
PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Plasmon resonance of spherical and
ellipsoidal gold particles in
hexagonal-plasmonic arrays

Sitpathom, Nonthanan, Dawes, Judith, Muangnapoh,
Tanyakorn, Kumnorkaew, Pisist, Suwana, Sujin, et al.

Nonthanan Sitpathom, Judith M. Dawes, Tanyakorn Muangnapoh, Pisist
Kumnorkaew, Sujin Suwana, Asawin Sinsarp, Tanakorn Osotchan, "Plasmon
resonance of spherical and ellipsoidal gold particles in hexagonal-plasmonic
arrays," Proc. SPIE 11331, Fourth International Conference on Photonics
Solutions (ICPS2019), 1133103 (11 March 2020); doi: 10.1117/12.2552985

Event: Fourth International Conference on Photonic Solutions (ICPS 2019),
2019, Chiang Mai, Thailand

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 19 Apr 2020  Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 
 

 

 

 

Plasmon resonance of spherical and ellipsoidal gold particles in 

hexagonal-plasmonic arrays 
 

Nonthanan Sitpathom*a, Judith M Dawesb, Tanyakorn Muangnapohc, Pisist Kumnorkaewc, Sujin 

Suwanaa. Asawin Sinsarpa, Tanakorn Osotchana 

aDepartment of Physics, Faculty of Science, Mahidol University, Bangkok, Thailand 10400; 
bDepartment of Physics and Astronomy, Faculty of Science and Engineering, Macquarie University, 

Sydney, Australia 2109; cNanohybrids and Coating Research Group, National Nanotechnology 

Center, National Science and Technology Development Agency, Khlong Luang, Thailand 12120 

ABSTRACT   

Plasmonic field enhancement localized around metallic particles is useful for improving sensitivity in sensing 

applications. In this research, we used finite-difference time-domain modelling to study plasmonic field enhancement in 

an array of polystyrene particles covered with gold, to understand the effect of the incident polarization and the particle 

shape. The gold particle shapes were changed from a perfect sphere to an ellipsoid with the vertical height varying as 

930 nm, 880 nm and 830 nm, while the horizontal diameter was fixed at 930 nm. The simulated structure was composed 

of gold spheres arranged in a hexagonal-close-packed array on an 80-nm thick gold film. When the metallic spheres were 

arranged on the gold film the plasmonic enhancement was up to 1.8 times greater than for the array without a metallic 

film.  The plasmon resonances of the array were strongest at the bridge connections between the particles, and at the 

surface of the particles without connections. Where there were no particle-particle connections, the resonant field 

distributions had one, two, three and higher nodes. In addition, the absorption spectra for various sized rectangular 

structures with gold particles at the center were investigated to determine the effect of the lattice period on the 

wavelengths of resonance. The results showed that the lattice period did not greatly perturb the resonance modes for this 

structure. This study aids improved design of plasmonic-photonic crystals with micron-scale periods for sensing 

applications.   
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1. INTRODUCTION  

Plasmonic field enhancement is useful in sensing applications, especially in the fields of medicine, chemistry and 

biology for sensing cancer cells1-2, and immunoassays3. In addition, plasmonic particles can assist in biological imaging4 

and dopamine sensing5. In chemistry, the optical signal from detected molecules can be substantially increased by using 

plasmonic particles for surface-enhanced Raman spectroscopy6-8. Moreover, for random lasers, gold or silver plasmonic 

particles can play an important role in reducing the lasing threshold9.  

Plasmonic field enhancement for sensing can occur in both random10 and periodic11 structures. The absorption of gold 

nanoparticles is sensitive to their shape12, size13, physical environment14 and particle gap15. The multipole resonances of 

a single plasmonic particle such as silver are different16 than for a hybrid meta-surface array of metal-dielectric 

nanoantennas17. Dark plasmonic modes can also be observed18 in the case of multipoles vanishing to zero. In a plasmonic 

array, an individual lattice element can show dipole and multipolar coupling to its nearest neighbors19. Moreover, the 

plasmon resonances of metallic particles can also be perturbed by other materials20-21. 
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A plasmonic-periodic structure has an advantage over a random system due to the resonance-induced enhancement of 

electric and magnetic fields. A regular plasmonic array can be fabricated by sputtering a gold film over a monolayer of 

polystyrene particles11. Complete coverage of the polystyrene spheres by gold can be achieved by sputtering at a certain 

oblique angle22. 

A number of programs can be used to simulate plasmonic structures. DDSCAT23 is a program that calculates absorption 

and extinction of plasmonic and dielectric materials by the discrete dipole approximation. The SCUFF-EM24computes 

the photonic structure by using Green’s functions. Moreover, MEEP25 computes electromagnetic waves by discretizing 

Maxwell’s equations in the spatial and time domains. The advantages of the MEEP program are that it supports 

calculations involving both plasmonic structures and gain materials26. 

In this paper, a plasmonic array of spherical gold particles, with and without a gold substrate, was studied by the finite-

difference time-domain method employing MEEP software. The absorption spectra for various lattice constants were 

calculated, assuming deformation of the gold particles by reducing the vertical diameter to form ellipsoids. 

2. SIMULATION METHODS 

The MEEP program computes electromagnetic propagation with discretized Maxwell’s equations using Yee’s grid and 

updating electric and magnetic fields in the time domain. To obtain optical spectra, the signals in the time series at 

defined planes are transformed by Fourier transformation and integrated over all points in the planes.    

The computed unit cell was defined with the dimension of 1.6x0.93x4 m3 along the x, y and z directions, respectively, 

in order to form a two-dimensional hexagonal array on the xy-plane. The second case considered a rectangular structure 

with a gold particle at the cell center. The periodicity was continued only in the xy-plane, while perfectly-matched layers 

were defined in the z-direction with a thickness of 1 m to prevent undesired waves reflecting into the region of interest. 

In this study, the period in the x- and y- directions was varied while the other dimensions were fixed. Additionally, no 

phase shift at the boundary condition was defined. Incident light approached the array on the particle side in the z-

direction and the reflected and transmitted waves were collected above and below the structure. The light source was 

generated with a Gaussian distribution in frequency with a central wavelength of 0.5 m.  

To describe the optical response of the gold, the frequency-dependent Drude-Lorentz model27 (see equation (2)), was 

used in this computation. 
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The second and the third terms represented the Drude model and Lorentz model, respectively. Here is the relative 

permittivity for high frequencies (= 1) and D and L are damping coefficients. The plasma frequency corresponding to 

intra-band transitions, and the oscillator strength are given as L and  , respectively. Values of these defined 

parameters are given in reference 27. 

 

Figure 1. (a) The structure of gold particles for computation and (b) side-view of the plasmonic array shown for deformation 

in vertical diameter. 
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Figure 2. (a) Calculated optical absorption spectrum of the plasmonic array with and without 80 nm gold film as a substrate, 

and charge density of the array with gold film shown at a connection point of (b) particle-particle and (c) particle-film. Each 

inset shows the electric field distributions for that optical frequency.  

3. RESULTS AND DISCUSSION 

The absorption spectra of the plasmonic array of 0.93 m gold-coated spheres on the 80 nm gold film, and without the 

gold film, were calculated. The absorption spectra in Figure 2 were calculated with the electric field in the x-direction 

with hexagonal-close packing. Figure 2 (a) shows that the absorption spectrum with the gold film displayed strong 

absorption peaks at 1.72 m, 1.32 m, 1.14 m and 0.93 m. Conversely, the plasmonic array without the gold film 

showed much weaker absorption peaks. The optical absorbances at the 1.72 m and 0.93 m wavelength peaks were 

higher than without the film by factors of 2.2 and 1.5 times, respectively. The wavelengths of these absorption peaks 

were also slightly shifted when the 80 nm gold film was present. The resonance peak at 1.8 m for the plasmonic 

particles without the gold film was blue-shifted 80 nm. 

The optical resonance modes of the plasmonic array with, and without, the 80 nm-thick gold film are shown in Figure 

2(a) calculated as the time-averaged electric field in 1 period for each frequency. A strong electric field around the gold 

sphere occurred with nodes at both sides for the mode at 1.72 m wavelength in the xz-plane. The number of nodes 

increases for shorter wavelengths, as expected. There were two, three and four nodes for 1.37 m, 1.14 m and 0.93 m. 

However, for the wavelengths of 1.14 m and 0.93 m, strong localised electric fields occurred at the gap between the 

gold sphere and the film. Surface plasmon resonances were evident on the surface of the gold spheres. For the plasmonic 

array without the gold film, the wavelengths at 1.8 m and 0.88 m showed similar electric field features as with the 

film, but the electric field penetrates more deeply in the absence of the gold film. 

The time-averaged electric-field was localized around the particle-particle connection points in the xy-plane. By applying 

a divergence operator to the displacement current, the charge density distributed over the plasmonic structure can be 

obtained. In Figures 2 (b) and (c), the charge densities of the 0.93 m gold sphere over the gold film are shown for the 

xy- and xz-planes. The resulting charge densities were computed with the electric field initially polarized in the x-
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direction. The electric charges were strongly localized at the connection points between nearest particles and near the 

interface of the gold sphere and gold film. The charge density at the bottom side of the sphere surface was the opposite 

sign to that of the film due to induced charge distributions. 

Different arrangements of the gold spheres on the 80 nm gold film were also modelled to better understand the optical 

resonance modes. Firstly, the period length in the y-direction was changed to the values: 1.61 m (square unit cell), 1.2 

m, 0.97 m and 0.95 m. The absorption spectra corresponding to these periods are shown in Figure 3(a). The optical 

resonance peak at a wavelength of 1.2 m for the different y-periods was constant. However, for the y-period of 0.97 

m, the wavelength peak was 1.3 m, slightly longer than for the others. The absorbance peak of 1.27-m period 

forming 2 nodes shifted to shorter wavelengths from the y-period at 1.61 m. With this variation in the y-period, the 

absorption peaks from 1.2 m to 1.6 m retained their shape. 

The period in the x-direction was varied as 1.61 m, 0.97 m and 0.95 m, while y was fixed with a length of 1.61 m. 

The initial polarization in this investigation was in the x-direction. The resulting absorption spectra are shown in Figure 

3(b). The characteristic spectrum shape in the wavelength range from 1.2 m to 1.5 m was comparable as the period in 

x and y direction was varied. Nevertheless, there were strong resonances at 1.15 m and 0.94 m that might be due to 

the small gaps between the particles. 

Next, the effect of the vertical diameter of the gold particles arranged in a hexagonal array over the 80 nm gold film was 

considered. The vertical diameters were varied from 0.93 m (sphere), to 0.88 m and 0.83 m. The absorption spectra 

of these structures are plotted in Figure 4(a). The absorption peaks shift to shorter wavelengths, while retaining the 

overall shape, when the vertical diameter was reduced. The wavelengths for the plasmonic resonance with 1 node beside 

the particle were changed from 1.72 m (perfect sphere) to 1.67 m and 1.63 m. The wavelength shift was consistent 

with the change in vertical diameter. For higher resonance modes, the absorption peaks shifted by 100 to 200 nm.  

Figure 3. Absorption spectra of the rectangular array with the particle at the center with varying period for (a) y-direction 

and (b) x-direction while the other direction was fixed. 
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For the rectangular lattice with a gold particle at the center, the wavelength shift for different vertical diameters was not 

the same for each mode. In Figure 4(b), it was seen that the absorption peaks only slightly changed at a wavelength of 

0.94 m. For the lower resonance modes, they shifted 10 nm when changing the vertical diameter from 0.93 m to 0.88 

m. The wavelength of the absorption peaks below 1 m did not change much when the vertical diameter was reduced 

to 0.83 mm. 

In Figure 5 (a), it was seen that the electric field was highly concentrated around the particle-particle connection points. 

For Figure 5 (b) and (c), the averaged electric field of the gold sphere and ellipsoid over the gold film was shown in the 

xz-plane with same-logarithm-scale colour. In optical resonance of the ellipsoid, there was less symmetry compared to 

the sphere case. The resonance node at the bottom part was squeezed when the vertical diameter was reduced. 

Additionally, surface plasmon resonance was dominant at the bottom for the ellipsoid shape because as the lower surface 

Figure 4. Absorption spectra of (a) the hexagonal array and (b) rectangular lattice with a center-particle deformed from 

sphere to ellipsoid. 

Figure 5. (a) Averaged electric field shown in a quarter of the unit-cell for ellipsoid-gold-particle case, and averaged electric 

field plotted on a logarithm scale with contours shown in the xz-plane of (a) gold sphere and (b) ellipsoid over the gold film. 
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became closer to the gold film it increased the electric field coupling strength. In this case the ellipsoid shape would have 

higher absorbance.      

The study of the optical resonance modes and their corresponding absorption spectra leads to a proposed design for 

creating chemical sensors by matching an appropriate resonance mode to the molecule to maximize the emission from 

the target molecule. The results showed that the optical absorbance spectra can be tuned by shape deformation to 

increase the absorbance. In case of modifying shape to change an optical resonance wavelength, the hexagonal array is 

valuable, due to being sensitive in this effect.   

4. CONCLUSIONS 

The optical absorbance of the gold spheres deposited on the thin gold film was higher than without the gold film, perhaps 

because electromagnetic waves can be reflected from the film to create additional resonances. In a rectangular lattice 

with the gold particle at the middle, the lattice constants caused a small perturbation to the absorption peaks. However, 

there were sharp absorption resonances due to the tiny gaps between the nearest particles. The optical resonance peaks of 

hexagonal and rectangular structures were comparable for second order or higher modes. The first mode was greatly 

perturbed because it was resonant, with a large area of electric confinement. The effect of deformation effect of the 

plasmonic spheres to an ellipsoid shape was more pronounced in the hexagonal array than in the rectangular structure. 

The effect of the shape was more important for close-packed spheres. 
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