor is important to favour efficient carrier
injection®”. As shown in Fig. 4b, the Fermi energy level is around
0V on the normal hydrogen electrode scale’ for noble metals and
conducting oxides. The energy at which surface plasmons transfer
to hot electrons on decay has been shown to depend strongly on
the material, and the size and shape of the plasmonic nanostruc-
tures; it typically ranges between 1 eV and 4 eV for Au and Ag
nanostructures®?®?. Thus, the semiconductor needs to be cho-
sen such that the photoexcited hot electrons can overcome the
Schottky barrier ¢g. Figure 4b depicts the positions of the conduc-
tion and valence bands of several wide-bandgap semiconductors
of interest for plasmonic energy conversion. TiO, is by far the most
frequently used semiconductor material. It has a wide bandgap
(E,= 3.3 eV) and an excellent electron-accepting ability because
of the high DOS in its conduction band. This is mainly because
of the d-orbital nature of its conduction band; this contrasts with
other typical metal oxides (such as ZnO, SnO, and In,0;) whose
conduction bands are mainly composed of the s or sp orbital of
the metal atoms!!. These characteristics make TiO, an excellent
candidate for this application. Nevertheless, other semiconductors
such as ZnO, CeO, and AgBr have suitably positioned conduction
and valence bands, and they can also serve as efficient electron
acceptors. Further comparative studies are needed to determine
the most suitable material based on the particular characteristics
of the plasmonic nanostructures used.

Conclusions and outlook

Generation of hot electrons in plasmonic nanostructures is a very
promising energy conversion mechanism, and it has found inter-
esting applications in photovoltaic and photocatalytic devices.
This review has covered the fundamentals of hot-electron gen-
eration, injection and regeneration in plasmonic nanostructures.
Although still in its infancy, this field has witnessed considerable
progress, offering potentially high energy conversion efficiencies
while keeping fabrication costs low. Realizing fast hot-electron
injection before recombination and optimal carrier regeneration
are key factors that will allow higher conversion efficiencies to be
obtained. In addition, the use of new plasmonic materials such
as semiconductors and conducting oxides is proposed to extend
the spectral range of light absorption and hot-electron generation,
allowing optimum utilization of the solar spectrum.
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