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Absorption spectra of nanosized spherical silver particles hexagonally arranged in planar arrays have been
calculated using the discrete dipole approximation (DDA). The silver dielectric function used in the calculations
is size-corrected in order to account for the ultrafine particle size of 5 nm in diameter. The optical anisotropy
arising from the dimensionality of the planar array of close-packed nanoparticles is clearly revealed in the
absorption spectra by the splitting of the surface plasmon resonance (SPR) in two bands corresponding to the
longitudinal and transverse modes. Under p-polarized light, the amplitude of the splitting is observed to
sensitively increase for decreasing interparticle spacing. This behavior makes it possible to well distinguish
the two SPR bands under the requirement that the interparticle spacing should be smaller than around one
particle radius. Indeed, for larger interparticle spacing, the two plasmon modes tend to superimpose, so that

the profile of the resulting single band looks nearly the same as the one of an isolated nanoparticle.

I. Introduction

A characteristic feature in the optical spectra of metal
nanoparticles is the dipolar surface plasmon resonance! (SPR)
band. This latter can be attributed to the collective oscillation
of the conduction electrons of the nanoparticle due to their
resonant coupling with the electric field of the incident light.
Experimentally, the frequency and strength of these oscillations
strongly depend on the size? and shape*~” of the nanostructures,
their composition,®® and also the local dielectric environment.
In addition to these experimental investigations, various nu-
merical approaches have been developed to study the optical
properties of metal nanoparticles, with the aim to better
understand the influence of the particle size, shape, and
environment on the SPR characteristics.!°”'? Controlling some
of these parameters allows manipulation of the optical properties
of the nanostructure’ and, in particular, control over how it
scatters and absorbs light'>'* and how the local electric field is
modified."> Therefore, such a control plays a crucial role in the
development of promising technological applications based on
SPR!®"18 and still drives great interest in the field of nanoma-
terials research.!’

Most of the numerical methods were first devoted to simulate
the optical response of isolated spherical particles in various
environments.'3?%2! Qver the past few years, different numerical
methods based on finite elements have been developed in order
to study the optical response of particles with arbitrary shape
and multicomposition.?* Among these methods, the discrete
dipole approximation (DDA) has been extensively used to
simulate the extinction spectra (extinction = absorption +
scattering) of metal nanoparticles with various sizes, shapes,
or dielectric environments.'?7!224726 This method is also very
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useful for describing the electrodynamics of nanoparticle arrays
and aggregates that have complex structures.?* The interaction
between particles in such systems can result in a drastic
modification of their optical response, depending on the geo-
metrical characteristics of the system. For instance, the Schatz
group discovered few years ago that remarkably narrow plasmon
line shapes?’ are produced by one- and two-dimensional arrays
of silver nanoparticles with, however, the condition for making
such a behavior achievable that the particle radius should be
larger than about 30 nm.

In contrast, the nanoparticles that are under investigation here
have diameters limited to only a few nanometers. For particles
with a diameter smaller than around 10 nm, it is important to
note that physical phenomena related to radiation effects (e.g.,
scattering process) are very weak; hence, the optical extinction
can be assumed to only originate from absorption.® The optical
properties of such ultrafine silver nanoparticles arranged in a
two-dimensional (2D) compact hexagonal network have already
been studied experimentally and compared with predictions
deduced from different computational approaches.”®3* From
these previous studies, the optical anisotropy arising from the
dimensionality of the system was clearly demonstrated through
the appearance of an additional resonance at a higher energy
than that of the SPR of isolated nanocrystals.

Here, we report on the use of the DDA method to point out
the specific influence of the interparticle spacing on the
absorption spectrum. Actually, the simulations presented aim
to model close-packed self assemblies of coated spherical silver
nanocrystals comparable to those that are synthesized by the
chemical route in our laboratory.’! This study essentially
provides new insights on the possibility of tuning the optical
properties of planar arrays of ultrafine silver nanoparticles via
the control of the interparticle spacing.

The paper is organized as follows. In section II, we first
describe, in detail, the DDA target built in order to mimic 2D
hexagonal arrangements of silver nanoparticles. Then, we focus
on the size correction of the silver dielectric function used in
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our DDA simulations. In section III, we present and discuss
the calculated absorption spectra.

II. The Discrete Dipole Approximation

To simulate the absorption spectra of 2D arrangements of
nanometer-sized metal particles, an implementation of electro-
dynamic theory known as the discrete dipole approximation is
used. The DDA theory was developed by Purcell and Penny-
packer for astrophysical purpose to model the interaction of light
with dust particles in space.’> The original theory has then
profited by some improvements®*** that allow use of the DDA
approach to calculate the absorption, scattering, and extinction
cross sections of arbitrary targets composed of individual or
multiple objects of any size and shape. Furthermore, this method
enables modeling of the systems composed of several materials.

The theoretical basis for the DDA has been described in more
detail elsewhere® and is out of the scope of this paper. In a
few words, the approximation involved in the DDA lies in the
replacement of the continuum target by a finite array of
polarizable points located in a periodic (cubic) lattice whose
spatial extension is designed in such a way to mimic the
geometry of the system under study. Each point acquires a dipole
moment in response to both the incident plane wave field and
the electric field due to the interaction with all of the other
dipoles in the array. The dipole polarizations are then solved
self-consistently. To perform such a calculation, the freely
available program DDSCAT version 6.1 written by Draine and
Flatau®® was used. In the following sections, the geometry of
the different targets involved in the DDA calculations is
described as well as the procedure to account for the size
dependence of the dielectric function of the silver nanoparticles.

A. Geometry of the Target. In this study, the close-packed
monolayer of 5 nm silver nanoparticles is represented by a
multisphere target consisting of the union of N equal-sized
(diameter 2R) and equally spaced spheres structured in a planar
hexagonal array. The interparticle spacing, d, is the border-to-
border distance between nearest-neighbor particles as shown
in Figure la. In the following, the distance d will be given in
terms of its ratio to the sphere diameter, that is, d/(2R). Schemes
of the different DDA targets investigated here are depicted in
Figure 1.

As mentioned above, the DDA target is represented by an
array of dipoles located on a cubic lattice. Furthermore, the
meshing of the target is completely flexible and only requires
the interdipole spacing to be small enough compared to the
wavelength of the incident light and any structural feature of
the target. This allows one to satisfactorily mimic the target
and to diminish the inaccuracy arising from granularity on the
surface of the target. However, both the computer memory
requirement and the computing time to run the DDSCAT
program increase with the total number of dipoles involved in
the DDA calculations, so that it is necessary to limit the volume
of the target. For these reasons, the number of particles in the
target was restricted to values such as 91, 109, and 115 particles
when designing arrays in hexagonal, circular, and square shapes,
respectively (Figure la,b). Despite such a limitation, this
restricted planar array is expected to fairly well mimic the optical
response of a 2D system made of self-organized silver nano-
particles. Moreover, each particle was represented with around
2000 dipoles by designing the target with an interdipole spacing
as small as few tenths of a nanometer. Such a fine meshing of
the target was checked to achieve both a quite good shape
definition and a proper convergence of the calculations.
Therefore, we chose to keep it the same whatever the interpar-
ticle spacing or the number of particles.
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Figure 1. Schematic representation of the DDA targets used in this
work. (a) Two-dimensional hexagonal array composed of N = 91 silver
spheres (diameter 2R) arranged in hexagonal shape with a nearest-
neighbor distance, d. (b) Other shapes of 2D structures used to study
the dependence of the optical response of these structures on their shape,
hexagonal arrays of silver spheres arranged in square (N = 115 spheres)
and circular (N = 109 spheres) shapes. All of the targets are built with
a surrounding medium of refractive index ney = 1.46.

B. Dielectric Function. The dielectric properties of the
constituting materials of the target need to be defined. The DDA
requires a prescription for the determination of the dipole
polarizabilities used to represent the target in order to mimic a
continuum medium of dielectric function &(w). For this purpose,
the program DDSCAT assigns to each dipole a polarizability
that is related, at a given wavelength, to the specified dielectric
function of the medium through the lattice dispersion relation
(LDR) derived by Draine and Goodman.?” The polarizability
a; of the ith dipole of the target can then be expressed as

LDR
Qo

1

= (2/3)i(ofPRIPY (kP

ey

i

Here, ofPR is given by the following LDR prescription obtained,
in the long-wavelength approximation (k/ < 1), for an electro-
magnetic plane wave propagating, with a wave vector k, on an

infinite cubic lattice of interdipole spacing /

CM
LDR __ Q, 2)

L+ @B, + by, + bySe(k)

where by, by, b3, and S are the coefficients determined by
integrals to include a radiative reaction correction®” to the dipole
polarizability, ¢; is the dielectric function at the lattice site i,
and af™ is the “Clausius—Mosotti” polarizability, which is given
by the relation®
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In the general case of real bulk metals, the dielectric function
eprude(@) consists of two additional contributions accounting for
the interband and intraband electron transitions that respectively
involve the bound electrons and the free electrons. The
contribution of these latter to the total complex dielectric
function of the bulk metal can be described by using the Drude
free electron model

>
‘(:Drude(w) =1- 2—p (4)
o” + iwy,

where w,, is the plasma angular frequency and y, a damping
constant due to the scattering of the electrons with phonons,
electrons, lattice defects, or impurities.

If we now consider no more bulk metals but metal nanopar-
ticles whose size does not exceed few nanometers, as those
under investigation in this study, then finite size effects influence
the dielectric function and have to be taken into account. In
particular, for such nanometer-sized metal particles, the conduc-
tion electrons suffer an additional damping process due to their
scattering from the particle surface resulting, in a standard
classical approach, in a reduced effective mean free path, L.
Therefore, one can assume the corresponding increase of the
damping constant y to be such that

V(L) = Vo T Avp/Lyg (%)

where A is a dimensionless parameter, usually considered to
be close to unity, and v is the Fermi velocity. The surface
dispersion effect leads to a correction of the dielectric function
of the bulk metal according to the following equation®

&, Leg) = (@) — €ppge(@) +

2
w

1 - — . (6)
o+ iw(y, + Avg/L)

In a geometrical probability approach,*® L has been shown to
be size- and shape-dependent, so that the dielectric function of
nanometer-sized metal particles is also expected from eq 6 to
exhibit a dependence on the particle size and shape. For the
present calculations, it was therefore necessary to apply such a
size correction to the experimental values of the bulk silver
dielectric function &y (). Note that the bulk silver wavelength-
dependent dielectric function was taken from Palik’s handbook.*!
To calculate now the size-corrected dielectric function of silver
nanoparticles from eq 6, the following parameters* were used:
vp = 1.39 x 10° m/s, hwp = 8.98 eV, and y, = 0.018 eV.
Furthermore, as it was established in a geometrical probability
approach,*® we assumed the effective electron mean free path
for a sphere to be simply given by L. = 4R/3, where R is the
sphere radius.

The size-corrected dielectric functions calculated for spherical
silver nanoparticles of 5 and 10 nm in diameter are compared
with the bulk one in Figure 2. While the real part of the complex
dielectric function, &;(w), appears to be weakly size-dependent,
the imaginary part, &(w), sensitively increases for decreasing
size in the energy range below 4 eV. Due to the ultrafine size
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Figure 2. Real (¢)) and imaginary (&) components of the complex
dielectric function of silver nanoparticles of 5 (dotted lines) and 10
nm (dashed lines) in diameter compared with those of bulk silver (solid
line) from ref 41. The size-corrected dielectric functions of silver
nanoparticles are calculated by using eq 6.

of the silver particles that are studied here and also to the fact
that they exhibit a dipolar SPR in the same energy range, the
surface dispersion effect can therefore be expected to induce a
significant broadening of their SPR bands. Consequently, the
size-corrected silver dielectric function of the particles, as
deduced from eq 6, was systematically used for all of the
simulations presented in this work.

III. Results and Discussion

Here, we show the influence of the 2D dimensionality of
close-packed nanoparticles arrays on their optical response. In
particular, we propose to analyze how changing the interparticle
distance influences the optical anisotropy of the nanoparticles
arrangement.

The absorption spectra of N = 91 silver nanoparticles
hexagonally arranged in a planar array were calculated using
the DDA method for various angles of incidence @, ranging
from O to 60° with respect to the normal of the 2D system
(Figure 3a). It is important to mention that the incident radiation
is considered to propagate along the x-axis and to be linearly
polarized in a direction parallel to the y-axis. At normal
incidence (o = 0°), the planar arrangement of particles is
oriented parallel to the (y,z) plane. By rotating the target around
the z-axis, the illumination of the nanoparticles under different
angles of incidence can be simulated. Besides, it should be noted
that the external nanoparticle environment consisted of a
nonabsorbing host medium of refractive index .y = 1.46. This
value was chosen because it corresponds to the refractive index
of dodecanethiol and was actually used in the simulations in
order to mimic the coating of the nanoparticles, in reference to
the real case of nanoparticles synthesized by soft chemical
routes.?' By doing so, the dodecanethiol molecules are assumed
to form a continuous layer around each nanoparticle, which can
therefore be modeled as the surrounding medium of all of the
nanoparticles in the array.

The spectra obtained at various incidence angles and for five
different values of the ratio d/(2R) of the interparticle spacing
to the sphere diameter are shown in Figure 3b—f. For very close-
packed arrangements with d/(2R) < 0.5, we observe the profile
of the plasmon band to be dramatically dependent on the angle
of incidence. At normal incidence, the absorption spectrum only
exhibits one single band. This band is due to the resonant
excitation of longitudinal surface plasmon eigenmodes of the
nanoparticle array by the incident radiation whose electric field
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Figure 3. Dependence of calculated absorption spectra of a 2D array of N = 91 silver spheres (2R = 5 nm) on the incidence angle for different
values of the relative interparticle spacing, d/(2R). (a) Scheme depicting the geometry of the modeled system (light polarization + target) and
defining the incidence angle, a. In the DDA target, the surrounding spheres’ environment consists of a medium of refractive index ne, = 1.46.
Using such a target, absorption spectra have been calculated at various incidence angles (0 (red), 30 (violet), 45 (green), 55 (black), and 60° (blue))
in the following cases: (b) d/(2R) = 0.25; (c) d/(2R) = 0.375; (d) d/(2R) = 0.5; (e) d/(2R) = 0.75; and (f) d/(2R) = 1.

is parallel to the nanoparticle array. With the increase of the
angle of incidence, the intensity of this band progressively
decreases while a second band grows up at higher energy. To
interpret the appearance of the higher energy band, one has to
consider that for oo = 0°, the electric field of the incident
radiation projects on both the parallel and perpendicular
directions to the nanoparticle film, with a component along the
normal direction that grows for increasing a. In such a
configuration, the interaction of the incident radiation with the
nanoparticles through the resonant excitation of both the
longitudinal and transverse surface plasmon eigenmodes of
the nanoparticle film results in the observation of two bands in
the absorption spectrum. This last feature points out the optical
anisotropy of the planar array of nanoparticles. It is straight-
forward to note here that the amplitudes of these two bands
evolve in the opposite way when varying the angle of incidence.

Figure 3b—f also provides interesting information on how
the optical absorption of the system evolves when the interpar-
ticle distance is varied inside of the nanoparticle arrangement.
In order to simulate a nanoparticle array of comparable density,
the relative interparticle spacing, d/(2R), was fixed to the
following values: 0.25, 0.375, 0.5, 0.75, and 1. For nanoparticles
with a diameter of 5 nm, as in the present case, the correspond-
ing distance, d, ranges then from 1.25 nm, for the more densely
packed system, to 5 nm for the one with the lowest density.
Since the optical spectrum of a metal particle array is influenced
by the interaction between neighboring particles,?”**4 one can
therefore expect the calculated absorption spectra to be sensi-
tively dependent on the variation of the relative interparticle
spacing. Such dependence is clearly illustrated for increasing
d/(2R) by a blue shift of the lower energy plasmon band, which
is simultaneously observed with a red shift of the higher energy
band. As a matter of fact, the increase of the interparticle spacing
results in the decrease of the band splitting, in such a way that
the two surface plasmon bands partially superimpose and cannot
be resolved for d/(2R) = 0.75 (Figure 3e,f). To better visualize
how the absorption spectrum evolves when changing the
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Figure 4. Dependence on the interparticle spacing (expressed as the
ratio d/(2R)) of the calculated absorption spectra of a hexagonal array
of N = 91 silver spheres of diameter 2R = 5 nm for an incidence
angle of a = 60°. For comparison, these spectra are plotted together
with the spectrum calculated for one single silver particle with the same
size as the previous particles, which was represented by 1791 dipoles.
In each case, the refractive index of the external spheres’ environment
is fixed at nq, = 1.46.

interparticle spacing at a given angle of incidence, the spectra
calculated for different values of d/(2R) and for @ = 60° are
plotted all together in Figure 4. For the more densely packed
array with d/(2R) = 0.25, the spectrum exhibits two distinct
absorption bands, centered at 2.6 and 3.5 eV, corresponding to
the longitudinal and transversal plasmon eigenmodes, respec-
tively. The amplitude of the splitting of the SPR absorption band
rapidly decreases with the increase of the interparticle spacing.
The splitting is observed for compact arrangements with d/(2R)
=< 0.5, that is, for interparticle spacings not exceeding one
particle radius. Indeed, the spectrum of the system with d/(2R)
= 1 shows one single band centered at 3.1 eV. A further increase
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Figure 5. Absorption spectra of a hexagonal array of N = 91 silver

spheres calculated for an angle of incidence of o. = 45° and by using
various numbers of dipoles to generate the target (ne, = 1.46).

of the relative interparticle spacing to values as large as 1.5 or
2 (Figure 4) indicates that the surface plasmon band profile is
very similar to that calculated for one isolated particle. The
unique difference lies in the slight blue shift of the SPR of the
densely packed particle array with respect to that of the single
particle, which is peaked at 3 eV. The similitude in the SPR
band characteristics (energy and bandwidth) observed between
these two spectra likely reveals the weakness of the mutual
interactions between neighboring particles for interparticle
spacing equivalent to or greater than their own diameter (d >
2R).

All of the spectra reported in this work were calculated by
using around 2000 dipoles per sphere, that is, roughly 182 000
dipoles for the full target which consists of the planar hexagonal
assembly of N = 91 spheres. Hence, to support the reliability
of these results, it is important to test the convergence of the
calculations as well as the pertinence of the choice of the target
shape to be used in order to properly mimic the optical response
of the studied 2D system. As shown in Figure 5, the profile of
the SPR spectrum remains nearly the same when increasing the
number of dipoles in the target from around 92 000 to 450 000
entities. This statement argues in favor of the accuracy of the
results obtained by using an average number of 182 000 dipoles.
Note that to achieve the full convergence in the calculations,
the use of several hundred thousand dipoles is required in the
DDA target. However, it should also be noticed from the spectra
plotted in Figure 5 that the only change observed in the spectrum
when increasing the total number of dipoles from around 90 000
to nearly one-half of million lies in the slightly higher strength
of the SPR. As a matter of fact, considering the poor gain that
is actually achieved in this latter case, it is therefore concluded
that our choice to use 2000 dipoles per sphere is sufficient to
be fully confident in the quality of the reported spectra.

Furthermore, to ensure that the calculated absorption spectrum
of the planar nanoparticle array was not sensitively dependent
on the shape in which the nanoparticles were arranged, several
arrangements differing by their shape were tested. In addition
to the case of the hexagonally shaped array (Figure la), two
other systems were designed by arranging the nanoparticles
either in a square or in a circular shape, as illustrated in Figure
1b. The corresponding absorption spectra calculated for ar-
rangements with the highest nanoparticle density, at various
angles of incidence, are shown in Figure 6. The choice of
comparing the different array shapes for the case of the highest
nanoparticle concentration was preferred in order to make more
obvious any effect that would potentially originate from the
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Figure 6. Calculated absorption spectra of N silver spheres forming a
2D hexagonal array arranged in (a) hexagonal, (b) square, and (c)
circular shapes, with N = 91, 115, and 109 spheres, respectively. In
each case, spectra corresponding to incidence angles of 0 (red), 30
(violet), 45 (green), 55 (black), and 60° (blue) are plotted. For all of
these calculations, the relative interparticle spacing remains the same,
that is, d/(2R) = 0.25, and an average number of around 2000 dipoles
per sphere is used with the refractive index of the surrounding
environment being ne = 1.46.

change in array shape. Without entering into a detailed descrip-
tion of each situation, it is reasonable to note that among
hexagonal, square, and circular arrays, no dependence of the
absorption spectra on the array shape is observable, whatever
the incidence angle is. Such a statement is deduced from the
basis of the three particular array shapes tested in this work but
might be also available for most of the other shapes that could
be designed in order to account for the 2D dimensionality of
the planar array. This result argues in favor of the capability
of the DDA method in properly modeling the optical response
of an “infinite” planar close-packed arrangement of nanoparticles
by designing a target in which only few particles need actually
be involved.

IV. Conclusion

In this paper, we reported on DDA simulations of the optical
absorption of 5 nm spherical silver nanoparticles hexagonally
arranged in close-packed planar array. The profile of the
calculated absorption spectra in the visible range is markedly
dependent on the incidence of light on the system through the
splitting of the dipolar surface plasmon band in two components
when increasing the angle of incidence. This splitting clearly
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reveals the optical anisotropy of the system formed by the planar
arrangement of nanoparticles. In agreement with previous
studies, the two absorption bands are assigned, in increasing
order of energy, to the longitudinal and transverse plasmon
modes, respectively. Besides, this band splitting has been
observed to sensitively decrease for increasing interparticle
spacing, as a result of the weakening of the dipolar interactions
between particles in the system.

Therefore, it is expected that the optical response of 2D
assemblies of silver nanoparticles can be tuned by controlling
their interparticle spacing. Such a control should be achievable
by synthesizing nanometer-sized metal nanoparticles via a
chemical route and then by using different capping agents*’ to
stabilize them or by growing a silica shell of controlled thickness
on preformed metal nanoparticles.*® These two approaches offer
the possibility to vary the interparticle spacing in the 2D
arrangement of nanoparticles. Further experimental studies are
currently performed in order to compare photoabsorption
measurements on real arrangements of nanoparticles to their
optical response predicted by using the DDA method.
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