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Abstract 

Assemblies of closely separated gold nanoparticles exhibit a strong collective plasmonic response due to 

coupling of the plasmon modes of the individual nanostructures. In the context of self-assembly of 

nanoparticles, closed packed 2D clusters of spherical nanoparticles present an important composite system 

that promises numerous applications. The present study probes the collective plasmonic characteristics and 

resulting photothermal behavior of closed packed 2D Au nanoparticle clusters in order to delineate the 

effects of cluster size, inter-particle distance and particle size. Smaller nanoparticles (20 nm and 40 nm in 

diameter) that exhibit low individual scattering and high absorption were considered for their relevance to 

photothermal applications. In contrast to typical literature studies, the present study compares the optical 

response of clusters of different sizes ranging from a single nanoparticle up to large assemblies of 61 

nanoparticles. Increasing the cluster size induces significant changes to the spectral position and opto-

physical characteristics. Based on the model outcome, an optimal cluster size for maximum absorption per 

nanoparticle is also determined for enhanced photothermal effects. The effect of particle size and inter-

particle distance is investigated in order to elucidate the nature of interaction in terms of near-field and far-

field coupling. The photothermal effect resulting from absorption is compared for different cluster sizes 

and inter-particle distances considering a homogeneous water medium. A strong dependence of the steady 

state temperature of the nanoparticles on the cluster size, particle position in the cluster, incident light 



 

polarization and inter-particle distance provides new physical insight in local temperature control of 

plasmonic nanostructures. 

1. Introduction 

Localized surface plasmon resonance (LSPR) in  metal nanoparticles under the influence of an oscillating 

electric field results in strong enhancement of this field in the direct vicinity of the nanoparticle and hence, 

tight optical confinement beyond the diffraction limits.1 Be it concentration of light, spectral characteristics 

or thermal dissipation, various aspects of  plasmonics have gained significant scientific attention for their 

application in different areas such as photocatalysis,2 - 4 sensing,5 solar energy devices,6 imaging,7 etc.8 - 

10Apart from the optical properties of the material, since the plasmonic behavior of a nanostructure is also 

strongly influenced by the size and geometrical aspects, design and development of novel plasmonic 

nanostructures is a primary theme of current plasmonic research.11 - 13 

One structural aspect that has gained a lot of attention is the collective plasmonic behavior of 

nanoparticle/nanostructure assemblies.14, 15 Interaction among the plasmon modes of individual 

components of a composite nanostructure gives rise to interesting optical characteristics such as higher 

order modes, magnetic resonance16 and fano resonance17 that are promising for various applications.18, 19 

For instance, fano resonance can be useful in chemical and biological sensing, electro-optics, switching, 

etc.20 Thus, considerable efforts have been devoted towards the understanding and fabrication of such 

composite nanostructures. 21 - 24 Obviously, the discussion on collective plasmonic behavior starts with 

simple dimers for which many past studies have shed light on relevant aspects such as the polarization 

dependence, near-field enhancement, spectral shift, and the effect of inter-particle distance.25 - 28Apart from 

the classical electromagnetic field theory, the analogy of molecular hybridization theories with the 

interaction of plasmon modes has yielded an alternative approach to explain the collective plasmonic 

behavior of composite nanostructures.29, 30 Importantly, the spectral red shift and the significant 

enhancement of the near-field between the particles are striking features of dimers. As one adds more 

nanoparticles to a linear arrangement, the red shift gets stronger with increasing chain length.31, 32 On the 



 

other hand, it is interesting to note that an equilateral 2D arrangement of three nanoparticles exhibits little 

dependence on the in-plane polarization angle of incident light. This planer symmetry is even further 

extended to 3D isotropy for 3D symmetric tetramers. One important aspect of many particle systems is the 

interaction among the radiative modes that results in constructive and destructive interference often 

indicated by the Fano-like characteristic dip in the scattering spectra. In the discussion of nanoparticle 

clusters, an obvious question arises regarding the infinity limit beyond which the cluster size becomes 

insignificant. The formalism given by Modinos et al. for the estimation of the optical response of infinite 

nanoparticle arrays is based on the methods developed in relation to electron scattering by two-dimensional 

atomic layers.33-35 The estimated optical spectra from this formulation have been shown to agree reasonably 

well with the experimental spectra for gold nanoparticle lattices. An alternative approach is the Korringa–

Kohn–Rostoker (KKR) method which has been demonstrated as a robust approach for electromagnetic 

waves in a periodic dielectric medium in their full complexity.36, 37 Zundel and Manjavacas discussed the 

infinity limit for large 100 nm nanoparticles arranged in a square array, a system with strong far-field 

coupling.38 It is expected that this limit should be dependent on the nanostructure size, geometry and 

arrangement.  

For the fabrication of nanoparticle/nanostructure oligomers, techniques like e-beam lithography or ion beam 

milling are widely used due to their high controllability.39, 40 However, these techniques are expensive and 

inefficient at small dimensions. On the other hand, formation of nanoparticle clusters with precise 

dimensions by self-assembly techniques is a challenging task and an important area of investigation.41 - 44 

The thermo-plasmonic effect and resulting phenomena such as plasmo-fluidic convection, phase transition, 

vapor generation, etc., in nanoparticles and nanoparticle arrays have gained considerable attention over the 

years.45 - 53 In view of the immense possibilities and rapid advances in the area of nanostructure design and 

applications, promising research avenues are continuously emerging.  

Pertaining to self-assembled structures, plasmonic response of clusters of small (<50 nm) nanoparticles is 

an important unexplored aspect of investigation as such systems promise many applications. Particularly 



 

due to low scattering and high absorption, small nanoparticle systems are very relevant to photothermal 

applications. Based on rigorous validation of the numerical methods used, this study sheds light on 

collective plasmonic behavior and resulting photothermal effects in 2D closed packed nanoparticle clusters 

of small (20 and 40 nm in diameter) Au nanoparticles. Clusters of varying size and inter-particle distance 

were considered in order to delineate the effect of these structural aspects on the collective plasmonic 

behavior. Apart from the optical response, the steady state temperatures of the nanoparticles in water 

medium were calculated in order to evaluate the photothermal characteristics of these clusters. Our 

simulations show a strong dependence of the collective resonance on the structural parameters of the cluster. 

This results in an interesting optical response and associated photothermal effects. These insights will be 

valuable in the development of plasmonic nanostructures for a myriad of applications. 

2. Problem specification and numerical methodology 

The present study involves electromagnetic simulations of closed packed 2D assemblies of Au 

nanoparticles with varying number of nanoparticles and inter-particle distance (Figure 1). A Finite 

Element Modeling (FEM) based numerical framework in COMSOL Multiphysics was used to 

numerically solve the frequency domain form of Maxwell’s equations (eq. 1):    

                                                                                              (eq. 1)                                                                                           

Where µr, εr, and σ are material properties namely relative permeability, relative permittivity and electrical 

conductivity respectively. Eq. 1 is solved numerically in the entire computational domain for the scattered 

electric field, Esc. The scattered electric/magnetic fields, Esc/Hsc superposed with the incident 

electric/magnetic fields, Einc/Hinc forms the total field E/H. A spherical computational domain with a 

perfectly matched layer was implemented. The optical constants for Au were taken from Johnson and 

Christy.54 An adjacent substrate with a higher refractive index induces a relatively weak spectral shift. This 

effect is stronger for greater contact between the nanoparticle and the substrate.55, 56 Although the effect of 

the substrate can be an important aspect to consider, its inclusion in the model entails greater consumption 
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of computational resources since the background electric field in absence of the nanostructure has to be 

first evaluated before solving for the scattered field in presence of the nanostructure.57 In view of the 

complexity of the structures considered herein, the substrate effect is excluded in order to optimize the 

computational resources while limiting the validity of the present results to low reflecting substrates. Thus, 

the problem simplifies to solving for the scattered field in a homogeneous medium in the presence of a 

plane polarized incident electric field. The minimum inter-particle distance considered in this study is 1 nm 

for which quantum tunneling effects can be neglected.58 The computational domain was discretized with 

tetrahedral elements in the physical domain i.e., the nanoparticles and the surrounding medium. While the 

perfectly matched layer was discretized by prismatic elements.                                                                                                   

 

 

Figure 1. Schematic representation of (a) nanoparticle 2D nanoparticle cluster irradiated with plane polarizd 

electromagnetic wave, (b) top view of nanoparticle cluster with hexagonal yellow boundaries defining different cluster 

sizes considered. The yellow boundaries starting from the outermost one define clusters of 61, 37, 19, 9 and single 

nanoparticle respectively. (c) A cluster of 19 nanoparticles with the definition of inter-particle distance d. 

The optical cross sections were obtained from the scattered field solution. Absorption and scattering cross 

sections for a nanoparticle can be defined as: 



 

                                                                                                                                            (eq. 2) 

                                                                                                                                               (eq. 3) 

Where and are energy absorbed and scattered per unit time by the nanoparticle respectively, and 

I is the intensity of incident light. 

                                                                                                                                   (eq. 4) 

Where denotes the propagation direction of the incident light wave. The power absorbed and scattered in 

eq. 2 is obtained from the numerical solution as follows: 

                                                                                (eq. 5) 

                                                                                                              (eq. 6) 

Where, D and the superscript * denote displacement currents and complex conjugate respectively. In eq. 5, 

the integration is throughout the volume of the nanoparticle and in eq. 6 the surface integral is over the 

surface of the nanoparticle. These computations were carried out using built-in functions of COMSOL 

Multiphysics. 

The heat transfer analysis was carried out by numerically solving the steady state form of heat equation: 

                                                                                                                (eq. 7) 

Here, T and U are temperature and velocity vector respectively. While, k, ρ, and Cp are the local properties 

namely, thermal conductivity, density and heat capacity. The local heat generated per unit time or the power 

per unit volume as a function of position is represented by q which is directly obtained from . Due to 

extremely small length scale of the nanoparticle clusters, also implying an extremely small Grashof number, 
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the convective contribution to heat transfer can be neglected and the left-hand side term in eq. 7 can be 

removed. Thus, the problem conveniently simplifies to solving the conduction equation in a suitably large 

domain that imitates an infinite medium. The thermophysical properties of Au and water are taken from 

Chen et al.10 Considering the strong variation of the thermal conductivity of Au as a function of the 

thickness of the film used for measurement, the temperatures for k = 110 W/m.K and k = 317 W/m.K were 

compared to show that the variability of the thermal conductivity has little effect on the steady state 

temperature profile (Table S1 and Figure S3). Since the thermal conductivity of water is significantly low 

as compared to Au, this variability does not impact the conductive heat transfer characteristics. From 

dimensional considerations, for both the values of k, the value of the Biot number is very low implying that 

lump capacitance approximation is valid for both the cases.59 

3. Results and discussion 

The reliability of the present computational method is established upon previous literature that has shown 

good agreement between COMSOL Multiphysics numerical solutions, analytical solutions, as well as with 

experimental results.60, 61 Even for more complex nanostructures, good agreement between the 

computational method and experimental data has been obtained. 40, 62, 8 For the present work, Figure S1 and 

S2 illustrate the validation of the numerical models used in this study by comparing them to existing 

numerical as well as experimental results, as discussed in section 3.1.62, 58 Since the photothermal effect is 

a direct consequence of the optical characteristics of the nanostructures considered, the optical behavior is 

discussed in detail in sections 3.2 and 3.3, followed by the discussion on the resulting thermal effects in 

section 3.4. 

3.1 Model validation 

Reproduction of the results by Fan et al.62 and Barrow et al.58 are useful as their experimental results for 

Au nano-shell heptamers and nanoparticle trimers, respectively, are in excellent agreement with numerical 

results (Figure S1). Fan et al. also showed experimentally that the effect of a silica substrate on the nano-



 

shell heptamer is weak. Despite using the same numerical framework, the minor deviation of present results 

from the numerical results of Barrow et al. can be attributed to the mesh quality, PML or domain size. 

Nonetheless, the spectral features are in complete agreement. Importantly, the agreement between 

experimental and theoretical results from classical electromagnetic theory when the inter-particle gap is as 

small as 0.5 to 1 nm validates the exclusion of tunneling effects. Additionally, the results reported by Baffou 

et al. for an array of 15 nanospheres were also compared with present results to compare BEM and FEM 

based computations (Figure S2). At this point, it is concluded that the model built in COMSOL 

Multiphysics is successful in reproducing various sets of experimental and numerical data from literature, 

and will from hereon be used to study clustering effects in more detail. 

As even small clusters with 3 equilaterally placed nanoparticles exhibit polarization independence for in-

plane polarized incident light, it is naturally expected that bigger clusters will also exhibit similar planar 

isotropy and the results in Figure 2(a) illustrate this for a 37 nanoparticle cluster. To understand this 

polarization independence i.e. axial symmetry, it is more convenient to work with a simple system like an 

equilateral trimer for which, using plasmon hybridization theory, nine hybrid plasmon modes (or Eigen 

modes) can be derived.22,63 The excitable planar modes for an equilateral trimer are a symmetric linear 

combination of individual plasmon modes, meaning, plasmons mix into each other with the same 

symmetries that they exhibit at infinite separation.64 Thus, the symmetry in a larger cluster can be explained 

following the same principle. However, such an analysis for a 37 nanoparticle cluster would be much more 

complicated. Figure 2(b) shows for the same cluster that the system also has 2-fold symmetry in terms of 

individual optical spectra about the dotted axes shown in the diagram in the inset, due to which the 

individual spectra of corresponding nanoparticles from each quarter coincide completely. Thus, the cluster 

can be divided into four equal sections equivalent to one another. Figure S4 presents the absorption spectra 

of individual nanoparticles in a 61 nanoparticle cluster. It is clear from both Figure S4 and Figure 2 that the 

absorption spectra for individual nanoparticles vary strongly with the position in the cluster, implying that 



 

similar position dependence of the photothermal effects can also be expected. This aspect is discussed 

further in the later sections of this study addressing the near-field and thermal effects. 

 

 

Figure 2. (a) Effect of in-plane polarization angle of incident light on the total absorption cross section (b) Comparison 

of absorption cross section of individual nanoparticles to show the 2-fold symmetry for polarization angle 0o. 

3.2 Effect of cluster size for strongly interacting nanoparticles 

In order to delineate the effect of cluster size, spectra for closed packed nanoparticle clusters were compared 

by varying the number of nanospheres from 1 to 61. Since the individual radiative damping is very small 

for 20 nm nanoparticles, the inter-particle distance considered was 1 nm so that there is strong interaction 

among the near-fields of individual nanoparticle. As apparent from Figure 3, the LSPR is red shifting for 

both absorption and scattering spectra with increasing number of nanoparticles. While increasing the 

number of particles will increase the total optical intensity, from an efficiency perspective it is more 

important to quantify the intensity as the average intensity per particle. Thus, the comparison in Figure 3 is 

shown in terms of average absorption and scattering cross section per nanoparticle. It is rather intuitive to 

expect that in the limit of an infinite number of nanoparticles, the average optical cross section per 

nanoparticle will remain unchanged upon further expansion of the cluster. This is quite clear for the average 



 

absorption cross section while varying the cluster size from 1 to 61 nanoparticles in Figure 3. It is worth 

emphasizing that in the infinity limit, it is the average optical intensity, absorption or scattering, that 

remains constant upon addition of nanoparticles. Although the average scattering cross section continually 

increases till 61 nanoparticles, the rate of increase becomes smaller implying that at a certain number it will 

reach a plateau value after which the average scattering cross section per nanoparticles in the cluster remains 

constant. Thus, the optimal cluster size is not the same for absorption and scattering. Interestingly, 20 nm 

nanospheres have a significantly large average scattering cross section per particle in the cluster in contrast 

to their diminishingly small scattering cross section when isolated (Figure 3b). Since an isolated 20 nm 

nanoparticle is essentially “non-scattering”, this enhancement in scattering can be attributed to near-field 

coupling of the nanoparticles.15, 65 If the collective optical response of the nanoparticles in a cluster is due 

to the interaction of near-fields, the cluster can behave like a single entity bridged together by inter-

connected near-fields (see further, Figure 7). Since the radiative modes of individual particles become 

strong in a cluster, the coupling of these strengthened radiative modes is also possible. Thus, the collective 

response is a correlative effect of near-field and far-field interactions. However, the relative strength of 

these two interaction modes is an important aspect discussed later in this work, Figure 5, 6 and 7. Another 

interesting way to view this collective behavior is a hybridized plasmon mode of constituent individual 

plasmon modes analogous to a molecular orbital from the hybridization of individual atomic orbitals in 

molecular orbital theory.29, 66, 67 Interestingly, akin to the red-shift of optical cross sections with increasing 

size for an isolated nanostructure, the collective optical spectra for clusters also red-shift with increasing 

cluster size. Also, the scattering is greatly enhanced for bigger clusters. An important feature of a 

nanoparticle cluster is that as the cluster size increases, even to the macro-scale, the localized plasmons 

remain intact. In contrast, a single nanoparticle is known to lose its optical properties derived from localized 

surface plasmon resonance if the size increases beyond a certain point, as the localized plasmons give way 

to bulk plasmons. The LSPR wavelength vs. number of nanoparticles in the cluster is plotted in Figure 4 

and clearly evidences that the red shift tends to become weaker and weaker with increasing cluster size. 

Thus, after a certain limit, there will not be any red-shift upon addition of more nanoparticles implying that 



 

the infinite limit is reached. While extending the present numerical model to find this infinite limit is a 

coveted aspect, the increase in the required computational power with increasing cluster size unfortunately 

limits this endeavor. Thus, the use of the theoretical formalisms of Modinos et al. or the KKR method could 

be practical alternative strategies in this regard.33-37 The coupled dipole method is an effective approach to 

tackle this problem, but it is based on assumptions that significantly simplify the model.38,68 Use of a 

theoretical formalism for infinite arrays of nanoparticle remains as an important objective of our future 

research. 

 

Figure 3. (a) Average absorption cross section per nanoparticle (b) average scattering cross section per nanoparticle 

for varying cluster size with inter-particle gap of 1 nm. 



 

 

Figure 4. Absorption and scattering spectral peak wavelength variation with number of nanoparticles in the cluster. 

3.3 Effect of inter-particle gap and particle size 

As discussed above, Figure 3  (a) and (b) show that the absorption per particle increases (then decreases) 

with cluster size and otherwise non-radiative 20 nm nanoparticles have significant ‘per particle’ average 

scattering cross sections when they are clustered together. To further understand the nature of this 

interaction, it is instructive to study the effect of inter-particle distance in a cluster with particles with 

different individual scattering power. 

To start with, the effect of inter-particle distance was studied for a 19 nanoparticle cluster, as it has been 

shown for 20 nm nanoparticles that the average absorption cross section per nanoparticle is the highest in 

that case. In Figure 5 (a) and (b), both absorption and scattering spectra red-shift with increasing intensity 

as the inter-particle distance decreases. These trends are consistent with the hypothesis that the inter-particle 

interaction happens primarily through overlapping near-fields as the spectral features are intact. Thus, with 

decreasing gap, the cluster tends to show a collective optical response like an integrated large nanostructure. 

The inter-particle interaction in clusters is understood further by analyzing the effect of the inter-particle 

gap in a cluster of 40 nm nanoparticles for which the individual scattering power is higher (Figure 6). The 
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interaction among these bigger nanoparticles is enabled through both overlapping of the near-fields i.e., 

near-field coupling and the interference of the radiative modes i.e., far-field coupling. Importantly, when 

40 nm nanoparticles are clustered, the characteristic resonance peak in the absorption spectra loses its sharp 

feature and intensity, while the scattering intensity increases. The evidence of the strong interference of the 

radiative modes is the fano-like characteristic resonance in the scattering spectra resulting from superradiant 

and subradiant modes for an inter-particle gap of 2 and 4 nm.69 It is interesting to note here that the fano-

dip is also dependent on the inter-particle gap. This intensification of the radiative damping through the 

interference of scattered radiation may be connected to the loss of spectral characteristics in the absorption 

spectra. Evidently, the larger nanoparticles require a larger inter-particle distance to be free from inter-

particle interaction. Figure 7 shows the difference in the strength of inter-particle interaction for a 1 nm and 

a 16 nm inter-particle gap. As expected, for the 1 nm gap the strength of the electric field between the 

particles is significantly higher than that for a 16 nm gap. Also, for 16 nm gap the dipolar plasmon modes 

of individual nanoparticles are dominant with weak enhancement of the near-field in the inter-particle gap. 

In contrast, for the 1 nm gap individual dipolar modes are lost as they couple together to form hybridized 

modes. These hybridized modes result in strong near-field enhancement at specific locations in the cluster. 

 

Figure 5. Variation of (a) absorption and (b) scattering cross section of a 19 nanoparticle cluster with interparticle 

distance for nanoparticle size 20 nm. 



 

 

Figure 6. Variation of (a) absorption and (b) scattering cross section of a 19 nanoparticle cluster with inter-particle 

distance for nanoparticle size 40 nm. 

 

Figure 7. Near-field enhancement in 19 nanoparticle clusters with inter-particle distance (a) 2 nm and (b) 16 nm for a 

nanoparticle size of 20 nm. 

The near field enhancement at specific locations in a cluster for a certain incident wavelength has direct 

correspondence with the fact that individual nanoparticles in a cluster have significantly different absorption 

characteristics. As apparent from Figure S4, the absorption spectra of individual nanoparticles in a 61 



 

nanoparticle cluster differ significantly from one to another with varying peak positions in the spectrum. 

Thus, the near-field enhancement corresponding to these individual absorption peaks also varies with 

particle location. Figure S5 shows the near-field enhancement in a 61 nanoparticle cluster for different 

incident wavelengths. For 645 nm incident wavelength, the near-field enhancement is along the 

nanoparticles at the left and right boundaries of the cluster. But at 720 nm wavelength, the near-field 

enhancement is now mainly manifested in the core of the cluster. This spatial variability of near-field 

enhancement is an interesting observation with regard to many plasmonic applications. For instance, it has 

been found that strong near-field enhancement and hot-electron injection catalyzes certain reactions, 

photocatalytic processes, etc.2,4,5 Local control over these processes can thus be enabled due to this spatial 

variability of near-field enhancement. 

3.4 Photothermal effect of clusters 

The inevitable consequence of energy absorption is thermal dissipation and thus, temperature rise of the 

nanoparticle cluster and its surrounding. Thus, the absorption spectra of the nanoparticles and their 

assemblies have direct correspondence with the resulting temperature fields. Since the absorption 

characteristics are dependent on the nanoparticle position in a cluster, individual nanoparticles will exhibit 

different steady state temperatures according to their relative position and polarization angle, Figure 8 (a) 

to (d). Interestingly, the number of nanoparticles strongly influences the steady state temperature of the 

cluster due to enhanced absorption in hybridized plasmon modes in a cluster and containment of heat by 

the outer spheres of the cluster. Thus, absorption and heat containment simultaneously influence the steady 

state temperatures of the particles. In the water medium at 25 oC, a single nanosphere is heated up to only 

~30 oC (Figure S6), while the 7 nanoparticle cluster attains a temperature over 62 oC when irradiated at 1 

mW/µm2. Similarly, for 19 and 37 nanoparticle clusters, the temperature of the “hottest” nanoparticle in the 

cluster will exceed 100 oC. Interestingly, the average absorption per particle is higher for a 19 nanoparticle 

cluster as compared to the 37 nanoparticle cluster (Figure 3), but the 37 nanoparticle cluster has a higher 

steady state temperature for the central nanoparticles than the 19 nanoparticle cluster. Although the 



 

absorption is lower, the central nanoparticles in the 37 nanoparticle cluster are surrounded by more 

nanoparticles than a 19 nanoparticle cluster implying greater heat retention and steady state temperature in 

the core. However, for the 61 nanoparticle cluster, the steady state temperature of the “hottest” particles 

again drops to ~95 oC because the decrease in the average absorption per particle becomes the dominating 

factor. The temperature variation with the position of the particles is an important aspect demonstrated here. 

In Figure 8(e), the change of the temperature profile in the 37 nanoparticle cluster is shown when the 

incident radiation polarization is horizontal is shown in contrast to vertical polarization in Figure 8(c). This 

indicates the possibility of controlling the temperature profile in a cluster.  The temperature field of the 61 

nanoparticle cluster with the surrounding is shown in Figure 8(f). 



 

 

Figure 8. Steady state temperatures (oC) of nanoparticles in a cluster: (a) 7 nanoparticles (b) 19 nanoparticles (c) 37 

nanoparticles (d) 61 nanoparticles upon EM irradiation of respective peak wavelength in infinite water medium. (e) 



 

Temperature profile (oC) in a 37 nanoparticle cluster when the incident radiation polarization is horizontal. (f) 

Temperature field around a 61 nanoparticle cluster. The intensity of incident radiation is 1 mW/µm2 for all the cases. 

It is worth mentioning that although the steady state temperature is significantly enhanced by clustering 

nanoparticles as compared to isolated nanoparticles, the light intensity required to achieve this heating effect 

is considerably high. In Figure S7, it is clear that for a drop of one order of magnitude in the intensity results 

in a significantly lower steady state temperature. When the intensity is two orders of magnitude lower, there 

is almost no apparent heating. However, it is important to note that the present model assumes an infinite 

water medium which is not an insulating material. To check the extreme limit, heat transfer analysis was 

also done for a 37 nanoparticle cluster in an air medium, a good insulating medium, while keeping the 

absorption values the same as those in water, Figure S8. For the intensity corresponding to Figure 8, the 

overall cluster temperature was estimated to be as high as around 900 oC, attained solely by altering the 

thermal properties of the medium. It is to be noted that the convective effects are excluded in this 

calculation. With this fundamental insight, it is clear that raising the steady state temperature is a matter of 

improving the energy input rate and heat retention by better optical and thermal design of the system. For 

instance, attaining a high temperature under sunlight would require improved heat trapping possibly by 

clustering in 3D and embedding in an insulating matrix as shown by Dhiman et al. for dendritic plasmonic 

colloidosomes.70 In contrast to 20 nm nanoparticles considered in this work for which the heating is rather 

weak, an isolated large nanoparticle of 100 nm diameter can induce a temperature rise >50 oC for the 

intensity considered in this study.71 This promises further development in the cluster heating with larger 

nanoparticles. The present results demonstrate the possibilities to improve and control the thermal effects 

of nanoparticles by clustering in suitable configurations. 

The effect of inter-particle distance on the absorption spectra of clusters is another aspect that leads to 

interesting thermal effects. In Figure 8(b), it is shown that a 19 nanoparticle cluster can attain significantly 

high temperature compared to an isolated nanoparticle, when irradiated at its resonance wavelength. 

However, this temperature is reached when the individual particles are separated by a tiny gap of 1 nm. As 



 

the inter-particle gap increases, the absorption intensity as well as the spectral peak changes. In Figure 9, 

the steady state temperature of a 19 nanoparticle cluster with varying inter-particle gap is shown. For an 

inter-particle gap of 8 nm, the thermal effects of the nanoparticle cluster are practically gone. It is however 

useful to point out the difference in the representation of Figure 8 and 9. In Figure 8, the spatial variation 

of temperature only in the nanoparticles is shown, while in Figure 9, the cluster as well as the surrounding 

temperature field is shown. The results in Figure 9 also promises interesting applications of local 

temperature control and sensing. For instance, it has been shown how the inter-particle gap of a nanoparticle 

assembly embedded in a substrate can be controlled by thermal treatment, chemical modification or 

mechanical strain of the substrate without structural distortion.72-74 A simplified visual demonstration of 

this effect can be found in the supplementary animation. Detailed experimental studies on 2D clusters of 

weakly radiant nanoparticles as small as 20 nm have not been carried out yet. Thus, experimental 

verification of these theoretical results is of significant practical importance with regard to the numerous 

applications they can lead to. 



 

 

Figure 9. Steady state temperatures (oC) of a 19 nanoparticle cluster with varying inter-particle distance, d. The 

wavelength of the incident radiation is the peak wavelength of 608 nm for d = 1 nm. The intensity is 1 mW/µm2 for 

all the cases. 

4. Conclusion 

The present study investigates the collective plasmonic characteristics and resulting photothermal effects 

of 2D Au nanoparticle clusters of different sizes. The collective optical response is analyzed in terms of 

near-field and far-field coupling among constituent nanoparticles in the cluster. Otherwise weakly radiative 

20 nm Au nanoparticles, when coupled through overlapping of near fields in a closed packed 2D clusters, 

exhibit optical behavior as an integrated structure resulting in strong absorption and scattering with a 

spectral red-shift. As optical cross sections obviously increase with increasing cluster size, from an 



 

efficiency perspective it is more useful to determine the average absorption/scattering per particle. As 

shown for 20 nm nanoparticle clusters with small inter-particle gap (1 nm) i.e. strong near-field coupling, 

the absorption intensity per particle increases with cluster size up to an optimal cluster size beyond which 

the average intensity decreases to reach a constant value at the infinity limit. For absorption, the optimal 

cluster size is 19 nanoparticles in a hexagonal closed packed configuration, while for scattering the present 

results evidence that for a cluster of 61 closed packed nanoparticles the maximum value has not yet been 

reached. Since the coupling among weakly scattering 20 nm nanoparticles is predominantly through the 

near-fields, increasing the inter-particle gap rapidly weakens the collective modes and the individual dipolar 

modes of the nanoparticles become strong.  

Due to their stronger radiative modes, 40 nm nanoparticles in cluster are coupled through both near-field 

and far-field enabling far reaching inter-particle interaction. The effect of decreasing the inter-particle gap 

(thus stronger collective modes in a cluster) is a spectral red shift of the plasmon band. The contrast between 

20 nm and 40 nm nanoparticles in the context of the effect of inter-particle gap is that the absorption 

intensity increases for 20 nm particles while it decreases for 40 nm particles with decreasing gap. Also, the 

individual absorption  as well as scattering characteristics in a cluster vary strongly from particle to particle. 

Since the steady state temperature of individual particles depends upon the individual absorption intensity 

and the heat retention around the particle, the steady state temperature of individual nanoparticles varies 

strongly within an assembly. This variation is more pronounced for stronger laser intensity and also 

dependent on the incident polarization. The effect of inter-particle distance on absorption intensity leads to 

interesting photothermal effects in a cluster which can be controlled by varying this spacing. In this 

modeling study, we have provided better insight into the resulting optical and thermal effects of 

nanoparticle size and inter-particle distance of Au nanoparticles arranged in small to large 2D assemblies. 

The photothermal effect in the clusters shows possibility of nanoscale temperature control. We hope these 

insights will be exploited to design new and improved plasmonic nanomaterials for various application 

fields such as catalysis, optics and medicine. 
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