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It has been widely shown that gold nanoparticle emission wavelength redshifted when the diameter 

of the gold nanoparticle increases. This redshift is universally dependent not only to nanoparticles’ 

size but also on their shape, type of metal, or the environment dielectric constant. However, the latter 

contribution is extremely difficult to be characterize experimentally due to the complexity of 

synthesize and method of determining the thickness and dielectric constant of the shell.  In this 

paper, we resolved those issues by calculating the extinction efficiency of dielectric core-metal 

nanoshell plasmon resonance nanostructure using silica and gold template respectively. Th e 

calculation was conducted using MATLAB toolbox on metallic nanoparticle using boundary element 

method (MNPBEM), deploying a full Maxwell’s equation in this simulation of silica core-gold 

nanoshells. The total silica core-gold nanoshell diameter in defining the plasmon resonance was 

specifically analysed, determined from the coupling of the inner shell surface (cavity) and the outer 

shell surface (sphere) plasmons over a separation distance given by the gold nanoshell thickness, to 

be consistent with the published work on plasmon hybridization model. By using this silica-gold 

nanoshell, surface plasmon resonance was shown to achieve a higher wavelength position near 

infrared region. The hybridization of the outer shell-surface sphere mode and inner shell-surface 

sphere cavity mode reveal that gold nanoshell is more suitable to in-vivo imaging and therapy 

application as compared to gold nanosphere. 
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I. INTRODUCTION 
 

Gold nanoparticle is an excellent light scatters and absorbers 

at optical frequencies due to its strongly enhanced surface 

plasmon resonance. Those outstanding optical properties has 

also motivated interest in the use of plasmon-resonant 

nanoparticles and nanostructures for optical and photonic 

applications [4], [5] and the most recent research for 

biomedical applications [6], [7], [16]–[18], [8]–[15]. Gold 

nanoparticle also have good biocompatibility with facile 

synthesis [19], making it material of choice for the use in 

biochemical sensing and detection, medical diagnostics and 

therapeutic applications. The experimental reports on the 
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optical properties of gold nanoparticles on nanospheres, 

nanoshell and nanorods have been well documented [2], 

[20]–[28]. Some of these work focused on the unique 

optical tenability of dielectric core-metal shell 

nanostructure which consist of silica core encapsulated 

with a few nanometer thin gold layer. It is found to be 

strongly dependent on the relative dimensions of the gold 

shell and dielectric silica core. By decreasing 

experimentally the shell thickness, the plasmon band was 

shown to be redshifted to near infrared region. Since 

biological tissue shows maximum optical transmissivity in 

the 650-900 nm region, the wavelength redshift of silica 

core gold nanoshell structure can be very useful in 
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biomedical application [18]. From experimental work, gold 

nanoshells were grown on silica nanoshere have average 

diameter ranging from 40 to 180 nm. The changing in 

thickness of gold nanoshell by varying the amount of gold-

decorated APTES-functionalized silica nanoparticles, the 

surface plasmon resonance of the silica gold nanoshells could 

be adjusted to any wavelength up to near infrared region which 

making them ideal for biomedical applications [29].  

Well established theoretical tools are used to calculate the 

solution of Maxwell’s equations for metallic nanoparticles 

surrounded in a dielectric environment to determine the 

particle plasmons. The discrete dipole approximation toolbox 

(DDSCATT) was designed for the simulation of scattering from 

interstellar graphite grains but has in recent years been widely 

used within the field of plasmonics. Also, there are other 

general simulation toolkit for the solution Maxwell’s equations 

which is known as finite difference time domain (FDTD). In 

this paper, we use the simulation toolbox MNPBEM for 

metallic nanoparticles (MNP), developed by Garcia de Abajo 

and Howie which is based on a boundary element method 

(BEM) approach. Figure 1 shows simulation flow chart where 

parameter particle and dielectric will be define as we need. 

After that, the comparticle command will combine the 

parameters. As the excitation from the wavelength and the 

parameter, we can compute for BEM to find the solution of 

Maxwell’s equation surface charge denote as sig. From the sig, 

measurement can be plotted as extinction, absorption or 

scattering efficiency against wavelength. 

 

 

Figure 1. Flow chart of the calculation using boundary 

element method by MNPBEM toolbox [30] 

 

As far as we know, this is the first reported treatment of 

FDTD and DDSCATT on Maxwell’s equation using MNPBEM 

mode. By using this mode, calculation in complex interaction 

is faster, in order to produce comparable result to a more 

complicated mode. The MNPBEM method adopts a dielectric 

environment where bodies with homogeneous and isotropic 

dielectric functions are separated by abrupt interfaces, rather 

than allowing for a general inhomogeneous dielectric 

environment means that all the interactions between the 

gold nanoparticle and surrounding media is constant 

throughout the surface [30]. Tuned surface plasmon 

resonance wavelength position in the near-infrared region 

by using silica core gold nanoshells by either changing the 

core diameter and thickness or ratio (core: shell diameter) 

is demonstrated.  

 

II. CALCULATION 

METHOD 

 

The plasmon resonance position wavelength and the 

magnitude of extinction efficiency are defined by 

electromagnetic boundary conditions at the inner-shell 

surface cavity and the outer-shell surface sphere. This 

definition is known as plasmon hybridization model [34]. 

In this work, the extinction efficiency spectrum of gold 

nanoshell of thickness t surrounding a dielectric core of 

diameter d was calculated in the visible—near-infrared 

region by deploying the Maxwell’s equations solved using 

the boundary element method (BEM) [30], [32]. To solve 

full Maxwell’s equations, the scalar and vector potentials 

are needed to fulfill a Helmholtz equation by defining a 

Green’s function,  

(𝛻2 + 𝑘𝑖
2)𝐺𝑖(𝒓, 𝒓′) = −4𝜋𝛿(𝒓 − 𝒓′),    𝐺𝑖(𝒓, 𝒓′) =

𝑒𝑖𝑘𝑖|𝒓−𝒓′|

|𝒓−𝒓′|
        

(1) 

where ki is the wavenumber for medium r. 

𝜙(𝒓) = 𝜙𝑒𝑥𝑡(𝒓) + ∮ 𝐺𝑖(𝒓, 𝒔)𝜎𝑖(𝒔)𝑑𝑎  
𝑉𝑖

    (2) 

𝑨(𝒓) = 𝑨𝒆𝒙𝒕(𝒓) + ∮ 𝐺𝑖(𝒓, 𝒔)𝒉𝒊(𝒔)𝑑𝑎
𝑉𝑖

    (3) 

 

The first derivative of the Green’s function is considered 

in order to find the Helmholtz equations, the solution in 

equation (2,3) can determine the scalar and vector 

potentials from surface charge, σi and current distribution, 

𝒉𝒊 that illustrate the external pertubation. From the BEM 

approach, the boundary integrals derived from equations 

(2, 3) are approximated by sums of boundary elements. 

The boundary calculations of full Maxwell’s equations are 

lengthy equations. Thus, the surface charges and currents 

are calculated by matrix inversions and multiplications 

[30].  
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For the core of nanoparticle, we used a refractive index of 1.45 

which corresponds to silica since silica is widely use in 

experimental work and it is biocompatible [17]. Gold nanoshell 

dielectric function is wavelength-dependent on complex 

refractive index of bulk gold  [31]. The surrounding medium is 

liquid water with a refractive index of 1.33. The extinction 

efficiency spectrum was recorded in the visible—near-infrared 

region from 400 to 1000 nm [32]. In this work, we also study 

the correlation between surrounding medium refractive index 

and plasmon resonance position of silica-core—gold-nanoshell 

spectra and also the role of fixed total nanoparticle size. 

Refractive index for human blood plasma and liver tissue were 

assumed to be 1.351 and 1.3748 respectively [33, 34]. 

 

Table 1. The parameter use in this simulation 

 Simulation 

parameter 

Ref. 

Refractive index 

of silica core 

n = 1.45  

Dielectric 

function of gold 

Calculated by 

Johnson and Christy 

[31] 

Refractive index 

of surrounding 

medium 

n = 1.33 (water) 

n = 1.351 (human 

blood plasma) 

n = 1.3748 (liver 

tissue) 

[33], 

[34] 

Different silica 

core diameter 

d = 20, 40, 60, 80 

and 100 nm 

 

Different gold 

nanoshell 

thickness 

t = 5, 10, 20, 40, and 

60 nm 

 

Different silica 

to gold 

nanoshell ratio 

radius 

0.5, 1.5, 3.5, 7.5, and 

15.5 

 

 

III. RESULTS AND 

DISCUSSION 

 

Figure 2 shows the calculated spectra of the extinction 

efficiency for silica—gold nanoshell with fixed thickness of gold 

nanoshell at t = 5 nm and different diameter of silica core d = 

20, 40, 60, 80, and 100 nm. From here we can compare the 

behaviour of each thickness in different core diameter in 

order to understand the effect of silica core diameter 

encapsulated by gold nanoshell. In the case of core and 

nanoshell system simulation, we observed that there are at 

least two resonances for a larger core diameter which 

corresponds to the excitation of the surface plasmon 

polaritons [32], [35]. Data from Figure 2 also indicates that, 

the plasmon resonance redshifted by increasing the core 

size and with the appearance of  small shoulder, most likely 

due to the quadrupole resonance at larger core [31], [36]. 

The coupling resonance is the highest peak which is due to 

dipole resonance [35]. At 80 nm and 100 nm diameter of 

silica core, the small shoulder is observed around 690 nm 

and 730 nm respectively, which corresponds to the 

quadrupole resonance mode [36]. 

 

Figure 2. Calculated extinction efficiency spectra with 

varying the core. Five different core sizes (d = 20, 40, 60, 

80 and 100 nm) with t = 5 nm nanoshell thickness. Inset is 

the curves profile in circled area 

 

Figure 3 shows the result of fixed core diameter (d = 40 

nm) in order to observe the different thickness of gold 

nanoshell. For spectra A, we calculated for different 

thickness t = 5, 10, 20, 40 and 60 nm with fixed silica core 

diameter d = 40 nm. The wavelength position is redshifted 

when we decreased the thickness of gold nanoshell from 5 

nm to 60 nm. From here we can see that gold with nanoshell 

thickness of t = 10 nm is the highest in extinction efficiency 

value. The peculiar fluctuation of extinction efficiency with 

small full-width-half-maximum (FWHM) for t = 5 and 10 

nm deserve further scrutiny. As such, spectra B of different 

thickness t = 2, 4, 6, 8, and 10 nm with silica core diameter 

fixed value which d = 40 nm was calculated. From this data, 

we can see that the surface plasmon resonance wavelength 
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position is redshifted when the thickness of gold nanoshell 

decrease. From these observation, the good thickness which 

having the optimum surface plasmon wavelength position and 

highest in extinction value is at gold nanoshell thickness t = 8 

nm. The broadening of the plasmon resonance wavelength is 

due to the collision of conduction band electrons with the 

particle surface become important at thinnest gold nanoshell 

[37]. 

 

 

(a) 

 

(b) 

Figure 3. Calculated extinction efficiency spectra with varying 

nanoshell thickness. Spectra (a) for five different thickness (t 

= 5, 10, 20, 40, 60 nm) with fixed core diameter (d = 40 nm). 

Spectra (b) for five different thickness extended from spectra 

A to see the increment between 5 to 10 nm (t = 2, 4, 6, 8, 10 

nm) with fixed core diameter (d = 40 nm) 

 

Figure 4 shows the relation of the core to thickness ratio of 

the silica core and gold nanoshell in the different dielectric 

medium. The shifting of surface plasmon resonance occurs in 

the dielectric medium is due to the polarization of the dielectric 

between the core and the inner shell, the outer shell and 

embedded surrounding medium [32], [37]. From the data in 

Figure 3, there is no significant change in surface plasmon 

wavelength position when we changed the surrounding 

medium to the refractive index of human blood plasma (1.351) 

and liver tissue (1.3748) as observed experimentally by 

other worker [33], [34]. However, there is an increasing in 

trend on the plasmon resonance position when we increase 

the thickness ratio. This results can be explained clearly by 

using the plasmon hybridization model, which explain the 

physical origin of the tuneable plasmon resonance in metal 

nanoshell [36], [38]. For this observation, a possible 

description is offered. First, the nanoshell is a two-interface 

system where they support two distinct plasmon modes: an 

outer shell-surface sphere mode and an inner shell surface 

cavity mode, which will hybridize with each other and lead 

to a splitting into two modes. Then, a thinner shell ensures 

stronger near-field coupling and the larger core contribute 

to a larger polarization, therefore leading to a larger 

plasmon resonance shift. For, a smaller total size, there is 

no coupling resonance due to the role of total nanoparticle 

size in determining the plasmon resonance position. Finally, 

the highest ratio lies in the near-infrared region, where 

biological tissues transmissivity is the highest and away 

from the haemoglobin visible absorption around 500-600 

nm. Therefore, the nanoshells scheme are much more 

suited to in-vivo imaging and therapy applications as 

compared to the gold nanospheres [39].  

 

Figure 4. Comparison between the ratio of the thickness of 

nanoshell and core versus plasmon resonance red and blue 

shift 

 

IV. CONCLUSION 

 

From this work, we demonstrated the role of core size for 

nanostructures and showed a good agreement for plasmon 

resonance position when the silica core diameter are 20 nm 
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and 40 nm. The role of gold nanoshell thickness also shows a 

good agreement for plasmon resonance position when the gold 

nanoshell thickness is at t = 8 nm which gives the highest 

extinction efficiency value. However, in different core—

nanoshell ratio, the plasmon resonance position is redshifted 

to a near-infrared region when the ratio of core—nanoshell 

decrease but did not show any significant change in different 

medium. From these observation, the role of the core—

nanoshell ratio shows that the surface plasmon resonance 

position is depends on the different ratio but it works 

independently on the different surrounding medium. It has 

also been observed that for large silica core diameter, the 

coupling resonance occurs between the inner shell cavity mode 

and the outer shell sphere mode. Therefore, the plasmon 

resonance position can be tuned to near-infrared region by 

changing the parameter of silica core gold nanoshell. Hence, 

the agreement of simulation work can be as aid for the selection 

of nanoparticles for specific biomedical application since the 

silica core gold nanoshell is extremely difficult to be 

characterize experimentally.  
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