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We use experimental and computational studies of core—shell metal-semiconductor and
metal-molecule systems to investigate the mechanism of energy flow and energetic
charge carrier generation in multicomponent plasmonic systems. We demonstrate that
the rates of plasmon decay through the formation of energetic charge carriers are
governed by two factors: (1) the intensity of the local plasmon induced electric fields at
a specific location in the multicomponent nanostructure, and (2) the availability of
direct, momentum conserved electronic excitations in the material located in that
specific location. We propose a unifying physical framework that describes the flow of
energy in all multicomponent plasmonic systems and leads us towards molecular
control of the energy flow and excited charge carrier generation in these systems.

1. Introduction

Localized surface plasmon resonance (LSPR) is a collective and coherent oscil-
lation of free electrons in plasmonic nanoparticles stimulated by electromagnetic
radiation.’” LSPR is accompanied by large optical extinction cross-sections at the
resonant frequencies as well as elevated oscillating electric fields at the surface of
the nanostructures. Compared to the electric fields of an incoming photon flux,
these fields can be enhanced anywhere from 10° times at the surface of single
particles to 10° times in between two particles separated by ~1 nm.*” LSPR
essentially acts to confine incoming electromagnetic energy within small nano-
volumes at the surface of the nanoparticles. The energy of these enhanced fields is
dissipated either radiatively via reemission of photons into the far field (scat-
tering) or non-radiatively via the excitation of charge carriers (i.e. the formation of
energetic electron/hole pairs) within the nanoparticle (absorption). In clean
nanoparticles, the energy of these charge carriers is thermalized, ie., it is
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dissipated as heat directly within the nanostructure via electron-electron and
subsequently electron-phonon collisions. This thermalization process leads to
direct heating of the plasmonic nanostructure under LSPR conditions.*’

Due to their high optical extinction cross-section and their ability to localize
electric fields in small volumes, plasmonic nanoparticles are emerging as one of
the most promising materials platforms for various applications. Many potential
applications of plasmonic nanoparticles rely on spatially controlling the elec-
tronic excitation processes in plasmonic nanostructures. Specifically, there is
a great deal of interest in creating multifunctional nanostructures where plas-
monic nanoparticles that serve as nanoscopic light-energy concentrators are
coupled with another material (metal, semiconductor or molecular entities) that
utilizes this energy to perform a function.'*™” In these multifunctional materials,
energetic charge carriers would need to transfer from the plasmonic material to
the other material before they are thermalized in the plasmonic metal, or pref-
erentially form at high rates (stimulated by LSPR) directly in the other material
rather than in the plasmonic metal (Fig. 1). For example, the efficient creation of
energetic charge carriers in semiconductors or molecules or the efficient transfer
of energetic charge carriers from plasmonic nanoparticles to the attached semi-
conductors or molecules is crucial in numerous applications including plasmon-
enhanced photovoltaics,'®* plasmonic sensing,*® plasmonic photocatalysis*~>
and photothermal cancer therapy.**>° To be able to design such multifunctional
nanostructures, a deeper understanding of the energy dissipation pathways in
resonantly excited plasmonic multicomponent nanostructures and the factors
that govern the flow of energy within these multicomponent plasmonic nano-
structures is required.

We have previously reported the design of bimetallic plasmonic nano-
structures in the form of Ag-Pt core-shell nanocubes in which relatively large Ag
cubes (tens of nanometers) were covered with very thin Pt shells (~1 nm).>** We
demonstrated that in these multimetallic nanostructures, the plasmonic Ag core
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Fig. 1 Mechanisms of energetic charge generation/extraction from plasmonic nano-
particles to surrounding materials. (a) The electron—hole pairs are generated directly in the
plasmonic nanostructure. A number of charge carriers with enough energy have an
opportunity to transfer over to an attached material. The rest will be thermalized within the
bulk of the plasmonic nanostructure. (b) The electron—hole pairs are generated directly in
the attached material in regions close to the plasmonic nanostructure. This bypasses
thermalization processes in the plasmonic nanostructure.
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served to harvest the light energy through the excitation of LSPR and that this
LSPR energy was dissipated preferentially through the formation of energetic
charge carriers in the thin non-plasmonic Pt shell. We also developed a trans-
parent physical framework that could describe the energy flow in this bimetallic
plasmonic system.** We postulated that the local rate of formation of energetic
charge carriers in the multimetallic nanostructures is to a large degree governed
by two factors: (1) the local intensity of the electric field, and (2) the magnitude of
the imaginary part of the dielectric function (e,) of the non-plasmonic metal
relative to the plasmonic metal. In the above-mentioned Ag-Pt core-shell system,
the Ag core confined the high field to the surface due to the plasmonic effect, and
Pt has a significantly higher ¢, than Ag at the LSPR frequencies (due to the
availability of direct d to s electronic excitations). This led to the dissipation of
LSPR energy through the formation of energetic e-h pairs directly in thin Pt shell.
This proposed model and the experimental results provided us with a framework
for the rational design of multicomponent systems where a plasmonic material
guides the light energy to specific, sub-diffraction-limit volumes where this energy
is dissipated through the formation of energetic charge carriers at high rates.
To further validate the proposed model for the flow of LSPR energy in multi-
component plasmonic systems, we move away from the above-mentioned bime-
tallic systems and focus on multicomponent metal-semiconductor and metal-
molecule systems. We use experimental and theoretical studies to systematically
investigate the LSPR decay mechanisms in core-shell Ag-Cu,O (metal-semi-
conductor) and Ag-Methylene Blue (MB) (metal-molecule) multicomponent
nanostructures. We show that the high fields generated at the LSPR wavelength
can direct energy into the thin Cu,O and MB shells, respectively, in a manner
similar to the one described for the Ag-Pt core-shell structures. This results in the
increased absorption in Cu,O and the MB dye molecules, respectively.

2. Metal-semiconductor systems

To synthesize the Ag-Cu,O core-shell nanostructures, we first synthesized Ag
nanocube seeds using a well-established polyol-based method.**** The resulting
nanocubes were characterized using high-angle annular dark field scanning
transmission electron microscopy (STEM). The average edge length of the Ag
nanocubes was determined to be ~75 nm. The Ag nanocube seeds were then
coated with a thin layer of Cu,O by modifying a recently reported method.*
Briefly, the Ag-Cu,O nanoparticles were prepared by reducing a copper(u) nitrate
precursor onto the Ag nanocube seeds with hydrazine in the presence of sodium
hydroxide and polyvinylpyrrolidone. This resulted in the conformal coating of
Cu,0 onto the surface of the Ag nanocubes. Fig. 2a shows a representative bright
field STEM image of the Ag-Cu,O nanocubes investigated in this study. Elemental
mapping of the particles (Fig. 2b-e) using energy dispersive X-ray spectroscopy
(EDS) shows that the Ag nanocube cores are covered by the Cu,O shells. From the
STEM images, we determined the average thickness of the Cu,O shell to be
~5 nm.

To investigate the impact of the thin Cu,O shell on the energy flow in these
core-shell nanostructures, we studied the optical properties of the Ag-Cu,O
nanostructures by measuring their extinction, absorption and scattering and
comparing these to the optical properties of the pure Ag nanocube seeds of
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Fig. 2 (a) Bright field STEM image of a representative Ag—Cu,O nanocube. The average
edge length of the nanocubes was ~75 + 2 nm. EDS elemental maps of Ag (b), O (c), Cu (d)
and their overlay (e).

comparable size. The extinction characteristics of the nanocubes were measured
using transmission UV-vis spectroscopy. The UV-vis data in Fig. 3a show that the
introduction of the thin Cu,O shell results in a slight red-shift and an increased
linewidth of the LSPR extinction peak. This red-shift in the LSPR peak is the result
of the higher refractive index of Cu,O compared to air.** Additionally, the
extinction linewidth is related to the plasmon lifetime, where larger linewidths
correspond to shorter plasmon lifetimes.*” Furthermore, an optical integrating
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Fig. 3 (a) Measured normalized extinction of the Ag and Ag—Cu,O nanocubes; (b and ¢)
measured fractional extinction, absorption and scattering of (b) the Ag nanocubes, and (c)
the Ag—Cu,O nanocubes; (d) calculated normalized extinction of the Ag and Ag—Cu,O
nanocubes; (e and f) calculated fractional extinction, absorption and scattering of (e) the
Ag nanocubes, and (f) the Ag—Cu,O nanocubes. The edge dimensions of the Ag cube in
the calculations was 75 nm and the thickness of the Cu,O shell was 5 nm.
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sphere was used to measure the partitioning between absorption and scattering
for the Ag-Cu,0 nanocubes as well as the pure Ag nanocubes. The data in Fig. 3b
and c show that the introduction of the Cu,O shell modifies the LSPR decay
pathway, resulting in an increased ratio of absorption to scattering when
compared to the pure Ag nanocubes. Based on these data, we hypothesized that:
(1) the Cu,O shell was providing a faster pathway for the dissipation of the
electromagnetic energy than Ag, and that the energy was preferentially dissipated
through the absorption process in the thin Cu,O shell. In other words, the
introduction of Cu,O at the surface increased the rate of formation of energetic e-
h pairs at the surface of the nanostructure compared to the case of pure Ag; and
(2) the presence of the Ag core increases the absorption rates (the rate of
formation of charge carriers) in the Cu,O shell, compared to the identical Cu,O
shell without the Ag plasmonic core effect.

Since the experimental data in Fig. 3 does not inform us about the location of
the energetic e-h pair formation under the LSPR conditions, we performed finite
element method (FEM) electrodynamic simulations to spatially resolve the
absorption process within the nanostructures. The geometry constructed for the
FEM model consisted of a 75 nm Ag nanocube surrounded by a 5 nm shell
(corresponding to the dimensions determined from the STEM images) and the
dielectric properties for Ag and Cu,O were obtained from standard databases.****
The data in Fig. 3d-f show that the calculated extinction, absorption and scat-
tering properties for the Ag and Ag-Cu,O core-shell nanocubes are consistent
with the experimental measurements, showing that scattering is the dominant
plasmon decay pathway for pure Ag cubes while absorption dominates for the Ag-
Cu,O particles.

We used the FEM model to shed light on the two hypotheses, (1) and (2) dis-
cussed above, that emerged from our experimental measurement of the optical
properties. The data in Fig. 4a show the calculated power dissipated as a function
of wavelength in the Cu,O shell for the Ag-Cu,O particle compared to the
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Fig. 4 (a) Total power dissipated as a function of wavelength in the particle shells for the
Ag-Cu,O particle and the Ag—Ag core-shell particle; (b) contour maps of the power
dissipation per unit volume at the LSPR frequencies for the pure Ag particle and the Ag—
Cu,O particle. Due to the symmetry of the structures, we show the maps for a quarter of
the cubes; (c) total power dissipated in the Cu,O shell of core—shell particles with varying
core materials. The source field for all simulations was 1V m™ at all frequencies, which for
a free space amounts to 2.6 x 10™* mW cm~2.
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calculated energy dissipation rate in a virtual Ag ‘shell’ of a reference Ag-Ag core-
shell nanocube of identical dimensions. The calculated power is essentially
a measure of the wavelength-dependent rate of formation of energetic e-h pairs in
the shell. The data in Fig. 4a show that, as was hypothesized, the introduction of
the thin Cu,O shell increased the rate of formation of energetic e-h pairs at the
surface of the nanostructure (in the thin Cu,O shell region) compared to the case
of pure Ag, i.e., the process of photon absorption is shifted to the surface layers of
the multicomponent nanostructure. This is further shown in Fig. 4b, which shows
simulated contour maps of the power dissipated throughout the pure Ag nano-
cube compared to the Ag-Cu,O nanocube. Upon integrating the power dissipated
throughout the shells in these systems (i.e. the data in Fig. 4a) with respect to
energy, we determined that ~6 times as much energy was being deposited
through the shell of the Ag-Cu,O particle than in the Ag shell of the pure Ag
particle of identical size. To test the second hypothesis, we calculated the rate of
absorption in the Cu,O shell of the Ag—Cu,O nanoparticle and compared it to the
absorption of a Cu,O shell with identical dimensions, supported on either a pure
Cu,O core or in the absence of a core (i.e. the core was defined as air). The data in
Fig. 4c show that the absorption (i.e. generation of charge carriers) in the semi-
conductor (Cu,O) shell, at the LSPR wavelengths, is significantly larger for the
particle with the Ag plasmonic core. This suggests that in systems where a thin
semiconductor shell is surrounding a plasmonic nanoparticle core, the plas-
monic core can serve to enhance the rates of absorption in the shell compared to
when the shell is supported on non-plasmonic materials.

As discussed above, we postulated that the site-specific rate of formation of
energetic charge carriers in the multicomponent plasmonic nanostructures is to
a large degree governed by two factors: (1) the intensity of the LSPR-induced
electric field at the specific site, and (2) the magnitude of ¢, of the material that
resides at the site. We used the data in Fig. 3 and 4 to test the validity of the model.
The first question is related to the impact of the local E-field on the rate of energy
dissipation via absorption (i.e., the rate of LSPR decay via localized absorption). It
is well established that plasmonic nanostructures generate high electric fields
that are confined to the surface of the nanostructure.>* To investigate how the
LSPR decay is affected by the field enhancement, we used the FEM model to
calculate the electric field intensity /E/ as a function of wavelength at the surface
of the Ag nanoparticle (specifically, at the Ag—-Cu,O interface) with the Cu,O shell
(Fig. 5a). Comparing these wavelength-dependent E-field intensities with the
wavelength-dependent rate of absorption in the surface-bound thin Cu,O shell
(Fig. 4c) shows that the wavelength-dependent rate of absorption in the Cu,O
shell is heavily influenced by the magnitude of the electric field, where larger
wavelength-dependent fields induce higher absorption rates. Furthermore, we
have also divided the rate of absorption in the Cu,O shell of the Ag-Cu,O core-
shell nanoparticle by the rate of absorption in the Cu,O shell with identical
dimensions, supported on either a pure Cu,O core or on an air-filled core (as
described above), and compared these ratios to ratios in the E-field intensity of
the respective systems. The data in Fig. 5b show there is a quantitative agreement
between the ratios in the local field intensities and the ratios in the local rates of
absorption in the Cu,O shells. This analysis shows that for a given multicom-
ponent plasmonic material, it is the electric field induced by the plasmonic
component that drives the process of photon absorption, i.e., a higher local field
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Fig. 5 (a) Calculated electric field enhancements at the core-Cu,O interface for the
varying core materials (Ag, air or Cu,O); (b) field enhancement ratios (dashed lines) and
shell absorption ratios (solid lines) for Ag—Cu,O with respect to both the Cu,O-Cu,0O and
the Cu,O-air core-shell systems; (c) the imaginary part of the dielectric function (e,) for
both Ag and Cu,O; (d) the ratio of ¢, of Cu,O and Ag (solid line) and the E-field-normalized
shell absorption ratios of Cu,O in the Ag—Cu,O system and Ag in the Ag—Ag system
(dashed line).

will induce higher rates of absorption. For a given material (in this case Cu,0),
these local plasmonic E-fields can significantly increase the rates of absorption
compared to the situations where these fields are not present.

The second issue we address is related to the impact of the local imaginary part
of the dielectric function (e,) on the energy dissipation pathway in multicompo-
nent plasmonic nanostructures. The data in Fig. 4a show that the rate of energy
dissipation is higher in the Cu,O shell of the Ag-Cu,O core-shell nanoparticle
than in the Ag shell of the virtual Ag-Ag core-shell structure over a wide range of
wavelengths. To explain this result, we plotted the value of ¢, as a function of
wavelength for Cu,O and Ag in Fig. 5c. The data show that ¢, is larger for Cu,O
than for Ag at wavelengths below ~590 nm, i.e., at the wavelengths where the
LSPR is excited. This difference in the value of ¢, of the shell material can qual-
itatively explain the higher rate of energy dissipation through the Cu,O shell
compared to the virtual Ag shell. We note that this discrepancy in the magnitudes
of ¢, for Ag and Cu,O stems from the difference in electronic structure. The
magnitude of ¢, of a material is directly related to the availability of direct
momentum conserving electronic transitions in the material. Since Ag is a d*°
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metal, its d band lies low in energy and direct, momentum conserved transitions
are improbable at low photon energies, resulting in a low value of ¢, in the visible
range.”> Above 2.1 eV, Cu,O has a direct band gap, meaning its electronic tran-
sitions are momentum-conserved and it can efficiently absorb UV-visible photons
with energy higher than 2.1 eV, resulting in a high ¢, above this threshold energy.

Comparing these values of ¢, for Cu,O and Ag (Fig. 5c) with the rate of
absorption in the Cu,O shell in the Ag-Cu,O particle and the equivalent Ag shell
of a pure Ag nanoparticle (Fig. 4a) suggests that the availability of these direct
electronic excitations in Cu,O (that lead to high ¢,) is responsible for the elevated
rates of plasmon decay in the Cu,O shell. We note that the plasmonic E-field is
different for the virtual Ag shell of the pure Ag nanocube compared to the Ag-
Cu,O nanocube. This difference in the E-field leads to some deviation in the
agreement between the rate of energy dissipation through the Ag and Cu,O shells
and the relative magnitudes of ¢, of the shell material. To account for this
difference in the E-field we have normalized the shell absorption ratio in the Cu,O
and Ag shells on the Ag-Cu,O and Ag-Ag nanostructures with the ratio of their
respective E-field intensities. The data in Fig. 5d shows that the quantity that we
obtain this way scales very well with the ratio of ¢, for Cu,O and Ag. This essen-
tially means that for the systems where the local E-field is similar, the rate of
energy dissipation via absorption can be nicely approximated by the value of ¢,.
Simply put, by positioning a material with a larger ¢, (compared to the plasmonic
material) on the surface of a plasmonic nanostructure, the absorption channel is
preferentially directed to that material.

3. Metal-molecule systems

The analysis presented above describes that the ability of plasmonic nano-
structures to guide and dissipate energy in particular locations of a multicom-
ponent plasmonic nanosystem is governed by two critical factors: (i) the local
intensity of the electric field, and (ii) the availability of direct electronic transi-
tions (high ¢,) at the wavelengths where the electric fields are high. To further
generalize this model, we experimentally and computationally analyzed the
optical properties of 75 nm Ag nanocubes interacting with methylene blue (MB)
dye molecules. We created our Ag-MB solution by mixing a solution of ~75 nm Ag
nanocubes dispersed in water with MB dye molecules. The resulting concentra-
tion of the MB in solution was 340 nM. It has been shown that at these low
concentrations, the Ag particles are essentially surrounded by thin layers of MB,
i.e., solid state MB is adsorbed on the surface of Ag nanoparticles.** We used an
integrating sphere to measure the optical characteristics (i.e. extinction, absorp-
tion and scattering) of our Ag-MB samples and compared them to the optical
properties of a pure Ag nanocube solution of the same Ag cube concentration. The
optical data in Fig. 6a and b show that the introduction of MB into the solution
increases the overall absorption in the region around ~665 nm. MB is a dye
molecule characterized by strong absorption at ~665 nm. To determine the effect
of the Ag nanocubes on the MB absorption, we calculated the absorption in MB on
the Ag nanocube surface by subtracting the pure Ag absorption from the Ag-MB
absorption (the MB concentration is 340 nM) and comparing it to the absorption
of a pure MB solution (340 nM). The data in Fig. 6¢ show that at the wavelength
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Fig. 6 (a and b) Measured fractional extinction, absorption and scattering of (a) the Ag
nanocubes, and (b) the Ag—MB system; (c) absorption of MB in water (red line) and
absorption of MB on the Ag nanoparticle surface; (d) calculated absorption in the Ag—MB
shell vs. the MB shell in a reference MB shell with an MB core system; (e) field enhance-
ment ratios and shell absorption ratios for Ag—MB with respect to the pure MB system; (f)
the ratio of e, of MB and Ag vs. the field normalized shell absorption ratios of MB in the Ag—
MB system and Ag in the Ag—Ag system.

where MB absorbs, the absorption in MB in the presence of the Ag nanocubes is
larger than that without the Ag nanocubes.

We used the FEM model to simulate the optical characteristics of these
systems. The MB dielectric properties were determined by measuring the
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absorption cross section of the 340 nM MB solution (with UV-vis spectroscopy)
and applying the Kramers-Kronig relations as shown previously.*” The model
system used in the FEM simulations consisted of a Ag nanocube with an edge
length of 75 nm covered with a 1 nm MB “shell”. To draw conclusions about the
factors that govern the energy flow in these systems, we also modeled the behavior
of two control model systems: an Ag-Ag core-shell nanocube (similar to one used
above) and an MB-MB core-shell nanocube, both of identical dimensions to the
Ag-MB nanocube. The data in Fig. 6d show that the simulated absorption spectra
for MB on Ag (i.e., the shell of the Ag-MB core shell model system) qualitatively
match the experiments. The discrepancy in the spectral peak shape of the simu-
lated MB absorption for the Ag-MB core-shell system compared to the experi-
mentally measured absorption (Fig. 6¢, dark line) stems from the fact that the
absorption data in Fig. 6¢ is for solid MB films attached to Ag while the simulated
spectra uses the MB dielectric function derived for low concentration mainly iso-
lated MB molecules. We study the impact of the LSPR E-field on the absorption in
this system by calculating the ratio of the absorption of MB in the Ag-MB core-shell
system to the absorption in the MB shell of a model MB-MB core-shell system and
comparing it to the ratio of field intensity at the respective core-shell interfaces (i.e.
the ratio of the fields with and without a plasmonic Ag core). The data in Fig. 6e
show that, like in the Ag-Cu,O case, the absorption ratio tracks with the field ratio,
demonstrating that the enhanced absorption in the shell is plasmon induced.
Additionally, we explored the effect of ¢, in this system by calculating the ratio of
shell absorption in the Ag-MB particle to the shell absorption in the pure Ag
particle and correcting it by the respective field contributions (in a similar manner
to the Ag-Cu,O case described above). The obtained data quantitatively track very
well the calculated ratio of ¢, for MB and Ag (Fig. 6f).

Conclusions

In summary, by studying multicomponent (i.e. core-shell metal-semiconductor
and metal-molecule) systems, we demonstrated that both the electric field intensity
under resonant LSPR conditions and the value of ¢, of the shell relative to the core
are the critical factors governing the flow of energy in these systems. In the metal-
semiconductor case, we studied core-shell Ag-Cu,O nanocubes. We showed that
the presence of the Cu,O shell altered the LSPR decay pathway, resulting in high
absorption directly in the Cu,O shell. We showed that this enhanced absorption
process was field driven and that the field energy was dissipated to a greater extent
when the shell material had a higher ¢, with respect to the core material. Addi-
tionally, we showed that this framework also described the flow of energy in metal-
molecule systems for the case of MB adsorbed on Ag nanocubes.
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