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Plasmonic conversion of solar energy

César Clavero

Plasma Applications Group, Environmental Energy Technologies Division, Lawrence Berkeley National
Laboratory, 1 Cyclotron Road, Berkeley, CA, 94720, USA.

Finding new and more efficient paradigms for electron-hole separation is of paramount importance to advance
toward a more efficient conversion of solar energy into electricity in photovoltaic cells or into chemical energy in
photocatalytic devices. Plasmonic conversion of solar energy has been proposed in recent years as a promising
alternative to conventional semiconductor based devices. This novel method is based on the generation of
highly energetic electrons, i.e. “hot electrons”, through electromagnetic decay of surface plasmons in properly
designed plasmonic nanostructures. Such “hot electrons” can be extracted from the plasmonic nanostructures
and ultimately generate electric currents. Here, the fundamentals of plasmonic energy conversion are reviewed,
with special attention to recent progress in the development of this technology toward novel photovoltaic
devices. This new way of energy conversion offers interesting possibilities, mainly due to the outstanding light
trapping, electromagnetic field concentration and “hot electron” generation properties of surface plasmons.
However, several considerations regarding the materials, architectures and fabrication methods used in these
kinds of devices need to be carefully regarded to move the field of plasmonic conversion of solar energy
forward.
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1. Introduction

The outstanding light trapping and electromagnetic field concentration properties of surface plasmons open
up a wide spectrum of applications in the field of Photonics. In essence, surface plasmons are highly confined
and intense electromagnetic waves that propagate on the surface of conducting materials due to the interaction
of light with the conduction electrons’, allowing unprecedented control of light in the nanoscale, well below the
diffraction limit**. The novel discipline known as “Plasmonics” has attracted the attention of scientists from very
different backgrounds®, mainly due to the broad range of applications that the use of surface plasmons offer,
including miniaturized photonic circuits with length scales much smaller than those currently achieved® ’,

extreme concentration of light and electromagnetic fields in properly designed nanostructures” * 2

, and
remarkably enhanced sensitivity in biosensors’. However, in the last few years researchers have also turned
their attention to Plasmonics to solve one of the most relevant scientific and technological challenges facing
humanity in the 21*" century, i.e. efficient and affordable generation of clean, abundant energy from renewable
energy sources such as the Sun. Indeed, sunlight is by far the most prominent source of clean energy on the
surface of Earth, providing enough energy in about one hour to cover the energy demand of the planet in one
year'’. Achieving more efficient energy conversion will allow us to guarantee energy and environmental

sustainability within the upcoming decades.

In this scope, recent studies have proposed to use the outstanding light trapping and electromagnetic
energy concentration properties of plasmonic nanostructures in combination with conventional semiconductor-
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based photovoltaic cells and catalytic devices to increase their efficiency" ™. However, recent investigations

have shown that plasmonic nanostructures can convert the collected light into electric energy by generating

electron-hole pairs, also known as excitons™®*®

. After light absorption and surface plasmon excitation in the
nanostructures, plasmons can decay transferring the accumulated energy to electrons in the conduction band of
the material. This process gives rise to highly energetic electrons, also known as “hot electrons”, that can escape
the plasmonic nanostructures and be collected by, for example, putting the plasmonic nanostructures in contact

with a semiconductor forming a metal-semiconductor Schottky junction®®. This new paradigm of solar energy



conversion, based on the generation of “hot electrons” through surface plasmon decay, opens a new venue for
photovoltaic and photocatalytic devices that can potentially push further the current efficiency limits of
conventional devices while lowering the fabrication costs. Nevertheless, 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.

Several reviews have been recently published focusing on the application of plasmonic nanostructures in

1% 1921 mainly due to their outstanding applications for water splitting. The main

photocatalytic devices
advantage of these plasmonic photocatalytic systems is the fact that they are able to use the visible region of
the spectrum, considerably more abundant on the surface of Earth, and not only ultra violet radiation as it is the
case of conventional devices. While encouraging works have been recently published on this field, solar energy
conversion aimed at photovoltaic applications is still in its infancy. New approaches and architectures need to be
overtaken in order to optimize the “hot electron” generation, injection and regeneration processes in order to
obtain efficiencies comparable to state-of-the-art semiconductor based devices. This review is focused on the
physical fundamentals of plasmonic energy conversion, with special emphasis in photovoltaic applications. To
provide contextual background to this review, we begin with a brief description of the state-of-the-art in solar
energy conversion, followed by a detailed description of the fundamentals of plasmonic energy conversion. This
is followed by a detailed review of the most significant advances in this field over the last few years. We finish by
discussing the directions that should be taken in order to push further the efficiency of this novel energy
conversion method, with special attention to the materials, architectures and fabrication methods that could be

employed.

2. State-of-the-art in solar energy conversion

As previously mentioned, solar energy can be directly converted into electricity by means of photovoltaic
cells, or transformed into chemical energy as in the case of catalytic devices. In the last decades, significant
advances have been made to increase the efficiency and lower the cost of solar energy transformation
processes. Today’s most commonly used solar cells are based on thin film semiconductor architectures, in which
photons are captured and generate electron-hole pairs, under the influence of electric fields within the
semiconductor? [Figure 1 (a)]. While the average efficiencies for solar cells in the market are around 10-15%,
record efficiencies of 28.3% have been recently achieved in single junction solar cells®*. Multi-junction solar cells
have considerably broadened the absorption spectrum by combining semiconductors with different band gaps,
recently achieving record efficiencies up to 43.5%*. Nevertheless, concentrated illumination of 400-600 suns s
necessary to reach such high efficiency values®.

The efficiency of semiconductor based solar cells is limited by some fundamental factors directly related to
their own nature and the exciton generation process>. Carrier thermalization and inefficient light absorption are
the most important sources of thermodynamic losses in conventional solar-energy conversion systems,
accounting for more than a 40 % of the total loss in efficiency®. As it is illustrated in Figure 1 (b), only photons
with energies (hw) higher than the band-gap of the semiconductor E,; can be absorbed in these solar cells. An
electron-hole pair is formed across the band gap with energy E, after thermalization in the conduction band. The



difference between the absorbed photon energy and the band gap is lost to heat. Photons with energies lower
than the band gap energy E, cannot be absorbed and their energy is also lost. In addition to such
thermodynamic limitations, a considerable part of the losses are due to incomplete light trapping by the solar
cells®. Current crystalline Si semiconductor devices need to be in the 180-300 um thickness range due to the
low absorption cross section of Si, which accounts for most of the cost of the cells. It is highly desirable to obtain
thinner architectures (in the 1 to 2 pm range) on inexpensive substrates™. Other factors such as overheating,
considerably decrease the efficiency of these kinds of devices, and make refrigeration necessary in the case of
concentrated photovoltaics.

Second generation photovoltaic devices consist of thin-film cells made out of amorphous silicon, CdTe or
copper indium gallium diselenide (CIGS). Third generation devices are based on cells made from inexpensive
oxide semiconductor materials coated with light sensitive dyes, photoactive organic polymeric materials, and
quantum dots. In most cases, “hot electrons” are generated by means of exothermic chemical processes?® %%
[Figure 1 (c)]. However, the performance obtained is unsatisfactory, mainly due to the ineffectiveness of the
absorbed dye molecules in producing photocurrents and the recombination of carriers before being injected.
These new approaches are far from offering efficiencies high enough to compete with fossil fuels. New
paradigms for photon capture and conversion are needed to meet the future goals of energy and environmental
sustainability. In this scope, plasmonic electron-hole pair generation and injection is a novel method of solar
energy conversion that can lead to unprecedented efficiencies, mainly due to the outstanding light trapping and

11, 13, 15

concentration properties of surface plasmons . The fundamentals of plasmonic energy conversion are

reviewed in detail in the following section.
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Figure 1 Charge separation in conventional solar cells. (a) In first generation semiconductor solar cells based on semiconductor p-n
junctions, photons recombine forming electron-hole pairs. (b) Only photons with energies hw higher than the band gap £, can be
absorbed. (c) Second generation dye sensitized cells employ dyes to sensitize a cyclic photochemical photovoltaic process that mimics
photosynthesis.



3. Plasmonic energy conversion fundamentals
3.1 Surface plasmons

As previously mentioned, surface plasmons are electromagnetic waves that propagate along the surface of
materials with free electrons such as metals, conducting oxides and semiconductors, in response to external
illumination such as solar radiation’™. They are essentially light waves trapped on the surface because of their
interaction with the free electrons of the conductor. Strictly speaking, they should be referred as surface
plasmon polaritons (SPPs) to reflect this hybrid nature. The free electrons on the surface respond collectively by
oscillating in resonance with the light wave. The resonant interaction between the surface charge oscillation and
the electromagnetic field of the light constitutes the SPP, and gives rise to its unique properties. In addition to
surface plasmons on flat surfaces, localized surface plasma excitations can appear in nanostructures with
confined electrons. Localized Surface Plasmon Resonance® ** (LSPR) can appear in properly designed
nanostructures, in which the confined electrons oscillate following the incident radiation frequency and
eventually can enter resonance [Figure 2 (a) and (b)]. LSPR resonance takes place in the visible range for the case
of metals such as Au and Ag [Figure 2 (c)], while oxides and semiconductors with lower carrier concentrations
exhibit resonances in the near infrared and infrared ranges. Propagating surface plasmon polaritons can also
appear on flat and corrugated surfaces as two-dimensional electromagnetic waves bonded to the surface that
propagate up to several microns on metals such as Au and Ag® [Figure 2 (d) and (e)].
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Figure 2 Surface plasmon polariton excitation and absorption. (a) Localized surface plasmon resonance (LSPR) results from the collective
oscillation of the electrons confined in a nanostructure in response to external radiation, generating very strong and localized
electromagnetic fields as depicted in (b). (c) Optical extinction of Al, Ag, Au and Cu nanoparticles in relation to the solar spectral intensity.
(d) Surface plasmon polaritons (SPPs) appear on flat or corrugated surfaces and also give rise to intense electromagnetic fields confined
to the surface. () NSOM measurements (top) and finite difference time domain simulations (bottom) illustrating SPP focusing using a
tapered metal strip waveguide. Figure (e) reproduced with permission of ref. 31, © Optical Society of America 2008.



Surface plasmons impart metal, semiconductor, and conducting oxide nanostructures with high light
absorption cross sections and extreme electromagnetic field localization at wavelengths abundant in the solar
spectrum. Both of these characteristics are of paramount importance in photovoltaic and photocatalytic devices.
Absorption cross sections of plasmonic nanostructures are up to 10° larger than typical dye-sensitizer

14, 32

molecules . As such, they have been proposed as efficient light trapping components integrated in

12,13 1213 '|n addition, use

photovoltaic cells™ **, considerably increasing the efficiency of conventional architectures
of plasmonic elements can lead to a significant size reduction. Plasmonic based devices are able to achieve
efficient light trapping for thicknesses below 1 pm™, in stark contrast with single crystal Si semiconductor solar
cells. In other cases, the remarkable enhancement of the electromagnetic local field generated by surface

plasmons has been shown to increase the charge separation process in the neighboring semiconductor®.

While all these approaches have proven to increase the energy transformation efficiency, a revolutionary
new way of using plasmonic nanostructures in photovoltaic and photocatalytic devices based on plasmonic
charge separation has been proposed in recent years. After excitation, surface plasmons can decay, transmitting
their energy to electrons in the valence band that become highly energetic electrons known as “hot electrons”.
Such photoexcited electrons can be properly harvested giving rise to photocurrents in the case of photovoltaic

14, 34,35

devices, or can be used for reduction and oxidation reaction in photocatalysis devices . The fundamentals

of “hot electron” generation are described in detail in the following section.

3.2. Plasmonic energy conversion

Electrons not in thermal equilibrium with the atoms in the metal are frequently referred to as “hot

electrons”?’

. When illuminated with highly energetic photons, e.g. ultraviolet radiation, some of such “hot
electrons” can be emitted from matter owing to the well known photoelectric effect®. Photoexcited electrons
with energies higher than the work function of the material in which they are contained are emitted, ultimately
creating a photocurrent. However, the solar spectrum is mostly composed of less energetic photons falling in
the visible and near infrared ranges, which makes the use of this effect impractical for photovoltaic devices. “Hot

electrons” can also be generated by exothermic chemical processes® ?’

, as those present in dye sensitized solar
cells®®. In these kinds of devices, a dye molecule anchored to a semiconductor absorbs the incoming light and
transfers energetic charge carriers to the semiconductor” [Figure 1 (c)]. Nevertheless, the efficiency of dye-
sensitized solar cells has only reached a record value of 11 % 2, considerably inferior to conventional single

junction semiconductor-based solar cells.

Plasmonic nanostructures can act as efficient “hot electron” generators, transforming visible and near-
infrared radiation, abundant in the solar spectrum. Following to light absorption and excitation of surface
plasmons in the nanostructures, electromagnetic decay takes place on a femtosecond time scale either

739, 40

radiatively as reemitted photons®, or non-radiatively by transferring their energy to “hot electrons [Figure
3 (a)]. Through the latter process, surface plasmons decay first into single-electron excited states, which might
be followed by photoemission if their energy exceeds the work function of the material®® **. Two photon
processes have also been described®” *. The rest of the photoexcited electrons relax through electron-electron
and electron-phonon collisions and ultimately are converted into heat. To illustrate this process, Figure 3 (b)
depicts the parabolic density of states (DOS) in the conduction band of a plasmonic nanostructure as a function

of energy. All the electronic states below the Fermi energy of the metal E¢y, are occupied. After non-radiative



surface plasmon decay, electrons from occupied energy levels are excited above the Fermi energy. Conventional
surface plasmons in metal nanostructures can transmit energies hw, between 1 and 4 eV to photoexcited
electrons depending on the material, where w, is the frequency of the surface plasmon resonance. The
generated “hot electrons” need to be efficiently extracted from the plasmonic nanostructures creating an
electric current in order for this process to be applicable to energy conversion.

An efficient mechanism to capture photoexcited electrons from plasmon decay in metal nanostructures, for
example, is by forming a Schottky barrier with an appropriate semiconductor. Figure 3 (b) shows a Schottky
barrier between a plasmonic nanostructure and an n-type semiconductor such as TiO,. “Hot electrons” with
energies higher than the Schottky barrier energy dss= bu-xs can escape the plasmonic nanostructure, and are
injected into the conduction band of the neighboring semiconductor, where ¢, is the work function of the
metal and x; the electron affinity of the semiconductor*. In addition, tunneling across the barrier can take place
with a much lower probability*. The energy needed for the photoexcited electrons to overcome the energy
barrier is considerably smaller than the band gap of the semiconductor E; which is in stark contrast with
conventional semiconductor-based photovoltaic devices. After injection of “hot electrons” into the neighboring
semiconductor, the plasmonic nanostructures are left positively charged due to electronic depletion. An
electron donor solution, or a hole transporting material (HTM), is required in contact with them to transport the
generated holes to the counter electrode, keeping electric balance and sustaining an electric current. As it will
be shown, a large number of HTMs supporting different red-ox reactions have been tested so far, yielding
different efficiencies depending on the nature of the plasmonic nanostructures.
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Figure 3 Surface plasmon decay and charge separation. (a) After excitation, surface plasmons can decay radiatively via reemitted
photons or non-radiatively via excitation of "hot electrons” within the conduction band or between deeper bands such as the d band
in the case of noble metals® . (b) Plasmonic energy conversion: (i) After non-radiative surface plasmon decay, electrons from
occupied energy levels are excited above the Fermi energy. The parabolic density of states (DOS) in the conduction band of the metal
is represented as a function of energy. (ii) The plasmonic nanostructures are in contact with a semiconductor forming a Schottky
barrier. Hot electrons with energies high enough to overcome the Schottky barrier ¢sz and are injected into the conduction band E.
of the neighboring semiconductor™, while those with lower energies are reflected back into the metal.



One of the main advantages of this energy conversion method is the fact that size, shape, and composition
of the plasmonic nanostructures can be adapted to obtain a broad absorption across the whole solar spectrum.
In addition, the high absorption cross section of plasmonic nanostructures allows decreasing the thickness of the
active zone while obtaining a high trapping efficiency. Another important factor that makes plasmonic exciton
generation attractive for photovoltaic and photocatalytic devices is that overheating does not negatively affect
the exciton generation and injection processes. On the contrary, preliminary studies have shown how their
efficiency slightly increases with increased temperature due to increased “hot electron” injection probability®.
All these points clearly suggest that plasmonic devices are not affected by the same thermodynamic factors that
restrain the efficiencies of conventional semiconductor based devices, and therefore open a new horizon of
possibilities in the field of solar energy conversion.

4. Advances in Plasmonic energy conversion
4.1. First steps toward plasmonic energy conversion

Early works in 1996 showed hints of surface plasmon induced charge separation in noble metal
nanoparticles in contact with semiconductors such as TiO,. Zhao et al.'® reported for the first time anodic
photocurrents in response to visible light in TiO, electrodes with a TiO, overlayer containing gold or silver metal
nanoparticles. This result was striking since photocurrents are only obtained in conventional TiO, electrodes
when illuminated with ultraviolet light, due to its wide 3.3 eV band gap. While the origin of these photocurrents
was unclear at that time, they pointed at the excitation of LSPR in the nanoparticles as a possible mechanism.
Indeed, TiO, is well known as a good electron-accepting metal oxide due to the high density of states in its
conductions band, which allows fast injection of photoexcited electrons.

This research field remained dormant for some years until 2003, when multicolor photochromism, i.e.
reversible change in color upon illumination, was reported in Ag nanoparticles dispersed in TiO,. This

phenomenon was ascribed to LSPR induced charge separation and oxidation of the Ag nanoparticles*” *®

. Figure
4 shows such Ag nanoparticles with a broad distribution of sizes, deposited on TiO,, and illuminated with
different wavelengths. When illuminated with a certain wavelength, those nanoparticles undergoing LSPR at
such wavelength lose electrons due to charge separation, experience a shift in their plasma resonance, and
ultimately lose their ability to absorb that particular wavelength. Since the remaining nanoparticles continue to
absorb the rest of the wavelengths, the color of the original excitation wavelength shows up on the film. The
inverse process, i.e. reversible injection of electrons from TiO, into Ag in core-shell Ag-TiO, nanoparticles was
also demonstrated by Hirakawa et al.* In their case, the electronic density increase taking place in the Ag core

under resonance gives rise to a remarkable shift of the plasmonic absorption from 470 to 430 nm.
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Figure 4. Photochromism in Ag nanoparticles due to charge separation. Ag nanoparticles deposited on TiO, exhibit a large diversity of
sizes and shapes. A reversible change in color upon illumination is observed due to LSPR induced charge separation and oxidation of the
Ag nanoparticles. Figure reproduced with permission of ref. 47. © 2002 Nature Publishing Group.

Shortly after these studies, Tatsuma et al.’” *® °>32 demonstrated the three steps required to generate a
photoinduced closed circuit current, i.e. charge separation, carrier injection and carrier regeneration. In this
case, a system consisting of Au or Ag nanoparticles absorbed onto nanoporous TiO, and in contact with an
electron donor solution was investigated [Figure 5 (a)]. They observed how photoexcited electrons were injected
into the TiO, matrix upon illumination with visible light and excitation of LSPR in the nanoparticles. They
experimentally observed coloring of the TiO, substrate under visible light irradiation in open circuit conditions,
due to the fact that TiO, is a semiconductor whose absorbance in the visible changes when electrons are
injected in its conduction band. This clearly demonstrates that electrons are directly injected into the
conduction band of the semiconductor after charge separation in the plasmonic nanostructures.

Multiple experiments have been carried out thereafter using this property of TiO, to estimate the timescale
of the charge separation and injection process, as it will be shown in the following section. Simultaneously, to
electron injection, compensative electrons from a donor solution in contact with the plasmonic nanoparticles
are injected into them, balancing their electronic deficit and creating an electric circuit [Figure 5 (b)]. Even
though the surface plasmon induced charge separation process was still not well understood at that time, the
fact that the measured action spectra, i.e. incident photon-to-electron conversion efficiency (IPCE) vs.
wavelength, reproduces exactly the extinction spectra of the Au nanoparticles, clearly indicated that LSPR plays
a key role in promoting charge separation [Figure 5 (c)].
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Figure 5 . Plasmonic charge separation, carrier injection and regeneration. (a) Sketch of the system proposed by Tatsuma et alt 8
consisting of Au nanoparticles deposited on nanoporous TiO, and in contact with an electron donor solution. LSPR is excited in the
nanoparticles giving rise to charge separation and injection into TiO,. Simultaneously, electrons from the electron donor solution are
injected in the nanoparticles balancing their electronic deficit. (b) Band diagram illustrating the plasmon induced charge separation. (c)
The action spectra and extinction spectra share the same spectral shape. Figures reproduced with permission of ref. ¥ © 2005 American
Chemical Society.

4.2. Timescale of charge separation, carrier injection and regeneration

Several works have focused on the timescale of the charge separation and injection mechanisms in

photoexcited plasmonic nanostructures>>>°

. Fast electron injection in the neighboring semiconductor is a key
factor to decrease the recombination of carriers and thus to increase the efficiency of the process. These studies
take advantage of the increase of the visible and infrared absorbance of TiO, when electrons are injected in its
conduction band™ % 3. Furube et al.”® °>*° carried out ultrafast visible-pump/infrared-probe femtosecond
transient absorption spectroscopy experiments to characterize the charge transfer kinetics. LSPR was excited in
Au nanoparticles deposited on TiO, using 150 fs long laser pulses with 550 nm wavelength. Simultaneously, the
transient absorption of TiO, at 3500 nm was monitored. They found that “hot electron” generation and injection
was complete within 50 fs. The timescale of the electron injection found is in agreement with the electron

57-59

dynamics in the noble metal nanoparticles® ™. Relaxation of electrons with a non-Fermi distribution takes place

10



for times < 100 fs in photoexcited gold nanoparticles. Thus, the electronic injection into the TiO, conduction
band takes place before or during the electron-electron scattering process™.

Interestingly, comparison of the Au-TiO, response with ruthenium dye N3 (see abbreviations section),
known to have a close to 100 % carrier injection efficiency, allowed them to determine an injection efficiency for
Au-TiO, around 40 % under 550 nm excitation [Figure 6 (a)]. After electron injection, the charge recombination
decay was monitored in a longer timescale. Electrons were observed to decay back to the Au nanoparticles after
1.5 ns when no donor solution or HTM layer was in contact with them. Nevertheless, this recombination time

depends strongly on the size of the TiO, nanoparticles. Tian et al.****

, investigated the timescale of the charge
regeneration process with different electron donor layers in contact with the Au nanoparticles. They employed,
[Fe(CN)e]*, Fe*, ferrocenecarboxylic acid®*, and also polyethylene oxide (PEO) filled with TiO, nanoparticles®* as
electron donors. After photoexcitation with 5 ns pulses of 532 nm radiation, the transient absorption at 550 nm
associated to photoexcited electron injection in TiO, was monitored. In the absence of a HTM film,
recombination into the Au nanoparticles takes place and is completed after about 200 ns. In contrast, the
oxidized Au nanoparticles were shown to be totally regenerated in less than 20 ns in the presence of an electron

donor layer.

Finding new ways of faster “hot electron” injection in the semiconductor before loss of energy through
electron-electron collisions takes place, and rapid carrier regeneration processes using optimized donor
solutions or HTMs, is of paramount importance to maximize the energy conversion efficiency of this process.
Several considerations in this sense, regarding the role of the size and shape of the plasmonic nanostructures,
semiconductor material employed, and donor solutions or HTM used, are presented in the following sections.
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Figure 6. Timescale of charge separation, carrier injection and regeneration. Ultrafast visible-pump/IR-probe femtosecond transient
absorption spectroscopy shows the timescale of carrier injection in the conduction band of TiO,. Figures reproduced with permission of
ref. 53. © 2007 American Chemical Society.
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4.3. Effect of size and shape of the plasmonic nanostructures

Size and shape of the active plasmonic nanostructures are among the most important factors in the
processes of surface plasmon excitation and charge separation. They not only affect the wavelength at which
LSPR takes place, but also the efficiency of the charge separation process. As previously mentioned, surface
plasmons decay by either radiative emission of photons, which is the dominant process in large nanostructures
above 20 to 40 nm in the case of Au and Ag®, or through non-radiative excitation of “hot electrons”, as it is the
case of smaller nanostructures'®. The size at which radiative decay starts being the predominant process

strongly depends on the optical characteristics of the material. Langhammer et al.®

investigated this
dependence in Ag, Pt and Pd nano-discs patterned using lithography of different sizes ranging from 38 to 530
nm. Interestingly, non-radiative decay was found to be the predominant process for Pd and Pt nanodiscs in all
the investigated sizes. In contrast, non-radiative scattering was observed to disappear for Ag particle diameters
larger than 110 nm. Interestingly, fewer electron-hole pairs are created via LSPR decay in Ag as compared to Pt

and Pd despite its higher total extinction. Tatsuma et al.*

investigated the role of size in the charge separation
process of Au nanoparticles. They observed larger photocurrents for nanoparticles of 15 nm in diameter as
compared with larger ones due to the more efficient decay of surface plasmons into “hot electrons”. All these
findings emphasize how size and building material of the active plasmonic nanostructures need to be carefully

chosen to allow optimum energy conversion.

While spherical nanoparticles exhibit a single plasmon resonance peak, structures such as nano-rods exhibit
two characteristic peaks corresponding to the longitudinal and transverse modes. Misawa et al.*® ®% ©
investigated this point in periodically distributed Au rods nanopatterned on n-type TiO, single crystal substrates
[Figure 7 (a)]. The obtained double peak extinction spectra allow extending the range of optical absorption,
typically in the visible range for Au, to the near infrared region, covering a considerably larger portion of the
solar radiation spectrum [Figure 7 (b)]. The obtained action curves reproduce accurately the extinction spectra
of the nanorods [Figure 7 (c)], reaching maximum values of IPCE around 8.4% when immersed in an electrolyte
donor solution. Strikingly, the photoelectric conversion efficiency obtained with these plasmonic structures
increases with temperature contrary to the general trend in semiconductor based solar cells [Figure 7 (d)]. This
remarkable result shows how plasmonic photocurrent generation could solve the problem of overheating in
conventional photovoltaic cells. Recently, other works have shown efficient photocatalysis in nanorod based
plasmonic systems®. Ingram et al.* showed the role of shape and composition in plasmonic nanostructures by
investigating Ag nanocubes and Au nanospheres on TiO, and N-TiO,.

12



G0 B0 80 w00 1200

IPCE %

50 600 8O0 1000 1200 -04 03 -02 01 00 01 02 043
Wavelength (nm) Potential {V vs SCE)

Figure 7. Plasmonic nanorods. (a) Scanning transmission microscopy (SEM) images of nanopatterned Au nanorods. (b) Extinction spectra
corresponding non-polarized light (black), polarized light along the minor (red) and major (blue) axis direction of the nanorods. (c) The
action spectra reproduce the previously observed extinction spectra proving the prominent role of LSPR in this process. (d) A progressive
increase of the photocurrent is observed as temperature increases in stark contrast with conventional solar cells. Figures reproduced with
permission of ref. 46. © American Chemical Society.

Several works have provided insight into the localization of the charge separation process in plasmonic
nanostructures. Tatsuma et al. * % showed how the preferential charge separation sites are those exposed to
higher electromagnetic fields in Ag nanorods on TiO,. After LSPR excitation and charge separation, the oxidized
Ag’ ions diffuse on the water layer adsorbed on the TiO, substrate and eventually recombined with electrons
from TiO, leading to satellite re-deposited islands [Figure 8 (a)]. Such islands appeared in those locations where
the LSPR electromagnetic field is more intense. This result confirms the hypothesis that the charge generation
process is induced and/or promoted by the intense electromagnetic fields in the plasmonic nanostructures
[Figure 8 (b)]. Proper design of the plasmonic nanostructures aimed at maximizing the electromagnetic fields will
lead to an increase of this process.

As shown, size and shape of the plasmonic elements are extremely important factors to achieve good
energy conversion. Nevertheless, the geometry and relative position of the plasmonic nanostructures with
respect to the neighboring semiconductor material are also very important considerations that need to be

I. *” showed that the photocurrent generated by an active plasmonic element can

carefully regarded. Knight et a
be significantly enhanced by embedding it in the neighboring semiconductor. This allows for a more efficient
transfer of “hot electrons”. In addition, as it will be shown in the following section, direct contact between the
donor solution or HTM with the semiconductor material needs to be avoided to preclude detrimental

recombination of carriers.
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Figure 8. Charge separation localization. (a) Oxidation of Ag nanorods and re-deposition of small Ag nanoparticles takes place due to
plasmon-induced charge separation. (b) Tapping-mode AFM images of Ag nanorods after irradiation with 800, 900, and 1000 nm light
polarized along the long axis of the nanorods. All scale bars are 50 nm. Figures reproduced with permission from ref. 66 © 2012 ACS.

44. Role of the semiconductor electron acceptor material

Following the pioneering studies previously mentioned, a large number of works have been published on
charge separation in plasmonic nanostructures aimed at both photovoltaic and catalytic devices. Most of them

64, 68-80

involve Au or Ag nanoparticles in contact with TiO, [Figure 9 (a)], but more recently other combinations of

materials and architectures have been proposed. This is the case of multilayer assemblies of Au nanoparticles
78, 83

and TiO, nanosheets®, Pt nanoparticles on TiO, thin fiIm582, Ag decorated TiO, nanotube arrays [Figure 9

(b)], ZnO nanorods decorated with Au nanoparticles®® ®, hierarchical Au-ZnO flower-rod heterostructures®®

[Figure 9 (c)], Au nanoparticles in contact with Ce0,*” ®

, silver halides AgBr decorated with Ag nanoparticles and
dispersed in Al,0,%°, Ag-Agl supported on mesoporous alumina®, AgCl particles decorated with Ag
nanoparticlesgl, core shell SiO,-TiO, nanoparticles decorated with Au nanoparticlesgz, M@TiO, core-shell

%394 [Figure 9 (d)] and Au nanoprisms on WO,”. The choice of an adequate

nanocomposites (with M = Au, Pd, Pt)
semiconductor to trap the photoexcited “hot electrons” greatly impacts the charge injection mechanisms since
it affects the height of the semiconductor-metal Schottky barrier and the number of available states in the
conduction band for the incoming electrons. Good alignment of the Fermi level of the plasmonic metal with the
band levels of the semiconductor is important to favor efficient charge transfer.*® In this sense, wide band gap
semiconductors have proven to be more efficient capturing “hot electrons”. The most relevant example is TiO,,
a wide band gap semiconductor (Eg = 3.3 eV) that has been widely used in plasmonic charge separation due to
the high density of states in its conduction band. This fact is mainly due to the d-orbital nature of its conduction
band, as compared with other typical metal oxides such as ZnO, SnO,, In,03;, whose conduction band is mainly
composed of the s or sp orbital of the metal atoms. In addition, it has no photoresponse in the visible. Other
wide band gap semiconductors have been used, such as CeO,, AgBr, Agl, AgCl and WO,, as previously shown.
Also, recent works have investigated the effect of nanostructuring the semiconducting material. For example,

l. 96

Zhang et al. °> proposed Au nanocrystals assembled on a TiO, based photonic crystal. In this case, the matching

of the Au nanocrystals LSPR with the photonic crystal photonic band gap significantly increases the LSPR
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intensity and boosts the photocatalytic properties. More considerations regarding the semiconductor materials
employed, and the matching with the plasmonic nanostructure band will be presented in section 5.3.

Figure 9 (a) Transmission electron microscopy (TEM) micrographs and particle size distribution of Au/TiO,”". (b) SEM image of Ag on TiO,
nanotubes’. (c) SEM image of Au nanoparticles on oriented hierarchical ZnO flower-rod®. (d) TEM images of Au-TiO, core-shell
nanoparticles%. Figures reproduced with permission from: a, b, c, d refs 71, 78, 86, 93 respectively. © 2011 American Chemical Society,
© Springer Science+Business Media, LLC 2012, © Springer Science+Business Media New York 2013 and © 2011 American Chemical
Society respectively.

4.5. Role of the hole transporting materials

As previously mentioned, the plasmonic nanostructures are left positively charged after “hot electron”
injection in the neighboring semiconductor. An electron donor solution or HTM needs to be in contact with
them in order to replenish their carrier concentration, and to obtain a sustained and stable photoexcited
current. The choice of an adequate electron donor material is critical to guarantee this process. In their
pioneering works, Tatsuma et al.'® brought plasmonic Au nanoparticles in contact with different donor solutions
including [Fe(CN)6]*, I, Fe®, ferrocenecarboxylic acid, Br’, 1,1’-ferrocenedicarboxylic acid and CI". They reported
a IPCE of 12 % at around 560 nm when using Fe** as electron donor and an stunning 26 % upon addition of 4-
nitrobenzoic acid, probably because it gets absorved in the exposed TiO, and blocks the recombination of
electrons. Nevertheless, other factors such as the regeneration rate that these solutions provide needs to be

1>, showed that the performance of donor solutions containing [Fe(CN)6]*, Fe** and

considered. Tian et a
ferrocenecarboxylic acid does not only depend on their apparent formal potential. Transient absorbance
measurements clearly indicate different regeneration rates in these solutions, Fe** being the fastest one. This

result is in agreement with Tatsuma’s findings'®.

Carrier regeneration using liquid electrolytes is adequate for photocatalysis applications as it facilitates the
flow of chemicals to be processed in contact with the plasmonic nanostructures. Nevertheless, liquid cells are
unpractical for photovoltaic applications due to lack of stability, leaking and evaporation issues. In recent years,
several solid state plasmonic solar cell structures have been proposed, bringing a practical application one step

15



closer. Initial attempts to fabricate solid state photovoltaic cells by using organic and inorganic HTMs were
unsatisfactory, due to the very low efficiencies obtained, around four orders of magnitude lower than liquid cells
using an electrolyte containing a redox couple®’. Tatsuma et al.>* tested different solid state cell architectures
composed by Au nanoparticles in contact with TiO, using different HTM materials such as PVK, TPD, Cul and
CuSCN (see abbreviations section). A very low maximum IPCE value of 0.0024% was obtained using PVK. This
considerably lower efficiency was explained as a consequence of contact between the HTM and TiO,, giving rise
to recombination between electrons in the TiO, layers and holes in the HTM material. Possible degradation of
the HTM layers was also considered.

Surprisingly, subsequent studies not including any specific electrolyte or HTM layer resulted in higher

1% % showed that devices composed by Au and Ag nanoparticles on TiO, and in

efficiencies. Tatsuma et a
contact with ITO, where electrons are simply injected into the nanoparticles from the ITO film, can achieve IPCE
values around 0.4% and 0.6 % for Au and Ag nanoparticles respectively [Figure 10]. Solid state solar cells with
considerably higher efficiencies were recently obtained by Tian et al.>* by using a similar architecture consisting
of Au nanoparticles on TiO, and polyethylene oxide (PEO) filled with TiO, nanoparticles as HTM, which contains
optimized redox couples I'/15. They reported IPCE values as high as 6 %. Recently, Reineck et al.*® used Spiro-
OMeTAD as HTM film on solid state cells with self assembled Au and Ag nanoparticles, obtaining IPCE values of
4.9 and 3.8 % respectively. While recent advances in this field are encouraging, further research is needed in
order to obtain HTMs and architectures that avoid carrier recombination due to direct contact with the

semiconducting material.

[ Tio; | Mo glass | |
In  TIO, AuNP ITO AUNP In TiO, AuNP ITO

Figure 10. Solid state plasmonic photovoltaic cell consisting of In/TiO,/Au nanoparticles/ITO. Figures reproduced with permission from
ref. ”’. © 2011 American Institute of Physics.

4.6. Other applications and approaches

The plasmonic charge separation and injection of “hot electrons” processes from plasmonic nanoparticles
into the semiconductor matrix significantly changes the conductivity of the system upon illumination. Some
works have explored the possibility of using this principle to obtain plasmoelectronic devices, with conductivity
controlled by the intensity of the visible light illumination. Grzybowski et al.’® *® observed this effect in
nanoparticles stabilized with different self assembled monolayers that increase or decrease the electrical
conductivity of the material during resonance depending on whether these contain neutral or charged ligands

1.°% investigated devices consisting of multilayers of Au nanoparticles

respectively. In a similar note, Mubeen et a
and TiO,. The tunneling of photoexcited “hot electrons” in the Au nanoparticles produced an over 1000-fold

increase in conductance when illuminated at 600 nm over that of TiO, films with no Au nanoparticles. Son et
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al.'® reported surface plasmon enhanced photoconductance in TiO, nanofibers loaded with Au nanoparticles.
Several other works have focused on observing plasmonic photoinduced currents in nanodiode structures. Lee
et al. * observed an enhancement in the photocurrent due to plasmon assisted generation of “hot electrons” on
nanodiodes consisting of gold islands on TiO,, that can also be further enhanced with dye molecules'®. Knight et
al. *® observed “hot electron” flows generated by photons in the infrared range in Au/Si nanoantenas. The
reciprocal effect, i.e. manipulation of plasmonic resonance by changing the electronic density has been
proposed for applications such as smart windows and displays'®.

Interestingly, very few works have been presented to date on plasmonic charge separation using

1.°” proposed a new architecture based on SPP excitation

prorogating SPPs. In their pioneering work, Wang et a
in a metal-insulator-metal (MIM) structure illuminated under the prism coupler configuration, also known as
Kretschmann configuration [Figure 11(a)]. Owing to the high localization of SPP on the top metal thin film, more
“hot electrons” are transmitted from the top electrode to the bottom than in the contrary direction, leading to
the detection of a net photocurrent. Figure 11 (b) shows that maximum photocurrent is obtained at the incident
angle that allows matching of the incoming light with propagating SPPs, demonstrating that these are key in the
carrier separation process. Their calculations suggest that this kind of architecture could achieve efficiencies up
to 4.3 % with 640 nm radiation using Ag, due to its longer mean free path as compared with Au, which only
would achieve a 3.5 % at 780 nm. Nevertheless, they were only able to measure efficiency values around 2.7 %
due to surface recombination at the metal-insulator interface. Along the same lines, Pradhan et al*®
investigated semiconductor-insulator-semiconductor hetero-junctions consisting of Al:Zn0O/SiO,/Si. The use of
propagating SPPs is interesting since they cannot decay directly into photons unless roughness is present at the

surface'®, making non-radiative decay the only mechanism possible in very flat plasmonic films.
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Figure 11. Plasmonic charge separation using prorogating surface plasmon polaritons (SPP): (a) Sketch of metal-insulator-metal device
able to generate photocurrents thanks to the excitation of propagating SPPs. (b) Maximum photocurrent is obtained when SPP are

excited on the top metal film. Figures reproduced with permission from ref. 97 © 2011 American Chemical Society.

17



5. New directions in Plasmonic energy conversion

As shown in previous sections, plasmonic energy conversion has been demonstrated and the photon-to-
electron conversion efficiencies obtained have been largely improved in the last few years. Initial experiments
carried out using electron donor solutions were followed by solid state devices using HTMs. However, this
technology has still a long way to go in order to approach the record efficiencies achieved by state-of-the-art
semiconductor solar cells. Several aspects directly related to the nature of these devices need to be considered,
including the materials used in the fabrication of the plasmonic nanostructures, the semiconductor materials
used to capture the photoexcited “hot electrons”, their architecture and even the fabrication methods used. In
this section, some of the most important aspects that need major advancements to push further the efficiency
of this energy conversion method are reviewed and discussed.

5.1 Plasmonic energy conversion efficiency

A very important point that needs to be carefully considered is the efficiency of the plasmonic energy
conversion process. As shown in section 3.2, the energy from the surface plasmons hw, can decay and be
transferred to electrons in the whole DOS of the nanostructure conduction band. This creates a very broad
distribution of “hot electron” states above the Fermi energy, many of which have insufficient energy to be

1% estimated the efficiency limit of Schottky barrier based

injected into the semiconductor. White et a
plasmonic energy conversion devices. They considered a parabolic DOS for the conduction band of metals such
as Ag and Au, as shown in Figure 3 (b), and an adjacent semiconductor forming a Schottky barrier of ¢sz=1.2 eV.
A maximum IPCE of 8 % is obtained when considering equal probability of photoexcitation for all the electrons in
the conduction band. Nevertheless, photoemission experiments in noble metals indicate that electrons close to
the Fermi energy are excited preferentially over lower energy electrons’™, which considerably increases the
efficiency of this process. Further engineering of the DOS of the plasmonic material to favor preferential
excitation of electronic levels close to the Fermi energy will allow efficiencies in excess of 22 % **°. This would be
the case, for example, of semiconductor based plasmonic nanostructures, where the band-gap determines the
final energy of the photoexcited electrons. Other factors such as the height of the Schottky barrier considerably
affect the efficiency of the process, and thus the semiconductor material needs to be also carefully selected. In
the following sections, several considerations regarding the materials used in plasmonic energy conversion

devices aimed at increasing the energy conversion efficiency will be detailed.

5.2. Plasmonic materials: from metals to conducting oxides

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 surface plasmon excitations that give rise to very
strong light absorption, mainly in the visible range. The frequency at which plasmonic nanostructures undergo
surface plasmon resonance strongly depends on their carrier concentration. For spherical nanoparticles®,
surface plasmon resonance takes place at a frequency w;spr™ w,/V3, where the plasma frequency w, directly
depends on the concentration of carriers n, as follows:
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where e is the charge of the electron, m* is the effective mass of the electron and g, is the permittivity of free-
space. Figure 12 shows the calculated optical absorption for different metal nanoparticles such as Al, Ag, Au and
Cu versus the solar spectral irradiance AM1.5. Indeed, very narrow absorptions are observed in the lower part of
the visible range due to their relatively high carrier concentrations'** (around 5.9 x 10**> cm™ for Ag and Au).
Nevertheless, a significant part of radiation from the Sun that reaches the surface of Earth has longer
wavelengths, in the near infrared range. Indeed, the solar radiation with wavelengths longer than 800 nm
accounts for around 40 % of the total solar energy received from Sun®. The limited portion of the solar
spectrum being used drastically limits the applicability of this energy conversion method. It is therefore of
paramount importance to find materials that will allow using a more significant portion of the solar spectrum. In
this scope, it is worth noticing that materials with lower carrier concentrations have also lower plasma
frequencies, and thus their resonance takes place at longer wavelengths. Conducting oxides are thus well suited
to extend the absorption range toward the near infrared range owing to their lower carrier concentrations.
Figure 12 shows the calculated optical extinction (i.e. optical absorption) for several broadly used conducting
oxides such as Ru0O,, aluminum doped zinc oxide (AZO) and tin-doped indium oxide (ITO). The absorption of light
by conducting oxides is spectrally broader than in noble metals, mainly due to their higher optical losses™™. This
fact is remarkable since it considerably increases the range of wavelengths that can excite surface plasmon
resonance in a given nanostructure. “Hot electron” generation by conducting oxide plasmonic nanostructures
remains largely unexplored. The use of plasmonic nanostructures made out of conducting oxides to capture and
convert the infrared zone of the spectrum could extend the range of applications of plasmonic solar cells,
significantly increasing their overall efficiency.

Different conducting oxides can be used in order to achieve conversion in selected areas of the spectrum as
shown in Figure 12. In addition, for the case of heavily doped conducting oxides such as AZO and ITO, it is
possible to use their doping concentration in order to tune the carrier concentration, and thus the region of the
spectrum where plasmonic resonance takes place. For example, the concentration of carriers in AZO can be
varied from 0.5 to 10 x 10%° cm™ changing the concentration of Al, giving rise to a strong variation in the position
of the surface plasmon resonance from 2200 nm to 880 nm™*, as shown in Figure 12. In addition, inspired by
multiple junction solar cells, in which semiconductors with different band-gaps are combined in order to cover
the whole solar spectrum, systems combining multiple metals and conducting oxides can be explored in order to
adapt the absorption spectrum of the devices to that of the solar radiation.

Other approaches can be taken in order to further engineer the band structure and density of carriers of the

plasmonic nanostructures, such as using heavily doped semiconductors other than the conducting oxides

115,116
d

previously mentione . Also, it is possible to create alloys of two or more metals with fine tuned plasmonic

properties™™. In this sense, noble-transition metal alloys are the best candidates for this application since they

allow modifying the Fermi level and the surface plasma frequency w, of the nanostructures. Other materials

such as conducting transition metal nitrides including TiN, ZrN, HfN and TaN*'""

117,118

, are interesting for plasmonic
applications since they exhibit metallic properties in the visible frequencies
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Figure 12. Optical extinction of plasmonic nanostructures made out of metals (Al, Ag, Au and Cu) and conducting oxides (RuO,, AZO and
ITO). While metals absorb in a narrow visible range, conducting oxides have a much broader extinction spectra, extending from the visible
range to the near infrared. Different doping levels of AZO allow tuning of the carrier concentration and thus the absorption zone. The
solar irradiance spectrum is plotted in white in the background.

5.3. Semiconductor materials for “hot electron” injection: wide band-gap semiconductors

The choice of an adequate semiconductor to trap the photoexcited “hot electrons” greatly impacts the
charge injection mechanisms. Important factors are the band gap 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 alignment of the plasmonic nanostructures
Fermi level with the bands of the semiconductor is important to favor efficient carrier injection®>. The Fermi
energy level is around 0 V on the normal hydrogen electrode (NHE) scale™ for noble metals and conducting
oxides, as shown in Figure 13. The energy that surface plasmons transfer to “hot electrons” upon decay ranges
between 1.0 and 4.0 eV with respect to the Fermi level depending on the material and surface plasmon
resonance frequency. Thus, the conduction band of the electron acceptor semiconductor needs to be close
enough so that the photoexcited “hot electrons” can overcome the Schottky barrier ¢gz. Figure 13 depicts the
position of the conduction and valence bands of several wide band-gap semiconductors of interest for
plasmonic energy conversion with respect to the Fermi energy of a selection of metals and conducting oxides. A
considerable part of the photoexcited “hot electrons” can be lost in the Schottky barrier if this is too high,
leading to considerable loss in energy efficiency. Regarding the density of available states in the conduction
band, TiO, is a wide band gap semiconductor (E, = 3.3 eV) that has been widely used in dye sensitized solar cells.
It has a well known good electron-accepting capability due to its high density of states in the conduction band.
These characteristics make it an excellent candidate for this application. Nevertheless, other semiconductors
such as ZnO, Ce0, and AgBr have their conduction and valence bands adequately positioned and can also serve
as efficient electron acceptors. Comparative studies will be needed to determine the most adequate material
considering the particular characteristics of the plasmonic nanostructures used.
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Figure 13. Semiconductor materials for “hot electron” collection. Fermi level (E;), conduction (E.) and valence (E,) bands energy for
selected metals, conducting oxides and wide band-gap semiconductors of interest for the fabrication of plasmonic nanostructures. The
energy values are plotted on a potential scale (V) versus the normal hydrogen electrode (NHE) and also potential (V) versus vacuum.

54. Fabrication methods

So far, the fabrication of plasmonic energy conversion devices has been vastly dominated by solution based

methods, where commercially available noble metal and semiconductor nanoparticles are properly combined"”

18,3052,56 'Noble metal nanoparticles of controlled size are also obtained using photocatalysis®* ®> &% 7% 7496, 119,

electrodeposition® ¥, electrodeposition through a thin alumina nanomask®, electrostatic self-assembly®® and

68, 120
d

modified Turkevich metho . More complicated structures such as, for example, core-shell nanoparticles

have been fabricated via a hydrothermal treatment of TiF, precursor using noble metal colloid particles®™ **.

Also, noble metal nanoparticle decorated TiO, nanotubes have been fabricated through hydrothermal method®

78,83

and electrochemical anodic oxidation’ ®>. Surprisingly, only a few studies have applied lithography methods to

6 62, nanoprisms95 and nanowires®.

achieve more elaborated plasmonic nanostructures shapes such as nanorods
While the above mentioned techniques are relevant to provide proof of concept of this energy conversion
method, scalable techniques providing a high degree of homogeneity over larger areas and fine control of the
nanostructures size will be needed in order to allow further development and eventually commercialization of
these kinds of devices. In this scope, physical vapor deposition (PVD) based techniques modified for the creation

of nanoparticles from a high pressure plasma are excellent candidates for this application'*"*

. For example,
terminated cluster growth is a PVD based method consisting of magnetron sputtering at elevated pressures,
giving rise to condensation and formation of nanoparticles of controlled size and composition'?*. Furthermore,
insertion of reactive gases such as oxygen can lead to deformation of oxide nanoparticles such as Ti0,"* **°.
After generation, the nanoparticles are slightly charged which allows for further control of their size by for
example using a RF quadrupole®®’. The use of these kinds of techniques could lead to important breakthroughs

in the development of this technology.
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6. Outlook and conclusions

As it has been shown in this review, plasmonic conversion of solar energy offers great promise as a new
method of energy transformation, mainly due to the outstanding light trapping and “hot electron” generation
properties of surface plasmons. Several factors directly related to the fundamental nature, the materials
involved and the architectures used in this novel energy conversion method affect strongly its efficiency and
have been discussed in detail within this review. Efficient absorption of light over the whole solar spectrum is an
important factor that will determine the applicability of this method in photovoltaic devices. The plasmonic
nanostructures investigated so far, mainly made out of noble metals, are able to convert light only from a quite
narrow region of the visible spectrum. Research aimed at using other materials able to capture and convert light
in the infrared range, such as conducting oxides and semiconductors, will allow further development of these
kinds of devices. Additionally, combination of nanostructures made out of different strategically selected
materials will eventually allow using the whole solar spectrum. Further engineering of the DOS of the plasmonic
material to favor preferential excitation of electronic levels close to the Fermi energy will allow pushing further
the efficiency limits.

Significant research also needs to be carried out to optimize the architecture of these devices. Factors such
as size and shape of the plasmonic nanostructures play a predominant role to guarantee efficient surface
plasmon excitation, strong concentration of electromagnetic fields and, for hence, efficient creation of “hot
electrons”. So far, only a few studies have focused on the role of size and shape of the plasmonic structures in
the efficiency of the energy conversion. Following to surface plasmon decay, fast extraction of the photoexcited
“hot electrons” and injection in the neighboring semiconductor before electron-electron scattering takes place
in the femtosecond timescale is very important to boost the energy conversion efficiency. Utilization of
semiconducting materials forming an adequate Schottky barrier with the plasmonic nanostructures and with
abundant available states in their conduction bands is instrumental to achieve this goal. Comparative studies
investigating different semiconductors materials depending on the characteristics of the plasmonic
nanostructures used and the radiation converted need to be carried out.

The last step in this energy conversion method, i.e. carrier regeneration using a donor solution or a HTM, is
also very relevant. Fast regeneration of carriers allows maintaining the energy conversion mechanism. While
donor solutions have been demonstrated to achieve high IPCE efficiencies up to 26 %, considerable research
needs to be performed in this field to obtain reliable solid HTMs compatible with conventional photovoltaic
devices. In addition, recombination of carriers by contact between the HTM and the semiconductor needs to be
avoided by, for example, minimizing the contact surface between them, or by passivating the semiconductor
exposed surface. Finally, but not less important, different fabrication methods that will allow controlled,
homogeneous fabrication of plasmonic nanostructures and the rest of the layers involved in these kinds of
devices need to be overtaken. While solution based methods have shown great flexibility, PVD-based fabrication
methods offer promising opportunities in this field mainly due to their ability to obtain plasmonic
nanostructures with high control of their size and composition.
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While still in its infancy, considerable progress has been made so far in the field of plasmonic solar energy
conversion, opening a new venue for photovoltaic and photocatalytic devices. However, significant advances in
the previously detailed fields will allow pushing further the efficiency of this method.
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9. Abbreviations

AM1.5: air mass coefficient for 1.5 atmosphere thickness, corresponding to a solar zenith angle of z=48.2°
AZO: aluminum doped zinc oxide

DOS: density of states

HTM: hole transporting material

IPCE: incident photon-to-electron conversion efficiency

ITO: tin-doped indium oxide

LSPR: localized surface plasmon resonance

MIM: metal-insulator-metal

N3: cis-bis(4,4’-dicarboxy-2,2’-bipyridine)dithiocyanato ruthenium(ll)
NHE: normal hydrogen electrode

NPD: 4,4-bis[N-(1-naphthyl)-N-phenyl-amino]biphenyl

PEO: polyethylene oxide
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PVD: physical vapor deposition

PVK: poly(N-vinilcarbazole)
Spiro-OMeTAD: (2,2(,7,7(-tetrakis-(N,N-di-pmethoxyphenylamine)9,9(-spirobifluorene)
SPP: surface plasmon polariton

TiO,: titanium dioxide
TPD: N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine
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