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Abstract 
 

Due to their excellent photothermal properties, plasmonic nanofluids have been intensively studied in the field of solar 
thermal utilization. Metallic nanoparticles, such as Au and Ag, of different shapes have been widely investigated taking 
advantage of the localized surface plasmon resonance (LSPR) effect. However, the nanoparticles which can excite magnetic 
resonance apart from the LSPR effect have been rarely studied. In this study, a core/shell/shell shape Ag-SiO2-Ag composite 
nanoparticle has been proposed for exciting both magnetic resonance and LSPR, giving rise to multiple absorption peaks and 
broadband absorption. The resonance modes have also been investigated by analyzing the local electromagnetic field. In 
addition, the effects of size parameters and material of the nanoparticles on the optical properties have been studied to 
explore the possibility to broaden the absorption peaks. The findings in this work suggest that the core/shell/shell shape 
metal-insulator-metal composite nanoparticles can be promising candidates for solar thermal harvest. 
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1. Introduction 

With the world’s fast economic development, the demand for 

energy increases year by year, and the consumption of fossil 

energy especially intensifies. Under such circumstances, the 

development of renewable energy is of great significance. Due 

to the advantages of wide distribution, large reserves, and 

environmental friendliness, solar energy as an important 

renewable energy source has attracted more and more 

attention from researchers.[1] The use of solar energy mainly 

includes photothermal conversion, photoelectric conversion, 

and photochemical conversion.[2] Photoelectric conversion 

refers to the utilization of solar energy via photovoltaic cells. 

The active band of the photovoltaic materials, usually silicon, 

limits its effectiveness. Photochemical conversion mainly 

refers to solar energy-fueled hydrogen production, which is 

still in the preliminary research stage. In comparison, 

photothermal can utilize the full solar spectrum, converting all 

the absorbed solar energy to thermal energy.[3] 

Solar collectors are common devices for solar thermal 

conversion. Minardi and Chuang[4] first proposed the concept 

of direct absorption solar collector (DASC) in 1975. To 

improve the working performance of the collector, Choi[5] 

proposed the concept of applying nanofluid in a DASC. A 

Nanofluid is a suspension of nanoparticles with a diameter of 

no more than 100 nm in the base fluid. Water is the most 

common working base fluid.[6] By using nanofluids, the 

collector performance has been can be improved 

significantly.[7-11] 

The absorption property of nanoparticles is critical in 

influencing the photothermal conversion performance of a 

DASC. The nanoparticle structure, size, and dielectric 

characteristics are the main factors determining the absorption 

properties of a nanoparticle.[12,13] Various nanofluids have been 

explored to realize better absorption.[14-18] Lee et al.[19] in 2012 

proposed a kind of SiO2/Au core-shell structure with local 

surface plasmon resonance (LSPR), and the thermal efficiency 

of direct absorption solar collector using these nanoparticles 

reaches 70%. In 2014, Zhang et al.[20] proposed to disperse Au 

nanoparticles into the base liquid, and the results showed that 

an Au nanofluid with a volume fraction of 0.015% could 

improve the photothermal conversion efficiency of the 

collector by 20%. It is worth mentioning that apart from 

metallic nanoparticles, carbon nanomaterials have also been 
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extensively investigated for solar energy harvest.[21-24] At the 

same time, various optimization schemes have been conducted 

to improve the performance of a DASC.[25-27] 

However, due to the resonance nature of the absorption 

peak of LSPR, the absorption band of nanoparticles is severely 

limited in the narrow resonance band, leading to low energy 

absorption of solar radiation.[19,28] To achieve broadband 

absorption, Jeon et al.[29] tuned the resonance frequency of gold 

nanorods by adjusting the aspect ratio and successfully 

demonstrated the feasibility of broadband absorption by 

mixing a variety of gold nanorods in a fluid. Several new 

nanoparticles have been proposed to excite more absorption 

peaks to broaden the absorption band.[30-34] Besides LSPR, 

other resonance modes also exist such as magnetic 

polaritons,[35] hyperbolic modes,[36] surface phonon 

polaritons,[37] etc. The utilization of various resonance modes 

to broaden the absorption band has become a research hotspot. 

Recently, Qin et al.[38] have proposed an Ag-SiO2-Ag nanodisk 

particle, and they have shown that the magnetic polaritons 

were excited besides LSPR, beneficial for broadband solar 

energy absorption. 

However, the synthesis of the Ag-SiO2-Ag nanodisk 

particles remains challenging. In this work, we proposed a 

core/shell/shell shape Ag-SiO2-Ag composite nanoparticle 

considering the more feasible synthesis of core/shell 

nanoparticles.[39] The finite element method has been used to 

calculate the absorption properties of composite nanoparticles. 

The physical mechanisms for the absorption peaks have also 

been revealed. In addition, the effect of different sizes and 

materials on the absorption and scattering efficiencies has 

been investigated.  

 

2. Modeling  

Figure 1 shows the proposed Ag-SiO2-Ag core/shell/shell 

shape composite nanoparticle. Silver is chosen in this work 

due to its small loss factor compared to other common 

metals.[40] The diameter of the inner silver core, the thickness 

of the middle silica layer, and the thickness of the outer silver 

layer are respectively d1 = 20 nm, t2 = 10 nm, and t3 = 10 nm. 

These sizes are chosen to ensure that the absorption is 

significant while the scattering is not too strong for effective 

solar energy absorption.[41] The dimension remains unchanged 

in this study until further specified. The surrounding working 

fluid is water. The permittivity of silver, silica, and water is 

obtained in Ref.[42]. Only the visible wavelength range, i.e., 

300-800 nm, has been considered since the resonances 

induced by the nanoparticles usually fall in this range or at 

even shorter wavelengths.[41] The absorption and scattering 

efficiencies of the composite nanoparticles are evaluated with 

the finite element method by using the Wave Optics module in 

COMSOL Multiphysics. Owing to the symmetry of the 

nanoparticle, only one case of the light incidence is considered, 

i.e., a plane wave incident towards the x direction and 

polarized along the y direction. The formulations based on 

Maxwell’s equations and the material laws together predict the 

propagation of light in the media of different dielectric 

constants. A perfect matching layer (PML) with a thickness of 

10 times the particle radius was also applied to envelop the 

nanoparticle so that the calculation space is truncated into a 

limited space without influencing the light propagation in the 

nanoparticle region, making the implementation of finite 

element method (FEM) calculation possible. For evaluating 

absorption efficiency and scattering efficiency, the obtained 

absorption cross-sections and scattering cross-sections need to 

be normalized by dividing the corresponding nanoparticle 

cross-sections. 

 
Fig. 1 Schematic of the proposed core/shell/shell shape Ag-

SiO2-Ag composite nanoparticle, with d1, = 20 nm, t2 = 10 nm, 

and t3 = 10 nm. 

 

3. Results and discussion 

3.1 Absorption and scattering efficiencies 

Figure 2(a) compares the absorption efficiency of the proposed 

Ag-SiO2-Ag composite nanoparticle and a pure Ag 

nanoparticle with the same dimension (i.e. the radius of the 

Ag nanoparticle is 30 nm). It is seen that the Ag-SiO2-Ag 

composite nanoparticle generates two distinct absorption 

peaks in the visible wavelength range. The main peak is at 

around 570 nm with an absorption efficiency of 5.8, while the 

second peak is at around 430 nm with an absorption efficiency 

of 1.2. The absorption efficiency of the Ag nanoparticle with 

a diameter of 60 nm is also plotted for comparison. One can 

see that the absorption peak of the Ag nanoparticle is also at 

around 430 nm with an absorption efficiency of 4.4. The 

composite nanoparticles can excite more absorption peaks, 

compared to pure silver nanoparticles. This difference lies in 

the fact that an isolated metallic nanoparticle is only capable 

to generate the localized surface plasmon resonance caused by 

collective resonance between the free electrons and the 

electric field of the incident light;[19,34] while in the case of Ag-

SiO2-Ag nanoparticle, additional magnetic resonance can be 
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Fig. 2 Comparison of (a) absorption efficiency, (b) Solar weighted absorption efficiency of Ag and Ag-SiO2-Ag [right axis], and the 

AM 1.5 solar spectral irradiance applied as the spectral weights [left axis]. 

 

excited due to the metal-insulator-metal structure, which is a 

typical morphology to excite magnetic resonance.[35,38] 

In reality, the solar spectral irradiance is highly dependent 

on the wavelength, as shown in the red curve in Fig. 2(b). To 

take into account this wavelength dependency, the solar 

weighted absorption has been calculated. It turned out to be 

0.855 and 0.764 for the Ag-SiO2-Ag composite nanoparticle 

and the pure Ag nanoparticle, respectively. This implies an 

increase of about 10% for solar energy absorption by using the 

proposed Ag-SiO2-Ag composite nanoparticle compared to 

the pure Ag nanoparticle. 

 

3.2 Resonance mode analysis of the absorption peaks 

Figure 2 has shown that the main peak and the secondary peak 

of Ag-SiO2-Ag composite nanoparticles occur around 570 nm 

and 430 nm, respectively. To figure out the resonance modes 

of the absorption peaks, the local electric and magnetic fields 

at the resonance wavelengths are analyzed in this section. 

The local electromagnetic field distribution in the 

nanoparticle at the wavelength of 570 nm is shown in Fig. 3, 

with Figs. 3(a) and (b) showing the x-o-y plane, Figs. 3(c) and 

(d) for the x-o-z plane. The electric and magnetic vectors are 

also shown to demonstrate their directions. In Fig. 3(a), it 

 
Fig. 3 Local field distribution at a wavelength of 570 nm for the Ag-SiO2-Ag composite nanoparticle when the applied plane wave 

is x-incidence and y-polarization. Time-averaged square of (a) the electric field and (b) magnetic field distribution in the x-o-y plane; 

(c) the electric field and (d) magnetic field distribution in the x-o-z plane. The arrows denote the electric field vectors in Fig. 3(a), 

(c), and magnetic vectors in Fig. 3(b), (d) when the phase = 0 degrees. 
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is seen that the electric field intensity is symmetrically 

distributed along the x-axis and y-axis. The electric field 

intensity is relatively low in the inner Ag core and the outer 

Ag shell part, while magnified significantly in the middle SiO2 

shell, which is typical magnetic resonance characteristics.[35,38] 

The electric field intensity is especially high along the plane 

wave polarization direction (i.e. y direction) at the interface 

between the inner Ag core and the middle SiO2 shell, and the 

maximum value can reach 54.6 V/m. Another interesting 

phenomenon is that a clockwise and an anti-clockwise 

circulate eddy current occurs respectively on the two sides 

near the interface between the Ag core and the SiO2 middle 

shell along the plane wave incident direction (i.e. x direction). 

This verifies again the magnetic resonance at the wavelength 

of 570 nm. That is, the Ag core and the Ag outer shell work as 

the inductor while the SiO2 inner shell works as a capacitor 

and they together form a resonant inductor-capacitor (LC) 

circuit and generate the anti-parallel eddy currents. As to the 

magnetic field distribution in Fig. 3(b), along the incident 

direction, the magnetic field presents a highly varying 

distribution. A relatively strong magnetic field is generated in 

a large region near the interface of the Ag core and the SiO2 

middle shell where x > 0, while localized in a small region 

where x < 0. 

In the x-o-z plane, the electric field distribution as in Fig. 

3(c) is centrally symmetrical, with a thin SiO2 layer near the 

Ag core having lower electric field intensity, which 

corresponds to the two dark spots along the x-axis in Fig 3(a). 

From the magnetic field distribution as in Fig. 3(d), the 

strongest magnetic field is at the interface between the Ag core 

and the SiO2 middle shell in the x > 0 side. The magnetic field 

gradually decreases both along x > 0 and x < 0. It is worth 

noting that a small area with the lowest magnetic field 

intensity occurs in the inner Ag core, and its center does not 

coincide with the center of the nanoparticle. The direction of 

the magnetic vectors (i.e. anti-clockwise here) indicates an 

opposite direction to that of the incidence plane wave 

(clockwise). This implies again that the resonance at 570 nm 

is attributed to magnetic resonance. 

Now it comes to the absorption peak of the Ag-SiO2-Ag 

composite nanoparticle near 430 nm as shown in Fig. 4. In the 

x-o-y plane in Fig. 4(a), the electric field is intensified largely 

at the interface between the Ag core and the middle SiO2 shell 

along the polarization direction, and the electric vectors in the 

middle SiO2 shell are consistently toward the polarization 

direction, indicating characteristics of LSPR. The peak near 

430 nm also exists for the pure Ag nanosphere as in Fig. 2(a), 

and it is well known that individual silver nanoparticles cannot 

excite magnetic resonances, so the absorption peak near 430 

nm is attributed to the excitation of electric resonance. The 

electric field distribution in the x-o-z plane in Fig. 4(b) shows 

clearly again that the electric field is intensified around the 

outer surface of the Ag core, which is a characteristic of the 

LSPR. 

 

3.3 Tuning the optical properties of the Ag-SiO2-Ag 

composite nanoparticle 

Since the size of the nanoparticles has a significant effect on 

their optical properties, a parametric study was conducted to 

evaluate its impact. The sizes for d1, t2, and t3. have been 

increased proportionally from 20, 10, and 10 nm until 40, 20, 

and 20 nm. The resulting absorption efficiency Qabs of the Ag-

SiO2-Ag composite nanoparticles is shown in Fig. 5(a). It is 

observed that as d1, t2, and t3 increase, a red shift occurs for the 

main peak near 570 nm, which is induced by magnetic 

resonance. The peak becomes broadened with a lower peak 

value. For the peak induced by LSPR near 430 nm, the peak 

value increases with the increase of the nanoparticle size, and 

a redshift also appears. The variation of the nanoparticle size 

can tune its absorption efficiency. A suitable combination of 

different sizes of nanoparticles in a nanofluid can thus 

reasonably achieve a broad absorption coefficient.[29,34] 

Besides absorption, scattering in a nanofluid also plays a 

significant role in determining the efficiency of solar energy 

harvest. Although scattering may cause a portion of the 

photons to be scattered out of the collector, it is not entirely 

 
Fig. 4 Local field distribution at the wavelength of 430 nm for the Ag-SiO2-Ag composite nanoparticle when the applied plane wave 

is x-incidence and y-polarization. The arrows indicate the electric field vector when the phase = 0 degrees. 
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Fig. 5 Effects of nanoparticle sizes on (a) absorption efficiency and (b) scattering albedo of the Ag-SiO2-Ag composite nanoparticle. 

 

harmful because light scattering can increase the optical length 

of the photons. For instance, Won et al.[43] have theoretically 

evaluated the relation between the absorption efficiency and 

scattering efficiency and found that despite the absolute value 

of scattering efficiency, a carefully engineered scattering 

efficiency depending on the absorption efficiency can improve 

the collector performance. Therefore, it is necessary to control 

the scattering in a reasonable range, and wise choice and 

design of the nanoparticle size can contribute to the solar 

energy absorption further. The comparison of the 

corresponding scattering albedo, i.e. scattering 

efficiency/extinction efficiency, where extinction efficiency = 

(absorption efficiency + scattering efficiency), is shown in Fig. 

5(b). It is seen that with the increase of the nanoparticle size, 

the scattering albedo keeps increasing, and this makes the 

tuning of the scattering efficiency feasible. Another interesting 

finding is that the scattering albedo at the magnetic resonance 

peak is much less compared to that at LSPR, which is 

beneficial for direct effective solar energy absorption. It is 

worth noting that the size parameters need not necessarily vary 

in proportion, i.e. one can change d1, t2, and t3 separately as 

required. 

Besides the size parameter, nanoparticle material also 

affects the optical properties significantly. Here, we compared 

the absorption efficiencies of the composite nanoparticles with 

several common metals, i.e. Ag, Cu, Zn, and Au. The real and 

imaginary parts of the complex refractive index, n, and k, 

which affect the optical properties of the nanoparticle, are 

shown in Fig. 6(a).[44] The resulting absorption efficiencies of 

the composite nanoparticles are in Fig. 6(b). It is obvious that 

the spectral absorption efficiency of the nanoparticles with 

different metal materials distinguishes them from each other. 

In the wavelength range of interest, the Ag-SiO2-Ag 

nanoparticle has two distinct absorption peaks as discussed 

earlier. The Cu-SiO2-Cu nanoparticle has one high peak of 

around 610 nm and a shoulder in the range of 300-550 nm 

with a relatively high absorption efficiency of 1.5. As to the 

Zn-SiO2-Zn nanoparticle, only one broad peak occurs at 

around 450 nm, with a peak value of about 2. For the Au-SiO2-

Au nanoparticle, one main peak occurs near 650 nm, and a 

 
Fig. 6 (a) The real and imaginary parts of the complex refractive index, i.e., n and k respectively, for the four metals, Ag, Cu, Zn, and 

Au.[44] (b) Effect of different metal materials on the absorption efficiency for the metal-insulator-metal composite nanoparticle. The 

sizes remain as d1 = 20 nm, t2 = 10 nm and t3 = 10 nm. 
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wide shoulder with an absorption efficiency of around 1.3 

exists in the range of 300-520 nm. The combination of 

nanoparticles of different materials is promising to realize 

broadband solar energy absorption. Further optimizations can 

be conducted to explore the optimized combination of the 

nanoparticles with different sizes and materials for optimum 

solar energy absorption. 

 

4. Conclusion 

In the work, the core/shell/shell shape metal-insulator-metal 

composite nanoparticles have been proposed for solar thermal 

harvest. The optical properties of the Ag-SiO2-Ag composite 

nanoparticle have been evaluated, and multiple absorption 

peaks have been observed upon a plane wave incidence. The 

analysis of the distribution of the local electric and magnetic 

fields revealed that the absorption peaks were attributed to 

both the magnetic resonance and the electric resonance (i.e. 

LSPR). The size parametric study showed that the variation of 

the nanoparticle sizes can tune the peak magnitudes of the 

absorption peaks, as well as the corresponding scattering 

albedo. The change of materials is beneficial to obtain 

absorption peaks in different wavelengths. This work suggests 

that the core/shell/shell shape metal-insulator-metal composite 

nanoparticles can be promising candidates for efficient and 

broadband solar energy absorption. 
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