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ocalized surface plasmon resonances

(LSPR) are collective electronic oscilla-

tions in metallic nanoparticles and can
be resonantly excited by external electric
fields."” They have been explored extensively
in terms of their fundamental properties as
well as for a plethora of possible applications
in, just to name a few, optoelectronic devices,?
optical metamaterials,*> sensors®” and solar
cells® During the past decade's concomitant
rapid development of “plasmonics” into a
vibrant sub-area of nanotechnology, the focus
was almost entirely on Au and Ag as (nano)-
plasmonic metals. This preference was moti-
vated by the distinct dielectric properties of
Au and Ag in the vis—NIR spectral range. In
particular, the low intrinsic losses through
intraband excitations at energies just below
the interband absorption threshold, which are
related to the position of the d bands with
respect to the Fermi level, make Ag and Au
very attractive plasmonic metals. Nevertheless,
other metals, which have not yet received
comparable attention as nanoplasmonic ma-
terials, have recently been shown to provide
interesting novel combinations of intrinsic
material properties (e.g., catalytic activity,
oxide formation, hydride formation, magnetic
properties, etc.) with the possibility to excite
LSPR and the concomitant possibility to, for
example, explore these LSPR excitations as
transducers in novel nanoplasmonic sensing
schemes.”?~ ' Significantly different bulk di-
electric properties, compared to Ag and Au,
characterize these “novel” plasmonic metals,
often deriving from the presence of relatively
strong interband activity over a wide frequency
range and concomitant damping. It is therefore
highly relevant, both fundamentally and in
view of applications, to scrutinize how the most
important features of the bulk dielectric proper-
ties of these novel nanoplasmonic systems are
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ABSTRACT Localized surface plasmon resonances (LSPR) are collective electronic excitations in
metallic nanoparticles. The LSPR spectral peak position, as a function of nanoparticle size and
material, is known to depend primarily on dynamic depolarization and electron structure related
effects. The former gives rise to the well-known spectral red shift with increasing nanoparticle size. A
corresponding understanding of the LSPR spectral line width for a wide range of nanoparticle sizes
and different metals does, however, not exist. In this work, the radiative and nonradiative damping
contributions to the LSPR line width over a broad nanoparticle size range (40—500 nm) for a
selection of three metals with fundamentally different bulk dielectric properties (Au, Pt, and Al) are
explored experimentally and theoretically. Excellent agreement was obtained between the observed
experimental trends and the predictions based on electrostatic spheroid theory (MLWA), and the
obtained results were successfully related to the specific band structure of the respective metal.
Moreover, for the first time, a clear transition from a radiation damping dominated to a quenched
radiation damping regime (subradiance) in large nanoparticles was observed and probed by varying
the electron density through appropriate material choice. To minimize inhomogeneous broadening
(commonly present in ensemble-based spectroscopic measurements), a novel, electron-beam
lithography (EBL)-based nanofabrication method was developed. The method generates large-area
2D patterns of randomly distributed nanodisks with well-defined size and shape, narrow size
distribution, and tunable (minimum) interparticle distance. In order to minimize particle—particle
coupling effects, sparse patterns with a large interparticle distance (center-to-center >6 particle
diameters) were considered.

KEYWORDS: localized surface plasmon resonance - line width - plasmon energy -
gold - platinum - aluminum - subradiance - material independence

reflected in their LSPR exctiations over a wide
nanoparticle size and specral range.

Generally speaking, the spectral line shape
of the LSPR in any metallic nanosystem, as
obtained when measuring extinction, absorp-
tion, or scattering cross sections as a function of
photon energy, can be characterized by the
spectral peak position (peak energy) and
the resonance line width (full width at half-
maximum, fwhm), assuming heterogeneous
broadening is small or absent. It is well-estab-
lished that the LSPR peak position, as a function
of nanoparticle size and material (ie, the di-
electric response function), primarily depends
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Figure 1. Dielectric functions of bulk (a) gold,*® (b) platinum,** and (c) aluminum.*

on the bulk plasmon energy, wj, (i.e., electron density),
and dynamic depolarization effects.''® The depolar-
ization gives rise to the well-known spectral red shift of
the LSPR peak position with increasing nanoparticle
diameter for nanoparticles with identical geometry.

A corresponding understanding of the LSPR line
width over a wide spectral range (UV—vis—NIR) is,
however, not available for a wide range of nanoparticle
sizes and different metals. The latter is yet essential
since damping processes, which limit the coherent
lifetime and thus the “quality factor” and local field
enhancement of the plasmonic oscillations, play an
important role in numerous applications like enhanced
spectroscopy,'” sensing,®” photovoltaics,? photocata-
lysis, and plasmonic heating'® (a more detailed discus-
sion of such aspects is given in the Perspective section
below). In this study, we present general qualitative
arguments (supported and quantified by detailed ex-
perimental and theoretical analysis of the three parti-
cular systems Au, Pt, and Al) which can be used in a very
general way to understand and predict the nanoplas-
monic properties in terms of plasmon energy and
damping mechanisms for basically any (potentially
technologically important) metallic nanosystem with
known bulk dielectric properties.

BACKGROUND

In principle, both radiative and nonradiative damp-
ing processes are present in nanoparticles larger than
20—30 nm, and the LSPR line width is affected by both
decay channels. Their absolute and relative contribu-
tions are both particle size and material dependent.
The radiative damping is related to the energy losses
caused by photon emission and has been shown to
increase with nanoparticle size." The nonradiative
damping involves intraband excitations (electron scatter-
ing processes within the nanoparticle) and interband
excitations leading, at first, to the formation of one
excited electron—hole pair. The latter generates, via a
cascade process, a multitude of e—h pairs eventually
having energies approaching the phonon “bath” and
thus eventually leading to the generation of heat?
Nonradiative damping is primarily determined by the
electronic structure of the metal via its dielectric function,
which contains contributions from both intraband and
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interband excitations. In the context of applications,
especially for photon harvesting, it is worth noting that
damping via the e—h pair cascade in the plasmonic
particle leads to an irreversible loss of the photon, while
radiation can lead to a new excitation in another plas-
monic particle or an adjacent semiconductor.

To address the issues introduced above, several
different experimental attempts have been made
using various approaches to scrutinize the LSPR line
width as a function of nanoparticle size. A commonly
used approach involves studies of electron-beam litho-
graphy (EBL) fabricated, ordered arrays of particles
with narrow size distribution to minimize the inhomo-
geneous broadening of the LSPR.2"*? Measurements
on such structures in the frequency domain thus reveal
the line width's size dependence reasonably well. Ear-
lier studies were, however, often carried out for narrow
particle size ranges only and restricted to Au and Ag for
various reasons.

Hole-mask colloidal lithography??® is an alternative
and fast nanofabrication method, which has been
successfully used to prepare random nanoparticle
arrangements of different metals covering a wide size
range from 35 to 500 nm and to study their plasmonic
properties in detail.""?*?* However, measurements of
LSPR line widths suffered from quite severe inhomo-
geneous broadening effects related to the broad par-
ticle size distribution characteristic of this preparation
method, in particular for small particle sizes.

In contrast to the ensemble-based approaches men-
tioned above, single particle studies relying on dark-
field scattering spectroscopy of colloidal particles and
EBL fabricated structures efficiently avoid ensemble
averaging. Using such an approach, interesting effects
like the drastic reduction of the plasmon dephasing rate
in nanorods as compared to small nanospheres due to
the suppression of interband damping have been ob-
served for a limited size range of Au nanoparticles.?® In
another work, Hu et al. used dark-field scattering spec-
troscopy on Au nanorods, Au—Ag nanoboxes, and
Au—Ag nanocages to study electron—surface scattering
and radiation damping for particles in the few tens of
nanometer size range.>’

However, the available spectral range typically limits
such studies, and the method is very inefficient for
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Figure 2. Experimentally measured extincton efficiency
spectra for random arrays of Au (a), Pt (b), and Al (c)
nanodisks fabricated by our novel EBL-based approach.
The smallest allowed particle—particle (center to center)
distance in the arrays was 6 nanodisk diameters.

materials in which LSPR predominantly decays through
nonradiative channels. Using scanning near-field optical
microscopy (SNOM), spectral hole burning, and pulse-
probe techniques (in the time domain), measurements of
the line width of single nanoparticles have also been
achieved for a limited particle size range.?®3° The specific
role of interband excitations in LSPR damping has so far,
to the best of our knowledge, only been addressed
experimentally by looking at LSPR line widths in nano-
shells made from coinage metals.>’

The main purpose of the present work is therefore to
explore experimentally the radiative and nonradiative
contributions to the LSPR line width over a broad
particle size range (diameter D = 40—500 nm at con-
stant height h = 20 nm) for the three plasmonic metals
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Au, Pt,and Al with quite different bulk electronic proper-
ties. Additionally, the size and material dependence of
the LSPR energy will be addressed. To minimize het-
erogeneous broadening and grating effects, we used a
newly developed and EBL-based preparation method
allowing patterning of large areas (mm?) with ran-
domly distributed metal nanodisks with very narrow
size distribution on a surface, suitable for extinction
spectroscopy in a spectrophotometer with a wide
spectral range. Furthermore, the random arrangement
together with a large interparticle distance (center-to-
center distance > 6 particle diameters) minimizes particle—
particle coupling effects and thus make it possible to
obtain quasi-single particle information with extinction
spectroscopy on EBL fabricated ensembles of sparse me-
tallic nanodisks on a surface. The experimental effort is
complemented with a theoretical analysis based on the
electrostatic spheroid theory in the modified long wave-
length approximation (MLWA).>>32

In this context, we note that EBL traditionally has
been limited to covering comparably small areas
(typically on the order of a few 10 to 100 um?) with
ordered features (e.g., placed on an orthogonal lattice) of
interest for nanoplasmonics and that we have circum-
vented both of these limitations here. Considering that
several millions of features have to be exposed when
patterning such large areas (ie, several square milli-
meters; see the Methods section for details), judicious
design of the shot pattern was required in order to limit
the writing time to acceptable values. The small but finite
beam settling time, which for “traditional” EBL patterns
does not contribute significantly to the exposure time,
would otherwise have resulted in impractically long
writing times. Since the position, size, and shape of a
huge number of features have to be generated and
stored individually, memory limitations of our EBL system
have constituted an additional challenge, which is nor-
mally not present if small areas are to be patterned with
features on an ordered lattice. This issue was solved by
programmatically generating random feature positions
within a simulation cell of carefully chosen size and
implementing periodic boundary conditions. The size of
the simulation cell was chosen such that truly random
patterns could be fabricated in a step-and-repeat fashion,
while keeping the number of features inside the simula-
tion cell to a minimum.

The three chosen metals, Au, Pt, and Al, constitute an
excellent model system, where the interband activity
varies greatly and shows the following characteristic
features (Figure 1): (a) for Au, a threshold for interband
excitation exists at 2.3 eV; (b) in Pt, interband transitions
are an active channel for LSPR decay at all energies (with
the top of the occupied 4d band at the Fermi energy);
and (c) in Al, interband excitations are present only within
a narrow energy range (around 1.5 eV due to a pair of
parallel bands around the X axis on the '-K—W—-X
plane of the Brillouin zone). Furthermore, as another
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important difference, we note that the conduction band
electron density of Al is 3 times larger than in Au.

RESULTS

In Figure 2, experimentally measured extincton effi-
ciency spectra (i.e., extinction normalized with the pro-
jected particle area) for random arrays of Au (a), Pt (b),
and Al (c) nanodisks fabricated by our novel EBL-based
approach are shown. They reveal significant differences
in the overall appearance of the spectra for the different
metals, which shall be quantified below.

The experimental data for LSPR peak position (red
diamonds) as a function of nanodisk diameter for Au
(a), Pt (b), and Al (c) are shown in Figure 3, together with
model predictions (blue dots). We find an excellent
agreement between the experimental data and the
spheroid model calculations over the entire nanodisk
size range for all three metals. This observation con-
firms the anticipated possibility to experimentally obtain
quasi-single particle information by extinction spectros-
copy on EBL fabricated random arrangements of sparse
metallic nanodisks (and strengthens our case when we
proceed with the model to interpret the size and material
dependence of LSPR damping below). This approach
offers the valuable advantage (compared to single par-
ticle dark-field scattering experiments) of measurements
covering the entire UV—vis—NIR spectral range (and thus
large particle size). Additional advantages include the
high reproducibility and the possibility to cover compar-
ably large areas with identical nanodisks, which is an
essential feature for systematic studies which require a
large number of particles in order to provide a measur-
able response (e.g., reaction products in studies of plas-
mon-enhanced photocatalysis or photon harvesting in
photovoltaics).

Both experimental and theoretical data show a
pronounced material dependence of the LSPR energies
in the small diameter (D) limit, as shown in Figures 2
and 3. In contrast, in the large D limit, the LSPR energy is
essentially material independent and depends only on
particle size. The material-specific behavior in the small
particle limit is related to the strong dependence of the
LSPR energy on electron density (via the bulk plasmon
energy) and to a smaller extent on differences in the real
parts of the dielectric response function for the different
metals.

In Figure 4, we show the scaling of experimental and
calculated data (using experimental dielectric func-
tions for the respective metals) for the LSPR energy
versus 1/D for the three studied metals. For D > 250 nm,
all of the curves fall on a basically common straight line
with a slope of 325 eV nm (Au), 308 eV nm (Pt), and
345 eV nm (Al), if extrapolated through origo.

This material independence of the LSPR energy
observed in the large D limit has its origin in the
important role of dynamic depolarization. As the
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Figure 3. Size dependence of the LSPR peak energy for Au
(a), Pt (b), and Al (c) nanodisks with constant height h =20 nm
as obtained from extinction measurements. Experimental data
(red diamonds) are compared to theoretical values (blue dots),
which were obtained using electrostatic spheroid theory
(MLWA) as described in the Methods section. The solid/dashed
lines are a guide to the eye.

nanodisk diameter increases, the LSPR energy shifts
into the red and eventually the period of the collective
electron oscillations becomes of the order of the
retardation time, 7 = D/c, needed to polarize the system
(D = nanodisk diameter and ¢ = speed of light). By
relying simply on the Heisenberg energy—time uncer-
tainty relation, one can see that the LSPR energy
becomes equal (within a factor of n = refractive index
of the surrounding medium) to h/t = hc/D. Thus, with
this simple argument, we predict a 1/D dependence for
the LSPR energy with a slope of hc = 1239 eV nm in
vacuum or (1239 eV nm)/n in a medium. We note that
this is only an order of magnitude estimate since we do
not in any way take into account the nanoparticle
geometry. The importance of particle geometry will
be highlighted in a more detailed analysis below using
the MLWA model where geometry enters both the
static and dynamic depolarization prefactors. Never-
theless, the above argument gives a good, simple,
and general indication of the origin of the observed
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Figure 4. Scaling of the LSPR peak energy with inverse
nanodisk diameter. The discrete symbols correspond to
experimtal data points and the dashed lines to spheroid
model calculations. Note the material independent scaling
of the peak energy in the limit of large nanodisk diameter
(i.e., D = 250 nm).

material independence and 1/D scaling for large
nanodisks.

The experimental finding of 1/D dependence can be
rationalized analytically (in a more system-specific way
compared to the very simple derivation above) by
relying on the MLWA spheroid model and a Drude
description of the metal as follows. The polarizability of
an oblate spheroid in the quasistatic limit and in
vacuum can be written as'

elw) —1
3 1+ Lelw) —1]

_ 4na’b

a(w) = (1

where a and b are the long and short axis, respectively,
of the spheroid, () is the complex dielectric function
of the metal, and L the geometric depolarization factor.
The dielectric function of a metal can, as an approx-
imation, be expressed in the Drude form as

2
@p

o(w +iy) @

gw) =1 —

In this expression, wp is the bulk plasmon frequency

of the metal and y is a damping term accounting for

intraband transitions (note that we neglect contributions

from interband transition in this analysis for simplicity).

Using the above Drude dielectric function, the quasistatic
polarizability of a spheroid can be rewritten as

4 2
o) = T @b x @p

—_— 3

3 Loz — w? —iwy ®)

In the MLWA formalism with dynamic depolarization

and radiation damping terms, the polarizability of an
oblate spheroid in its general form reads as*

a(wmwa = 5 3
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By inserting eq 3 into eq 4, we obtain

4r
ow)mwa = ?sz

2

x De
2 2
{Lw% — w2 <1 +;U;ab>} —iw <y+2 azb>
(5)

The pole of the real part of eq 5 defines the localized
surface plasmon frequency w,sp in the large spheroid
(i.e., large a) limit as

2
wpw
9c3

L3 L3c?
2 P
Dise = 2p = S~ @b (6)
32%P

Clearly w sp becomes material independent (i.e., wp
cancels out). To translate this expression to the para-
meters used to describe the nanodisks in the experi-
ment, we define a = D/2 and b = h/2 (where D is
diameter and h the height of the spheroid/nanodisks,
respectively) and rewrite eq 6 as

. A3 3ac?
bh D2

()

Wisp =

by making use of the asymptotic first-order approx-
imation of the shape factor L in the large particle limit
(for D > h) where L = (1/4) x (h/D). Finally, to obtain
the LSPR energy instead of frequency, eq 7 can be
rewritten as

V/37he
D

(8)

Esp = hosp =

and illustrates nicely the material independence of the
LSPR energy in the large D limit and again predicts the
experimentally seen 1/D dependence. We note that we
now have taken into account the specific geometry of our
system, in contrast to the more general and simple
analysis presented first, which was relying solely on a
field retardation argument. Using the expression from
eq 8, we predict (for vacuum as the surrounding
medium) a slope of 606 or 481 eV nm (for a surround-
ing medium with refractive index n = 1.26) for the 1/D
dependence of the LSPR energy, which is reasonably
close to the experimental values presented above.
Mainly it is the still significant simplifying assumptions
made in the above theoretical treatment, which giverise
to the seen discrepancy between the slopes obtained
analytically and the ones extracted from the experiment
and the full MLWA calculations (where we used the
exact expression for the shape factor L, instead of a
linear approximation, and experimentally determined
dielectric functions of the respective metals, including
interband contributions, etc.).

We note that similar questions have been addressed
earlier by using different theoretical formalisms, such
as for IR resonances of micrometer scale metal rods
where the surface impedance of different metals was

VOL.5 = NO.4 = 2535-2546 =

2011 @%

I

N\

WWww.acsnano.org

2539



found to play a role (i.e., no material independence)*®

and for noble metal nanorods interacting with electro-
magnetic radiation at optical frequencies. For the latter
analysis, within the framework of antenna theory, a
material dependent effective wavelength was identified.*”

We now turn to the experimentally observed and
calculated energy dependence of the LSPR spectral line
width (i.e,, full width at half-maximum, fwhm) for Au, Pt,
and Al (Figure 5a—c). Inspecting the data in Figure 5, we
note immediately the very pronounced material depen-
dence (1 order of magnitude difference between Au and
Pt) and again excellent quantitative agreement between
experiment and model calculation (blue dots), except for
the smallest Al disks (highest LSPR peak energy).

Following the fwhm for Au from the highest ener-
gies (smallest particles) and downward, we observe the
following (Figure 5a). From 2.4 to ca. 2.0 eV, there is a
successive decrease of the line width because the prob-
ability for interband transitions, with a threshold around
2.3 eV, successively decreases. The minimum is created
because, as the particle sizes increase and LSPR energies
decrease, radiation damping increases.'® Eventually a new
maximum is seen around 1.2 eV, approximately when
the size of the nanoparticles becomes comparable to
the excitation wavelength and one enters a subradiant/
quenched radiation regime,*® as shown here for the first
time to occur in large symmetric nanoparticles. The exact
position of this maximum is predominantly determined
by the conduction electron density of the material and is
excellently reproduced in the model calculations. Details
will be discussed below.

The observed quantitative difference between model
and experiments for the fwhm (ca. 30 meV at low photon
energy and ca. 80 meV at high photon energy) is
attributed to shortcomings of the model, especially the
failure to exactly describe the real disk-like shape of the
examined nanoparticles, the simplifying assumption of a
homogeneous embedding medium (i.e, no substrate),
and the remaining polydispersity of the particle size
distribution (the latter causing experimental fwhm values
to be larger than the modeled ones). The trend of an
increasing difference between model and experiments,
for increasing LSPR energy (decreasing particle size), is a
consequence of increasing relative polydispersity for
smaller particle size (Figure 8) and of the deviation from
perfect nanodisk geometry when the particle size ap-
proaches the size of individual grains. The former con-
tribution was verified by quantitatively estimating the
inhomogeneous broadening effect for a standard devia-
tion of the diameters of 2—3 nm with spheroid model
calculations. They yielded an inhomogeneous contribu-
tion of approximately 40—50 meV to the fwhm for 50 nm
Au nanodisks. This general behavior is seen also in the
data for the other two metals discussed below.

For the Pt nanodisks (Figure 5b), an almost linear
increase of LSPR line width is observed as a function of
LSPR energy. Note that even the lowest damping for Pt
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Figure 5. Energy (and size) dependence of the LSPR line
width for Au (a), Pt (b), and Al (c) nanoparticles as obtained
from extinction measurements (red diamonds) and calcu-
lations based on electrostatic spheroid theory (MLWA) (blue
dots). The solid/dashed lines are a guide to the eye. The
details are discussed in the text.

at peak energies just below 1 eV (fwhm ca. 0.5 eV) is
larger than the highest measured damping for Au at
around 1 eV (fwhm ca. 0.3 eV). The relative importance of
radiative damping is small in this system for all particle
sizes (and LSPR energies)** as a consequence of the large
value of the imaginary part of the dielectric response
function for Pt metal in the energy regime of interest.3*
The latter is connected with the high probability of e—h
excitations, due to the proximity of the d band to the
Fermi energy of the system. Thus, in the case of Pt, the
energy dependence of the LSPR line width is dominated
by the decay of the collective LSPR via interband excita-
tions. The divergence between model and experimental
data observed at energies >2.5 eV is attributed to the
same reasons as discussed above for Au.

Turning to Al (Figure 5c), we first note that, on an
absolute scale, the Al damping lies below that for Pt for
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Figure 6. Schematic depiction of the expected energy (and
accordingly particle size) dependence of intraband (Iintra),
interband ('), and radiative (I',,4) damping contributions
to the total LSPR line width (for nanoparticle sizes larger
than the electron mean free path). The lines indicate sim-
plified, general trends only and not the expected exact
energy dependence for a specific metal. For example, the
vertical scale is arbitrary for each case and not related
between the three cases.

all energies except in a narrow regime around 1.5 eV,
where interband damping is comparable or even a
little stronger than for Pt. Compared to Au, the Al
damping is stronger everywhere except around and
just below 1 eV, where the two are about equal, reflect-
ing the absence of interband activity for both metals here.
Inspecting the Al results in more detail, we note two line
width maxima as a function of LSPR energy. The low
energy maximum, centered at 1.5 eV, is caused by the
increased interband damping of the LSPR excitation into
single particle e—h excitations related to the particular
band structure of A*® as discussed below in detail. This
maximum is “riding” on a background of steeply increas-
ing line width for increasing energy in the subradiant/
quenched radiation regime, which extends to higher
photon energies for Al compared to Au due to the higher
conduction electron density (higher w,,) in the former. The
second maximum, located at ~3 eV, is a transition point
from the quenched radiation to the pure radiation damp-
ing dominated regime where the line width decreases as
the plasmon energy increases (smaller particles imply a
smaller induced dipole moment). The increasing diver-
gence between model and experimental data, observed
at energies >2.5 €V, is partly attributed to the same
reasons as discussed above for Au. An additional contribu-
tion amplifying this effect in Al is the formation of a native
oxide layer, which made it difficult to prepare geometri-
cally homogeneous Al nanoparticles smaller than 50 nm.
The concurrent particle roughening leads to inhomoge-
neous broadening of the total line width and is thus
partially responsible for the deviation between experi-
ment and theory observed in Figure 5c.

DISCUSSION

In the following section, we discuss the experimental
observations, verified by spheroid theory calculations,
by relating the experiments to the bulk dielectric
properties of the three studied metals (see Figure 1).
We start our discussion by establishing a qualitative
“physical picture” of the contributions to the LSPR line
width, which can be generalized to basically any metal.

ZORIC ET AL.

Furthermore, we make, based on that picture, qualita-
tive predictions of the energy and material/electron
structure dependence of the LSPR line width in the
UV—vis—NIR spectral range for our experimentally
studied systems Au, Pt, and Al.

Our starting assumption for this discussion is that
the total line width, I'i, for the considered particle
sizes in this work is a sum of three separate contribu-
tions, ot = Dingra + Linter + Trag (We neglect hetero-
geneous broadening effects, chemical interface
damping,***® and electron—surface scattering,”’ as
well as we assume low fluxes of the incoming photons):

(i) Tinera: Intraband damping is related to processes

where individual electrons “leave” the collective
plasmonic oscillation because of diverse scatter-
ing processes within the conduction band. If the
nanoparticle size D is larger than the electron
mean free path Amep, inwra is typically ~0.01—-0.1
eV and has a very weak (practically negligible)
energy dependence (at constant temperature).

(i) Tinter: Interband damping accounts for pro-
cesses where the coherent collective electronic
motion of the LSPR (energy fiw  spg and momen-
tum g = 0) decays into a single e—h pair (an
electron in an empty state at/above the Fermi
energy and a hole in the populated band) with
the same energy and zero momentum. In coin-
age metals, having a d band positioned below
the Fermi level, this effect occurs first at ener-
gies above the system-specific interband
threshold (2.3 eV for Au®3). In contrast, in case
of Pt, for example, the top of the 4d band is
located at the Fermi energy, thus moving the
threshold for LSPR decay via e—h excitation
down to very small LSPR energies.*

(iii) T'yag: Radiation damping causes the collective
electron motion of the LSPR to lose its energy via
radiation from a time dependent induced dipole
(or higher mode) which depends on the particle
volume and the electron density (wp) in the metal.
Consequently, as the nanoparticle size is in-
creased, its volume and the size of the induced
dipole increase. The total dipole moment asso-
ciated with a collective plasmon mode depends
on the relative phases of the individual induced
electronic dipoles. If the individual nanoparticle
dipoles oscillate in phase, the plasmon mode is
super-radiant®® and strongly radiative. In the sub-
radiant regime, when the nanodisk size becomes
comparable to the LSPR wavelength, the electrons
begin to oscillate out of phase, the effective dipole
moment and concurrently the dipole radiation
strength diminishes, thus increasing the life of the
LSPR excitation.

In Figure 6, we show graphically the expected trends
for the energy dependence of the three contributions
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to LSPR damping, Tintras Linters and T'yaq, based on the
above discussion.

The subradiance effect for large D can again be under-
stood qualitatively by analyzing the polarizability of an
oblate spheroid in the MLWA formalism, using a Drude
form for the bulk dielectric response function, as given by
eq 5 above. Here, however, to extract the line width of the
resonance, we rewrite the expression for oy wa(w) as

4m
o(w)mwa = ?azb
w3
2
1 +w—';ab
x 3¢
20i0? ,
La)g 2 iw 9c3
2 2
Y% ab 1+ 28 gb
1+—a —
+ 3¢2 3¢?
const.

- 7 9

wip — w? —iwl )

In this equation, at resonance for w = w_sp, the LSPR

frequency (including the dynamic depolarization
correction) is defined as

L 2
lp = —— o (10)
P° ab
'I _F
Jr3c2

and I' corresponds to the plasmon line width, which
reads as

2050ts
y+ 9 b
r = o
1 +§ab

(11)

Let us analyze the limiting behavior of T in the small
(a < A) and large (a ~ 4) particle limit. Since v (intraband
damping), for the systems of interest here, is much smaller
than the radiative damping contribution, we neglect it in
what follows and approximate the plasmon line width
with the following equation instead

sz 2
PwLSPazb
'~ _9%
w} b
1+--5a
3¢2

(12)

Since wp? is proportional to the electron density n in
the nanoparticle, we see that the numerator of the
above expression contains the product of electron
density, the volume of the particle, and the square of
the LSPR frequency.

In the small particle limit, where dynamic depolariza-
tion is negligible, that is, (wp*/(3c®) x ab <1, T is propor-
tional to wp’w sp’a’b and wsp” is equal to Lwp® (see
eq 10). Thus one can see (since, to a first approximation,
the shape factor L «< b/a, b = h/2 = const, and a = D/2) that
(13)

D
T wpa = w,‘ii
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that is, as the nanodisk diameter D increases, radiative
damping increases and the particle is super-radiant.

In the large particle limit, however, the dynamic
depolarization effectively reduces the number of elec-
trons oscillating coherently and shifts the plasmon
frequency into the red, thus reducing the contribution
of radiative damping to the LSPR line width. This is
clearly seen from eq 12, where, in the large particle limit
because of (wp/(3¢?) x ab>1,T = aw,sp>. Furthermore,
since, as shown earlier, in this limit wsp> o< 1/a% we
obtain

1 1
T oc—oc—

a

(14)

where the line width decreases as the particle size increases
and the particle is subradiant/radiation is quenched. Thus, in
summary, the subradiance at large particle sizes is due to
the fact that dynamic depolarization has a two-fold effect
on the radiative damping contribution to the LSPR line
width: (i) it effectively decreases the total induced dipole
moment by a factor a®b/(1 + (wp°ab)/(3c)), and (ii) it shifts
the LSPR frequency into red.

Further insight into the nature of the quenched
radiation effect can be obtained by analyzing where the
transition from super-radiance to subradiance occurs. This
can be addressed by finding the maximum in I as a
function of particle size (eq 12). Such an analysis shows
that the transition between the two regimes occurs when
the particle size reaches a critical value that is inversely
proportional to the electron density in the system.

We now apply the above general reasoning to the
three metallic systems examined in this work and
qualitatively discuss the expected LSPR energy depen-
dence of the spectral line width on that basis in order to
rationalize our results presented above and as a test for
our qualitative picture.

Gold. For Au nanodisks, the radiative contribution
to the total damping has been shown to be signifi-
cant.** Since the 5d band of Au lies 2.3 eV below the Fermi
level, a threshold for interband excitation should appear
around that energy. Thus, the total line width of Au LSPR
excitations, as illustrated in Figure 73, is a superposition of
the three contributions described above. The line width
minimum at 2.3 eV is related to the threshold for interband
excitations, while the maximum at lower energies is
related to quenching of the radiative contribution.

Platinum. As shown in our earlier work,?* the radia-
tive contribution to the LSPR damping in Pt nanodisks is
relatively small for all disk sizes examined in this work.
Furthermore, since the top of the Pt 4d band overlaps with
the Fermi level, we expect that interband excitations
dominate LSPR damping and thus the spectral line width
already at the lowest LSPR energies.*’ The predicted
qualitative trend of the line width with LSPR energy is
shown in Figure 7b.

Aluminum. As for Au, also in Al nanodisks the radia-
tive contribution to the total damping is significant."’
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Figure 7. Schematic qualitative depictions indicating the
trends for the total LSPR line width in Au, Pt, and Al nanodisks
as a function of LSPR peak energy. The lines indicate simplified
trends only and not the expected exact energy dependence.
For example, the vertical scale is arbitrary for each case and not
related between the three cases.

However, the maximum in the radiative contribution is
shifted to higher LSPR energies because of the three
times higher conduction electron density in Al com-
pared to Au as derived above. This is confirmed very
nicely by the experimental data (Figure 5) where the
transition between the subradiance/super-radiance
regimes occurs in Al at roughly three times higher
LSPR energy than in Au (3.3 eV vs 1.1 eV). Furthermore,
alocal interband (in energy space) contribution, that is,
an increase of the total line width localized around
1.5 eV, is expected due to the specific band structure of
Al. The resulting expected qualitative behavior of the
LSPR line width for Al nanodisks as a function of LSPR
energy is shown in Figure 7c.

The above considerations and resulting trends for
the LSPR line width of different nanoplasmonic materi-
als as a function of LSPR energy (particle size) are in
excellent agreement with the experimental results
presented earlier in the article and can thus be used
to qualitatively/mechanistically explain the made ob-
servations. Furthermore, it becomes clear that the
general and rather simple concepts developed in this
work, to understand the size and materials depen-
dence of LSPR energies and damping mechanisms,
are reasonable and can, due to their generic nature, be
generalized to other nanoplasmonic systems/metals of
technological importance.

PERSPECTIVE

The presented results for LSPR energy and line width
for different materials and their relation to different
damping mechanisms are relevant for several emerging
and promising application areas of (nano)plasmonics. In
particular, the LSPR lifetime and related damping mechan-
isms determine the local field enhancement around the
plasmonic nanoparticles and plasmon decay channels
(i.e., absorption vs scattering) which are important issues
in sensing®’ and spectroscopic (e.g., SERS' or plasmon-
enhanced fluorescence®) applications since they are
directly related to sensitivities and signal enhancement,
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Figure 8. SEM micrographs for Au nanodisks, with average
size of 52 nm (a), 122 nm (b), and 314 nm (c), obtained using
the nanofabrication method described in the text. The size
distribution histograms, indicating the average particle size
and standard deviation, are shown below the corresponding
SEM image. (d) Nanodisk pair correlation function as calculated
based on nanodisks positions, which were generated with the
RSA simulation algorithm and which determined the exact
position of each nanodisk on the substrate surface during EBL
exposure. It clearly illustrates the random order of the nano-
disks on the surface with a smallest allowed center-to-center
distance of 6 particle diameters D.

respectively. Both aspects (i.e., dominating decay mechan-
isms and field enhancement) are also of great relevance in
photon harvesting applications like (LSPR enhanced)
photovoltaics” ™ where enhanced local fields* and
efficient light scattering®” are key ingredients. The same
holds for LSPR enhanced (photo)catalysis (e.g., water split-
ting for solar hydrogen production*® or CO oxidation®)
where, in addition to the above-mentioned effects, also
hot electrons created during the decay of the LSPR may
have a beneficial effect on device performance.>%”"

Another field where the understanding of damping
(i.e., energy management after LSPR excitation) is of
significant importance is nanoplasmonic heating. Plas-
monic nanoparticles, strongly dependent on the
choice of material as well as particle size and shape,
can efficiently absorb UV, visible, or infrared light
energy, which makes them very attractive nanosources
of heat with a wide range of potential applications
including nanoscale catalysis,>®> magnetism and data
storage,”® microfluidics,>* and medicine,'® for exam-
ple, for photothermal cancer cell destruction.
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Furthermore, we note that the understanding of
novel (i.e, other than Ag and Au) nanoplasmonic systems
is expected to become increasingly more important due
to, among others, lower cost (e.g., Al), larger available LSPR
spectral range (e.g., Al'"), and the possibility of combining
intrinsic materials properties like magnetism (e.g.,, Ni>
indicating novel ways to combine nanophotonics, nanoe-
lectronics, and nanomagnetics), hydride formation (e.g.,
Mg, Pd™), catalytic activity (e.g., Pt, Pd’), or phase transi-
tions (e.g., Sn'?), etc., with LSPR. Thus we believe that the
presented concepts in this work, which are generic and
applicable to any plasmonic nanosystems with known
bulk dielectric properties, are of significant importance for
the future design of nanoplasmonic devices made from a
wide range of metallic systems in a wide range of
applications.

CONCLUSIONS

In summary, LSPR spectral line widths and energies
for disk-shaped Au, Pt, and Al nanoparticles were
explored experimentally and theoretically for a broad
range of nanoparticle size and concomitantly a wide
energy range. This became possible by minimizing
heterogeneous broadening effects by using a newly
developed EBL-based preparation method yielding
large surface areas covered with 2D arrangements of
randomly distributed metal nanodisks with very nar-
row size distribution on a surface, suitable for extinc-
tion spectroscopy in a spectrophotometer with a wide
spectral range. Furthermore, the random arrangement
together with the large interparticle distance (center-
to-center distance =6 particle diameters) minimized

METHODS

Nanofabrication and Characterization. Two-dimensional arrange-
ments of randomly positioned metallic nanodisks (see Figure 8d
for the measured pair correlation function) were fabricated on
0.7 mm thick fused silica substrates using electron-beam litho-
graphy. In short, the substrate was first covered with a resist
bilayer consisting of ca. 60 nm ZEP520 (Nippon ZEON Ltd.,
Japan) on top of ca. 65 nm copolymer P(MMA (8.5) MAA)
(MicroChem Corp., USA), which were soft-baked at 170 and
140 °C, respectively. Resist deposition was followed by resistive
evaporation of a 10 nm thick Cr overcoat, which prevented
charging effects during electron beam exposure, in an Edwards
HPTS Auto 306 system. Matlab software (The MathWorks Inc.,
USA) was used to computer-generate nanodisk positions ac-
cording to a random sequential adsorption scheme.>® The size
of the simulation cell was 1000D x 1000D, where D denotes the
nanodisk diameter. Periodic boundary conditions were applied,
and the minimum center-to-center distance between adjacent
disks was set to 6D. Individual nanodisks were approximated by
regular polygons, where the number of corners in the polygon
was adjusted to the nanodisk size (ranging from octagons for
the smallest disks to hexadecagons for the largest disks). The
samples were exposed in a JBX-9300FS electron-beam litho-
graphy system (JEOL Ltd., Japan) at 100 kV accelerating voltage
and 2 nA beam current. Circular areas of roughly 30 mm? were
patterned for each considered nanodisk size by repeatedly

ZORIC ET AL.

particle—particle coupling effects, yielding basically
single particle response. Both experimental and theo-
retical data showed a pronounced material depen-
dence of the LSPR energies in the small D limit, while
in the large D limit, the LSPR energy became essentially
material independent. Furthermore, the contributions
from radiative and nonradiative damping mechanisms
to the LSPR line width for three metals with fundamen-
tally different bulk dielectric properties were clearly
identified. The observed behavior for the energy de-
pendence of the spectral line width could be rationa-
lized in the framework of a qualitative physical picture
where the relative contributions of intraband damping,
interband damping, radiation damping, and radiation
quenching were considered and related to the electro-
nic band structure of the respective metal. Further-
more, for the first time, a clear transition from a
radiation damping dominated regime to a quenched
radiation (subradiance) regime in very large symmetric
nanoparticles was observed. The subradiance was
probed by varying the conduction electron density (i.
e., the bulk plasma frequency) by choosing different
nanoparticle materials. An excellent qualitative and
quantitative agreement was obtained between the
observed experimental trends and the predictions
based on the spheroid model calculations, thus vali-
dating our approach to assess single particle behavior
by measuring the response of a large ensemble of well-
separated, identical nanodisks. The presented con-
cepts are qualitatively generalizable to other
(potentially technologically important) metallic nano-
systems with known bulk dielectric properties.

exposing the simulated pattern. After electron beam exposure,
the Cr charge dissipation layer was removed by dipping the
samples in a ceric ammonium nitrate based chromium etch
solution (Sun Chemicals A/S, Denmark) for 25 s, followed by
extensive rinsing with ultrapure water and isopropyl alcohol
and finally blow drying with nitrogen. Exposed resist areas were
developed in two steps, first in n-amyl acetate (Acros Organics,
USA/Belgium) and then in a mixture of methyl isobutyl ketone
(MIBK, Alfa Aesar GmbH, Germany) and isopropyl alcohol ina 1:2
ratio for 65 and 75 s, respectively. After each development step,
the samples were rinsed carefully with isopropyl alcohol and
blow-dried. The samples were ashed in a gentle oxygen plasma
(250 mTorr, 40 sccm, 20 W; Plasmatherm Batchtop m/95) for 15 s
prior to electron beam evaporating ca. 20 nm of gold, platinum,
or aluminum, in the former two cases in an AVAC HVC600
deposition system with a base pressure of 2 x 10~® mbar and using
a Lesker Spectros evaporator with a base pressure of <1 x 1077
mbar in the latter case. Finally, the remaining resist and metal on
top of the resist stack were removed in a two-step lift-off process in
Microposit 1165 remover (Rohm and Haas Electronic Materials,
USA) and acetone using mild ultrasonic agitation. The thus re-
vealed, randomly arranged nanodisks were examined by scanning
electron microscopy (JEOL JSM-6301F, Japan) and atomic force
microscopy (Veeco Dimension 3000, USA). Exemplary SEM micro-
graphs are shown in Figure 8a—c for Au nanodisks with 50, 120, and
300 nm diameter, respectively. The relatively small variations in
nanodisk shape and diameter observed in these images and
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supported by the corresponding size distribution histograms are
representative for all reported disk sizes and chemistries (except
the smallest Al nanodisks). The size distribution histograms were
obtained by analyzing several SEM micrographs (ImageJ), sum-
ming up to ca. 60 analyzed disks for each size. A noticeable
narrowing of the size distribution (5-fold) in comparison to samples
as obtained previously by hole-mask colloidal lithography'"* is
found, which clearly demonstrates the usefulness of the somewhat
peculiar sample preparation method presented here for studies
where a large ensemble of particles is used to assess single particle
properties.

Optical Extinction Spectroscopy. Optical extinction measure-
ments were carried out in a Cary 5000 spectrophotometer by
measuring optical transmission in forward direction. The spec-
tral peak position was determined by taking a least-squares
optimized polynomial fit to the data and finding the photon
energy where the first derivative of the fitted polynomial was
equal to zero. The spectral line width was determined from the
experimental and calculated extinction spectra by multiplying
the peak half-width, as measured from the resonance maximum
toward the low energy side, with a factor of 2.

Spheroid Model Calculations. To scrutinize in detail the ob-
served nanodisk size dependence of the LSPR peak position
and line width for the three chosen metals theoretically and for
comparison with the experimental data, we have carried out
calculations based on an electrostatic spheroid model de-
scribed previously.25 Briefly, in this model, the nanodisks are
approximated by an oblate spheroid. To calculate the polariz-
ability of the spheroid, the internal electric field, which is a
superposition of the externally applied field, the depolarization
field, and the radiation field,'® is analytically determined. The
dielectric response functions needed for these calculations are
obtained from the literature for Au,>3 Pt,>* and Al.>® An effective
refractive index (negr = 1.26) was used in the calculations by
averaging the values of air (n = 1.00) and the glass substrate (n =
1.52). For Al, the same approach as presented by Langhammer
et al."" was used for the model calculations. Namely, a 3 nm
thick Al,05>” shell was used in the calculation to account for the
presence of the native oxide layer formed around Al nanopar-
ticles upon exposure to ambient conditions. The metallic core of
the spheroid was modeled using the complex dielectric func-
tion of metallic Al.3®> The spectral line width was determined
from calculated extinction spectra by multiplying the peak half-
width, as measured from the resonance maximum toward the
low energy side, with a factor of 2, analogous to the analysis of
the experimental data.
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