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ABSTRACT: The decay of localized surface plasmons supported

by plasmonic metal nanoparticles results in the formation of  Resonant Energy

energetic charge carriers within the nanoparticles. Once formed, \m Teawssier AgPt
these charge carriers can transfer to chemically attached materials Ag Pt g
where they can perform a function. The efficient extraction and

utilization of these charge carriers in various applications hinges

on the ability to design plasmonic nanostructures with highly

localized charge carrier generation at specific locations in the REsonanE o —
nanostructure. Herein, we shed light on the physical mechanisms  Excitation Transfer

governing the flow of energy in resonantly excited multimetallic V- AuPt — AuPt
plasmonic nanoparticles. We demonstrate that coating plasmonic

nanostructures with nonplasmonic metals can result in the

preferential dissipation of energy (i.e., formation of charge
carriers) in the nonplasmonic metal and that the extent of this
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dissipation depends heavily on the electronic structure of the constituent metals. We use experimental and modeling
studies of various core—shell nanostructures to develop a transparent physical framework of energy transfer in these
systems and discuss how this framework can be used to engineer nanostructures that allow for high efficiencies of charge

carrier extraction.

lasmonic metal nanoparticles are promising platforms
for manipulating the flow of electromagnetic energy at
the nanometer length scale. Upon light illumination,
incoming electromagnetic radiation interacts with the
delocalized, free electrons of the metallic nanoparticles,
resulting in excitation of the localized surface plasmon
resonance (LSPR).'™* LSPR acts to confine the energy of
incoming radiation in the form of amplified electromagnetic
fields at the surface of the nanostructure.””” The energy of
these elevated fields is dissipated through either radiative
scattering of photons or nonradiative excitation of energetic
charge carriers (i.e., absorption) in the metal nanoparticle.
There is growing interest in developing a deeper under-
standing of the energy dissipation pathways in resonantly
excited plasmonic nanoparticles with the ultimate aim of
designing plasmonic nanostructures that offer a high degree of
control over the LSPR decay process in terms of (1) the
partitioning of energy between absorption and scattering and
(2) the spatial distribution of the absorption process.* "> For
example, manipulating the location of charge carrier excitation
(photon absorption) in terms of surface versus bulk excitations
is critical in a number of applications, including plasmonic
photocatalysis,"*~ lasmon-enhanced photovoltaics,”*>*
plasmonic heating,”*™*® and photothermal cancer ther-
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apy. Ideally, these high-energy charge carriers would be
generated close to the particle surface to minimize their energy
loss within the nanoparticle before their extraction.

We recently described the design of a hybrid bimetallic
plasmonic nanostructure that allows for a high degree of
control over the LSPR decay mechanism in terms of
absorptlon/ scattering ratios and the location of the absorption
process.”* In these nanostructures, a very thin shell (1 nm) of a
nonplasmonic metal (Pt) was coated onto a larger plasmonic
nanoparticle core (75 nm Ag cube). We showed that the
energy concentrated via LSPR excitation in the core—shell
nanoparticle was preferentially dissipated through the
absorption process in the thin Pt shell (i.e., within ~1 nm of
the bimetallic nanoparticle surface), increasing the extraction
probability of the energetic charge carriers.

Herein, we focus on analyzing the physical framework
describing the flow of energy in multimetallic plasmonic
nanoparticles. We systematically investigate, through exper-
imental and modeling approaches, the LSPR decay mecha-
nisms in Ag—Pt and Au—Pt core—shell nanoparticles of
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Figure 1. (a—d) Dark field STEM image of a representative small Ag—Pt nanocube. The average edge length of the nanocubes was ~41 + 3
nm (a). EDS elemental maps of Ag (b) and Pt (c) and their overlay (d). (e—h) Dark field STEM image of a representative large Ag—Pt
nanocube. The average edge length of the nanocubes was ~111 + 1 nm (e). EDS elemental maps of Ag (f) and Pt (g) and their overlay (h).
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Figure 2. (a—d) Measured fractional extinction, absorption, and scattering of (a) small Ag cubes, (b) small Ag cubes coated with ~1.4 nm of
Pt, (c) large Ag cubes, and (d) large Ag cubes coated with ~1.4 nm of Pt; (e) experimental volume-normalized absorption ratio in the Pt

shells of the small to large particles.

different shapes and sizes. We demonstrate that the nano-
particle size significantly impacts the plasmon decay pathways,
where particle sizes supporting higher electric field intensities
at the nanoparticle surface direct more energy to Pt. We also
show that the choice of plasmonic metal (Ag vs Au) strongly
impacts the LSPR energy dissipation pathways. We demon-
strate that, unlike for the Ag—Pt nanoparticles where the
energy is dissipated through the Pt shell for all LSPR
wavelengths, for the Au—Pt system a significant biasing of
the particle absorption in Pt is only achieved at the LSPR
wavelengths where the Au interband transitions are inacces-
sible. Collectively, these studies have allowed us to develop a
transparent physical mechanism for the LSPR decay in
multimetallic plasmonic nanostructures.

Ag nanocube seeds of varying sizes were synthesized using
an established polyol method and characterized using high-
angle annular dark field scanning transmission electron
microscopy (HAADF-STEM).>**® The Ag nanocube seeds
used in this study were ~40 nm in edge length (small particles)
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and ~110 nm in edge length (large particles). A thin layer of Pt
was subsequently coated onto the surface of the Ag seeds using
a recently reported method.”” Dark field STEM images of the
small and large Ag—Pt nanocubes are shown in Figure la,e.
Energy-dispersive X-ray spectroscopy (EDS) elemental maps
of the particles (Figure 1b—d;f—h) show complete coverage of
the Ag nanocubes cores by the Pt shell. The average thickness
of the Pt shell was determined to be 1.4 nm from the STEM
images.

We measured the optical extinction, absorption, and
scattering spectra of the small and large Ag and Ag—Pt
nanocubes using transmission UV—vis spectroscopy and an
optical integrating sphere. The data in Figure 2a show that for
the small Ag nanocubes excited plasmons decay approximately
equally through scattering and absorption, while the data in
Figure 2c show that scattering is the dominant decay channel
for larger Ag nanocubes. Comparing the extinction, absorption,
and scattering of monometallic Ag nanocubes (Figure 2a,c) to
that of Ag—Pt nanocubes (Figure 2b,d), it is clear that the
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Figure 3. (a—d) Relative absorption fractions in the core vs the shell for (a) a 40 nm Ag cube with a 1.4 nm thick Ag shell: (b) a 40 nm Ag
cube with a 1.4 nm thick Pt shell, (c) a 110 nm Ag cube with a 1.4 nm thick Ag shell, and (d) a 110 nm Ag cube with a 1.4 nm thick Pt shell.
(e) Simulated volume-normalized absorption ratio in the Pt shell of the small to large particles.

absorption/scattering ratio increases significantly upon in-
troduction of the thin Pt shell for both large and small
particles. Together, the data from these optical measurements
(Figure 2a—d) show that coating plasmonic Ag nanocubes
with Pt alters the LSPR decay pathway, leading to significantly
more absorption as opposed to scattering. We have shown
previously that these changes in the absorption to scattering
ratio are due to increased absorption in Pt compared to that in
Ag, i.e, the plasmon energy is dissipated by absorption directly
in the Pt shell.**

To investigate how the particle size affects the rate of energy
dissipation through Pt, we estimated the experimental ratio of
the volume-normalized absorption in the Pt shells for the two
particle sizes. This is essentially a measure of the effectiveness
of these bimetallic systems at dissipating electromagnetic
energy through the Pt surface layers (i.e., the surface sites). We
can crudely approximate this ratio using the following equation
Ve 110

Ptaps 40 . Angpra0 — Ang a0

PtAbs,no Vi’t,40 AAgPt, 110 — AAg,lIO

where Ajug40 and Aygpyyo are the experimental absorptions for
the small Ag and Ag—Pt nanocubes, Ajg 110 and Aygpy 110 are the
experimental absorptions for the large Ag and Ag—Pt
nanocubes, and Vp4 and Vpp0 are the volumes of the
small and large Pt shells, respectively. The data in Figure 2e
show that the Pt shell volume-normalized absorption ratio in
the small versus large nanoparticles is significantly larger than 1
below ~640 nm and that it reaches close to 1 above this
wavelength. This analysis suggests that below the wavelength
of ~640 nm the smaller nanoparticles are much more effective
in driving energy to the Pt shell.

To shed light on the experimentally observed difference in
the rate of energy dissipation in the surface Pt atoms as a
function of particle size, we performed finite element method
(FEM) simulations on the systems of interest (simulation
details are provided in the Supporting Information). The
simulated optical characteristics (extinction, absorption, and
scattering) of both small and large nanocubes (Figure S3a—d)
are consistent with the experimental measurements (Figure
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2a—d), showing that the nanoparticle absorption increases
upon depositing Pt onto the surface of the Ag nanocube seeds.
Because the FEM simulations allow us to compute the
absorption in the different parts of the hybrid nanostructures,
we also calculated the fractional absorption in the Pt shell vs
the Ag core for each particle size and compared it to a pure Ag
particle with a fictitious Ag “shell” of dimensions equal to the
Pt dimensions in the Ag—Pt nanocubes. The fractional
absorption for small (Figure 3a) and large Ag nanocubes
(Figure 3c) shows that for pure monometallic Ag absorption
occurs mainly in the particle core, i.e., a relatively small fraction
of energy is absorbed by the few Ag layers close to the surface
of the nanoparticles. It is clear that upon deposition of the Pt
shell, the particle absorption is moved to the Pt shell for both
small (Figure 3b) and large Ag—Pt nanocubes (Figure 3d).
Furthermore, by normalizing the simulated wavelength-
dependent absorption in the Pt shell by the shell volume for
the different particle sizes (see the Supporting Information for
calculation details), we computed the wavelength-dependent
absorption ratio in the Pt shell for the two particle sizes. These
data show that the absorption in the Pt shell is significantly
greater in the small nanoparticles at short wavelengths (less
than ~560 nm). These simulation results (Figure 3e) are
qualitatively consistent with the experimental analysis (Figure
2e), showing that small particles dissipate significantly more
optical energy per unit volume of Pt than the large particles.

One feature of plasmonic nanoparticles that is size-
dependent at the conditions of LSPR is the intensity of the
electric field at the surface of the nanoparticles.**® To
investigate the role of field enhancement on the LSPR decay
mechanism, we used the FEM simulations to calculate the
average electric field intensity |EI* at the particle surface as a
function of wavelength for both large and small Ag nanocubes
(Figure 4a). These data show that the field intensity, IEI is
significantly greater for small Ag nanocubes for the wave-
lengths at which the ratio of the volume-normalized absorption
in the Pt shell of small to large particles (Figure 3e) is large.
This direct mapping between the field intensity and the rate at
which energy is deposited into the Pt surface layers suggests
that the electric fields generated at the surface of plasmonic
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Figure 4. (a) Enhancement of the electric field intensity at the
particle surface as a function of wavelength for small and large Ag
nanocubes. (b) Imaginary part of the dielectric function for Ag and
Pt as a function of wavelength; dielectric data taken from ref 18.
(c) Wavelength-dependent ratio of the imaginary dielectric
function of Pt with Ag. (d) Ratio of the calculated shell absorption
for AgPt/Ag for the 40 nm particles.

particles at LSPR excitation frequencies play an important role
in determining the rate at which the energy is transferred
between the plasmonic nanostructure and an attached medium
(in this case Pt).

Our data in Figure 2 also show that for a fixed particle size
(either 40 or 110 nm) and shape the ratio of absorption to
scattering increases for the Pt-coated particles compared to the
pure Ag nanostructures. These observations cannot be entirely
explained by the E-field intensity around the Ag plasmonic
particles, and it is critical to examine additional factors, such as

the electronic structure of Pt and Ag. Optical electronic
excitations in metals can take place through either the
excitation of s electrons below the Fermi level (E;) to
unoccupied s states above E; (intraband transitions) or direct
excitations of d electrons below E; to unoccupied s states above
E; (interband transitions).** The probability of these optical
excitations in a material is described by the imaginary part of
the material’s dielectric function (&,). The imaginary parts of
the Pt and Ag dielectric functions are shown in Figure 4b.*" It
is clear that at the LSPR wavelengths Pt has a significantly
larger &, than Ag. This essentially means that under an
identical set of conditions (e.g, identical optical field) the
probability of a photon being absorbed by a Pt atom is
significantly larger than the probability for photon absorption
by a Ag atom. The main reason for this is that Ag is a d'® metal
characterized by a populated d band lying far below E.*' As a
consequence, the excitation of d electrons to s states just above
E; (interband transitions) requires higher-energy photons than
those provided at the LSPR wavelengths. Therefore, electronic
excitations in Ag at these wavelengths are dominated by
transitions between s states (intraband transitions), which
require a third body to conserve momentum and are therefore
characterized by low oscillator strengths (leading to low &,).”
On the other hand, the d states for Pt are not completely full
(Pt is a d’ metal) and the d band intersects E.** This means
that the d to s (interband) transitions in Pt can be activated at
the LSPR wavelengths. In contrast to intraband transitions,
interband transitions are direct, momentum-conserved ex-
citations and are the main contributors to &, of metals when
available.”>* The availability of these transitions in Pt at
visible wavelengths results in the large value of &, for Pt
compared to Ag.

In Figure 4c, we plotted the wavelength-dependent ratio of
the Pt and Ag dielectric functions.”” These data show that the
value of &, for Pt is between 15 and 18 times larger than the
value for Ag in the visible range. To study the effect of this
difference in &, for Ag and Pt, we compared the shell
absorption in a Ag—Pt core—shell nanocube to the absorption
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Figure S. (a) Calculated extinction, absorption, and scattering fraction of a 75 nm edge length Au nanocube with a 1 nm Au shell. (b)
Calculated extinction, absorption, and scattering fraction of a 75 nm edge length Au nanocube with a 1 nm Pt shell. (c,d) Relative absorption
fractions in the core vs the shell for (c) a 75 nm Au cube with a 1 nm thick Au shell and (d) a 75 nm Au cube with a 1 nm thick Pt shell. (e)
Wavelength-dependent ratio of the imaginary dielectric function of Pt with Au.
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in the surface layers of a pure Ag nanocube of the same size.
The data in Figure 4d show that the rate of absorption is
always larger for a Pt shell compared to the Ag shell for an
otherwise identical particle. This suggests that in these systems,
where a plasmonic nanoparticle core is covered with a thin
shell of a nonplasmonic metal, shell metals having a large value
of &, relative to the plasmonic metal open up a rapid LSPR
dissipation pathway through the shell metal. We hypothesize
that the availability of inherently fast direct electronic
transitions (d to s) in these metals acts as a preferential
decay pathway for the electric field energy stored at the
nanoparticle surface under LSPR conditions. Physically, this
manifests itself as highly efficient energy transfer from the
plasmonic core to the nonplasmonic metal shell via direct
absorption in the shell metal, which is characterized by a larger
&, relative to the plasmonic metal.

The analysis above paints a comprehensive picture of the
photon absorption in multimetallic structures under LSPR
conditions and informs us about how to design multifunctional
materials that can guide the process of photon absorption to a
particular spot in the material (i.e., the surface layers). It is
clear that any such multicomponent material needs to be able
to (i) concentrate the electric field to the surface, which can be
accomplished by the plasmonic component at the LSPR
wavelengths, and (ii) have another component at the surface
(where the fields are high) characterized by a high imaginary
part of the dielectric function relative to the plasmonic
component at the LSPR wavelengths. To further probe this
model, we used FEM modeling to analyze the optical
characteristics of a 75 nm Au nanocube coated with 1 nm of
Pt. This model system is analogous to the Ag—Pt core—shell
system with Au substituted in place of Ag as the plasmonic
metal core. The data in Figure Sa show the LSPR peak at ~550
nm for these Au and Au—Pt nanocubes. The data in Figure
Sa,b shows that, unlike in the Ag—Pt case, coating the Au
nanocube with Pt does not significantly alter the plasmon
decay pathway (i.e., absorption vs scattering). Additionally, the
absorption fraction data in Figure Sc,d show that the presence
of the thin Pt shell results in only marginal biasing of the
plasmon decay pathway toward absorption in the Pt shell. This
behavior is in contrast to that observed for the Ag—Pt
nanoparticles (Figures 2 and 3) where the Pt shell provided a
very effective pathway for plasmon decay via absorption. The
key difference between Au and Ag is that Au has a higher ¢, at
these LSPR wavelengths, as shown in Figure Se, where the
ratio of €, of Pt to Au as a function of wavelength is plotted.
The data show that at ~550 nm the ratio of €, for Pt and Au is
relatively low compared to the large ratios in &, for Ag and Pt
(Figure 4c). According to the model described above, this low
ratio in the imaginary part of the dielectric function of Pt and
Au indicates that a significant portion of the LSPR energy will
be dissipated through absorption in Au, i.e., this Au particle
geometry is not effective in driving energy into the surface Pt
layers.

The model proposed above also suggests that moving the
LSPR excitation frequency of the plasmonic Au core to longer
wavelengths, where the ratio of Pt to Au &, is high (Figure Se),
should preferentially direct more energy into the Pt shell. To
probe this, we used FEM modeling to examine the behavior of
a 20 nm X 80 nm Au nanorod coated with either 1 nm of Au
or 1 nm of Pt. Plasmonic metal nanorods display two LSPR
modes, a transverse mode with excitation frequencies at short
wavelengths and a longitudinal mode with excitation
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frequencies at long wavelengths.*** By varying the polar-
ization of incident light in the FEM model, we can tune the
LSPR frequency to regions where the ratio of Pt to Au ¢, is
low/high and can therefore study how the plasmon decay
pathways are affected by the ratio of &, of the constituent
materials.

The data in Figure 6 show the normalized total absorption
(solid lines) of the pure Au and Au—Pt nanorod as well as the
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Figure 6. Relative absorption fractions of a Au and Au—Pt nanorod
with a width of 20 nm coated with a 1 nm Au shell and 1 nm Pt
shell, respectively. The nanorod length was 80 nm, corresponding
to an aspect ratio (AR) of 2. The Au nanorod was illuminated with
a plane wave polarized in the transverse direction (a) and in the
longitudinal direction (b); the corresponding Au—Pt data for
transverse and longitudinal polarizations are shown in (c) and (d).
In all panels, the black solid lines represent the total particle
absorption (normalized by the maximum absorption), and the red
dotted lines represent the contribution of the total absorption that
is attributed only to the shell. The insets depict the light
propagation vector (k) and E-field polarization vector (E).

fractional absorption in the 1 nm Au shell of the pure Au
nanorod and the 1 nm Pt shell of the Au—Pt nanorod (dotted
lines) undergoing either longitudinal or transverse plasmon
excitation. For the pure Au nanorod undergoing transverse
plasmon excitation (Figure 6a), the shell absorption makes up
a very low fraction of the total particle absorption. The same
conclusions can be drawn for the pure Au nanorod undergoing
longitudinal plasmon excitation (Figure 6b). The data show
that when Pt is coated on the nanorod the flow of energy is
strongly dependent on which plasmon mode is excited. The
data in Figure 6¢ show that the transverse plasmon peak for the
Au—Pt nanorod is located at ~480 nm, where the ratio of ¢,
for Pt to Au is low. As a result, very little of the energy
dissipation is moved to the Pt shell for the Au—Pt nanorod
when this plasmon mode is excited. On the other hand,
exciting the longitudinal plasmon mode shifts the LSPR
wavelengths to regions where the Pt to Au ¢, ratio is high. The
data show that for the excitation of this plasmon mode a
significant amount of the particle absorption comes from
absorption directly in the Pt shell. Together, these data suggest
that the LSPR energy can be dissipated through the
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nonplasmonic metal shell when the value of &, of the
nonplasmonic metal is high relative to that of the plasmonic
metal at the LSPR frequencies.

The results presented herein paint a clear picture of the
physical mechanism governing energy transfer in multimetallic
plasmonic nanostructures. By studying core—shell nano-
particles of varying size, shape, and composition, we
demonstrated that the energy flow in multimetallic plasmonic
nanostructures is dependent on two critical factors acting in
concert: (i) the electric field intensity at the LSPR frequencies
and (ii) the availability of direct transitions in the non-
plasmonic metal relative to the plasmonic metal. To isolate the
effect of the field intensity, we studied Ag—Pt and Ag
nanocubes of varying sizes. We showed that nanoparticles
displaying higher field intensities under LSPR conditions were
more effective in dissipating energy through the nonplasmonic
metal shell. Additionally, the extent of this energy transfer to
the nonplasmonic shell depended on the ratio of ¢, of the core
and shell materials at the LSPR wavelength, where a higher
shell to core &, ratio resulted in more energy transfer to the
shell. This framework allows for not only the design of hybrid
nanostructures that localize charge carriers to desired parts of
the nanostructure but also the generation and potential
extraction of charge carriers that have entirely different energy
distributions than those generated in plasmonic metals.
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