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Abstract: In this work, numerical simulations for the absorption and scattering efficiencies of spheroid core–shell 
nanoparticles (CSNs) were conducted and studied using the discrete-dipole approximation method. The 
characteristics of surface plasmon resonances (SPR) depend upon shell thickness, the compositions of the core and 
shell materials, and the aspect ratio of the constructed CSNs. We used different core@shell compositions, 
specifically Au@SiO2, Ag@SiO2, Au@TiO2, Ag@TiO2, Au@Ag, and Ag@Au, for extinction spectra analysis. We also 
investigated coupled resonance mode wavelengths by adjusting the composition’s layer thickness and aspect ratio. 
In this study, we show that the extinction efficiency of the Ag@TiO2 core–shell nanoparticles (CSNPs) was higher 
than that of the others, and we examined the impact of TiO2 shell thickness and Ag core radius on SPR peak 
positions. From the extinction spectra we found that the Ag@TiO2 nanoparticle had better refractive index 
sensitivity and figure of merit when the aspect ratio was set to 0.3. All of the experimental results proved that the 
tunability of these plasmonic resonances was highly dependent on the material used, the layer thickness, and the 
aspect ratio of the core@shell CSNPs.  
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1. Introduction 

Core–shell nanoparticles (CSNPs) are nanostructured materials with interesting characteristics that offer a broad 
range of applications in optics, biomedicine, environmental science, materials, catalysis, and energy because they 
have excellent properties such as versatility, tunability, and stability [1-3]. They have attracted tremendous attention 
for their dramatically tunable optical properties.  

Metal nanoparticles (NPs) have special optical properties because they possess more characteristics and 
functions than the same materials when they are in bulk structures. Smaller particle size gives rise to increased 
surface-area-to-volume ratios and strong adsorption capacity in the visible region [4]. One of the extremely 
impressive optical properties of metal NPs is their surface plasmon resonances (SPR). In this situation, optical 
properties are enhanced and the tunability of these SPR peaks is highly dependent on structural characteristics such 
as shell thickness, the composition of the core and shell materials, aspect ratio, and the diameter of the spheroidal 
NPs, as well as their external dielectric environment. However, it is difficult to determine the real influences of these 
parameters on the optical properties of NPs when we use SPR in various applications, such as optics, biosensors, and 
medical diagnostics [5]. 

NPs in complex, multilayer, or core–shell nanostructures have attracted significant interest because they can 
offer additional opportunities for innovation with tailored materials in the fields of physics [6], nanomaterials [7], 
biomedical nanosystems [8], optical chemical sensors [9], magnetic nanocomposites [10], engineering chemistry [11], 
photocatalysts [12], solar cells [13], and electrical nanosystems [14]. Among these special structures, the core–shell is 
a particular class of NPs, consisting of a core and one or several shell layers. SPR tunability can be achieved by using 
different materials to construct the combination of core and shell layers; the diverse applications of CSNPs depend 
on the core’s and shell’s properties. Many different categories of CSNPs based on various core and shell materials 
have been investigated, including CSNPs with metal@metal, metal@dielectric, and dielectric@metal structures [15-17]. 
The different kinds of CSNPs have attracted plenty of attention, since they have a wide range of applications in 
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different fields, such as photovoltaics and optics, biological labeling, catalysis, photonic crystal creation, optical 
bioimaging, information storage, and pharmaceuticals [18, 19]. 

Among the noble metals that exhibit SPR, gold and silver are the most commonly investigated, as they have the 
most exciting selective absorption in the visible range [20] and their SPR characteristics can easily be adjusted via 
their size and shape. The synthesis of stable plasmonic NPs is very important, because they have unique surface 
properties and are suitable for a variety of research fields. In addition, the near-field enhancement of Ag NPs is 
estimated to be greater than 10 times that of similar Au NPs. Ag NPs are therefore especially attractive applications 
in SPR devices. It is well known that metallic Ag is easily oxidized into Ag2O in air, which has greatly limited its 
practical application. If a layer of stable oxides is coated on the surface of Ag NPs, the oxidization of Ag NPs can be 
prevented. Among numerous oxides, TiO2 has been identified as effective because it has high photocatalytic ability, 
excellent chemical stability, low toxicity, and low cost [21]. 

To realize the complementary advantages of Ag and TiO2 NPs, Pastoriza-Santos et al. first synthesized Ag@TiO2 
CSPs and investigated their properties [22]. They explored a novel method to construct a Ag@TiO2 CSP 
nanostructured system, composed of silver cores and a 1–2 nm layer of titanium oxide produced by the simultaneous 
reduction of silver and condensation of titanium butoxide. A few years later, Sherif et al. tried to explain the 
contribution that the outer TiO2 shell made in enhancing the sensitivity of the Ag core. They applied TiO2, which has 
a fairly high refractive index of ~ 2.2, as an effective dielectric layer to enhance the sensor sensitivity of the lower Ag 
layer. They also found that the TiO2 layer could be a process-compatible protection layer for preventing the Ag 
substrate from oxidizing [23]. However, the effect of the aspect ratio and size of the CSNPs has not been widely 
discussed. 

To understand the optical behavior of CSNPs, such as their sensitivity and quality factors, the discrete-dipole 
approximations (DDA) technique can be employed to find the effects of shell thickness and core diameter on the SPR 
properties of fabricated CSNPs. DDA is one of the most popular numerical analysis tools to calculate the optical 
properties of designed CSNPs, such as the absorption cross-section, scattering cross-section, and extinction 
(absorption + scattering) cross-section of metallic NPs and CSNPs with arbitrary shapes, sizes, and structures [24]. In 
this study, we investigate the relationship between the wavelength and the extinction spectra of coated spheroid 
CSNPs with different core@shell compositions. To examine and realize the tunability of SPR peaks, we simulate 
CSNPs of various compositions: Au@SiO2, Ag@SiO2, Au@TiO2, Ag@TiO2, Au@Ag, and Ag@Au. According to 
theoretical calculations, we find that the wavelength of the SPR peaks depends on the thickness of the shell layer, the 
size of the CSNPs, the surrounding environment, and the materials chosen for the core and shell. In addition, we 
observe the impact of spherical core–shell thickness on the SPR peaks’ wavelengths and corresponding spectral 
widening in distinct regimes of the spectrum. Finally, we explore wavelength variability in the SPR peaks by 
changing the aspect ratio of the fabricated CSNPs. Through DDA calculations and experimental results, we reach a 
valuable conclusion. 

2. DDA Method 

The DDA is a convenient method for describing the scattering of light from the surfaces of NPs with arbitrary 
shapes. In DDA formalism, the object is described as a cubic array lattice of electric dipoles (called N-point dipoles). 
In the electric dipoles, the polarizability and position vector of each dipole are specified as αi and ri, respectively. The 
induced dipole polarization Pi in each element is determined from:  

( ),  1, 2, ...,i i i i N P E rloc,i                             (1) 

where the local field Eloc,i(ri) is defined as the sum of the field radiated from all the other N-1 dipoles. For a given 
special wavelength λ, including the contribution of all the other dipoles, the local field can be written as 

0
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where k and E0 are defined as the wave vector and the amplitude of the incident radiation. The total generated 
electric field at position i caused by the dipole generated at position j is presented in the second term of equation (2), 
which can normally be expressed in terms of the dipole–dipole interaction in matrix A as: 
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When equations (2) and (3) are substituted into (1), the system equation (4) can be generated: 

  
r r

A P E                                      (4) 

where the off-diagonal elements of the matrix, ij
A  are the same as ijA  for a system with total dipoles, N, whereas, 

r
E  and 

r
P  are 3N-dimensional vectors, and A  is a 3Nⅹ3N matrix. If we solve this set of 3N complex using 

linear equations, the polarizations 
r
P  can be determined. We can then calculate the cross-section of the extinction 

factor as follows: 
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3. Results and Discussion 

 
Figure 1. Schematic diagram of a core–shell structure 

Figure 1 shows a schematic diagram of the proposed model with different scales in nanometers. The core–shell 
structured composite NPs can be viewed as having two parts. One is a nucleus wrapped in the interior of the NPs, 
and the other is a shell that surrounds the nuclear NPs. R1 represents the core radius of the core–shell structure, and 
R2 represents the radius of the whole core–shell structure, while h is the shell thickness. To explore the SPR 
characteristics, we used Ag and Au as the core layer of the nanospheroid since they have good extinction properties.  

In this paper, we investigate three different combinations to achieve spherical CSNPs. The first uses a noble 
metal (Ag and Au) as the core, and the shell layer is coated with a dielectric material of SiO2. The second uses a noble 
metal (Ag and Au) as the core, and the shell layer is coated with a dielectric material of TiO2. The last combination is 
metal@metal with the structures of Ag@Au and Au@Ag. We demonstrate that by altering the effective radii of the 
NPs and the thickness of the shell layer, we achieve wide tunability in the wavelengths of the SPR peaks. Using the 
DDA method, the extinction patterns of these various CSNPs with their different combinations are compared with 
single noble metal nanospheres (Ag and Au), and the results are shown in Figure 2. 
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Figure 2. Comparison of simulation results for various core–shell structures 

We observe that the wavelengths of the SPR peaks generated by the CSNPs can be tuned for the spectrum from 
the visible to the near-infrared region by manipulating the core and shell composition. Compared with uncoated 
nanospheres, the CSNPs provide an extra degree of freedom in the SPR peaks, meaning that the SPR peaks of the 
electromagnetic spectra can be tuned and shifted to the desired range. There are many advantages to coating a shell 
layer on the surfaces of uncoated NPs to form CSNPs structures—stability, surface modification, reduction in 
consumption of precious materials, and reduction in reactivity. The results shown in the extinction spectra suggest 
that the Ag@TiO2 CSNP structure has the highest sensitivity with different materials. Because the Ag@TiO2 CSNPs 
exhibited the optimum SPR characteristics, we chose them for our follow-up study. 

Next, we studied the relationships between the wavelength of an SPR peak and the core radius as well as the 
shell thickness, since both are important parameters used to tune SPR wavelengths from the ultraviolet to the 
infrared domain. Figure 3 shows extinction efficiency versus wavelength for a fixed core (R1 = 25 nm) and various 
shell thicknesses from 1 to 5 nm, while the corresponding total thickness R2 was changed from 26 to 30 nm. 

Figure 3(a) clearly shows that as the shell layer thickness (h) increased from 1 to 5 nm, the wavelength of the 
SPR peak shifted from 361 to 448 nm. This result suggests that as the shell layer thickness increases, the extinction 
spectrum exhibits the red-shift phenomenon, and the extinction peak is gradually reduced. The RIS can be defined as 
m=△λ/△n [25], where △λ and △n are the variation in the wavelength of the SPR peak and the variation in the 
refractive index, respectively. For CSNPs with a diameter of 25 nm for the Ag core and a thickness of 5 nm for the 
TiO2 layer, the wavelength of the SPR peak experienced a red shift when the refractive index n increased, as shown 
in Figure 3(b). When the refractive index increased from 1.0 to 1.05, the peak wavelength shifted from 449 to 453 nm, 
exhibiting an RIS of 76 nm/RIU (refractive index unit), as indicated in Figure 3(c). Figure 3(e) shows the RIS values of 
CSNPs with TiO2 shell layers of different thicknesses. Based on the calculated results, we prove that the thickness of 
the TiO2 layer has a large effect on the RIS value of the Ag@TiO2 CSNPs. When the thickness increased from 1 to 5 
nm, the RIS value critically decreased. These results show that the RIS value of the Ag@TiO2 CSNPs stays more stable 
and has a higher value when the thickness of the TiO2 shell layer is 1 nm. The FOM value for a metal nanostructure is 
defined as p=S/W [26], where S and W denote the RIS value and FWHM value, respectively. Using the results in 
Figures 3(e) and 3(d), we calculated the FOM values and present the results in Figure 3(f), which shows that the FOM 
value decreased as the TiO2 layer thickness increased from 1 to 5 nm. The maximum FOM value was obtained when 
the thickness of the TiO2 layer was set at 1 nm. 
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Figure 3. Calculated results for Ag@TiO2 core–shell structures: (a) extinction spectra for a fixed core (R1 = 25 nm) with 
different shell thickness; (b) extinction spectra for a 25 nm Ag layer and 5 nm TiO2 layer in different media; (c) 
refractive index sensitivity curve for a 25 nm Ag layer and 5 nm TiO2 layer; (d) full width at half maximum as a 
function of shell thickness with a fixed core (R1 = 25 nm); (e) refractive index sensitivity distributions for a fixed core (R1 

= 25 nm) with different shell thickness; (f) figure of merit for a fixed core with different shell thicknesses. 

 
 

 
                  (a)                                          (b) 

 
(c)                                            (d) 

 
                 (e)                                          (f) 
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Figure 4. Calculated results for Ag@TiO2 core–shell structures with fixed shell thickness (h = 1 nm) and different core 
radii (25–29 nm): (a) extinction spectra; (b) full width at half maximum; (c) refractive index sensitivity distributions; (d) 
figure of merit. 

We conducted further analysis using a fixed shell thickness (1 nm) and varying the core radius from 25 to 29 nm, 
to study the effect of core size on the SPR characteristics of Ag@TiO2 core–shell structures. To observe the extinction 
properties of the nucleus as its radius increased, we used the DDA algorithm to calculate the results of the extinction 
spectra; these are shown in Figure 4(a). Figures 4(c) and 4(d) represent the RIS and FOM of the Ag@TiO2 CSNPs with 
an Ag layer of different thicknesses and a shell thickness (h) of 1 nm. Based on the simulation results, we observe 
that the RIS and FOM of the Ag@TiO2 CSNPs are more stable and have optimum performance and higher values 
when the Ag layer thickness is 26 nm. 

It has been reported that SPR peaks in the extinction spectra of CSNPs can also be tuned from the visible light 
region to the near-infrared region by manipulating their aspect ratio—that is, by changing the aspect ratio of the 
entire core–shell structure, as shown in Figure 5. To explore the different aspect ratios in terms of extinction 
performance, we used an aspect ratio ranging from 0.2 to 1. Based on the DDA method, the resulting extinction 
spectra are shown in Figure 6. 

 
 
 
 
 
 

  
                (a)                                          (b) 

  
(c)                                            (d) 
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Figure 5. Changing the aspect ratio of the core–shell structure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Extinction spectra for different aspect ratios of the core–shell structure 

Figure 6 shows that the ratio of the minor axis to the major axis (the aspect ratio) played a very important role in 
optimizing the SPR peak as the ellipsoidal structure was constructed. We compared the extinction spectra of 
Ag@TiO2 CSNPs with six different aspect ratios, ranging from 0.2 to 1. The thickness of the TiO2 shell layer was set at 
1 nm while the Ag core radius was set at 26 nm.  

 In Figure 6, as the aspect ratio increased from 0.2 to 1, the extinction efficiency increased and simultaneously 
the resonance frequency shifted to a lower value, showing a blue shift. Consequently, a spectrum with double 
resonance peaks was revealed, the first peak centered around 702 nm and the second around 810 nm for an aspect 
ratio of 0.2. We believe that the appearance of these two plasmonic peaks was caused by structural anisotropic 
effects. When we further increased the aspect ratio, the amplitude of the SPR peak first increased, reaching a 
maximum aspect ratio of 0.3, and then decreased as the aspect ratio was further increased. In summary, the 
fluctuations in the surface plasmon resonances with changes in the aspect ratios are caused by the size effect and the 
aspect ratio of shell layer to core. 

  

4. Conclusion 

In this paper, the DDA algorithm was used to simulate the extinction properties of composite nanoparticles with 
a core–shell structure and proved to be of great significance for the production and preparation of controlled core–
shell composite nanoparticles with extinction peaks. Based on the DDA method, we found that the extinction 
efficiency for Ag@TiO2 was higher than for other CNNPs (Au@SiO2, Ag@SiO2, Ag@TiO2, Au@Ag, and Ag@Au). The 
amplitude of the extinction spectrum decreased with increased shell thickness, and the wavelength of the extinction 
peak increased with increased core layer thickness. In addition, these simulation results showed that the aspect ratio 
played an important role in modulating the centered wavelength of surface plasmon resonance in the case of a 
spheroidal nanostructure. The extinction efficiency increased as the aspect ratio decreased, and the extinction peaks 
underwent a red-shift effect. When we set the aspect ratio to 0.3, we obtained an optimal extinction result. All of 
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these experiments prove that core–shell CNNPs with nanospheroid geometry are indeed a viable path for broadband 
tailoring of surface plasmon resonance, and we expect this to be a promising way of realizing a high-sensitivity SPR 
biosensor for applications in a variety of biomolecular reactions. 
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