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ABSTRACT  

An approach has been devised to create a hexagonal pattern of glass-supported gold nanoparticles (AuNPs) with 

controllable particle size and inter-particle spacing, by combining the self-assembly of block copolymer micelle-loaded 

metal precursors with a seeding growth method. Absorbance spectra as an optical response of the AuNP arrays were 

measured to obtain their LSPR peak position (λLSPR). There was a red shift in λLSPR with increasing cover medium 

refractive index for all fabricated and simulated arrays. A comparison between computed and measured λLSPR for a 33 

nm AuNP array suggests that large nanoparticles produced by this fabrication method have ellipsoidal shapes rather than 

spherical ones, as in the case of small AuNP arrays. 

  

Keywords: gold nanoparticles (AuNPs), localized surface Plasmon resonance (LSPR), self-assembly, diblock 

copolymer, seeding growth, embedding ratio, COMSOL, absorbance spectra 

 

INTRODUCTION  

The surface plasmon resonance of gold nanoparticles (AuNPs) in the visible range of the electromagnetic spectrum has 

made them excellent candidate structures for use in various applications such as, solar energy harvesting, lasing and 

sensing applications.1-5 However, the fabrication of ordered arrays of metal nanoparticles over a large area with 

controllable particle size and spacing is challenging. Some researchers have focused on producing metal nanoparticle 

arrays over large areas using several methods6-9, but many difficulties remain, including control over particle size and 

spacing. Using diblock copolymer micelles loaded by metal precursors, Möller et al. introduced the method of forming 

NP arrays on solid supports.10 This approach is not only simple and cost-friendly, but also can produce a continuous 

array “sheet” of NPs of uniform size over a large area.11-13 The fabrication approach used herein for producing AuNPs is 

based on this method combined with a seeding growth technique.14 In this paper we give additional computation details 

and results describing the optical performance of such NPs. 

 
The metal NP’s optical response is determined to a great extent by the localized surface plasmon resonances (LSPRs) 

supported thereon. The peak of such resonances has been widely used in sensing applications by monitoring its location 

over time by measuring absorbance, scattering or extinction spectra.15, 16 Sensitive to the optical properties of the 

surrounding environment, LSPRs are charge density oscillations on metal NPs excited by light - metal NPs can scatter 

and absorb electromagnetic waves. According to the Mie theory,17 for small metal NPs, the extinction, absorption and 

scattering cross-sections are given by:18 

 cୟୠୱ = k	Imሺαሻ (1) 

 cୱୡୟ୲ = ͳ6π݇ସ|α|ଶ (2) 
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To decrease the computational processing time, symmetry is exploited and one unit cell only involving one NP is 

simulated. Scattering boundary conditions have been applied on the top and bottom of the unit cell’s boundaries. This 

kind of boundary prevents reflections into the domain and allows an incident plane wave to be defined. For the lateral 

boundaries, periodic boundary conditions were applied. As measurements show, the fabricated AuNPs are embedded 

into the glass, probably due to the plasma treatment process. This phenomenon is modelled by embedding the NP into 

the glass, as demonstrated in Figure 4(B). An embedding ratio of 20% was assumed in our computations. This 

assumption is based on comparisons between experimental and computed bulk refractive index sensitivities for AuNP 

arrays.14 

 

Mesh  

To assess convergence of the analysis, different mesh sizes have been tested. A good discretization was determined in 

the metal and in the rest of the domain as a minimum mesh size of 0.8 and 3 nm, respectively. Over the spectral range of 

interest (400-700nm), the skin depth of gold is of the order of the particle size, motivating a mesh density within the gold 

domain as small as 0.8 nm. 

 

Optical properties of the materials 

 Frequency-dependent complex refractive indices were used in the computations to model the optical performance of the 

materials. They have been measured over the wavelengths of interest for glass,21 gold,22 and some of our solvents,23-25 

such as methanol, water, ethanol, heptane, chloroform and toluene. To determine the refractive indices of materials at the 

wavelengths where data are not available, cubic spline interpolation functions were applied. For other solvents a 

wavelength-independent refractive index at ߣ	589 = nm was used, thus 1.4241, 1.5514, 1.5133, 1.5242, 1.5351, and 

1.5460 were used as the refractive index for dichloromethane o-dichlorobenzene mixtures, T/D 3:7, T/D 1:1, T/D 7:3, 

T/D 1:9 respectively (T/D denotes the toluene/o-dichlorobenzene binary mixture). 

As Boreman et al.26 have shown, a combination of data from Palik27 and Johnston and Christy22 (JC) can be used as a 

best set of data for the optical properties of gold when modelling nanostructures. In this set, the imaginary part of the 

gold dielectric constant comes from JC, and the real part from JC and Palik. The real part of the dielectric constant over 

the spectral range of 400-500 nm was taken from Palik, while JC’s data was used for the spectral range above 500 nm. 

Furthermore, gold’s optical properties, which are size dependent, were modified for the nanoparticle sizes of interest, as 

shown in Figure 5.28, 29 Utilizing these modified optical properties in the computations led to a good agreement between 

numerical and experimental results.21  

As illustrated in Figure 5, the optical properties of AuNPs depend on their radius when the radius is small; radii of 3, 5, 

11 and 15 nm are plotted in Figures 5A and 5B, along with the optical properties of bulk gold for comparison. Figure 

5(A) and (B) illustrate that −ܴ݁ሼߝ஺௨ሽ and −݉ܫሼߝ஺௨ሽ are proportional and inversely proportional to the AuNP radius, 

respectively. To emphasise this point clearly, −ܴ݁ሼߝ஺௨ሽ versus AuNP’s radius is plotted at ߣ = 6ͲͲ	݊݉ in Figure 5(C), 

and Figure 5(D) shows −݉ܫሼߝ஺௨ሽ as a function of AuNP’s radius at the same wavelength. Also, as seen in Figure 5(A), 

the negative real part of the gold dielectric constant (−ܴ݁ሼߝ஺௨ሽ) increases with wavelength over the spectrum of interest. 

However, the negative imaginary part (−݉ܫሼߝ஺௨ሽ) decreases with wavelength, as shown in Figure 5(B).   

It is worth noting, from both Figure 5(C) and (D), that the slope of the plots is steeper for smaller radii than larger ones. 

This illustrates that the optical properties of smaller gold particles are more sensitive to the particle size than larger ones. 
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The computed λLSPR versus cover medium refractive index is plotted for 33 nm spherical and ellipsoidal AuNP arrays in 

Figure 6(C). Also, this figure includes measured λLSPR values versus cover medium refractive index for a fabricated 33 

nm AuNP array. As noted from these results, the experimental data agrees better with the computations for the case of 

the ellipsoidal array. Therefore, the comparison indicates that fabricated AuNPs of 33 nm are more likely ellipsoidal than 

spherical, but only slightly as the aspect ratio of the ellipsoids was set to 1.06 in the computations.   

 

CONCLUSION 

In conclusion, a method to fabricate hexagonal arrays of gold nanoparticles was discussed, in which diblock copolymer 

self-assembly followed by seeding growth was used to produce ordered AuNP arrays on glass substrates. The main 

advantage of this method is having control over the particle size and inter-particle spacing by tuning the metal 

precursors’ loading ratio. We have shown that fabricated AuNPs with a diameter of about 33 nm have an ellipsoidal 

shape, by comparing the experimental λLSPR with the computed ones over a large range of cover refractive indices. 

Conclusively, using post-seeding growth to enlarge AuNPs yields nanoparticles that are ellipsoidal rather than spherical 

in shape - however, the aspect ratio of the ellipsoids was only 1.06. 
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