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Dark-field microscopy studies of single metal nanoparticles: understanding
the factors that influence the linewidth of the localized surface plasmon

resonance
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This article provides a review of our recent Rayleigh scattering measurements on single metal
nanoparticles. Two different systems will be discussed in detail: gold nanorods with lengths between 30
and 80 nm, and widths between 8 and 30 nm; and hollow gold-silver nanocubes (termed nanoboxes or
nanocages depending on their exact morphology) with edge lengths between 100 and 160 nm, and wall
thicknesses of the order of 10 nm. The goal of this work is to understand how the linewidth of the
localized surface plasmon resonance depends on the size, shape, and environment of the nanoparticles.
Specifically, the relative contributions from bulk dephasing, electron—surface scattering, and radiation
damping (energy loss via coupling to the radiation field) have been determined by examining particles
with different dimensions. This separation is possible because the magnitude of the radiation damping
effect is proportional to the particle volume, whereas, the electron—surface scattering contribution is
inversely proportional to the dimensions. For the nanorods, radiation damping is the dominant effect
for thick rods (widths greater than 20 nm), while electron—surface scattering is dominant for thin rods
(widths less than 10 nm). Rods with widths in between these limits have narrow resonances—
approaching the value determined by the bulk contribution. For nanoboxes and nanocages, both
radiation damping and electron—surface scattering are significant at all sizes. This is because these
materials have thin walls, but large edge lengths and, therefore, relatively large volumes. The effect of
the environment on the localized surface plasmon resonance has also been studied for nanoboxes.
Increasing the dielectric constant of the surroundings causes a red-shift and an increase in the linewidth
of the plasmon band. The increase in linewidth is attributed to enhanced radiation damping.
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Optical studies of single metal particles have a long history in
physical science—dating back to Zsigmondy’s work at the turn
of the previous century. Zsigmondy and coworkers developed
a dark-field immersion microscope that allowed them to observe
and count single metal particles in a liquid, and so estimate their
size.! They were also able to study the kinetics of particle coag-
ulation, as well as the structure of many different types of
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heterogeneous systems. The ability to study both soft and hard
materials has led to the wide use of dark-field microscopy in
biological and materials sciences. In the past decade this tech-
nique has been rediscovered for the study of metal particles.*?
By coupling a dark-field microscope to an imaging monochro-
mator and CCD camera, the Rayleigh scattering spectra from
single particles can be readily measured.> For nanoparticles of
silver and gold, the spectrum is dominated by the localized
surface plasmon resonance (LSPR), which is a collective oscilla-
tion of the conduction electrons.* This resonance is extremely
intense: the absorption and scattering cross-sections of silver
and gold nanoparticles are many times their geometric size,>®
which has lead to their widespread use as non-bleaching labels
for optical imaging of biological samples.*’

This article is concerned with how the LSPR of noble metal
nanoparticles—particularly the linewidth—depends on the
particle size, shape, and environment.*'* Spectroscopic studies
of the broadening of the LSPR at small sizes for silver and
gold particles were first reported almost 50 years ago.'*'® These
ensemble measurements clearly demonstrated the effect of
electron—surface scattering on the LSPR linewidth. They also
represent (to the best of our knowledge) the first observations
of size effects in the optical properties of materials—a topic
which is of tremendous current interest in the context of small
semiconductor particles.'”** However, because samples of metal
particles are typically heterogeneous, with different sizes and
shapes present, ensemble measurements cannot give accurate
information about broadening of the LSPR. This problem can
be overcome by studying single particles.

The first spectroscopic studies of single metal particles were
reported by the Schultz and Feldmann groups.>*2**' Schultz
and coworkers performed correlated transmission electron
microscopy/single particle Rayleigh scattering measurements
for silver particles to determine how the frequency of the
LSPR depends on size and shape.?* They were able to show,
for example, that spherical particles have resonances in the
blue, while triangular shaped particles scatter red light. Feld-
mann and coworkers examined silver and gold spheres, and
gold nanorods.>®** Their measurements showed a significant
reduction in the linewidth of the LSPR at a given resonance
frequency for rods compared to spheres. This was attributed to
reduced radiation damping for the rods. Since these studies there
have been a number of reports of the spectra of single metal
particles with different sizes and shapes, mostly emphasizing
the frequency of the LSPR.?’?° In contrast, there have been
fewer studies focused on the linewidth.?%2»3-3%

There are several reasons why the linewidth has received less
attention. First, the main interest in linewidth for metal particles
is at small sizes, where electron—surface scattering becomes an
important dephasing mechanism for the plasmon electrons.*'*-
16:36.37 However, because the intensity of scattered light is propor-
tional to the square of the particle volume,*>® small particles are
extremely hard to see by dark-field microscopy. This problem
has recently been overcome by the development of sensitive
absorption based techniques: absorption scales as the volume
and, thus, can be used to study much smaller objects.**** For
example, Lounis and coworkers recorded absorption spectra
for spherical gold particles with sizes down to ~5 nm diameter
using a thermal lensing detection scheme.*®*** Measurements

of the half-width of the LSPR showed significant broadening
at small sizes due to electron-surface scattering.*' These results
will be discussed in more detail below. A second issue is particle
symmetry: for the linewidth measurement to be meaningful the
spectrum should contain a single, isolated surface plasmon
resonance. This limits the choices of samples for study. Spheres
fulfil this condition, as do nanorods with aspect ratios greater
than 2.** However, complex shaped particles such as nanostars
have multiple resonances,*® which makes it difficult to interpret
the spectra without detailed electrodynamics calculations.*

Recently we have used Rayleigh scattering spectroscopy to
study the linewidths of gold nanorods,** and hollow nano-
cubes—termed “nanoboxes” or “nanocages” depending on their
exact morphology.?** Both materials have two important
dimensions: for the rods these are length and width, and for the
nanoboxes and nanocages they are edge length and wall thickness.
When the width or wall thickness of the particles is reduced to
below 10 nm, electron—surface scattering effects become impor-
tant—as they do in spherical particles.*3-16:3¢:3741 However,
unlike spheres, the nanorods and nanoboxes still have reasonable
volumes and, thus, scatter light efficiently. This is because their
lengths or edge lengths are relatively large. Thus, dark-field
microscopy can be used to examine electron—surface scattering
effects for these particles. Analysis of the data provides informa-
tion about how radiation damping and -electron-surface
scattering compete to determine the width of the LSPR.

The remainder of this article is laid out as follows: Section 2
gives a brief description of the dark-field microscopes used for
these experiments; Section 3 provides an overview of the relevant
theory for dephasing processes in metal particles; and Sections 4
and 5 give detailed descriptions of our experiments with nano-
rods and nanoboxes/nanocages, respectively. Readers interested
in how the different particles are synthesized are directed to the
appropriate references. The particles studied were engineered to
have plasmon resonances in the near-IR region of the spectrum.
There are two reasons for this. First, materials with resonances in
this spectral region are of interest for biomedical applications
due to the near-IR transparency window of tissues.*”*® Second,
the bulk damping contribution for gold and silver is much less
in the near-IR.*-5? This leads to smaller intrinsic linewidths,
which allows more accurate measurement of effects from
radiation damping and electron—surface scattering.

The results from our measurements show that both electron—
surface scattering and radiation damping can make significant
contributions to the linewidth of the LSPR.*3*4¢ For the
nanorods, electron—surface scattering is the dominant effect for
narrow rods (widths < 10 nm), and radiation damping dominates
for thick rods (widths > 20 nm).* Rods with “in between” thick-
nesses have narrow resonances, which are essentially free from
either radiation damping or electron-surface scattering
effects.?3%3* On the other hand, for nanoboxes and nanocages
both electron—surface scattering and radiation damping are large
effects at all the sizes that we have investigated.3** This causes
these materials to have very broad LSPRs. The nanoboxes also
show an increase in linewidth when the dielectric constant of
the environment is increased.*® This is attributed to radiation
damping: coupling of the plasmon resonance to the radiation
field is stronger in media with higher dielectric constants.’***
This effect has not been reported in previous studies on the

1950 | J. Mater. Chem., 2008, 18, 1949-1960

This journal is © The Royal Society of Chemistry 2008



environmental dependence of the LSPR,*»***’ presumably
because the particles examined were too small to display
appreciable radiation damping.

The goal of this work is to determine values for the parameters
that describe electron—surface scattering and radiation damping
for different metals and particle shapes. This data serves as both
input parameters for, and a test of, numerical calculations of the
optical response of metal nanostructures.'®!! The results of these
experiments are important for applications such as molecular
sensing,>-*¢ where the shift in the plasmon resonance is used to
report on the binding of a target molecule to a receptor attached
to the surface of the particle. These experiments require materials
with narrow resonances, so the shift can be accurately
measured.?”%* These studies are also relevant to surface-
enhanced spectroscopies, where the high electric field at the
particle surface is used to increase the rates of scattering,>-%*
emission,%*** and/or absorption.*>¢7

2. [Experimental section
2.1 Dark-field microscopy

The spectra presented below were recorded using an inverted
optical microscope equipped with a dark-field condenser.>* A
diagram of the experimental arrangement is shown in Fig. 1.
The dark-field condenser forms a hollow cone of light focused
at the sample. Only light that is scattered out of this cone reaches
the objective (which must have a smaller numerical aperture than
the condenser). Thus, particles on the substrate appear as bright,
diffraction-limited spots on a dark background, as shown by the
true color image of a single nanobox in Fig. 1. This particle has
a plasmon resonance at approximately 650 nm and, thus,
appears as an orange spot. Two different microscope systems
were used for the experiments described below: an Olympus
IX-71 with an oil immersion dark-field condenser (Olympus
U-DCW) and a 60x objective;*** and a Nikon Eclipse
TE-2000 with a dry dark-field condenser and a 40x objective.*®
In both systems the light collected by the objective is sent to
an imaging monochromator (Acton Research MicroSpec
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Fig.1 Schematic of the experimental arrangement for dark-field micros-
copy studies of metal nanoparticles.

2150i) equipped with a CCD camera—either a liquid N, cooled
Roper Scientific 100 x 1340 B,*'#*4¢ or a TE-cooled ACTON
Princeton Instruments PIXIS 1024.33

The experiments were performed by first recording an image
of the sample with a mirror in the light path of the spectrometer.
Once a suitable particle (or collection of particles) has been
selected, the mirror is switched with a grating (150 groves
mm~') to disperse the scattered light. Normalized Rayleigh
scattering spectra from individual particles were obtained by
subtracting and dividing by a background, taken from a nearby
area of the CCD detector (identical pixel width but without
particles).?*3* The acquisition times for the spectra varied from
10 s to 1 min, depending on the sample and detector. The spectra
were fitted to a Lorentzian function I(w) = Co/[(w — wg)* + I'*/4],
to determine the linewidth I' and the resonance frequency wy.

2.2 Sample preparation

Gold nanorods were prepared by seed-mediated growth using
either chemical reduction®®" or photochemical reduction tech-
niques.”™ The dimensions of the rods were controlled by varying
the amount of gold seed relative to gold salt. Both single-crystal
and penta-twinned gold nanorods were studied.” The size distri-
butions were characterized by transmission electron microscopy
(TEM) using either a Philips CM120 BioTWIN TEM (120 kV
accelerating voltage), a JEOL JEM 1010 TEM (100 kV acceler-
ating voltage), or a Joel JEM-100SX TEM (100 kV accelerating
voltage). Several hundred particles were counted for each sample
to determine the average length and width distributions of the
nanorods. Slides for optical microscopy analysis were prepared
either by drop-casting a diluted solution (~10x from the as-pre-
pared sample) onto a clean glass slide, or by spin casting a 0.5
wt% polyvinyl alcohol (PVA) solution containing the particles
at 3000 rpm for 5 8.3

Au-Ag nanoboxes and nanocages were synthesized according
to the procedure described in ref. 73-75. For these samples scan-
ning electron microscopy (SEM) was performed in conjunction
with dark-field microscopy, to ensure that only single particles
were interrogated.*® The particles were deposited on indium-
tin-oxide (ITO) coated glass substrates (SPI Supplies). These
substrates are optically transparent in the visible region, and
are conductive enough for SEM measurements. In order to
perform correlated dark-field optical microscopy and SEM
experiments, a registration pattern on the ITO substrate was
created by thermal evaporation of a 15 nm Au layer through
a designed photomask. The patterned slide was sonicated in
water to remove dust from the surface, and rinsed with deionized
water and ethanol. A drop of the diluted nanoparticle solution
was placed near the registration marks, and immediately
removed using a micropipete. The substrate was allowed to dry
at room temperature and carefully stored in a nitrogen environ-
ment to inhibit oxidation of the particles. Secondary electron
SEM (SE-SEM) images and back-scattering SEM images were
obtained using a field-emission microscope (Sirion XL, FEI)
operated at 5 kV. The composition of the nanoparticles was
analyzed using an energy dispersive X-ray microanalysis
(EDAX) system incorporated with the Sirion electron micro-
scope. The AuM and AgL lines were used to measure the
contents of Au and Ag in the particles, respectively.*® TEM
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analysis of the nanobox and nanocage samples used in our exper-
iments were performed with a Philips 420 TEM operated at
120 kV. Correlated dark-field optical microscopy and scanning
electron microscopy studies were also performed for a gold
nanorod sample using the recently reported focused ion beam
registration method.” In these experiments a focused ion beam
(FIB) lithography system (xT Nova NanoLab) is used to mark
the substrate with an easily recognizable pattern, which serves as
a locator for both SEM measurements (also performed on the
xT Nova NanoLab instrument) and dark-field microscopy studies.

3. Dephasing processes in metal nanoparticles

The plasmon resonance corresponds to a coherent oscillation of
the conduction electrons of the particle.* This oscillation
dephases by a variety of processes, such as scattering of the
electrons into empty levels in the conduction band, and electron—
phonon coupling.* These effects are entirely described by the
dielectric function of the particle and, in the absence radiation
damping, the linewidth of the plasmon resonance is given by:*”’
r— 2¢ - 2¢& )
V(061 /00 +(3e2 /0wy 1(9e1/00)]

where ¢; and ¢, are the real and imaginary components of the
dielectric function, respectively, and |0e;/dw| > |der/dw| in the
region of interest for our experiments. This equation was derived
for spherical particles in the quasi-static (dipole) limit.”” However,
itisappropriate for any isolated resonance, as long as the particles
are small enough that radiation damping is not significant.

For particles larger than ~20 nm diameter, the values for ¢;
and ¢, obtained from optical experiments on metal films can
be used in eqn (1). At smaller sizes, a correction due to elec-
tron-surface scattering has to be included.**¢37-5:52 This is for-
mally done by splitting the dielectric function into interband &®
and intraband (free electron) &' contributions: e = ¢; + ie, = &®
+ &552 The free electron component is calculated using the
Drude model:”®

wp?

ef(w) =1- m (2)

where wy, is the plasma frequency, and vy, is the bulk damping
constant. Values for w, and v, are determined by fitting eqn
(2) to the low frequency portion of the experimentally measured
(bulk) dielectric function & (w).**2 The interband component
is then obtained by subtracting the free electron component from
ebulk(&))’ ie., Eib(w) _ ebulk(w) {1 - wPZ/w(w + yp)}. 1011495152
Electron—surface scattering is included by adding a term that is
inversely proportional to the particle’s dimensions to the
damping constant in the Drude model, that is, by writing3®-37

A VE
Legr

Y(Leff) =7+ (3)
where v is the Fermi velocity, L. is the effective path length of
the electrons, and A4 is a constant to be determined. The effective
path length for the electrons depends on the size and shape of the
particles. A general expression has recently been derived for
L. in terms of the volume 7 and surface area S of the particles:

Ly = 4VIS.3%7 This expression gives a consistent way of
examining electron—surface scattering in particles with different
shapes.

The dielectric function of the particles including surface
scattering is, thus, given by'!

i @’
elw) =)+ 1 = o Tl 4
— Ebmk(&)) +w_p2 ! - : ( )
= w [(@+ivy)  (o+iv(Lar))

Separating ¢(w) into real and imaginary parts, and noting that
w > vy, for optical frequencies, one obtains®!

eil(w) = " (w) (5a)

and

2
bulk wp~ Avg
oH(w)=e"(w) +—
2( ) 2 ( ) w3 [eff

(5b)

Thus, the correction for electron—surface scattering mainly
affects the imaginary component of the dielectric constant,
which is responsible for determining the width of the plasmon
resonance—see eqn (1).*

In the near-IR region, the dielectric functions of silver and
gold are dominated by the free electron contributions, thus,
gw) = &(w), so that |(de;/0w)| = 2wy*w’. Using eqn (1) to
calculate the linewidth then yields the simple expression

AVF

F=vy,+
" L

(©6)

This expression is widely used to analyze experimental data.
Note that for gold and silver in the visible to near-UV regions,
where the interband contributions to the dielectric function
become important, |(de/dw)] # 2wy w’. In this case the
linewidth is given by

bulk 27,3
2¢ 2wy % /W’ Avp

F = 10 /60)] T (0 /30)] Loy @

where the first term on the right hand side is the bulk contribu-
tion to the linewidth, which includes effects from the interband
transitions (this term can be easily calculated from the bulk
dielectric function), and the second term is the electron—surface
scattering contribution. However, the factor (2w,*w*)/|(def*™/
dw)| = 1 up to ca. 2.5 eV for gold and 3 eV for silver, which
means that the electron—surface terms in eqn (6) and (7) are
virtually the same for most cases.’"*

As the size of the particles increases, coupling of the LSPR
oscillation to the radiation field can become an important energy
loss mechanism.?*?>32344¢ Thijg effect is known as radiation
damping, and is not included in the above analysis. For spherical
particles, radiation damping can be accounted for by using the
full Mie theory expression to calculate the scattering cross-sec-
tions.*> For particles where the size and dielectric environment
are well defined, the calculated and measured spectra are in
almost perfect agreement.?**? Fig. 2 shows a plot of the
calculated linewidth versus radius for silver spheres in different
dielectric environments (air, water, and oil), obtained from the
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Fig. 2 Linewidth of the LSPR for spherical Ag particles in different
environments versus radius. The linewidths were obtained from the
scattering cross-sections versus energy calculated using the full Mie
theory expressions.

Mie scattering cross-sections. The dielectric functions for the
silver particles used in these calculations were taken from ref.
49, and did not include the correction for electron—surface
scattering. The increase in linewidth with increasing radius is
due to radiation damping. The important points to note from
this figure are: (i) radiation damping is significant for silver
particles with radii greater than 10 nm;?**>?* (ii) the increase in
linewidth from radiation damping is roughly proportional to
the volume; and (iii) the effect is much stronger in higher dielectric
constant environments.>»>* This last point is important in the
following discussion. The differences in the calculated linewidths
at small sizes arise because oil and water produce a significant red-
shift in the LSPR, which decreases the bulk contribution to I'.#
A simple approach for analysis of experimental data for
particles that display radiation damping is to add an extra
term to eqn (6) that is proportional to the volume J/;2%-22:23.33.34.46

VE

A
=y +heV/2 (8)

eff

where « is a constant that describes the magnitude of radiation
damping. Thus, in principle, the relative contributions from
bulk dephasing, electron—surface scattering and radiation
damping (that is, the values of 4 and «) can be determined by
recording scattering spectra from samples with different dimen-
sions (different values of L. and V). This approach is used in
the analysis of the nanorod data in Section 4 below.

It is important to remember that eqn (8) is only valid when the
LSPR corresponds to a single dipolar resonance. This is a reason-
able assumption for spherical particles with diameters <100 nm
(i.e., at sizes where the quadrupole resonance is not significant),
or for nanorods with aspect ratios greater than 2. However, for
very large particles, or for particles with more complicated geom-
etries, the extinction and scattering spectra have to be calculated
numerically. A simple and accurate method for calculating the
optical properties of particles with arbitrary sizes and shapes is
to use the Discrete Dipole Approximation (DDA).'!! In this
approach, the target particle is divided into N polarizable point
dipoles on a cubic lattice.®* The response of the particle to an
incident field is then obtained by solving the 3N differential
equations that describe the interaction of the point dipoles
with each other and with the field.'®* This method has been

used to study a wide range of different sized and shaped
particles.’®*2 Tt is particularly well suited to studying particles
with cubic geometries,'>*® such as the nanoboxes presented
below. These calculations naturally include radiation damping;
electron—surface scattering can be added by using eqn (4) for
the dielectric function. In this case, to determine a value for the
surface scattering parameter from experimental data, a series of
calculations must be performed with different values of 4, and
the results compared to measured linewidths. This approach is
used in the analysis of the nanobox data in Section 5 of this paper.

4. Rayleigh scattering spectra of gold nanorods

To study the dephasing process in gold nanorods we examined
samples that had different widths, but approximately the same
aspect ratio. Keeping the aspect ratio constant ensures that the
resonance frequencies**®' and, therefore, the bulk dephasing
contributions are similar for all the samples.* Fig. 3 shows repre-
sentative TEM images and size distribution histograms (length,
width, and aspect ratio) for two different nanorod samples, one
with an average width of w = 8 nm, and one with w = 14 nm.**
Both samples have an average aspect ratio of ~4. Note that the
wider rods are much longer (51 nm compared to 32 nm) and,
therefore, have significantly larger volumes. Fig. 4 shows single
particle Rayleigh scattering spectra from the two samples
presented in Fig. 3. The spectra for the w = 8 nm sample are
broader and noisier than the spectra from the w = 14 nm sample.
The increased noise arises because the 8 nm diameter rods have
smaller volumes and, therefore, do not scatter light as efficiently.

Fig. 5 shows plots of the linewidth versus resonance energy for
a series of nanorod samples with different diameters.>* The
samples are arranged in order of increasing diameter (left-
to-right and top-to-bottom), and are labeled according to their
average width. This data clearly shows that the samples of
narrow rods (w <10 nm in diameter) and wide rods (w > 20
nm in diameter) have broader linewidths compared to the
w = 12 nm to w = 14 nm samples. The increase in linewidth at
larger diameters is attributed to radiation damping, and the
increase at smaller diameters is assigned to electron—surface
scattering. This observation is in contrast to the results from
the Feldman and Guyot-Sionnest groups,?** who did not see
any effects from either electron—surface scattering or radiation
damping for gold nanorods. We believe that this is because
they did not examine samples with a wide enough range of
diameters (early gold nanorod synthesis did not allow the
preparation of samples with tunable radii).

The data in Fig. 5 also shows that the increase in the linewidths
for the samples with average widths of 8 nm, 19 nm and 30 nm is
accompanied by an increase in the scatter in the data. This is
unexpected. To ensure that we are not detecting particles with
different shapes, or dimers of particles in these experiments, we
performed correlated SEM/dark-field measurements. In these
experiments FIB milling was used to produce registration marks
on an ITO surface that was spin coated with gold nanorods—see
Fig. 6 (a). SEM images of the rods within the box were then
recorded to determine their size and shape, and their Rayleigh
scattering spectra were measured by dark-field microscopy.”®
An example spectrum and SEM image are shown in Fig. 6 (c).
The measured linewidths are plotted against the width of the
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Fig. 3 Transmission electron microscopy images, and size distribution
histograms (length, width and aspect ratio) for nanorod samples with
w = 8 nm (left) and w = 14 nm (right). Note the different scale bars
for the two TEM images: left scale bar = 25 nm; right scale bar = 200
nm. Reprinted with permission from Physical Chemistry Chemical
Physics.** Copyright 2006 The Royal Society of Chemistry.

rods in Fig. 6 (d). Within this (limited) data set, there is no
correlation between the measured linewidth and the width. The
average width of the nanorods in these experiments was
20 nm, and the linewidth data is very similar in terms of the
average value and scatter to the w = 19 nm sample. Thus, the
scatter in the linewidth measurements is neither due to dimer
formation, nor to the presence of particles with odd shapes.
Fig. 7 shows a plot of the average linewidth determined from
the single particle measurements versus the average value of 1/
L. determined from TEM/SEM analysis for all the samples
investigated. The effective path length for the electrons was
calculated by modeling the rods as spherically capped cylinders;
specifically, L. = w(1 — w/3/), where w is the width and / is the
total length.?® The error bars in Fig. 7 represent the standard

Intensity (a.u.)

Energy (eV)

Fig. 4 Example light scattering spectra for samples with w = 8 nm (left)
and w = 14 nm (right). The spectra were obtained with a dark-field
microscope, and an exposure time of 1 min on the CCD camera. The
dashed lines show fits to the data using a Lorentzian function. Reprinted
with permission from Physical Chemistry Chemical Physics.** Copyright
2006 The Royal Society of Chemistry.
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Fig. 5 Linewidths vs. resonance energy for different nanorod samples.
Linewidths were obtained by Lorentzian fits to the spectra, and the
average width of the nanorods is given in the figure. Reprinted with
permission from Physical Chemistry Chemical Physics.*® Copyright
2006 The Royal Society of Chemistry.

deviations. The open symbol represents the data from the
correlated SEM/dark-field experiments in Fig. 6. This data
clearly shows that the linewidth increases for both thick rods
(small values of 1/L.g), and thin rods (large values of 1/L.g).

The solid line in Fig. 7 shows the result of fitting eqn (8) to the
experimental data. In these calculations the particles were
assumed to have an aspect ratio of 3, and the value of v, was
fixed at 75 meV, which is the value calculated from the dielectric
constant data given in ref. 49,50. The values of 4 and « obtained
are A =0.30 & 0.03 and k = (6.2 & 0.5) x 1077 fs~! nm~332 The
dashed lines in Fig. 7 represent the contributions from bulk
dephasing, electron-surface scattering and radiation damping
to the linewidth. These results show that radiation damping is
the dominant dephasing process for nanorods with 1/L.¢ <0.05
(diameters > 20 nm).
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Fig. 6 Top: (A) SEM and (B) Dark-Field Microscopy (DFM) images of
a box milled onto an ITO-covered glass slide using an FIB/scanning
electron microscope. The unique corner mark in the lower left is used to
orient the box. The white spots in the dark-field image are scattered light
from the gold nanorods. The scale bar = 50 pm. Bottom: (C) Rayleight scat-
tering spectra from a single nanorod. The inset shows an SEM image of this
particle (scale bar = 100 nm). (D) Linewidth versus width for different
nanorods examined in the correlated SEM/dark-field experiments.

200

150

100

Linewidth (meV)

50

0 . T i LI T 3
0.00 0.04 0.08 0.12 0.16

<1/Leff> (nm™)

Fig. 7 Linewidth versus average value of 1/L.y for gold nanorods with
aspect ratios between 2 and 4. The error bars indicate the standard
deviations. The lines show the linewidths calculated from bulk scattering
(I'puik, horizontal line), bulk plus electron—surface scattering (I'puyx +
I'gurr, dashed line), and bulk plus radiation damping (I'pyx + I'rag, dotted
line). The solid line shows the total linewidth. Reprinted with permission
from Physical Chemistry Chemical Physics.** Copyright 2006 The Royal
Society of Chemistry.

The value of the surface scattering parameter can be compared
to the value determined for spherical gold particles from single
particle absorption measurements by Berciaud and coworkers.*!
In these experiments the linewidth was measured for particles
with average diameters between 33 and 5 nm. Analysis of the
data using L. = 4R/3 gives 4 = 0.33, which is within experimen-
tal error of the value obtained from our measurements. The
excellent agreement between the two measurements indicates
that: (i) the formalism developed by Coronado and Schatz in

ref. 79 gives a consistent way of accounting for electron-surface
scattering in metal particles of different shapes. (ii) The details of
the interface (ie., the nature of the adsorbed stabilizing
molecules) are not important in determining the timescale of
electron—surface scattering in these two systems. It is not clear
whether this is generally true for all absorbates—for example,
for strongly bound species such as thiols—or for molecules
with low lying anion states, that is, for species that give the
classic adsorbate induced damping effect.?*8

The value of the radiation damping parameter determined in
our measurements is somewhat larger than the value of k = 4
x 1077 fs7' nm~* measured for spherical gold particles by
Sonnichsen and coworkers.?*?* This is most likely because the
efficiency of radiation damping depends on the details of the
particle shape. For example, it is well known that particles
with sharp features have higher electric field enhancements at
their surfaces (the “lightning rod” effect).’®*”# The radius of
curvature for a spherically capped nanorod with an aspect ratio
of 3 is about two times smaller than that of a sphere with an
equivalent volume. This enhances the electric field at the surface
of the nanorod and, therefore, the coupling of the LSPR to the
radiation field. On the other hand, the radiation damping para-
meter determined for the nanorods is somewhat smaller than the
value of k = (12 £ 2) x 1077 fs! nm* recently measured for
silver nanoprisms.3® This is most likely to be because the imagi-
nary component of the dielectric function for silver is much less
than that for gold in the visible to near-IR region, which makes
silver particles more efficient scatterers of light.

5. Rayleigh scattering spectra of gold—silver
nanoboxes

5.1 Correlated SEM/dark-field microscopy measurements

We have also used dark-field microscopy to examine the LSPR
of hollow cubic shaped particles.?** These materials are synthe-
sized by a galvanic replacement reaction between Au(i) and
silver nanocubes.”®” The particles are termed nanoboxes or
nanocages depending on whether holes can be observed on the
surface of the particle. Which type of particle is obtained
depends on the extent of the replacement reaction.”’* Both types
of particles have been examined, although it is only possible to
quantitatively analyze the linewidth data for the nanoboxes
(vide infra).*® Our initial study of the LSPR of the nanoboxes
was performed by simply drop-casting the particles on a glass
slide at low concentration.** The measured spectra were unusu-
ally broad: 3 to 4 times broader than the spectra of gold nanorods
(see above). This raised concerns that we were actually detecting
aggregates of particles. Thus, we decided to perform correlated
Rayleigh scattering spectroscopy/SEM imaging experiments.*
The precise structural information from the SEM measurements
allows us to obtain detailed information about electron—surface
scattering and radiation damping in these materials.

Fig. 8 shows an optical image (left panel) and low-resolution
SEM image (right panel) of an area of the registration substrate.
The close correspondence between the patterns in the two images
allows us to unambiguously correlate the structural and spectro-
scopic measurements. Fig. 9 shows high-resolution SEM images,
elemental composition as determined by EDAX, and Rayleigh
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Dark Field
Images

Fig. 8 (A) Optical image of a particle pattern recorded by dark-field
microscopy. (B) SEM image of the same particle pattern. Reprinted
with permission from The Journal of Physical Chemistry C.* Copyright
2007 American Chemical Society.

scattering spectra for the particles in Fig. 8. The LSPR of these
particles are extremely broad, so much so that the bands extend
beyond our instrument cut-off, which occurs at ca. 1.4 eV. This
gives the spectra a distorted shape. Because of this, the linewidths
are determined by analyzing the higher energy side of the
resonance.

The SEM images in Fig. 9 show that these particles have
a cuboctahedral shape, with holes on the {111} facets. We call
this type of structure a “nanocage.” The SEM images allow us
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to measure the edge length of the particles, and the diameter of
the holes. The particles in Fig. 9 have two possible orientations
on the substrate: either {100} facets contacting the substrate
(“type I nanocages”), or {111} facets contacting the substrate
(“type II nanocages”). These two orientations give different
shapes in the SEM images, as illustrated in Fig. 10. Particles 1
and 2 in Fig. 8 and 9 are type I nanocages, and particles 3 and
4 are type II nanocages.*® Whether a particle is type I or type
IT depends on the relative size of the {100} facets compared to
the {111} facets.

Fig. 11 shows a secondary electron SEM image, a back-scat-
tering SEM image, EDAX analysis and Rayleigh scattering
spectra of a hollow cubic particle. This particle has no visible
holes, and has a much smaller degree of truncation compared
to the particles in Fig. 9 and 10. We term this type of structure
a “nanobox.” For the nanoboxes the back-scattering SEM
images allow us to “see through” the particle and measure the
wall thickness.* Thus, in combination with the edge length
from the secondary electron SEM image, we can determine the
volume and the value of L.y for the particle. Also shown in
Fig. 11 isa Lorentzian fit to the Rayleigh scattering spectra, which
yields a resonance energy of 1.72 eV and a linewidth of 338 meV
for this particle. Note that it is not possible to use back-scattering
SEM to measure the wall thickness for the nanocages, due to the
presence of both {111} and {100} facets on these particles. TEM
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Fig. 9 Secondary electron SEM images (shown as insets), elemental composition, and spectra for particles 1-4 shown in Fig. 8. The orientations of
particles 1 and 2 ({100} facets in contact with the substrate) are different to those for particles 3 and 4 ({111} facets in contact with the substrate).
Reprinted with permission from The Journal of Physical Chemistry C.** Copyright 2007 American Chemical Society.
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Fig. 10 Different orientations of the nanocages on the substrate.
(A) A nanocage with a {100} surface contacting the substrate (type I).
(B) A nanocage with a {111} surface contacting the substrate (type II).
Reprinted with permission from The Journal of Physical Chemistry C.*¢
Copyright 2007 American Chemical Society.
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Fig. 11 (A) Secondary electron SEM image of a Au-Ag nanobox.
(B) Back-scattering SEM image of the nanobox. The wall thickness
can be determined from this image. (C) EDAX data for the nanobox,
giving a Au : Ag ratio of 1 : 2. (D) Optical scattering spectrum recorded
using dark-field microscopy. The dashed line shows a Lorentzian fit to
the data. Reprinted with permission from The Journal of Physical
Chemistry C.* Copyright 2007 American Chemical Society.

analysis shows that the wall thickness of the nanocages samples is
related to the edge length by w = 0.11L — 2.4.%¢

Fig. 12 shows a plot of the resonance energy (top) and line-
width (bottom) versus edge length for all the nanoboxes and
nanocages examined in the single particle/SEM experiments.
The resonance energies occur between 1.50 eV and 1.80 eV,
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Fig. 12 Resonance energy (E,s, top) and linewidth (I'yom, bottom) versus
edge length for the nanoboxes and nanocages examined in the single nano-
particle experiments. Triangles = nanoboxes; circles = type I nanocages;
squares = type Il nanocages. Reprinted with permission from 7he Journal
of Physical Chemistry C.* Copyright 2007 American Chemical Society.

which is consistent with the plasmon band observed in the
ensemble measurements. The nanocages have slightly red-shifted
resonance energies (on average) compared to the nanoboxes.
This is most likely because the nanocages have slightly larger
edge length to wall thickness ratios.”® The average edge length
to wall thickness ratio is L/w = 8 for the nanoboxes, compared
to L/w = 11 for the nanocages. On the other hand, the linewidths
are very similar for the nanocages and nanoboxes. The linewidths
vary from 270 meV to 520 meV, which corresponds to dephasing
times of 2-5 fs. This is comparable to the results reported by
Sonnichsen et al. for 40 nm diameter solid gold nanoparticles,?*
and to the gold nanoshells studied by Halas and coworkers.** The
average linewidths for the different samples are I' = 360 + 52 meV
for the nanoboxes, I' = 424 + 67 meV for the type I nanocages,
and I = 376 + 65 meV for the type II nanocages (errors equal
the standard deviation). There does not appear to be a strong
correlation between the linewidths and the edge lengths. In the
following sections we concentrate on analysis of the data for
the nanoboxes, as the symmetry of these materials makes them
amenable to modeling vie DDA simulations.

5.2 Dephasing of the LSPR of Au—-Ag nanoboxes

To analyze dephasing of the LSPR for the nanoboxes, the average
linewidth from the experimental measurements was compared to
the results of DDA calculations. In these calculations the particles
were modeled as cubic boxes with an edge length of 100 nm and
a wall thickness of 12 nm (this matches the average dimensions
of the nanoboxes measured by SEM). The dielectric function of
the particle was assumed to be a 1 : 2 average of the dielectric
functions of Au and Ag,** which were taken from ref. 50. The
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dielectric constant data from ref. 50 were preferred over the
Johnson and Christy data (ref. 49) for particles containing Ag,
because Sonnichsen and coworkers have shown that the Johnson
and Christy data overestimates the linewidth for spherical silver
particles.?* The substrate was modeled as a glass cylinder with
a height of 100 nm and a diameter of 200 nm, and the effective
path length of the electrons in the dielectric function of the
particles was calculated by L. = 2w.*¢ (This expression is derived
from Ly = 4V/S in the limit L >> w.) The calculations yield
extinction, absorption and scattering cross-sections, and the
scattering cross-sections were fitted to a Lorentzian function to
determine the linewidth.

The linewidths obtained from the DDA simulations are
plotted against the value of the surface scattering parameter 4
in Fig. 13, for particles in air (n = 1) and water (n = 1.33). As
expected, the linewidth increases linearly with the value of 4.
The experimental value of I' = 360 & 52 meV for the particles
in air can be explained by a surface scattering parameter of 4
= 3.0 £ 1.1. This is significantly larger than usual, probably
because the expression L. = 2w is not exact. The relationship
Lee = 4VIS was derived for convex particles,” so it is not clear
whether this is appropriate for the nanoboxes. (The value of 4
given above can be refined if a more rigorous expression for
L.y becomes available.)

The above analysis allows us to estimate the relative magni-
tudes of the bulk, electron-surface scattering and radiation
damping contributions to the linewidth for the nanoboxes.
Specifically, the intercept in Fig. 13 gives the sum of the bulk
and radiation damping contributions, and the difference between
the intercept and the total linewidth gives the electron—surface
scattering component. Using I'yy = 75 meV [the value calcu-
lated from eqn (1) using the data in ref. 50] we find Ty @ Tsuer
: I'ag = 0.21 : 0.44 : 0.35. Thus, both electron—surface scattering
and radiation damping make significant, and almost equal,
contributions to the linewidth. This is in contrast to the nano-
rods, where particles that showed significant radiation damping
had small electron—surface scattering components, and vice
versa. The fact that electron—surface scattering and radiation
damping contribute together to the linewidth, rather than one-
or-the-other, is the primary reason why the nanoboxes have
broader spectra than the nanorods. Note that 'y = 75 meV
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Fig. 13 Linewidth (I') calculated via DDA simulations versus surface
scattering parameter (A4) for a Au—Ag nanobox in air (n = 1) and water
(n=1.33). The particle had an edge length of 100 nm and a wall thickness
of 12 nm, and the substrate was modeled as a 200 nm diameter glass
cylinder with a height of 100 nm. The points represent the simulation
results and the lines show linear fits to the data.

is the minimum value of the intrinsic linewidth of the nanoboxes.
For complex shaped particles the actual intrinsic linewidth could
be larger due to multiple resonances, which means that the above
calculation gives an upper limit on the radiation damping
contribution for the nanoboxes.

5.3 Dependence of the LSPR on the dielectric constant of the
environment

The optical properties of metal nanoparticles depend strongly on
the local environment, which has led to applications in molecular
sensing.>>** We have investigated the sensitivity of the LSPR for
the nanoboxes to the dielectric environment by measuring
spectra in air (» = 1.0) and water (n = 1.33). Fig. 14 (A) shows
an experiment where we recorded spectra for a particle in air,
then in water, and finally in air again after allowing the sample
to dry. The LSPR shows a large red-shift in the water environ-
ment, and essentially returns to its original position and shape
after drying. This reversibility indicates that there are no major
structural changes in the particle during the experiment.26-2”
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Fig. 14 (A) Rayleigh scattering spectra of a nanobox in air (air 1), in
a water environment, and in air again (air 2) after drying the substrate.
The resonance energies changed from 1.72 eV — 1.58 eV — 1.73 eV,
and the linewidths from 324 meV — 401 meV — 359 meV in the order
air | — water — air 2. The inset shows an SEM image of the nanobox.
(B) Linewidth versus resonance energy for nanoboxes in air (squares) and
in water (circles). The inset shows the change in linewidth (AT') plotted
against the magnitude of the red-shift of the LSPR (AE). Reprinted
with permission from The Journal of Physical Chemistry C.** Copyright
2007 American Chemical Society.
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Fig. 14 (B) shows a plot of the linewidths versus resonance
energies for the nanoboxes in air and water. The data shows
that adding water produces a large red-shift in the LSPR, with
an average value of [AE.| = 120 & 20 meV.*® This gives a dielec-
tric sensitivity>>* of m = |AE.¢|/An = 360 + 60 meV RIU™!
(RIU = Refractive Index Unit) for these particles, which is
consistent with recent studies of the dielectric sensitivity of the
dipole resonance in single silver triangles.?’

An important factor in evaluating the potential use of metal
nanoparticles for sensing applications is the figure-of-merit
(FOM) introduced by van Duyne and coworkers, which is the
dielectric sensitivity divided by the linewidth: FOM = m(meV
RIU!)/I'(meV).?"5¢ Materials with high FOMs allow accurate
measurement of the change in dielectric constant of the
environment. The FOMs for the nanoboxes fall in the range of
0.8 to 1.4, with an average value of 1.1 4+ 0.2.% These values
are 2-3 times worse than the FOMs for the dipole resonances
of silver triangles,?” and this is almost entirely due to the broader
linewidths of the LSPR for the nanoboxes compared to the
triangles.

The data in Fig. 14 (B) also shows that there is a significant
increase in the linewidth of the LSPR when the dielectric constant
of the environment increases. The average linewidth for the
particles changes from 360 + 52 meV for air, to 428 + 48 meV
for water: an increase of approximately 20%. This change in line-
width is attributed to an increase in radiation damping. The inset
of Fig. 14 (B) gives a plot of the change in linewidth (AT’) versus the
magnitude of the red-shift of the LSPR for all the nanoboxes
examined. There does not appear to be any correlation between
the magnitude of the red-shift and the increase in linewidth. An
increase in linewidth with increasing dielectric constant of the
environment has not been reported in previous single particle
solvent dependence studies, presumably because the particles
were too small to display significant radiation damping effects.??’

This explanation for the increase in linewidth can be easily
tested through DDA calculations, by comparing simulations in
air (n = 1) and water (n = 1.33). The results in Fig. 13 show
that for a given value of A4, the linewidth increases by ~40%
when the particles are immersed in water, in reasonable agree-
ment with our experimental results. This confirms our assertion
that radiation damping is the origin of this effect. A possible
explanation for the difference between the calculated and
experimentally measured increases in linewidth is that water
does not fill the interior of the particles in the solvent dependence
experiments. However, DDA calculations show that particles
with air inside and water outside actually have a larger linewidth
than the all air or all water cases. Thus, incomplete filling of the
interior cannot explain the discrepancy between theory and
experiment. An alternative explanation is that there is a change
in the surface scattering parameter for nanoboxes in water
compared to air. Comparing the average linewidth for the
particles in water (428 + 48 meV) to the calculated linewidths
in Fig. 13 gives 4 = 1.9 + 1.0, somewhat lower than the value
for the particles in air.

6. Summary and conclusions

The LSPR of metal nanoparticles is responsible for a variety of
surface-enhanced spectroscopies and molecular sensing schemes.

Understanding how this resonance changes with the size and
shape of the particles is an important subject, and one that can
only be effectively tackled by single particle spectroscopy. For
particles with relatively large volumes, Rayleigh scattering
spectra of single particles can be easily recorded with a dark-field
microscope.®* This has led to a number of studies on how the
position of the LSPR depends on size and shape.*"**** There
have been fewer studies of the size and shape dependence of
the linewidth, mainly because it is difficult to interrogate small
particles (which show electron—surface scattering effects) by
dark-field microscopy. In this paper we describe results from
our recent experiments on gold nanorods*® and gold-silver nano-
boxes and nanocages,***¢ where dark-field microscopy has been
used to study electron—surface scattering and radiation damping.
These materials can have small diameters/wall thicknesses, which
allows us to study electron—surface scattering, but are still large
enough to be detected in Rayleigh scattering experiments.

The results of our measurements show that for the nanoboxes
and nanocages, both electron—surface scattering and radiation
damping are important at all sizes. Thus, the LSPRs of these
materials are extremely broad, with linewidths of the order
300 meV to 500 meV. This corresponds to dephasing times of
2-5 £5.3%% On the other hand, for the nanorods these two effects
occur in different size regimes: thin rods (widths <10 nm) are
subject to electron—surface scattering, and fat rods (widths >20
nm) are subject to radiation damping.** Rods with dimensions
in between these limits have narrow resonances, approaching
the theoretical minimum determined by the bulk damping in
gold.?*3%3* Analysis of the data for the nanorods gave a surface
scattering parameter of 4 = 0.30 £ 0.03, which is in excellent
agreement with the results of measurements for spherical gold
particles.*!

The sensitivity of the LSPR of the nanoboxes to the dielectric
constant of the environment has also been investigated. The
position of the resonance has a similar dielectric sensitivity com-
pared to other metal nanoparticle systems. However, a significant
increase in the linewidth was observed for the nanoboxes in
water compared to air. This has been attributed to increased
radiation damping in the environment with a higher dielectric
constant. This has not been reported previously, presumably
because the nanoboxes have a larger radiation damping
contribution than the other systems that have been studied.
The measured increase in linewidth is in reasonable agreement
with the results of DDA calculations.
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