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ABSTRACT: Photoactive hybrid nanostructures composed of
metal oxides and plasmonic metals are able to perform the
conversion of radiant (solar) energy into electrical or chemical
energy. However, their use in large-scale practical applications
still requires their photoconversion efficiency to be improved.
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nanostructure are analyzed in detail. The implemented
methodology allowed us to assess the contribution of each
component of the hybrid nanostructure to the absorption
efficiency, Q. separately. In turn, the Q,, values obtained were employed to determine the absorbed photon flux, ¢, within the
a-Fe,0; component, a relevant quantity directly related to the photoconversion efliciency. It was found that both absorption
efficiency Q,;,, and absorbed photon flux ¢ can be largely enhanced through a proper selection of the length and nature of the
metallic counterpart of the nanostructure, evidencing plasmon-enhanced light absorption in the a-Fe,O; component, which is
attributed to a plasmon-induced energy transfer mechanism based on near-field enhancements. Importantly, it was found that the
highest ¢ values achieved for nanostructures composed of Ag and Al (~11 X 10'® photons cm™ s™*) are nearly 3 times larger
than those corresponding to nanostructures composed of Au (~4 X 10'® photons cm™ s™'). In addition, a direct relationship
between the absorbed photon flux, ¢, and optical characteristics of the nanostructures, that is, the bandgap energy of a-Fe,O;
and the energy and radiative line width of the localized surface plasmon resonance, was empirically obtained. Such a relationship
not only complements but also overcomes the limitations of the reported useful criteria and provides helpful guidelines for the
optimum design of hybrid nanostructures with enhanced photoactive properties.

K

B INTRODUCTION

The population and industrial growth of our modern society
entails a growing energy demand, which is mainly satisfied
through the use of fossil fuels. However, the limited amount of
these and the negative environmental impact associated with
their use make it necessary to develop technologies that allow
the use of other sources of energy in a more sustainable way.

reaching the surface of the photocatalyst, thus preventing the

the spectrum and/or by relatively low absorption coefficients.

semiconductors relatively low for use in large-scale practical
applications.' ™’
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occurrence of redox reactions. On the other hand, absorption of
light is limited, either by being restricted to the UV region of

These phenomena make the photoconversion efficiency of

Solar energy is safe, abundant, and easily accessible and its
supply is unlimited. Therefore, radiant energy from the sun
constitutes one of the most promising sources to meet the
future energy demand.'™® Likewise, to be used in our benefit,
solar energy must be converted efficiently into electrical and/or
chemical energy by means of photovoltaic and photocatalytic
processes, respectively.””” The metal oxides such as TiO,, a-
Fe,03 and ZnO are some of the most typical photoactive
materials capable of performing the above-mentioned processes
and, accordingly, their properties have been widely stud-
ied.'”" In this respect, it has been found that the
photoconversion efficiency of these semiconductor materials
is limited because of two main reasons. On the one hand, the
photogenerated electrons and holes tend to recombine before
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During the past years, multiple efforts have been made to
increase the photoactive properties of semiconductors. In this
regard, the combination of semiconductor materials with
plasmonic metal nanoparticles in the same nanostructure,
giving rise to the so-called hybrid nanostructures (HNs),
constitutes one of the most promising strategies to improving
the photoconversion efficiency and to overcoming the
drawbacks mentioned above.”'™*' Plasmonic metal nano-
particles are widely recognized by their unique optical
properties, which are characterized by the excitation of localized
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surface plasmon resonances (LSPRs), which leads to large
absorption and scattering cross sections as well as to substantial
enhancement of the electric field in the local environment of
the plasmonic particle.”” >* The progress achieved over the
past few years regarding the plasmonic metal—semiconductor
interactions leads to the identification of at least three different
mechanisms that contribute to enhancing the photoconversion
efficiency of a given semiconductor material when it forms part
of a HN: hot electron/hole transfer, light trapping, and
plasmon-induced energy transfer based on scattering and near-
field interactions.” ™’ These mechanisms allow us to increase
the speed of generation of electron—hole pairs and can also
favor their spatial separation. The intense electric field
generated on the surface of the plasmonic metal particle, due
to the excitation of the LSPR, is able to significantly increase
the generation efficiency of electron—hole pairs in the nearby
semiconductor. This process is known as plasmon-induced
resonance energy transfer (PIRET) and occurs by the coupling
between the dipole moment of the LSPR and the dipole
moment of the interband transitions in the semiconductor,
resembling in some way the Forster energy transfer mechanism
observed between donor and acceptor molecules.”> The
optimization of the PIRET mechanism requires both spectral
and spatial overlaps. That is, the excitation energy of the LSPR
should be similar to the bandgap energy of the semiconductor.
In addition, the semiconductor component must occupy the
spatial region near the plasmonic particle where the most
intense near-field enhancements occur. In addition, Cushing et
al. have stated that the relative dephasing times of the LSPR
and the semiconductor must also be considered for efficient
PIRET.”” Consequently, electron—hole pairs are produced near
the surface of the semiconductor, significantly reducing the
recombination of charge carriers during their migration to the
catalytic sites at the interface. Nonetheless, although the
criterion for optimization of the PIRET mechanism based on
spectral and spatial overlaps and on dephasing times of the
LSPR is very useful and correctly describes experimental results,
it has been obtained from a theoretical methodology that
somehow neglects the size-dependent absorption and scattering
properties of the nanostructured materials.”®

Hematite (a-Fe,O;) is the most thermodynamically stable
form of iron oxides, and it is environmentally harmless and
relatively inexpensive, with an optical bandgap energy between
1.9 and 2.3 eV (corresponding to 650 and 560 nm wavelengths,
respectively) depending on the preparation method.*” These
properties make a-Fe,O; a notable photoanode material for
being used in solar energy photoelectrochemical water splitting,
a promising route to green and renewable H, fuel*'™"
However, one of the main reasons that limits its performance
not only as a water-oxidizing photoanode but also as a
heterogeneous photocatalyst for the degradation of pollutants
and toxic compounds is the low light-harvesting efficiency. In
an effort to improving the photoactive properties, a-Fe,O; has
been combined with plasmonic metals into HNs, Ag and Au
being the typical metals employed.**~** In spite of the multiple
complexities from the synthetic point of view, the valuable
efforts accomplished regarding the preparation of a-Fe,0;/
plasmonic metal HNs seem to share in common the lack of
guidelines to lead the design of the HNs to optimize their
photoactive properties and particularly their light-harvesting
efficiency.

In this work, the far- and near-field optical properties of a-
Fe,05/M rodlike HNs (M = Ag, Au, Al) have been studied by

4590

means of discrete dipole approximation (DDA) simula-
tions."”~>° The HNs studied consist of a @-Fe,O; nanocylinder
attached concentrically through its base to a metallic nano-
cylinder, with both components having the same diameter,
whereas the length of the metallic component, L, was varied
systematically in a broad range. In addition, to carry out this
study, an strategy was implemented that allowed us to examine
the contribution of each component of the HN to the
absorption efficiency, Q,,, separately. Furthermore, on the
basis of the Q,, values, it was possible to calculate the absorbed
photon flux within the a-Fe,O; component, ¢, the relevant
quantity that greatly determines the photoconversion efficiency
of photoelectrochemical cells and photocatalysts. It is shown
that the absorbed photon flux within the a-Fe,O; component,
¢, presents a strong dependence on the length of the metallic
counterpart, L, indicating that it is possible to significantly
improve the photoactive properties of HNs by a proper tuning
of its dimensions. In addition, it is also shown that the ¢ values
can be largely modified by changing the nature of the plasmonic
metal that constitutes the HN. With the aim to obtaining more
accurate criteria able to guide the design toward the
maximization of the photoactive properties of HNs, it was
empirically found, for all three plasmonic metals studied, that
the ¢ values directly correlate with a parameter determined by
the interplay between the bandgap energy of a-Fe,O; and the
energy and radiative line width of the LSPR. Note that issues
related to the phenomena subsequent to light absorption
(kinetics of chemical reactions, diffusion length of charge
carriers, and overpotential requirements) are not addressed in
the present work. We believe that the results presented in this
work provide valuable information for an eflicient design of
HNs with improved photoactive properties.

B THEORY AND COMPUTATIONAL DETAILS

In this work, the far- and near-field optical properties of HNs
composed of a-Fe,O; and a metallic counterpart have been
systematically studied by means of DDA simulations. To
perform this study, we have employed the DDSCAT 7.3 code,
which implements the DDA method in such a way as to assess
the absorption efficiency, Q. spectrum from each component
of the HN separately.”” Details about this methodology can be
found elsewhere.”"~> Briefly, in this method, the object of
interest is approximately represented by a cubic array of N
dipoles at positions r; with dipole polarizabilities ¢;. The dipoles
can be distributed inside the cubic array without restrictions
and, consequently, the properties of arbitrarily shaped particles
can be simulated. Dipole polarizability a; at each dipole position
t; is determined on the basis of the lattice dispersion relation
and the dielectric constant of the composition material at
position r;, which is introduced as input, allowing the simulation
of optical properties of nanostructures with domains having
different compositions. A key parameter in this methodology is
the number of dipoles, N, used to represent the object under
study because both the precision of the simulation and the
computational time increase with N. Therefore, the value of N
selected to represent a given nanostructure must comply with
the tolerance of acceptable error.

The methodology applied in this work allows us to calculate
the absorption efficiency, Q,,, spectrum for each component of
the HN, that is, the a-Fe,0; rod and the metallic counterpart,
according to the following expression”*
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k Im(e(A)) ) HN dimensions in such a way that a lattice spacing (interdipole
Qi = C _EP [/ IE(r)I" dr distance) of 1.5 nm was set in all simulations. In addition, the
geom 770 ) dielectric properties of the environment were set equal to those

where Im(&(4)) is the value of the wavelength (1)-dependent of water in all cases.

imaginary part of the dielectric constant of the material at

position 7, C,.om is the projected area of the HN perpendicular B RESULTS AND DISCUSSION

to k, and E(r) is the electric field values calculated at each Far- and Near-Field Optical Properties of a-Fe,0;/Ag
dipole position 7. In addition, the integral is calculated over HNs. Effect of Ag Rod Length L on Absorption Efficiency
volume V; occupied by material i, that is, by a-Fe,O; or the Qgps- Figure 2 shows absorption efficiency, Q. spectra of a-
metallic rod, for each wavelength of interest. Fe,0;/Ag HNs composed of Ag rods of increasing length L. In

The HNs studied in this work are composed of a a-Fe,0, all cases, the diameter of both components is 50 nm and the
cylinder in contact through its base to a metallic cylinder. Both length of the a-Fe,O; component is 50 nm. The Q,p,, spectrum
components have a diameter of 50 nm, the length of the a- of the HN with a Ag rod of length 30 nm (Figure 2a, black
Fe,0; rod is 50 nm, and the length of the metallic component, curve) presents a defined peak centered at 465 nm, whose
L, has been varied in the 0—100 nm range. In addition, the HNs contributions to it from the Ag and a-Fe,O; components are
studied are composed of three different metallic counterparts: also plotted as blue and red curves, respectively. The Q,,

Au, Ag, and Al Figure 1 schematically illustrates the HNs spectrum of the Ag rod shows a peak located at 450 nm, which
is attributed to the excitation of the LSPR, whereas the Q

Eq spectrum of the a-Fe,O; component exhibits a peak at 475 nm,
both contributions having similar intensities. In addition, the
k Q.ps spectrum of the HN with L = 0 nm, that is, the spectrum of

a a-Fe,O; rod with identical dimensions and without the
metallic counterpart, is also shown (green curve). The Q,, of
the isolated a-Fe,0; rod decreases almost linearly from 400 up
to 600 nm, and for 4 > 600 nm its values are practically

\ negligible. By comparing the spectra shown as red and green
/ curves, the noticeable influence of the Ag rod on the absorption
50 e \ properties of the a-Fe,O; rod can be clearly appreciated.

\

Indeed, the absorption efliciency of the a-Fe,O; rod
substantially increases when it is in contact with the Ag rod.

Figure 1. Schematic representation of the a-Fe,O;/M rodlike hybrid As the Ag rod length is increased from 30 to 50 nm, the Q,
nanostructures studied in this work (M = Ag, Au, and Al). Electric field spectrum of the NH presents a more intense peak located at
E, and wave vector k of the incident light are parallel and 550 nm (Figure 2b, black curve). This effect is mainly due to
perpendicular to the rod axis, respectively. Both components have a the red shift of the LSPR of the Ag rod, which is centered now

diameter of S0 nm, the length of the a-Fe,0; rod is 50 nm, and the

t 550 Fi 2b, bl th ted result i
length of the metallic component L has been varied in the 0—100 nm at 550 nm (Figure 2b, blue curve), a rather expected result in

agreement with previous studies.”® On the other hand, it is also

range.
8 observed that the absorption from the @-Fe,O; component
(Figure 2b, red curve) shows a peak at 540 nm and is much
investigated, along with the orientations of electric field E, and larger than that corresponding to the isolated a-Fe,O; rod
wave vector k of the incident light relative to the HN. Unless (Figure 2b, green curve). A further increase in the length of Ag
otherwise specified explicitly, E, is parallel, whereas k is rod, L, to 70 nm produces an additional red shift of the LSPR
perpendicular to the major axis of the HN for all cases studied. to 630 nm (Figure 2c, blue curve), which in turn dominates the
The wavelength-dependent complex dielectric constants of Q.ps spectrum of the HN as a whole (Figure 2c, black curve). In
a-Fe,0; with Al, Ag, and Au were obtained from refs 55, 56, addition, the Q. spectrum of the a-Fe,O; component (Figure
and 57 respectively. The number of dipoles, N, employed in the 2¢, red curve) shows larger Q. values than the respective
simulations varied from 1 X 10° to 3 X 10° according to the values for the isolated a-Fe,O; rod (Figure 2c, green curve) in
@* ' I ' I (b) *° ' ' o'z»FeZO;Ag HN ©* ' ' “o-Fe,0,-AgHN
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Figure 2. Absorption efficiency, Q,p, spectra of a-Fe,0;/Ag HNs (black curves) along with the respective contributions from the a-Fe,O; (red
curves) and Ag (blue curves) components. The diameter of both components is SO nm in all cases. The length of the a-Fe,0; component is S0 nm
in all cases, whereas the lengths, L, of the Ag component are (a) 30, (b) 50, and (c) 70 nm. For comparison, the Q,,, spectrum of an isolated a-
Fe,0; rod (L = 0 nm) is also shown (green curve).
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Figure 3. Near-field patterns of a-Fe,0;/Ag HNs through planes that contain the main axis of the HN and wave vector k, under an excitation
wavelength of 540 nm. The left and right parts of each panel represent the a-Fe,O; and Ag components, respectively, whereas the dashed black lines
represent the interface between them. The diameter of both components is S0 nm in all cases. The length of the a-Fe,O; component is 50 nm in all
cases, whereas the lengths, L, of the Ag component are (a) 30, (b) 50, and (c) 70 nm.
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Figure 4. Absorption efficiency, Q,;, spectra of a-Fe,O;/Au HNs (black curves) along with the respective contributions from the a-Fe,O; (red
curves) and Au (blue curves) components. The diameter of both components is S0 nm in all cases. The length of the a-Fe,O; component is SO nm
in all cases, whereas the lengths, L, of the Au component are (a) 30, (b) 50, and (c) 70 nm. For comparison, the Q,,, spectrum of an isolated a-

Fe,0; rod (L = 0 nm) is also shown (green curve).

the 500—650 nm spectral range but smaller intensity in
comparison to that in the previous cases. Therefore, in general,
it is observed that the Q. values of the a-Fe,O; component
are larger than the respective values for the isolated a-Fe,O;
rod and that they strongly depend on the length of the Ag rod,
L.

Effect of Ag Rod Length L on the Near-Field Intensity and
Distribution. To achieve a deeper comprehension of the
phenomena described above, the far-field properties are
correlated with near-field properties. Figure 3 shows near-
field patterns of a-Fe,O;/Ag HNs composed of Ag rods of
increasing length L through planes that contain the main axis of
the HN and wave vector k. In all cases, the patterns correspond
to illumination of the HNs with a wavelength of 540 nm. The
choice of an excitation wavelength fixed at 540 nm, as a
convenient value to analyze the near-field patterns of the HNs
of different compositions and sizes studied in this work, arises
after considering jointly the hematite absorption range, the
range where the incident spectral photon flux I(1) presents the
largest values, and the respective plasmon resonance wave-
lengths. The left and right parts of each panel represent the a-
Fe,0; and Ag components, respectively, whereas the dashed
black lines schematically represent the interface between them.
It can be clearly appreciated that the intensity and distribution
of the near field within the a-Fe,O; component strongly
depend on the Ag rod length. For instance, for a Ag rod of
length L = 30 nm (Figure 3a), the near-field distribution within
a-Fe,0; is quite homogeneous and its values show slight
enhancement. However, for L = 50 nm (Figure 3b), the a-
Fe,O; component shows significant near-field enhancement,
which is mostly concentrated in those spatial regions close to
the Ag rod specially at the interphase. A further increase in the
length, L, of the Ag rod to 70 nm (Figure 3c) leads to an
inhomogeneous near-field distribution within the a-Fe,O;
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component, the values being moderately high in the region in
contact with the Ag rod, which rapidly decrease upon moving
away from the interface.

Importantly, note that at 540 nm the LSPR of the Ag rod
with L = S0 nm is on-resonance (see Figure 2b), whereas that
of the HNs with lengths of the Ag rod of 30 and 70 nm, the
LSPR is off-resonance (see Figure 2a,c, respectively). There-
fore, the variation of the electric field values within the a-Fe,04
component is attributed to the excitation of the LSPR in the Ag
counterpart of the HN. Furthermore, according to eq 1, the
enhancements of the electric field within the a@-Fe,O;
component explain the increase in the respective Q. values.
These results clearly exemplify the relevance of optimizing the
structural design of HNs to improve their photoactive
properties given that, among others parameters, the spectral
position of the LSPR depends on the metallic component
dimensions. The near-field patterns of a-Fe,O;/Ag HNs
excited at their respective plasmon resonance wavelengths are
provided in Figure S1.

Far- and Near-Field Optical Properties of a-Fe,0;/Au
HNs. Effect of Au Rod Length L on Absorption Efficiency
Qs The optical properties of a-Fe,O;/Au HNs have also
been simulated to establish similarities and differences between
the optical responses of HNs composed of distinct plasmonic
metals. Figure 4 shows the absorption efficiency, Q,,, spectra of
a-Fe,0;/Au HNs composed of Au rods of increasing length L.
In general, it is observed that the absorption spectra of the HN
(Figure 4, black curves) present a defined peak whose intensity
increases and spectral position red-shifts as the Au rod length,
L, increases from (a) 30 to (b) SO and to (c¢) 70 nm.
Furthermore, the absorption spectra of the HN are mostly
given by the contribution from the Au rod (Figure 4, blue
curves). On the other hand, the contribution of the a-Fe,0O,
component to the absorption spectra also presents a peak

DOI: 10.1021/acs jpcc.7b12486
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Figure S. Near-field patterns of a-Fe,0;/Au HNs through planes that contain the main axis of the HN and wave vector k, under an excitation
wavelength of 540 nm. The left and right parts of each panel represent the a-Fe,0; and Au components, respectively, whereas the dashed black lines
represent the interface between them. The diameter of both components is S0 nm in all cases. The length of the a@-Fe,O; component is 50 nm in all
cases, whereas the lengths, L, of the Au component are (a) 30, (b) 50, and (c) 70 nm.
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Figure 6. Absorption efficiency, Q.. spectra of a-Fe,O;/Al HNs (black curves) along with the respective contributions from the a-Fe,O5 (red
curves) and Al (blue curves) components. The diameter of both components is S0 nm in all cases. The length of the a-Fe,0; component is SO nm in
all cases, whereas the lengths, L, of the Al component are (a) 30, (b) 50, and (c) 70 nm. For comparison, the Q,;, spectrum of an isolated a-Fe,O,

rod (L = 0 nm) is also shown (green curve).

whose spectral position shifts to larger wavelengths as the Au
rod length increases. These trends resemble those described for
the a-Fe,0;/Ag HNs. However, a quantitative difference arises
regarding the absorption intensity of the a-Fe,O; component.
Importantly, the Q, values for the a-Fe,O; component
(Figure 4, red curves) are quite similar to those corresponding
to the a-Fe,O; rod with identical dimensions and without the
metallic counterpart (Figure 4, green curves) and are
substantially smaller than those found when the metallic
counterpart of the HN is Ag (see Figure 3, green curves). In
fact, the Q. peak values of the a-Fe,O; component decrease
roughly from 1.5 to 0.5 when Ag is replaced with Au as the
metallic counterpart of the HN, indicating that Ag is more
suitable than Au to enhance the light-harvesting properties in a-
Fe,0;. The possible reasons that might explain this different
behavior will be further analyzed and discussed in the next
section.

Effect of Au Rod Length L on the Near-Field Intensity and
Distribution. The near-field patterns of a-Fe,O;/Au HNs
composed of Au rods of increasing length L through planes that
contain the main axis of the HN and wave vector k are shown
in Figure S. In all cases, the patterns correspond to illumination
of the HNs with a wavelength of 540 nm. The left and right
parts of each panel represent the a-Fe,O; and Au components,
respectively, whereas the dashed black lines schematically
represent the interface between them. In this case, the
distribution of near field within the a-Fe,O; component is
similar to that found in the previous case, that is, the largest
values are concentrated in the proximity of the interface
between a-Fe,0; and Au. Nonetheless, a significant enhance-
ment of the electric field is not observed, whatever the length of
the Au rod. This observation explains, according to eq 1, the
relatively low Q,p, values observed for the a-Fe,O; component
(see Figure 4, red curves). Note that at an excitation
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wavelength of 540 nm, the LSPR is off-resonance for the
HNs with Au rod lengths of S0 and 70 nm, and, on the
contrary, the LSPR is on-resonance for the HN with Au rod
length of 30 nm (see Figure 4, blue curves). However, the
electric field enhancement within the a-Fe,O; component for L
= 30 nm is fairly poor in comparison to the values found for Ag
(see Figure 3). This result might seem opposite to intuition
given that the LSPR is on-resonance and shows that the
optimization of light absorption by a semiconductor material
goes beyond the mere spectral overlap and therefore it should
require to take into account the interplay between several
factors. The near-field patterns of a-Fe,O;/Au HNs excited at
their respective plasmon resonance wavelengths are provided in
Figure S2.

Far- and Near-Field Optical Properties of a-Fe,05/Al
HNs. Effect of Al Rod Length L on Absorption Efficiency Q.
The third type of HNs studied in this work are those composed
of Al as the metallic counterpart. The absorption efficiency,
Q. spectra of a-Fe,O;/Al HNs composed of Al rods of
increasing length L are shown in Figure 6. For L = 30 nm, the
Q.ps spectrum of the Al rod exhibits low values and presents no
appreciable peak in the wavelength range studied (Figure 6a,
blue curve). It is speculated that, due to the relatively small size
of the rod along with the intrinsic dielectric properties of Al the
LSPR is spectrally located at higher energies, that is, at
wavelengths shorter than 400 nm. The contribution to the Q
spectrum of the a-Fe,O; component (Figure 6a, red curve)
practically dominates the spectrum of the HN as a whole
(Figure 6a, black curve) and, despite the fact that the LSPR is
apparently not excited, its intensity is notably enhanced in
comparison to that of the spectrum of the isolated a-Fe,O; rod
(Figure 6a, green curve). As the Al rod length is increased to L
= 50 nm, a peak centered at 450 nm appears in the Qg
spectrum, which is attributed to the contribution coming from
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wavelength of 540 nm. The left and right parts of each panel represent the a-Fe,0; and Al components, respectively, whereas the dashed black lines
represent the interface between them. The diameter of both components is S0 nm in all cases. The length of the a@-Fe,O; component is 50 nm in all
cases, whereas lengths L of the Al component are (a) 30, (b) 50, and (c) 70 nm.
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Figure 8. Variation of the absorption efficiency, Q. spectrum of the a-Fe,O; component of a-Fe,O;/M HNs with a metallic rod of length L, where
(a) M = Ag, (b) M = Ay, and (c) M = Al The diameter of both components is SO nm, and the length of the a-Fe,O; component is 50 nm in all
cases. The length, L, of the metallic component, M, is varied in the 0—100 nm range.

the excitation of the LSPR of the Al rod (Figure 6b, blue
curve). In addition, the partial contribution of the a-Fe,O,
component to the Q. spectrum (Figure 6b, red curve)
presents a peak near 400 nm, their values being noticeably
larger than those corresponding to the isolated a-Fe,O; rod
(Figure 6b, green curve).

An additional increase in the Al rod length to 70 nm leads to
an increase in the intensity and a red shift of the Q, peak,
attributed to the LSPR of the Al rod (Figure 6c, blue curve). In
addition, the Q,;, spectrum of the a-Fe,O; component (Figure
6¢, red curve) becomes broader, showing larger values than
those for the isolated a-Fe,O; rod (Figure 6b, green curve).
Importantly, note the remarkable decrease of the Q.
contribution of the a-Fe,O; component in the 400—450 nm
range as the Al rod length, L, increases from 50 to 70 nm, that
is, as the spectral position of the LSPR red-shifts from 460 to
510 nm. Thus, the results presented in Figure 6 clearly show
that light harvesting in a-Fe,O; can be strongly enhanced when
it is coupled with Al in the HN as a consequence of the
excitation of LSPR in the metallic Al rod.

Effect of Al Rod Length L on the Near-Field Intensity and
Distribution. Figure 7 shows near-field patterns of a-Fe,05/Al
HNs composed of Al rods of increasing length L through
planes that contain the main axis of the HN and wave vector k.
In all cases, the patterns correspond to illumination of the HNs
with a wavelength of 540 nm. In general, it can be observed
that, whatever the length of the Al rod, the distribution of the
near field within the a-Fe,0; component is more homogenous,
in contrast to that in the Ag and Au HNs. The electric field
enhancement is not concentrated mainly at the interface, and
its values decrease more slowly upon moving away from the
interface between the components of the HN. Furthermore, the
values of the enhancements of the electric field are intermediate
between those found for Ag (Figure 3) and Au (Figure 5). In
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addition, the near-field enhancement within a-Fe,O; increases
as Al rod length L increases or, alternatively, as the spectral
position of the LSPR red-shifts approaching 540 nm. This
observation indicates that the enhancement of the electric field
within the a-Fe,O; component, and consequently the increase
of Q. is intimately related to the excitation of the LSPR in the
metallic counterpart of the HN. The near-field patterns of a-
Fe,0;/Al HNs excited at their respective plasmon resonance
wavelengths are provided in Figure S3.

Effect of the Metallic Counterpart on Absorption
Efficiency Qgps Figure 8 shows absorption efficiency, Q.
spectra of the a-Fe,O; component for different metallic rod
lengths, which allow us to compare the effects of the three
different metals studied in this work on the magnitude of the
light absorption enhancement. At first glance, it can be
appreciated that the main effect of Ag (Figure 8a) and Al
(Figure 8c) is the significant increase in the absorption
contribution of the a-Fe,O; component compared to that of
the isolated a-Fe,0; rod (L = 0 nm), whereas Au (Figure 8b)
leads to a moderate enhancement. In the case of Ag, the partial
contribution to Q,,, from a-Fe,0; shows large values up to a
rod length of 60 nm, whereas for larger L values, the absorption
spectrum depicts a remarkable decrease in its intensity.

It is important to correlate this observation with the plasmon
resonance wavelength for each L value (see Table 1). Note that
the Q. values for the a-Fe,O; component decrease when the
LSPR wavelength is red-shifted beyond 600 nm, that is, for
wavelengths where Im(£(1) re,0,) — 0.>' A similar behavior is

observed for Au (Figure 8b): the Q,, values of a-Fe,O; present
quite small values for L > 60 nm, that is, when the LSPR
wavelength is red-shifted beyond 660 nm. For Al (Figure 8c), it
is also observed that the Q,, values for the a@-Fe,O; component
first increase with L and then progressively decrease as L is
further increased to L > 40 nm. On the basis of the results
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Table 1. LSPR Wavelength for HNs Composed of Metallic
Counterparts of Different Nature and Lengths

metallic rod LSPR spectral position/nm

length, L/nm a-Fe,0;/Ag a-Fe,0;/Au a-Fe,0;/Al
10 420 520
20 438 540
30 461 560
40 500 580
S0 550 600 400
60 600 660 450
70 640 680 480
80 680 720 520
90 720 750 560

100 760 780 600

presented above, it can be stated that, for a given metallic
counterpart, the enhancement of Q,,, for the a-Fe,O;
component is directly related to the tuning of the LSPR
wavelength to the spectral region, where a-Fe,O; absorbs, that
is, where Im(&(4),5.,0,) > 0. However, this fact is unable to

explain the substantial differences found in the Q. values
according to the metallic counterpart of the HN. Thus, to be
able to take out the most from the properties that allow HNs to
convert light into chemical or electrical energy through a
rational design of their structure, a more deep insight into the
factors that control light harvesting is required.

Absorbed Photon Flux, ¢, within the «-Fe,0;
Component. To evaluate the effectiveness of a-Fe,O;/M
rodlike HNs as light-harvesting devices, the absorbed photon
flux, ¢, within the a-Fe,O; component has been calculated
according to eq 2’

A=900 nm

1(A)Q,(4) dA

A=400 nm

’ @
where the incident spectral photon flux, I(4), is given by I(1) =
Alamisg/he, where Iy sg is the solar spectrum at AMI1.5G
conditions, h is Planck’s constant, and c is the speed of light in
vacuum. Figure 9a shows the dependence of ¢ on the length, L,
of the metallic rods of the three different metals studied in this
work. In all cases, it is observed that as L increases from 10 to
100 nm, ¢ increases up to a maximum value and then
decreases. The rod length for which ¢ reaches the maximum
value, L., depends on the nature of the metallic rod, that is,
Ly = 45 nm for Ag and Au and L, = 60 nm for Al In
addition, it is clearly observed that the largest ¢ values are
obtained using Ag or Al as the metallic counterpart of the HN,
whereas Au leads to smaller ¢ values. Indeed, the highest ¢
values for Ag and Al (~11 X 10'® photons cm™ s™') are nearly
3 times larger than those corresponding to HNs composed of
Au (~4 X 10" photons cm™ s™'). This distinct behavior arises
as a consequence of the different electric fields induced in the
a-Fe,O; component by the metallic counterpart at each
different wavelength.

Ingram et al. have shown that the spectral overlap among the
illumination source spectrum, semiconductor absorbance
spectrum, and metal nanoparticle LSPR spectrum provides a
useful descriptor for predicting the LSPR-induced enhancement
rate for the composite photocatalyst and guiding the
formulation of optimal plasmonic metal/semiconductor photo-
catalysts.”” To establish a comparison with such experimental
results and considering that the rate enhancement can be
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Figure 9. a) Dependence of the absorbed photon flux, ¢, within the a-
Fe,O; component on the length, L, of the Ag (black curve), Au (red
curve), and Al (blue curve) rods. (b) Dependence of the absorbed
photon flux, ¢, within the a-Fe,O; component on the spectral overlap
between the Q. spectra of a-Fe,O; and Ag (black curve), Au (red
curve), and Al (blue curve). (c) Dependence of the absorbed photon
flux, ¢, within the a-Fe,O; component on parameter K for Ag (black
dots), Au (red dots), and Al (blue dots), given by K = I’y e /B,
The diameter of both components of the HNs as well as the length of
the a-Fe,O; rod is S0 nm in all cases.

directly associated with the absorbed photon flux, ¢, Figure 9b
shows the ¢ values obtained through eq 2 plotted as a function
of the spectral overlap for the three plasmonic metals studied in
this work. At first glance, it can be observed that ¢ increases
with the spectral overlap, in agreement with previous results.*’
However, note that for any of the metals analyzed, the spectral
overlap does not present one-to-one univocal correspondence
with ¢. For instance, at a spectral overlap of 100, the curve for
Al presents two quite different ¢ values, that is, 7.5 and 10.4 X
10" photons cm™2 57/, respectively. This observation suggests
that although the spectral overlap provides a useful descriptor
for predicting the photoactive properties of HNs it has
limitations to represent a definitive criterion able to discern
about the largest absorbed photon flux between similar HNs.
Moreover, the upper (lower) branch in each curve corresponds
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Figure 10. Absorption efficiency, Q,, spectra of (a) a-Fe,0;/Ag, (b) a-Fe,0;/Au, and (c) a-Fe,0;/Al HNs (black curves) excited with the
incident electric field perpendicular to the major axis of the HN. The red curves correspond to the respective contributions from the a-Fe,0;
component, whereas the blue curves correspond to the contribution from the respective plasmonic metal. The diameter and length of both
components of the HN are S0 nm in all cases. For comparison, the Q. spectrum of an isolated a-Fe,O; rod (L = 0 nm) is also shown (green curve).

to NHs whose plasmonic component lengths are shorter
(larger) than the L, Thus, the experimental results shown in
Figure 4b of ref 60 can be associated with the upper branch of
the curve that describes the dependence of ¢ on the spectral
overlap (Figure 9b). The results presented here suggest that
there is a need of a more quantitative figure of merit that allows
the efficient design of photoactive HNs, that is, to determine
the dimensions for a given HN composition that lead to the
largest ¢ value. Wu and co-workers stated that PIRET can only
occur when a spectral overlap is maintained, and PIRET can be
better used to increase the absorption in a spectral region
where the semiconductor absorbs weakly, such as near the band
edge.g’8 Furthermore, these authors also argued that the relative
dephasing times of the plasmon and semiconductor must be
considered for efficient PIRET. On the basis of these arguments
and considering that the dephasing time of the LSPR is linked
to the LSPR line width,”" that the PIRET mechanism is more
efficient for LSPR energies near the bandgap of the
semiconductor material, and that the absorbed photon flux,
¢, should be proportional to the incident spectral photon flux,
we have empirically found that parameter

K = P(Qpp)Tg e/ F ()
constitutes a quantitative figure of merit that allows us to guide
the design of HNs toward those with enhanced photoactive
properties. In eq 3, I'y stands for the nonradiative line width of
the LSPR, E, corresponds to the LSPR energy, and E, is the a-
Fe,0; bandgap energy (2.3 eV). Moreover, the incident
spectral photon flux, I, in eq 3 is valuated at the resonance
wavelength of the LSPR (A gpr). Figure 9c shows the
dependence of the absorbed photon flux, ¢, on parameter K
for the three different compositions of HNs studied in this
work. The E,, values for each metal and length L were obtained
from the respective Q,p, spectra, whereas the I'y values were
calculated according to the methodology described in ref 62.
Note that the values for each component on the right side of eq
3 corresponding to Ag, Au, and Al are provided in Tables S1—
S3, respectively. The data plotted in this way roughly lie in the
same curve and evidence a direct proportionality between ¢
and K, indicating that the largest ¢ value is achieved for the
largest K value. The K value can be interpreted as the result of
the interplay among different quantities. Term e /= accounts
for the spectral overlap between the Q,, spectra of the
semiconductor and the metallic component of the HN. The
relative amount of energy scattered into the environment
produced after LSPR excitation capable of being absorbed by
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the nearby semiconductor material corresponds to a radiative
loss, I'y, that favors the absorbed flux of photons; therefore, it is
introduced as a multiplicative factor in the expression of K.
Finally, the inclusion of I(4;spyg) in the definition of parameter
K accounts for the dependence of the incident light intensity on
the wavelength. Note that the relatively small variation of ¢
with L near L, (Figure 9a) provides a range where the length
of the metallic component can be tuned without diminishing
the ¢ value significantly with respect to the highest ¢ value,
which constitutes an advantageous characteristic from the point
of view of the preparation of this type of HNs. Furthermore, as
it can be clearly seen in Figure 9a, the magnitude of this length
range decreases in the order of Au, Al, and Ag. This feature is
also captured in Figure 9¢, where for each metal, there exists a
range of K values for which ¢ exhibits small variations around
the highest ¢ values. Thus, the results shown in Figure 9c
indicate that the K parameter constitutes a suitable predictor for
guiding the design of photoactive HNs and for determining the
optimum size according to a given specific metallic component.

Incident Electric Field Perpendicular to the Major Axis
of the HN. All of the results presented and analyzed here were
obtained with incident electric field E, parallel to the major axis
of the HN. In this section, the effect of incident electric field
perpendicular to the major axis of the HN on the absorption
efficiency as well as on the ¢ values is analyzed to achieving a
more complete picture. Figure 10 shows absorption efficiency,
Q.pe spectra of (a) a-Fe,05/Ag, (b) a-Fe,05/Au, and (c) a-
Fe,05/Al HNs (black curves) excited with an incident electric
field perpendicular to the major axis of the HN. The red curves
correspond to the respective contributions from the a-Fe,0;
component, whereas the blue curves correspond to the
contributions from the respective plasmonic metal. The
diameter and length of both components of the HN are 50
nm in all cases. For comparison, the Q, spectrum of an
isolated a-Fe,0; rod (L = 0 nm) is also shown (green curve).
The change in the orientation of the incident electric field from
parallel to perpendicular with respect to the HN major axis
produces substantial modifications in the main features of the
Q.ps spectra. Indeed, for the a-Fe,0;/Ag HN, two absorption
peaks can be clearly observed, which are almost exclusively due
to the absorption of the plasmonic metal component, revealing
notable differences with respect to the excitation with a parallel
incident electric field where only one absorption peak is
observed (see Figure 2a). These absorption peaks are attributed
to multipole plasmonic excitations, and a detailed character-
ization of these transverse resonance modes is outside the
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scope of this work. Importantly, the most relevant finding is
that the intensity of the Q,,, spectrum of the a-Fe,O;
component is not significantly enhanced when it is coupled
to the Ag rod (Figure 10a, red curve) in comparison to that of
the Q. spectrum of the isolated a-Fe,O; rod (Figure 10a,
green curve). Similar features are observed for the a-Fe,0;/Au
HN, although in this case, the increase in the intensity of the
Q.ps spectrum of the a-Fe,0O; component (Figure 10b, red
curve) is much less pronounced than that corresponding to the
isolated a-Fe,O; rod (Figure 10b, green curve). In the case of
the a-Fe,0;/Al HN, the Q. spectrum of the Al component
(Figure 10, blue curve) only presents a wide and very low
intensity peak at around 500 nm. Recall that the plasmon
resonances of Al appear blue-shifted in comparison to those of
Ag and Au because of its dielectric properties. On the other
hand, the Q. spectrum of the a-Fe,O; component (Figure
10c, red curve) is quite similar to that corresponding to the
isolated a-Fe,O5 rod (Figure 10c, green curve); that is, the
absorption properties of a-Fe,O; remain practically unaltered
when it forms the HN and it is excited with the incident electric
field perpendicular to the major axis of the HN. Additional Q_y
spectra for a-Fe,0;/Ag, a-Fe,0;/Au, and a-Fe,0;/Al with L =
30 and 70 nm are provided in Figures S4—S6, respectively,
which exhibit qualitatively the same features as those in the
spectra presented in Figure 10. Therefore, the results obtained
in general indicate that under excitation with the incident
electric field perpendicular to the HN major axis Ag leads to
moderate enhancements of the Q, spectrum of the a-Fe,O4
component in comparison to those of the Q,,, spectrum of the
isolated a-Fe,O; rod, whereas Au and Al lead to rather
negligible enhancements. Furthermore, the results obtained
also show that excitation with the incident electric field parallel
to the HN major axis produces larger enhancements in the Qy
spectrum of the a-Fe,O; component in comparison to those
under excitation with a perpendicular incident electric field. In
fact, the absorbed photon flux, ¢, within the a-Fe,O;
component for the a-Fe,0;/Ag, a-Fe,0;/Au, and a-Fe,0;/
Al HNs, whose spectra are shown in Figure 10, decreases from
1.08 X 10", 4.07 x 10", and 1.04 X 10" photons cm™ s™! to
423 % 10', 1.78 x 10', and 1.83 x 10% photons cm™ 57,
respectively, when the incident electric field orientation is
changed from parallel to perpendicular. The differences in the
intensity of the Q,,, spectrum of the a-Fe,O; component and
in the ¢ values according to the orientation of the incident
electric field with respect to the HN major axis are attributed to
the different near-field values generated by the excitation of
longitudinal and transverse plasmon resonance modes,
respectively.

B CONCLUSIONS

In this work, we have theoretically studied the light-harvesting
properties of hematite/plasmonic metal HNs by means of DDA
simulations. The nanostructures investigated consist of a a-
Fe,0; nanocylinder attached through its base to a nanocylinder
composed of Ag, Au, or Al, respectively. Both components have
the same diameter (S0 nm), whereas the length of the metallic
component, L, was varied systematically in the 0—100 nm
range. The strategy implemented in this work can be applied to
study the far- and near-field optical properties of any other
multicomponent HN with arbitrary geometry and allows us to
obtain information not accessible through standard spectro-
scopic techniques. In addition, on the basis of the Q,, data, it
was possible to calculate the absorbed photon flux, ¢, for each
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size and composition of HNs. It was found that both the
absorption efliciency, Q. and the absorbed photon flux, ¢, can
be substantially enhanced through a proper selection of the
nature and length of the metallic counterpart. Importantly, it
was also found that the highest ¢ values for HNs composed of
Ag and Al (~11 X 10' photons cm™ s™') are nearly 3 times
larger than those corresponding to HNs composed of Au (~4
X 10'® photons cm™ s™'). This evidence of plasmon-enhanced
light absorption in the a-Fe,O; component is attributed to a
plasmon-induced energy transfer mechanism based on near-
field enhancements. In addition, a direct relationship between
the absorbed photon flux, ¢, and optical characteristics of the
nanostructures, that is, the bandgap energy of a-Fe,O;, E, and
the energy, E,., and radiative line width, I', of the LSPR, was
empirically obtained. Particularly, it was inferred that ¢
increases proportionally to a new figure of merit denoted K,
explicitly given by the following expression: K = P’y e F¢/Fr,
Such a relationship expresses the complex interplay that
controls plasmon-enhanced light absorption processes, indicat-
ing that getting the largest ¢) requires not only the tuning of the
spectral overlap through the term e*¢®= but also taking into
account the radiative decay of the plasmonic excitation.
Consequently, the relationship between ¢ and K provides
advantageous criteria to guide the optimum design of hybrid
nanostructures with enhanced photoactive properties. Impor-
tantly, this criterion not only complements but also goes
beyond the limitations of previously reported useful criteria. We
believe that the results presented in this work provide valuable
information for achieving a more efficient design of HNs with
applications in photovoltaic and/or photocatalytic processes.
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