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Abstract

We present a series of computer simulations of 10 nm particles optically excited at their surface plasmon resonance.

These simulations are focused on gold and silver nanocylinders, resting on either on a thin metallic film or on a glass

surface. The results indicate that excitation is highly dependent on both the material and the proximity of other particles.

These findings suggest that manipulation and assembly of nanoparticles is feasible. This study also underlines the

importance of computational radiation transfer research for the successful implementation of novel nanomachining

processes.

r 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding and manipulating nanosized particles is an active area of nanoscale research. We have
recently proposed a novel approach for three-dimensional assembly at the nanoscale, based on selective
excitation of metal nanostructures at their surface plasmon resonance (SPR). To further develop this approach
we need a better understanding of nanoparticle interactions and the non-bulk properties of nanoscale
materials. Numerical analysis of the optical absorption of nanoparticles can lead to a broader understanding
of the physics at the nanoscale, may provide a means for extracting non-bulk properties of nanoscale materials
prior to physical testing, and will provide insight into nanoscale radiative transfer. The results presented form
a theoretical framework that will be experimentally verified in later testing.

Directed assembly of nanoscale particles is expected to be a powerful tool, and will be prevalent in the future
of advanced engineering applications. The fusing of nanosized metallic particles occurs by melting the surface
of the particles. In order to heat the particles selectively and locally, they are excited at their SPR. In order to
selectively target nanoparticles, the amount of energy required to melt the surface of the particles and the
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Nomenclature

Cabs absorption cross section
a particle radius
c speed of light
V domain area
J current density
D electric displacement
E electric field strength
t time
L tensor
S closed boundary
H magnetic field strength
B magnetic flux density
P electric polarization
M magnetic polarization

Greek symbols

e dielectric function
s electrical conductivity
o angular frequency
w susceptibility
l wavelength
m permeability

Subscripts

0 vacuum
1 dielectric
r refractive index
m medium

Superscript

e externally generated current
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interaction between the particles must be properly understood. Computational studies allow us to understand
the energy needed to fuse the particles and the resolution limits that can be achieved in a practical setting.

The SPR wavelength is determined by a nanostructure’s dielectric constant, geometry, and surrounding
environment [1]. Gold nanostructures have been extensively studied, and it has been found that spheres
smaller than �20 nm behave much like dipoles, with maximum absorption and scattering occurring at
wavelengths near 500 nm in air or vacuum. Silver nanostructures exhibit similar behaviour with the various
resonances occurring at different wavelengths (about 350 nm) due to the dielectric constant dispersion of
silver. These well- known phenomena form the basis for shape and material selectivity in our nanoscale self-
assembly system.

Inter-particle spacing, material choice, and SPR all play vital roles in the selective nature of directed
assembly. Understanding of these processes will establish the theoretical resolution of the assembly technique,
and will provide insight into optimum conditions for localized melting and fusing. Direct solutions for
Maxwell’s equations are essential to fully understand this phenomenon.



ARTICLE IN PRESS
E.A. Hawes et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 104 (2007) 199–207 201
With the calculation of the SPR particular to a metal, one can use the differences in peak resonance for
selectivity. For gold, copper, and silver nanoparticles, whose resonance frequencies occur in the near UV and
visible spectral regions, the resonance can be used to excite the particles [2,3]. This phenomenon suggests that
particles can be excited selectively: if one had gold and silver on the same surface, and an incident light source
at 500 nm, only the gold will strongly absorb the light. Additionally, resonance wavelength varies with particle
size. As particles increase in size toward 100 nm diameters their resonances shift toward the red portion of the
spectrum. Thus, one can control the type of particle (gold, silver, copper and other metals in the non-visible
spectrum) and the size of particle that experiences resonance. This control allows for precise patterning
techniques in terms of size and material. The success of this will result in an extremely powerful tool for
nanoscale manufacturing.

1.1. Radiation at the nanoscale and surface plasmons

Thermal properties of gold particles with diameters smaller than 10 nm are widely divergent from bulk
properties. Current models, those of Buffat and Borel [4], Semenchenko [5], Pawlow [6], and Kofman [7,8],
predict a sharp reduction in melting temperature beginning at �10 nm diameter and decreasing rapidly below
�5 nm diameter. As the size of a gold particle decreases from 10 to 5 nm, the surface melting point has been
experimentally observed to decrease from 900 to 450 1C, and theoretically predicted to decrease from 620 to
350 1C [9]. Less experimental evidence is available for silver nanoparticle melting, but theoretical studies
indicate that silver particles should melt at temperatures significantly less than their bulk melting temperature
and that surface pre-melting should also depend on the particle radius [10,11].

The linear optical properties, including SPR, of small metal spheres was explained theoretically by Lorenz in
1891 and Mie [12] in 1908. The Lorenz–Mie theory helps to explain the mechanism of scattering by small
particles as well as nanoparticle excitation. Mie solved Maxwell’s equations analytically for the interaction of
an electromagnetic (EM) field with a small sphere [12]. The calculations provide the absorption, extinction,
and scattering characteristics of particles as a function of particle radius, wavelength of the incident radiation,
and the relative index of refraction of particle. In the Rayleigh regime [2], the Lorenz–Mie calculations yield a
resonance wavelength that is independent of particle size. The specific resonance wavelength is determined by
the extinction cross section, which gives the radiant flux scattered and absorbed by the particle and the
extinction efficiency [13].

Using the dipole approximation, the absorption cross section, Cabs, of nanoparticles can be calculated [14]:

Cabs ¼
8p2a3 ffiffiffiffi

�1
p

l
Im

�1 � �m
�1 þ 2�m

� �
. (1)

Although the dipole approximation results in resonance condition that is independent of size, the resonance
wavelength actually varies strongly with size [15]. For very small particles (o2 nm) the bulk dielectric constant
can no longer be used to model the particle, and the plasmon resonance becomes less distinct [16]. The reason
for this deviation in behaviour from larger particles has been suggested to be a result of a smaller mean free
path for conduction electrons, resulting in an enhancement of electron–surface scattering [17–19]. If one
wishes to use the Lorenz–Mie theory to calculate absorption and scattering for such small particles, the
dielectric constant must be modified based on the particle size [17–19]. Mie theory is applicable to single
particles that are assumed to be non-interacting and are separated by a distance larger than the particle radius
[14]. Within this inter-particle distance, the particles affect one another. Inter-particle dynamics influence the
spread of energy throughout the system. Mie’s work serves as a starting point. The computation simulations,
which agree with Mie theory when the particles are separated by the inter-particle distance, provide a
theoretical template for interacting particle behaviour. Understanding of these inter-particle dynamics can be
achieved by mapping the distribution of electric field and intensity around the particles, excited by surface
plasmons, as they change proximity to one another.

The Lorenz–Mie theory fails to explain the resonance conditions when particles aggregate and to explain
why bulk dielectric constants no longer apply when particles become small (somewhere between 5 and 20 nm
in diameter). Several groups have proposed useful extensions to Mie theory using a size-dependent dielectric
constant to account for quantum size effects and surface scattering [18]. We have recently extended the



ARTICLE IN PRESS
E.A. Hawes et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 104 (2007) 199–207202
Lorenz–Mie theory using numerical techniques that account for particle–particle and particle–surface
interactions [20–22]. These techniques calculate the scattering by the particles, and are currently being
modified to include the absorption by aggregated particles. These theories form the foundation for estimating
the optimal illumination wavelengths for various particles in our nanoassembly system.

As with the Lorenz–Mie theory calculations, radiation transfer at the nanoscale has limited
analytical solutions. Available studies are typically numerical, for simple geometries [23], and use EM
approaches [24]. In conjunction with the numerical program developed by Venkata [22], the results
of this study can be used to develop a broader picture of radiation at the nanoscale. Our combined results
provide the scattering and absorption of a variety of small particles on a surface, including single and
aggregated particles with various materials. Additionally, these hybrid calculations encompass both the near-
and far-field results.
2. Methods and materials

To examine the interactions between the particles experiencing SPR, particles of 10 nm in diameter were
considered. The particles were examined in two dimensions, and as such are considered infinite cylinders. The
change in resistive heating and energy was extracted as the particles change proximity to one another. Three
situations were simulated: (1) particles on a glass surface illuminated using total-internal-reflection (TIR) [25],
(2) particles on a thin silver film illuminated through the silver, and (3) particles on a thin gold surface
illuminated from below the gold layer.

The simulations were carried out to observe the resonance conditions on glass and on a thin silver film. The
change in absorption in a gold and silver particle as it moves away from another particle of the same material
and the change in absorption of a gold and silver particle as they are separated were determined. Each particle
tested was 10 nm in diameter, and was simulated from 1 to 10 nm separation distance from another particle.
To create surface plasmon excitation, an angled electric field (TIR) at 451 was transmitted through glass and
was assumed to be incident upon a thin silver surface (20 nm). This same situation was repeated for particles
on a glass surface with no metallic interface. Above the surface sit gold and silver particles in vacuum. The
results of these simulations were then compared to current theory and used to determine the energy needed to
heat the particles to melt the surface or bulk. This analysis is expected to shed light on the feasibility of
selective heating based on particle size.
2.1. Governing equations, boundary conditions and considerations

The primary input parameter used for simulations was the wavelength-dependent index of refraction. The
index of refraction accounts for the polarization of the material in response to an electric field [26] and is
considered an intrinsic property at the size scale employed. We assume the relative permeability is 1 for all our
simulations, because gold is non-magnetic. Maxwell’s equations can be solved, using appropriate indices of
refraction and geometry, to determine the resistive heating of the material (W/m3) [26]. The absorption of the
particle can be calculated from this information, by a simple energy balance calculation.

The governing equations used in simulations are Maxwell–Ampere’s law and Faraday’s law, which are well
known. These equations describe the time and space of the EM field. For the simulations presented here, we
solved the wave equation for the transverse magnetic field, Hz, given by r � ð��1r r �HzÞ � mrk

2
0Hz ¼ 0. The

constitutive relations can be used to describe the polarization of the electric field and magnetic field. The
polarization of the electric and magnetic field are directly proportional to the field strength, because the
materials are linear and isotropic. This proportionality allows one to use the well-known relations: P ¼ e0weE
and M ¼ wmH. Combining Maxwell–Farady equations with the constitutive relations, and using the relations
D ¼ e0E+P, J ¼ sE and B ¼ m0(H+M) yields:

D ¼ �0ð1þ weÞE ¼ �0�rE, (2)

B ¼ m0ð1þ wmÞH ¼ m0mrH. (3)
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Through the equations describing the energy time derivative of the electric and magnetic fields (power), one
can relate the properties to the resistive and radiative energy via Poynting’s theorem:

�

Z
V

E
qD

qt
þH

qB

qt

� �
dV ¼

Z
V

JE dV þ

I
S

ðE �HÞndS. (4)

Resistive losses are described by the first term on the right-hand side of the equation and radiative losses are
described by the second term on the right-hand side.

The resistive heating is calculated using

1
2
Re sEE� � joED�
� �

. (5)
2.1.1. Boundary conditions

Two boundary conditions were applied to the two-dimensional analysis. The boundaries were designed so
that one boundary was a source for the incident EM field. The other boundaries, which closed the geometrical
system, were programmed to be non-reflective.

The incident EM boundary was a user-defined electric or magnetic field input. These fields were angled in
the x– y plane with respect to the z-axis, to achieve the required incident angle. The EM fields were kept
constant for each simulation in order to ensure accurate comparative results.

To ensure that the boundaries did not interfere with the wave propagation, the boundaries used were
‘perfectly matched layers’ (PML). The PML absorbs the incident radiation without producing reflection. As
such, the PML is implemented as a material with an anisotropic permittivity and permeability, which matches
the adjacent medium.
2.2. Error considerations

The computational studies have used COMSOLr Multiphysics version 3.2 to implement the finite element
method and numerically solve Maxwell’s equations. Numerical uncertainty is based primarily on the number
of mesh elements used and the geometry. The primary factor is the mesh refinement used, which is user-
defined. The mesh used had a resolution of 0.01 elements/nm.

To determine the error associated with a particular geometry, an error assessment was made prior to testing.
For example, the error for a silver and gold on glass with 5329 degrees of freedom and 2634 elements/10�12m2

gives an extremely high t-value (10�8), which corresponds to COMSOLr’s own error analysis output
(3.30512� 10�8). The error changes with each geometry: the mesh is adaptive to the individual geometrical
considerations, and as such, the number of elements within a mesh vary marginally (and statistically
insignificantly) with each simulation. Other studies were conducted to analyse COMSOLr’s accuracy [25,27].
From this research standpoint, COMSOLr’s output was considered accurate if its results matched the results
of analytical solutions.

The purpose of the simulations is to look beyond what is analytically calculable. Theoretically, the output
produces solutions that will be accurate according to Maxwell’s equations. With this numerical data, and
confirmation by theory and available data, the next step is to test the theory in a laboratory setting. At this
point the data provides a theoretical framework for such experiments.
3. Results and discussion

The present study focuses on examining the spatial effect of gold and silver particles and the selective
excitation of particles in terms of SPR. The energy required to fuse gold particles was determined theoretically
with models discussed above. Below we will discuss a series of simulations for different particle sizes and
incident light wavelengths to show the feasibility of the idea.
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3.1. Absorption by gold and silver particles on a glass surface

3.1.1. Gold particles on glass

Fig. 1(a) shows the predictions for different size particles; the peak absorption occurs at 490 nm wavelength.
At both resonance (250 nm) and peak absorption (490 nm) wavelengths for gold, no significant shift in
wavelength is observed for either a single or two particle cases. At wavelengths shorter than 490 nm, the
particles experience no significant change in absorption efficiency. However, at wavelengths longer than
490 nm, the decrease in absorption occurs more rapidly for particles at larger separation distances. This
change indicates that particles closer to one another suppress absorption at peak resonance, but increase
absorption at higher wavelengths. At peak resonance, particles modelled between 1 and 10 nm separation
distance experience an overall absorption difference of 8%.

Gold particles 1 nm apart have virtually the same absorption as those 5 nm apart. Particles that are 2, 3, and
4 nm apart share the same absorption efficiency magnitude, which is slightly lower than 1 and 5 nm (by about
3%). Above a 5 nm separation distance, the particles increase in absorption corresponding to an increase in
distance. There is no secondary peak for gold on glass.
3.1.2. Silver particles on glass

Silver particles experience no substantial shift in peak absorption at separation distances from 1 to 10 nm.
Peak absorption occurs at the cylinder SPR near 340 nm. An increase in separation distance between particles
directly parallels an increase in absorption. The total change in absorption efficiency over distances between 1
and 10 nm is small (3–4.5%), which indicates limited spatial selectivity between two silver particles.
Additionally, as separation distance increases, the change in absorption becomes smaller.

At wavelengths longer than 340 nm, particles at larger separation distances show a more rapid decrease in
absorption efficiency than when particles are closer together. For this longer wavelength range, absorption
efficiency tends to merge to a single line, as shown in Fig. 1(b). Interestingly, at wavelengths longer than
340 nm, there is an inversion between separation distance and absorption efficiency: the 1 nm separation
distance yields larger absorption efficiency than larger separation distances. For particles 1 nm in separation,
there is a secondary absorption peak at 380 nm. The difference at 380 nm between a separation distance of 1
and 10 nm is 33%.
3.1.3. Gold and silver on glass

In the presence of a gold particle, the silver absorption peak shifts from 340 to 350 nm, and is 10 times the
magnitude of that gold particle. Gold also experiences a change in absorption peaks. In the presence of a silver
particle, a gold particle experiences two absorption peaks, at 340 and 490 nm. A silver particle does not affect
the magnitude of absorption for a gold particle. The presence of a gold particle has a more dramatic effect on a
silver particle, decreasing the magnitude of absorption by a factor of 10. These results are depicted in Fig. 3(a).
Fig. 1. Absorption (Cabs) of gold (a) and silver (b) particles on glass versus wavelength. The absorption is shown as particle separation

increases from 1 to 10 nm.
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3.2. Absorption by gold and silver particles on a silver surface

3.2.1. Gold and gold on silver

The 10 nm gold particles experience peak absorption at 465 nm on a 20 nm thin silver film. This peak does
not shift as a function of separation distance between two same-size particles (see Fig. 2(a)). As particles
separate, the absorption shows no significant magnitude change (less than 1%). Gold particles are almost 40
times less responsive on silver than on a glass substrate.

3.2.2. Silver and silver on silver

As they separate in distance, there is no shift of resonance peak for silver particles on a thin silver substrate.
They experience a peak resonance at 490 nm and a secondary peak at 280 nm, as seen in Fig. 3(b). Smaller
separation distance yields slightly lower absorption (about 3.5%). Silver is almost 50 times less responsive on a
silver film compared to glass substrate.

3.2.3. Gold and silver on silver

On a silver substrate and in the presence of a silver particle, gold has an absorption peak at 460 nm.
Likewise, the peak resonance for a silver particle on a silver substrate changes in the presence of gold to
480 nm. These results are depicted in Fig. 3(b). The absorption decreases with decreasing distance between
particles. Gold particles show about 30% increase in absorption range if they are near a silver particle rather
Fig. 2. Absorption (Cabs) of gold (a) and silver (b) particles on silver substrate versus wavelength. The absorption is shown as particle

separation increases from 1 to 10 nm.

Fig. 3. Absorption (Cabs) of gold and silver particles on glass (a) and on silver substrate (b) versus wavelength.
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than a gold particle. Silver experiences a 25% increase in absorption. Gold’s absorption is about 10 times
larger than that of silver.

3.3. General remarks

The absorption peak results are in good agreement with the available data. For silver particles on glass,
which have an absorption peak at 340 nm, our findings concur with the results from Kottman and Martin [23]
and Zou et al. [28]. Kottman and Martin determined the absorption for 20–50 nm silver nanowires, which are
approximated in our simulations as infinite cylinders. Equally, the gold particles on a glass surface are in good
agreement with experimental results [29]. The results are also in agreement with the literature for silver
particles on a silver surface. The data from Zou et al. [28] indicates that the red-shifting that occurs with
introduction of a second silver particle, similar to what we have seen. The confirmation of our predictions with
the published results lends credence to our simulations, the examination of silver and gold, and gold on a thin
silver film. Our results form what we believe to be an accurate theoretical framework for experimental design.

4. Summary

We presented a series of computer simulations of 10 nm particles optically excited at their SPR. These
simulations, carried out with COMSOLr Multiphysics code, are focused on gold and silver nanocylinders,
resting either on a thin metallic film or on a glass surface. Simulations indicated a significant interaction
between particles at a distance smaller than the dominant diameter. The results demonstrated that absorption
depends significantly on both particle separation and substrate material. With precise conditions needed to
raise the energy of the particle to its melting point, the development of a highly selective fusing process at the
nanoscale does appear possible. This study also underlines the importance of computational radiation transfer
research based on the solution of Maxwell equations for the successful implementation of novel
nanomachining processes.
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