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ABSTRACT: Fabrication of one-dimensional arrays of crystalline nanoparticles with
tunable particle size and spacing (down to 20 nm) is demonstrated. The individual
nanocrystals are pentagonal prisms, and the arrays are up to 11 μm in length, with some
arrays containing >50 nanocrystals. Precise particle morphology and interparticle spacing
can be maintained down the array. The far-field scattering spectra of the arrays show the
near-fields of the nanocrystals are coupled. The method is fast and produces precise, well-
defined, coupled plasmonic arrays with optical properties that match well to theory.

SECTION: Plasmonics, Optical Materials, and Hard Matter

The coupling of the resonances of metallic nanoparticles
has emerged as an important area of nanoscience due to

the highly enhanced, localized light fields within coupled metal
structures. These electromagnetic fields can be used in
optoelectronics to confine and guide light within subwave-
length dimensions.1 Linear arrays of nanoparticles are thus
promising structures for use within optoelectronics1−4 and,
importantly, single crystalline structures have now been shown
to have generally superior optical properties compared to their
lithographically fabricated counterparts.5 The highly crystalline
nature and atomically smooth surfaces of metal nanowires
significantly increases the propagation length of plasmon
excitations (compared to that observed in lithographically
fabricated structures) due to a reduction in the far-field
scattering.6,7 However, the arrangement of single-crystal
particles into the required linear arrays is nontrivial and
remains a fundamental challenge. Most approaches reported to
date involve the alignment of presynthesized colloidal crystals
using DNA as the linking8−10 or templating agent11 and either
require complex lithographic techniques, or yield linear arrays
in very low yields. The number of particles in the arrays
reported using these techniques is generally 1−6, although up
to 9 have been reported.8,11,12

We report here a new approach to the fabrication of
functional metallic nanocrystalline particle arrays. The method
is a combination of the top-down and bottom-up approaches to
nanofabrication, related to that reported for the fabrication of
flat crystalline structures,5 but in this case is especially
optimized for the formation of linear arrays of metal
nanocrystals. The crystallinity of the nanoparticles is achieved
via chemical synthesis of colloidal silver nanowires, which are
modified postsynthetically using focused ion-beam (FIB)
milling. Using this approach, linear arrays of >50 nanocrystals

spanning a length of >11 μm have been fabricated. The
nanocrystals formed are not flat disks as would be achieved for
fabrication from flat crystalline plates, but have a decahedral
cross-section characteristic of that of the starting nanowire. The
dimensions, longitudinal geometry, and interparticle separation
of the nanocrystals in the arrays are easily controlled. The
versatility of the technique is proved by also fabricating
nanoscale Au nanorod dimers and trimers.
The chemically synthesized Au nanorods and Ag nanowires

had a decahedral penta-twinned cross-section. The Ag
nanowires were chemically synthesized in an oxygen-free
environment using the copper-assisted polyol method.13 They
were washed once with acetone and twice with water to remove
excess ligand. The average width of the Ag nanowires was 71
nm with a standard deviation of 17 nm; the lengths of the
nanowires were in the micrometer range but varied
considerably. Gold nanorods with a high aspect-ratio were
prepared via the three-step, seeded-growth method of Murphy
et al.14 They were centrifuged at 2000 rpm for 20 min, followed
by decanting of the supernatant and redispersion in water to
remove excess ligand and spherical nanoparticles. This was
carried out three times to achieve an acceptable yield of high
aspect-ratio nanorods. The nanorods and nanowires were
dispersed on clean indium tin oxide (ITO)-coated glass slides
by spin coating.
Individual Au nanorods and Ag nanowires were identified via

scanning electron microscopy (SEM) and then milled using an
FIB attached to an FEI Helios 600 D545 SEM. Following
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fabrication of the arrays, the substrate was marked using the
FIB to allow for pattern matching when viewing samples under
a darkfield microscope.15 The scattering spectra of the Au
nanorod dimers and trimers were collected on a dark field
microscope with a 0.8−0.95 NA dry dark field condenser and a
Nikon Plan Fluor ELWD 40x/0.60 NA objective, while the
spectra of the arrays were collected with a 1.43−1.2 NA oil-
immersion dark-field condensor and a Nikon Plan Fluor 100x/
0.5−1.3 NA oil-immersion objective with iris diaphragm. The
collected light was focused onto the entrance slit of a
MicroSpec 2156i imaging spectrometer coupled to a TE-
cooled CCD (Acton Pixis 1024B Excelon). Polarized scattering
spectra were collected by rotating a polarizer (LPVIS 100,
Thorlabs) in the light path just after the light source. All spectra
were collected on ITO glass coverslips in air or immersion oil
(RI = 1.515) for index matching as indicated. The scattering
spectra were corrected for the small amount of light scattering
from the FIB milling marks.
The general procedure is shown in Figure 1a. A nanowire

with the desired dimensions and curvature is identified and
then milled with a series of linear cuts across the nanowire. The
mill depth is set to ensure that the nanowires are completely

milled through, but damage to the substrate is minimized. For
the nanoparticle array shown in Figure 1a, the linear array
contains 58 nanoparticles, is 5.8 μm long, and very slightly
curved. The individual crystalline particles are short penta-
twinned prisms. The length of the prisms (the dimension
parallel to the interparticle axis) is 67 nm, while their width
(edge-to-edge) is 70 nm; based upon the pentagonal cross-
section of these crystals, the height is calculated to be 67 nm.
These dimensions have a standard deviation of less than 3 nm,
well within one pixel of the image. The interparticle separation
is 29 nm, again with a standard deviation less than 3 nm,
highlighting the high uniformity of the linear arrays produced.
The fabrication of linear arrays with different particle sizes,

aspect ratios, and interparticle separations is readily achieved by
modifying the FIB milling pattern, and examples are shown in
Figure 1a−c and in the Supporting Information in Figures S1
and S2. The interparticle separations in the arrays vary from 20
nm (for Figure S2b) to 200 nm (Figure S2d), while the
resulting nanoparticle width is given by the starting width of the
respective nanowire. The positional displacement of the
nanoparticles (both parallel and perpendicular to the array
axis) as well as the nanocrystal shape variation is minimal for

Figure 1. (a) Top: SEM image of a silver nanowire prior to FIB milling taken at 52° to the plane of the substrate. Middle: The nanoparticle array
after milling showing the linear array of crystalline nanoparticles and shallow etch marks in the substrate. Bottom: High-resolution image showing the
straight sides of the individual nanoparticles (taken at 52° to the plane of the substrate). Scale bar top and middle are 1000 nm, bottom 100 nm. (b)
Linear Ag nanocrystal array of 18 nanoparticles with total array length 2.8 μm and average nanoparticle dimensions of length 109 nm, width 84 nm,
aspect ratio 1.3, and interparticle separation 52 nm (interparticle separation/length = 0.48). (c) Linear Ag nanocrystal array of 32 nanorods with total
array length 11.2 μm and average nanoparticle dimensions of length 249 nm, width 72 nm, aspect ratio 3.4, and interparticle separation 148 nm
(interparticle separation/length = 0.61).
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these structures, as described in the Supporting Information,
making them promising (in this respect) for use in
optoelectronic applications.
The plasmon coupling within the arrays was investigated

using dark-field microscopy. In the far-field excitation geometry,
all the particles in the chain are excited in phase, and the change
in energy of the chain collective resonance mode compared to
the localized plasmon resonance of a single, uncoupled particle
is related to the k = 0 modes of the dispersion relation. The
polarized far-field scattering spectra of a linear array of
nanoparticles fabricated using FIB milling are shown in Figure
2c along with SEM images of the array (a and b). The
individual nanoparticles in this array have an aspect ratio of 1.0.
However, due to the pentagonal cross-section of the nano-
particles and the mill pattern used, they are not spherical or
plate-like but pentagonal prisms of equal height and width (see
inset of Figure 2d for a pictorial representation), indeed, all the
nanoparticles created using this method without additional
shaping of the ion beam mill pattern are pentagonal prisms.
The 5-fold symmetry observed for both silver nanowires and
decahedra has been shown to have a large effect on the plasmon
modes and thus the optical properties and near-field of the
structures.16−18

The scattering cross sections of single nanoparticles and
arrays were modeled using the discrete dipole approximation
(DDA). For these calculations, the program DDSCAT 7.1 was
used,19 with the silver dielectric data of Johnson and Christy20

and a refractive index of 1.515 to simulate the experimental
conditions. The calculated polarized scattering spectra of a
single nanoprism are shown in Figure 2d. The spectra are
dependent on the polarization of the incoming radiation and a
number of modes are predicted. The inherent asymmetry of the
pentagonal prisms leads to localization of the near-field at the
corners of the pentagon. The localization is shown in Figure 2e
for a light vector parallel to the C5 rotation axis of the
pentagonal prism and circularly polarized electric field. This
mode is analogous to the azimuthal mode observed for the
decahedra; however, for the decahedra the mode is localized at
the five central pentagonal base vertices, whereas for these
pentagonal prisms it is localized at the five vertices of both the
top and bottom faces. For a single pentagonal prism, λmax is
calculated to be 524 nm. For excitation with the electric field
parallel to the C5 rotation axis, the plasmon resonance may be
considered to be analogous to a longitudinal resonance in a
cylinder, and the near-field is concentrated at the flat ends of
the prism with λmax = 579 nm. For a single pentagonal prism,

Figure 2. (a) SEM image of linear crystalline array of 36 Ag nanoparticles with total array length 4.3 μm and average nanoparticle dimensions of
length = width = 92 nm, aspect ratio 1.0, and interparticle separation 22 nm (interparticle separation/length = 0.24) with the substrate at 90° to the
incoming electron beam (scale bar 1000 nm), and (b) substrated tilted by 52° from normal incidence (scale bar 100 nm). (c) Darkfield spectra of
the linear array of nanoparticles as a function of polarization. (d) Calculated scattering spectra of a single pentagonal prism (with aspect ratio 1)
when the electric field is polarized parallel (blue diamonds) and perpendicular (green triangles) to the C5 rotation axis as well as for unpolarized light
(red spheres). Inset shows the redshift in the longitudinal resonance as a function of number of nanoparticle in the chain (open blue diamonds) and
the corresponding blueshift observed for the transverse resonance (open green traingles) for a pentagonal prism with aspect ratio = 1. The number
of dipoles used in the simulation was >40 000 per particle, with one dipole per 2.36 nm. (e) Calculated near-field intensity for circularly polarized
light perpendicular to the plane of the pentagon and in the center of the nanoparticle. The pentagonal cross-section is superimposed over the
intensity distribution to highlight the shape. (f) Calculated near-field intensity of a pentagonal nanoprism tetramer for plane polarized light with
electric field oriented parallel to the nanoparticle chain axis. (g) Calculated near-field intensity for plane polarized light with electric field oriented
parallel to the nanoparticle chain axis of a pentagonal nanoprism tetramer along cross-section 1 in panel f. Refractive index for experimental data and
calculations is uniform due to index matching with n = 1.515.

The Journal of Physical Chemistry Letters Letter

dx.doi.org/10.1021/jz400716j | J. Phys. Chem. Lett. 2013, 4, 1994−20011996



the energy difference between the longitudinal and azimuthal
modes is calculated to be 0.22 eV (55 nm). Both the transverse
and longitudinal resonances are red-shifted compared to a
cylinder of the same volume, and red-shifted compared to the
isotropic dipole mode of a sphere of the same volume (see
Supporting Information Figure S2).
The individual nanoparticles are arranged in the arrays such

that the flat edges face one another. The coupling between
nanosphere/nanodisk and nanorod dimers has been inves-
tigated in detail previously8,21−23 and understood using the
plasmon hybridization model.24 The experimentally observed
far-field scattering spectra of the array shown in Figure 2a are
presented in Figure 2c as a function of polarization of the
incoming electric field (from parallel to the nanochain axis to
perpendicular to the axis) in increments of 10 degrees. With the
electric field of the incoming light polarized parallel to the
length of the array (ie interparticle axis), the wavelength of the
collective array plasmon resonance is significantly red-shifted
with respect to the resonance wavelength calculated for a single
prism and λmax = 700 nm. When the incoming electric field is
polarized perpendicular to the long axis of the array, a
resonance is obvious at λmax = 574 nm. A clean isosbestic point
is observed at 600 nm. The energy difference between the
longitudinal and transverse resonances is 0.39 eV (126 nm),
significantly larger than the calculated energy difference
between the longitudinal and transverse modes of a single
pentagonal prism.
The evolution of the energies of the longitudinal and

transverse resonances for 1 up to 6 pentagonal prisms
calculated using DDA is shown in the inset to Figure 2d.
Consistent with the experimental results, and analogous to the
case for a one-dimensional chain of spheres,8 the longitudinal
resonance is calculated to significantly redshift with a
progressive increase in the number of nanoparticles in the
chain. The redshift may be modeled using an exponential
function with τ = 3.1, yielding a plateau at around 10−12
nanoparticles, as observed experimentally and theoretically for

chains of spheres at very small interparticle separations.8,25−28

The energy of the transverse mode shifts only very slightly as
the chain is elongated (inset to Figure 2d). The near-field (|E|2)
intensity distribution calculated for the lowest energy mode for
all oligomers (electric field parallel to interchain axis) up to 6
nanoparticles is consistent with a longitudinal mode. The
intensity of the near-field (|E|2) is greatest in the gap between
the central two particles for even numbers of particles, and is
greatest in the two gaps either side of the central particle for an
odd number of particles. The intensity distribution has a
pentagonal cross-section consistent with the shape of the
prisms. The calculated near-field intensity (|E|2) for excitation
of an Ag pentagonal nanoprism tetramer with the electric field
polarized parallel to the nanochain axis is shown in Figure 2f,g.
As the number of nanoparticles in the chain increases, there is
an increasing contribution to the extinction and scattering
cross-section from higher energy, higher-order longitudinal (as
well as transverse) modes, although these modes are not
resolved in the experimentally determined scattering spectra
possibly due to inhomogeneous broadening. The red-shift of
the longitudinal resonance observed experimentally is smaller
than predicted by the DDA modeling. It is possible that this is
due to the small deviation of the end faces of the individual
particles from perfectly flat, which would be expected to be
more significant for smaller interparticle separation.
In order to gain a semi−quantitative understanding of the

surface plasmon modes supported by a N-particle long chain,
we adapt here the formalism presented by Barrow et al.,8 based
on the electrostatic eigenmode method.29 Within this
approximation, the optical properties of assemblies of metal
nanoparticles are described in terms of their surface plasmon
resonance modes, each one characterized by an eigenvalue Λ, a
dimensionless quantity that determines the value of the
resonance wavelength (ωSPR) of the mode through the
following relationship between the permittivity of the metal
εM and that of the surrounding (uniform) medium εb:

Figure 3. Surface plasmon eigenmodes supported by a pentagon (L = 92 nm and h = 92 nm); the colors indicate the relative sign of the surface
charge with red and blue representing opposite charges. Each eigenmode is characterized by an eigenvalue γ, which has the value 2.15 for mode a,
with a dipole moment pointing in the z direction (z is the plane perpendicular to the pentagonal face). For mode b, which has a dipole moment in
the plane containing the pentagonal faces, γ is 2.19, whereas for mode c, which has a dipole moment perpendicular to b, γ is 2.30. (d) Evolution of
the lowest-energy eigenmode of the particle chain with the number of coupled particles, N, calculated using eq 2 with the experimentally derived
value for C = 1.11. The dielectric data for Ag was obtained from the literature.20
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We assume that in the N-nanoparticle chains, the leading
term in the interparticle interactions is of the dipole−dipole
form and consider only nearest-neighbor coupling. Within this
approximation we have found that the eigenvalue ΛN, which
fixes the frequency (wavelength) of the surface plasmon
resonance is given by a simple analytical expression, which
involves the dipole−dipole coupling constant C and the length
of the chain N:
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where γ is the eigenvalue of the dipole mode of the non-
interacting nanoparticles.
This equation correctly predicts that when N approaches

infinity, the surface plasmon resonance wavelength reaches an
asymptotic value that is controlled by the geometry of the
individual particles (through the parameter γ), the magnitude
of coupling constant C, and the dielectric constant of the
uniform surrounding medium εb, parameters that are inter-
related according to8

ε λ ε γ π
γ π

= × + +
+ −

C
C

( )
1 ( / 1)
1 ( / 1)NM b

(3)

where εM is the permittivity of the metal and λN the resonance
wavelength of a single particle.
For a single pentagon (side = 92 nm and height = 92 nm),

the electrostatic eigenmode method predicts that only the first
three eigenmodes are bright (have a net dipole moment) and
have the surface charge distributions and eigenvalues shown in
Figure 3a−c.
For the nanoparticle chain, we measured a plasmon

resonance at 700 nm, which we assign to a collective
longitudinal plasmon mode. This mode corresponds to an
eigenvalue Λ = 1.32. [Λ = (εAu(700 nm) − εb)/(εAu(700 nm) +
εb)],

30 and according to eq 3, this collective longitudinal
plasmon mode results from coupling (C = 1.11) between the
lowest-energy eigenmodes (a) of each particle in the long
chains. The predicted evolution of the eigenmode (and
implicitly of the resonance wavelength) with the number N
of particles in the chain is shown in Figure 3d), where a clear
plateau is exhibited.
The observed trends may be compared to the analogous

trends for coupled spheres and cylinders (with aspect ratio 1)
with the same interparticle separation and particle volume. The
magnitudes of the calculated energy shift for the longitudinal
mode of a coupled tetramer chain (compared to the resonance
energy of the free particle) are very similar as modeled via
DDA, but there is a small absolute energy difference with
cylinders > pentagonal cylinders > spheres (see Supporting
Information Figure S3). Despite the similarity in the magnitude

Figure 4. (a) SEM image of linear crystalline array of 15 Ag nanoparticles with total array length 3.0 μm and average nanoparticle dimensions of
length = 113 nm, width = 96 nm (aspect ratio 1.2), and interparticle separation 94 nm (interparticle separation/length = 0.83) with the substrate at
90° to the incoming electron beam (scale bar 1000 nm), and tilted by 52° from normal incidence (scale bar 100 nm). (b) SEM image of linear
crystalline array of 19 Ag nanoparticles with total array length 2.0 μm and average nanoparticle dimensions of length = 102 nm, width = 62 nm
(aspect ratio 1.6), and interparticle separation 89 nm (interparticle separation/length = 0.87) with the substrate at 90° to the incoming electron
beam (scale bar 1000 nm), and tilted by 52° from normal incidence (scale bar 100 nm). (c) Darkfield spectra of the linear array of nanoparticles
shown in panel a as a function of polarization from parallel (0° with respect to the interparticle axis) to perpendicular (90° with respect to the
interparticle axis). (d) Darkfield spectra of the linear array of nanoparticles shown in panel b for parallel (0° with respect to the interparticle axis,
blue) and perpendicular polarization (90° with respect to the interparticle axis, green). Red and pink curves are the deconvolution of the
perpendicular data to show the contributions from the individual resonance peaks. Refractive index for experimental data is uniform due to index
matching with n = 1.515.
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of the energy shift, generally the energy of the resonance modes
of the coupled pentagonal prisms and cylinders is significantly
lower than that of the spheres. This is expected because for
these chains, the coupling matrix is algebraically identical for all
of these cases. The energy offset arises due to differences in
energy of the individual particles (sites) in the chain for the
different particle geometries. The calculated |E|2 for the coupled
pentagonal prisms and cylinders are higher than for the spheres.
The far-field scattering spectra of arrays with more elongated

“rod-like” nanoparticles are shown in Figure 4. The nanorods
are aligned end-to-end, a geometry that has been shown to
display strong plasmon coupling22,31 and for which a greater
energy difference between the longitudinal and transverse
modes would be expected. The individual nanoparticles of the
array shown in Figure 4a have an aspect ratio of 1.2, while those
within the array in Figure 4b have an aspect ratio of 1.6. The
number of individual nanoparticles in both arrays is >12, and
the interparticle separation/prism length of both arrays are
similar, 0.83 and 0.87 respectively, although the width of the
individual nanoprisms and therefore their volumes are quite
different. It is well-known that interparticle coupling is
dependent upon the interparticle separation. The greater
interparticle separation of the individual nanoparticles shown
in Figure 4a compared to those in the array shown in Figure 2a
is, however, compensated for by the slightly higher aspect ratio
of the nanoprisms in Figure 4a and the energy difference
between the longitudinal and transverse array resonances for
this array (0.33 eV) is only slightly less than that observed for
the array in Figure 2a. Further elongation of the nanoparticles
(keeping the ratio of interparticle separation/nanoparticle
length approximately constant) results in a greater energy
difference between the longitudinal and transverse resonances
of the array (0.51 eV) as shown in Figure 4a. Note that in these
calculations, the effects of retardation have been neglected.
Importantly, these micrometer long chains still scatter in the
visible region of the spectrum.
To highlight the versatility of the FIB milling of chemically

synthesized nanocrystals, Au nanorod dimer and trimer
structures were milled from high aspect-ratio Au nanorods
(the initial lengths of the nanorods milled varied from 150 to
330 nm). The resulting structures, along with their
experimentally determined scattering spectra are shown in
Figure 5. The scattering cross-section of the Au dimer and
trimer as calculated using DDA (using Weaver’s gold dielectric
data32 corrected for surface damping33 and in an environment
with an average refractive index of 1.2834) agree well with the
experimentally determined spectra (Figure 5). The interaction
of asymmetric nanorods is geometry and distance depend-
ent22,31 and with the nanorods aligned end-to-end the
longitudinal plasmon resonances interact in a manner
analogous to a bonding interaction,22,24,31,35,36 resulting in a
red-shift of the plasmon resonance of the coupled particle
system when compared to the uncoupled nanocrystals. The
resonance energy of a single, uncoupled nanorod of the same
dimensions as those of the coupled nanorods in the dimer in
Figure 5 is calculated to be 915 nm. The calculated spectrum
for the coupled system agrees well with the experimentally
determined spectrum with a plasmon resonance of 990 nm,
giving a red-shift of 75 nm for the coupled system when
compared to the uncoupled nanorods.
The trimer structure milled from a high aspect ratio

crystalline nanorod is relatively symmetric, with two shorter
nanorods at each end and a longer nanorod in the center of the

structure. The plasmon coupling within this trimer structure
was modeled assuming the end nanorods were approximately
equal in length (and therefore aspect ratio) with a longer
central nanorod. The plasmon resonance of the uncoupled
longer nanorod calculated via DDA had a longitudinal plasmon
resonance of 816 nm, while in the coupled structure the
wavelength of the lowest energy resonance was 868 nm. The
DDA calculations agree well with the experimentally
determined spectra. The trimer structure consisted of the
smallest particles milled using the FIB method and highlights a
number of aspects of the method. Within the course of this
work, a number of structures with individual nanoparticle
dimensions smaller than the trimer were attempted. While this
did result in trimer structures with a discrete number of
crystalline nanoparticles, it was observed that the individual
nanoparticles became misshapen, and appeared slightly bent
downward toward the milled lines. This effect was exacerbated
if the original nanorods were sitting on uneven areas of the
substrate. Thus the practical size limit for this method is given
by a combination of the ion-beam resolution and the intended
nanoparticle size. For the experiments here the smallest
interparticle gap achieved was 20 nm, and it was found the
method is generally not suitable for fabrication of particles <50
nm in length.
In conclusion, the FIB milling of chemically synthesized

metal nanowires and nanorods is a convenient method to
fabricate highly uniform, linear arrays of crystalline nano-
particles with tunable nanocrystal size and spacing. The near-
fields of the individual nanoparticles couple along the length of
the nanoparticle chains, making them promising for use in

Figure 5. SEM images and scattering spectra (green and blue, left axis)
along with DDA calculated spectra (black, right axis) of an Au nanorod
dimer and trimer fabricated by FIB milling of presynthesized
crystalline nanorods. The dimensions of the two individual nanorods
in the dimer are 149 and 138 nm in length and with a width of 33 nm,
giving aspect ratios of 4.7 and 4.2, respectively. Their interparticle
separation is 31 nm, well within one length of the nanorods. The
nanorods were modeled in the DDA simulations as two nanorods each
with an aspect ratio of 4.4, the simulation employed 4037 dipoles for
each nanorod giving one dipole every 3.0 nm. The nanorods in the
trimer have lengths of 84, 103, and 73 nm with a width of 27 nm
(aspect ratios of 3.1, 4.0 and 2.6); these were modeled in the DDA
simulations as three nanorods with aspect ratios of 2.9, 4.0, and 2.9 for
each rod, respectively, giving one dipole every 3.4 nm.
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optoelectronic applications. Investigation of the waveguiding
ability and efficiency of these single crystal nanoparticle
waveguides is currently underway.
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I.; Funston, A. M.; Novo, C.; Mulvaney, P.; Liz-Marzań, L. M.; de
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