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Abstract.  The optical properties of gold nanoparticle clusters are 
presented from the point of view of their applications in biophotonics, 
where the absorption and scattering spectra are crucial. Generalised 
multiparticle Mie theory and finite difference time domain (FDTD) 
technique are used for theoretical description of the far- and near-
field optical properties of two dimensional nanoparticle ensembles. 
The system under consideration consists of spherical gold nanopar-
ticles from 20 to 200 nm in diameter, forming 2D clusters in water. 
The properties of the far-field absorption and scattering spectra as 
a function of the cluster size, particle dimensions, and interparticle 
distance are investigated for ordered hexagonal structure of the 
particle arrays. It is found that the absorption efficiency can be shifted 
to the IR spectral range by increasing array size and decreasing 
interparticle distance. The increase in the array size also results 
in enhancement of the scattering efficiency while the absorption is 
reduced. The near-field intensity distribution is inhomogeneous over 
the array, as formation of zones with intensity enhancement of about 
two orders of magnitude is observed in specific areas. The optical 
properties of an ensemble whose configuration is reproduced from 
real experiments of gold nanoparticle deposition onto cancer cells 
are also presented. The results obtained can be used in designing of 
nanoparticle arrays with applications in biophotonics, bioimaging 
and photothermal therapy. 

Keywords: gold nanoparticle ensembles, optical properties, plasmon 
excitation.

1. Introduction

Recent progress in fabrication and manipulation of nanopar-
ticles accelerates the research activities in development of reli-
able description of their unique properties and designing new 
applications [1]. Most of these applications relay on the spe-
cific properties of the interaction between nanoparticles and 
the electromagnetic field. For noble metal nanoparticles this 
interaction is related to the ability of efficient plasmon excita-

tion in these structures which drastically changes their optical 
properties [2, 3]. For these metals the resonance frequency is 
in the near-UV – VIS spectral range where commercially 
available laser systems work. Under resonance conditions the 
absorption and scattering coefficients are strongly enhanced 
and the values can be more than several orders of magnitude 
higher compared to organic dyes used in photothermal and 
photodynamic therapy [4]. The plasmon excitation also 
results in specific properties of the electromagnetic field in the 
close vicinity of nanoparticles [5]. The field intensity can be 
strongly enhanced in so-called ‘hot spots’ that have character-
istic size defined by the particle dimensions. Thus, the diffrac-
tion limit imposed on conventional optics can be overcome 
and light intensity localisation at dimensions smaller com-
pared to the wavelength of the incident irradiation is possible. 

The theoretical and experimental studies on the properties 
of noble metal nanoparticles [2, 3, 6] show that they can be effi-
ciently modified since the plasmon resonance frequency depends 
on the size, shape, and orientation of the particle with respect 
to the polarisation of the incident irradiation, dielectric properties 
of the environment, geometry of the irradiation. These prop-
erties found applications in biological applications where noble 
metal nanoparticles are used in targeted drug delivery [7] and 
bioimaging [4]. The enhanced absorption of a nanoparticle 
under resonance conditions can also lead to its strong heating 
that will result in triggering of irreversible chemical effects, 
protein denaturation or bubble formation in the biomaterial 
in its vicinity. Since the size of cells and their organelles falls 
in the micron and submicron scale the application of nanopar-
ticles can allow strong localisation of the processing area even 
within the cell. Furthermore, by changing such particle prop-
erties as shape, size, and structure, the resonance frequency 
can be shifted to the transparency window of the tissue [8, 9] 
and only area in close vicinity of the nanoparticle can be affected. 
The near-field intensity enhancement in the vicinity of nano
particles is the basis of surface enhanced Raman spectroscopy 
(SERS) that is capable of detecting even a single molecule [10]. 

The unique properties of nanoparticles are even more 
exciting when 2 and 3-dimensional ensembles are considered 
[6, 11]. In such structures the optical spectra have a more 
complex structure that results from electromagnetic coupling of 
neighbouring particles [12 – 15]. When the interparticle distance 
is less than the particle diameter, near-field coupling is realised 
and the field intensity is strongly localised in the gap between 
particles. This effect also induces a shift of the resonance fre-
quency with respect to the single particle case. For particles 
largely separated from each other, the far-field coupling is 
realised as it is influenced by the interference of the scattered 
light from neighbouring particles. In contrast to the single 
particle, the spectra of nanoparticle ensembles can be more 
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efficiently modified and tuned by changing the interparticle 
distance and orientation of the array with respect to the 
polarisation of the incident irradiation. These properties are 
used in designing of active substrates in SERS applications 
and photothermal therapy of cancer cells [9, 15]. In the latter 
case it is found that using of nanoparticle aggregates signi
ficantly reduces the cancer cell killing threshold and a pro-
nounced increase in the treatment efficiency is observed. 

In this paper we focus our attention on the optical spectra 
of noble metal nanoparticle ensembles, and their dependences 
on different characteristics – particle size, interparticle distance, 
shape of the system. The distribution of the electromagnetic 
field in the vicinity of the arrays is also shown. Although these 
properties has been an object of interest for decades, the 
applications, especially in the field of biophotonics, still need 
a detailed description in terms of particular shape, size and 
environment of the nanoparticle systems. As an example 
we  show optical properties of a nanoparticle system that is 
observed in cancer cells in experiments on photothermal ther-
apy. In our analysis we also include near-field properties of a 
nanoparticle array which usually are not considered when it 
comes to their applications in biophotonics. The results of this 
study show some efficient parameters for optical properties 
manipulation and can be used in designing applications in bio-
photonics and SERS. In these applications the position of the 
plasmon resonance band and respectively the optimal absorp-
tion and scattering wavelengths are of crucial importance. 

2. Theoretical model

The optical properties of 2D arrays are described in terms of 
normalised efficiencies (Qext,sca,abs) that are given by the extinc-
tion, scattering or absorption cross section divided by the 
geometrical cross section of the array. The cross sections are 
calculated on the basis of the GMM (generalised multiparticle 
Mie) approach [16]. The input data for the GMM code are the 
coordinates of the centre of each particle and its radius. The 
simulated system assumed in this study consists of gold nano
particle arrays with particles having a diameter of 20, 40 or 
100 nm in water. This system is used to mimic the real case of 
gold nanoparticle in biomaterial environment, since water 
makes up a significant portion of most soft tissues and is 
often used as convenient modelling system [17]. The incident 
radiation is not polarised and its wave vector is directed per-
pendicularly to the nanoparticle array plane.

The FDTD simulation model is applied to study the near-
field properties around the irradiated nanoparticles. This 
computational technique, based on the numerical solution of 
Maxwell’s equations [18] is proven to give an adequate pic-
ture of the electromagnetic field distribution in the near- and 
far-fields around structures with arbitrary shapes [19]. In the 
simulations a plane wave irradiates gold particles. The electric 
field strength of the incident irradiation is set at 1 V m–1. The 
optical properties (dielectric function) of the investigated sub-
strate materials are introduced in the model by using data 
taken from Refs [20, 21]. All calculations are performed with 
the assumption that the surrounding medium is water at 20 °C 
and the wavelength-independent refractive index nmed is taken 
equal to 1.333.

3. Results and discussion

The analysis of the optical properties of nanoparticle systems 
is focused on the influence of the array size (number of particles), 

particle dimensions, interparticle distance, and the shape of 
the array. The studied system has a hexagonal arrangement 
of the particles since this structure is usually obtained in self-
assembly deposition. Figure 1 shows the absorption spectra 
of gold nanoparticle arrays composed of different number of 
particles with a diameter of 20, 40, and 100 nm. The spectra 
for a single particle are also presented. The increase in the 
particle number results in a widening of the absorption band 
for all particle diameters. The enlargement of the array size 
also results in a shit of the absorption peaks to longer wave-
lengths as their intensity decreases. For a system composed of 
particles with a diameter of 20 nm, the absorption efficiency 
value exceeds the single particle one for arrays with size up 
to 4 ́  4. For the larger structures (8 ́  8 and 10 ́  10) the peak 
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Figure 1.  Absorption efficiency spectra of gold nanoparticle arrays com
posed of different number of particles with a diameter of (a) 20, (b) 40, 
and (c) 100 nm. The spectra for a single particle are also presented.
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intensity is comparable to the single particle case; however, 
the absorption band wing is expanded into IR region to wave-
length of about 1000 nm. The arrays composed of nanoparticles 
with larger diameters demonstrate a well pronounced decrease 
in the absorption efficiency which is lower than the single par-
ticle case even at size of 2 ́  2 particles. For systems composed 
of 40-nm particles a pronounced absorption efficiency is 
observed in the spectral range between 800 and 1000 nm and 
its peak values at 8 ́  8 and 10 ́  10 are maximal compared to 
the case of 20- and 100-nm particle systems. In the case of a 
100-nm particle size, the single particle ensures the maximal 
absorption efficiency, as it rapidly decreases with increasing 
particle number in the array. For 4 ́  4 and 6 ́  6 systems the 
peaks in absorption efficiency are observed at 1050 nm.

For multiparticle systems the optical spectra consist of 
peaks related to excitation of different plasmon modes in a 
single particle within the array as well as to collective excita-
tions. Figure 2 shows the absorption efficiency spectra of two 
nanoparticle chains composed of 4 and 9 touching gold nano
particles with a diameter of 20 nm. This structure exhibits two 
main maxima in the absorption spectrum. The short-wave-
length maximum corresponds to plasmon resonance of parti-
cles excited by the electric field component perpendicular to 
the chain long axis. The position of this maximum does not 
depend on the length of the chain, and it shows a weak depen-
dence on the particle size. The long-wavelength maximum is 
related to plasmon excitation along the nanoparticle chain. 
Its resonance position is strongly dependent on the chain length. 
Our simulations show that the long-wavelength maxima in 
the absorption spectra are red shifted and the absorption effi-
ciency increases with increasing particle number within the 
chain. Compared to the other arrays, this structure offers more 
efficient tuning of the resonance wavelength by changing the 
number of nanoparticles. 

Another parameter that influences the optical properties 
of nanoparticle arrays is interparticle distance. Due to the 
evanescent nature of the near electromagnetic field, the near-
field coupling between neighbouring particles is realised only at 
distances in the range of particle dimensions. Figure 3 repre-
sents the absorption efficiency spectra of 4 ́  4 nanoparticle 
arrays with a particle diameter of 40 nm for different interpar-
ticle distances. In all cases the maximal value is lower com-
pared to the case of a single particle. With an increase in the 
interparticle distance the plasmon band shifts to the shorter 

wavelengths as at distances larger than 30 nm the position of 
the maximum coincides with that of an isolated particle. 

The absorption spectra discussed up to now can be a basis 
for designing optimal conditions for photothermal therapy 
based on laser heating of gold nanoparticles. In other applica-
tions, for example bioimaging, the scattering properties are most 
important. For a single particle case at small particle size, 
where phase retardation and excitation of higher multipoles 
are negligible, the optical response is dominated by dipole 
absorption [2]. With an increase in the particle dimensions the 
contribution of scattering increases and at sizes above few 
tens of nanometers it dominates the optical spectra and gives 
the main contribution to the overall extinction. A similar effect 
is observed also for nanoparticle ensembles with different size. 
An example is shown in Fig. 4 where optical properties of two 
nanoparticle arrays composed of 2 ́  2 and 4 ́  4 nanoparticles 
with diameters of 40 nm are presented. For a smaller struc-
ture the magnitude of the absorption maximum at 620 nm 
exceeds the scattering one by more than 2 times. For a bigger 
array the scattering dominates over the absorption as the 
maximum in the scattering spectra is red shifted with respect 
to absorption. 

Recent studies of the interaction of the electromagnetic 
field and noble metal nanoparticles show [5, 22] that the 
near‑field intensity in the particle vicinity can be efficiently 
enhanced to values that may induce even a permanent modi-
fication in the neighbouring medium. This effect may be 
important in biophotonic applications where nanoparticles 
can be deposited on a cell membrane or enter the cells and due 
to field enhancement to induce or accelerate different photo- 
and biochemical reactions. Figure 5 shows the distribution of 
the electric field intensity in the vicinity of a nanoparticle 
array composed of particles with diameters of 100 nm. The 
incident irradiation is assumed to be a circularly polarised 
plane wave at l = 532 nm. The near-field intensity distribu-
tions in a plane under the array and in a plane through a chain 
from the array are presented. It is seen that the field intensity 
is strongly enhanced in zones located in the gaps between the 
particles. There the intensity is about two orders of magnitude 
higher compared to the incident one. Under the arrays the 
enhancement is lower (about 5).

The near-field properties on a nanoparticle array depend 
on the environmental dielectric properties. In the vicinity of the 
contact point the near-field intensity distribution is governed 
by the interaction with the image charges induced in the envi-
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Figure 2.  Absorption efficiency spectra of nanoparticle chains composed 
of 4 and 9 gold nanoparticles 20 nm in diameter.
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ronment. A study in this direction could be related to applica-
tion of nanoparticles in sensing and processing. Figure 6 shows 
the results of FDTD simulation in a complex geometry. The 
system under consideration here consists of 100-nm Au nano
particles deposited on a dielectric substrate with a dielectric 
constant es. On the top of the array is deposited a dielectric 
material with a dielectric constant em. The distribution of the 
electric field intensity is shown for two cases: es > em = es /2 
and es < em = 2es. It is seen that in the first case the zones with 
the maximal intensity are localised in the vicinity of the con-
tact points of the particles with the substrate. In this case the 
maximal value of the intensity is about two times higher com-
pared to that in contact points of the particles and the mate-
rial deposited on the top. When the material on the top of the 
array has a higher value of the dielectric constant than the 
substrate, the hot spots are located on the top of the array. 
This localisation is important since it is shown that the near-
field intensity enhancement at these points can induce perma-
nent modification of material located in close vicinity of the 
particles [5]. 

The ordered structures shown above are used to study the 
main dependences of the nanoparticle optical properties on 
different array characteristics. If no special conditions are taken 
into account, the nanoparticles deposited from colloids form 
structures of arbitrary shape. Figure 7 shows a TEM image of 
a slice of HeLa tumour cell with deposited gold nanoparticles 
40 nm in diameter. The sample is prepared from the cell line 
(HeLa) cultured in a medium supplemented with 10 % fetal 
bovine serum, 100 u mL–1 penicillin and 0.1 mg mL–1 strepto-
mycin. Cells are maintained in a log growth phase at 37 °C in a 
humidified air with 5 % CO2. After incubation overnight the cells 
are mixed with gold nanoparticle colloid (BBInternational) 
with a particle diameter of 40 nm. More details on the sample 
preparation can be found in [23]. The nanoparticles shown in 
the inset Fig. 7 are arranged randomly and present a typical 
configuration observed when HeLa cells are mixed with nano
particle colloids. Figure 7 presents the theoretical extinction, 
absorption and scattering spectra of this structure. It is seen 
that the maximal absorption for the array is at approximately 
600 nm. The scattering efficiency maximum is red shifted and 
its magnitude is lower compared to the absorption one. 
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Figure 4.  Extinction, absorption and scattering efficiency spectra of 
nanoparticle arrays composed of 2 ́  2 and 4 ́  4 nanoparticles 40 nm in 
diameter.
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Figure 5.  FDTD results of the distribution of the electric field intensity 
E in the vicinity of nanoparticle array composed of 18 particles 100 nm in 
diameter. The incident irradiation is assumed to be a circularly polarised 
plane wave at l = 532 nm. The near-field intensity distributions in a plane 
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Figure 6.  Near-field intensity distribution in the vicinity of an array of 
Au nanoparticles with a radius of 100 nm deposited on a dielectric sub-
strate with a dielectric constant es. On the top of the array is deposited a 
dielectric material with the dielectric constant em. The distribution of the 
electric field intensity is shown for (a) es > em = es/2 and (b) es < em = 2es.
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4. Conclusions

Theoretical calculations of the optical properties of gold nano
particle ensembles are performed on the basis of the gener-
alised multiparticle Mie approach and FDTD technique. The 
far- and near-field properties show specific features that can 
be influenced more efficiently by the system characteristics 
compared to the case of a single particle. The absorption effi-
ciency can be shifted to the IR spectrum range by increasing 
array size and decreasing interparticle distance. Elongated 
structures (for example, nanoparticle chain) demonstrate the 
most efficient shift of the absorption maximum to the IR 
region. With increasing array size the scattering dominates 
over the absorption as the scattering maximum is red shifted 
with respect to absorption one. For closely packed array the 
zones with the maximal field intensity are formed in the gaps 
between particles. In these hot spots the field intensity is 
enhanced by two orders of magnitude. The formation and 
characteristics of these zones depend on the dielectric proper-
ties of the environment. Such an analysis is shown for a com-
plex system consisting of nanoparticle on a substrate and 
material on the top of the nanoparticles. The obtained results 
can be used in designing systems for applications in biopho-
tonics such as photothermal therapy and bioimaging and in 
fabrications of SERS substrates. 
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Figure 7.  Calculated optical spectra of an ensemble of nanoparticles. 
The inset shows the TEM image of a slice of the HeLa tumour cell with 
deposited gold nanoparticles 40 nm in diameter. 


