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Abstract 

An epsilon-negative metamaterial (ENM) containing core@shell nanoparticles (NPs) was 

designed, where silver (Ag) NPs served as core and silica (SiO2) was used as spacer shell. 

AgNPs were synthesized in large scale, using microwave-assisted polyol method, in three 

average particle sizes, as 30, 54, and 61 nm, with a narrow particle size distribution. Optical 

absorption of Ag NPs was investigated using UV-Vis spectroscopy. Their optical behavior 

was also theoretically predicted for different thicknesses of the SiO2 shell immersed in media 

of different refractive indices using the Clausius - Mossotti equation. Based on the results, 

optimal outputs were obtained with a SiO2 shell of 10 nm in thickness encompassing 54nm 

Ag NPs based on the analytical model and numerical simulations here developed for core-

shell structures. Then 10 nm SiO2 shell was grown on 54 nm Ag NPs by sol-gel synthesis. 

The NPs were then characterized by UV-Vis, TEM, SEM, EDX, DLS, and zeta potential 

analyses. The synthesized core-shell NPs can be used to establish epsilon-negative properties 

in polymer layers within visible range of wavelengths. 
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The resonant absorption and light dispersion resulted from the coherent oscillations of free 

electrons within the conductivity band provide the nanoparticles (NPs) of noble metals with 

such unique properties that are virtually absent in their bulk state, contributing to increased 

intensity of localized electric field near the surface of the NPs [1]. Especially for the gold 

(Au) and silver (Ag), the plasmonic effect of the NPs has promoted the research on the 

optical applications of such NPs, including those in solar cells, photocatalysts, sensors, and 

metamaterials [2-6], making the plasmonic effect an interesting field of the modern research. 

Among other noble metals, Ag is not only advantageous in terms of price and 

physicochemical properties, but it also provides a molar damping coefficient that is 100 times 

larger than that of Au, making its NPs the material of choice for optical applications [7]. Ag 

NPs can be considered as the building block of new matters with special characteristics. The 

synthesis of these NPs at large scale with uniform particle properties was a major challenge 

in the nanotechnology until recently. We addressed this difficulty by formulating a simple yet 

robust procedure that was used to obtain large amounts of uniform Ag NPs per batch using 

MW-assisted polyol synthesis route [8]. Despite the widespread application of the Ag NPs in 

the optical materials, their tendency toward aggregation in long-term and high sensitivity to 

oxidation have made them incompatible with particular applications. The solution to this has 

been to coat their surface with a kind of protective and robust layer. 

Development of an oxide shell around the metal cores can not only serves to protect them, 

but also provides their hybrid structure with new advantageous features [9]. One of the best 

oxides for such a purpose is silica (SiO2), which is a stable and chemically inert species that 

can protect the Ag cores against the ions in other media [10] and contributes to better control 

of the spacing between the Ag cores. The coating of Ag NPs with a SiO2 shell generates a 

controlled dielectric medium around the Ag NPs, making them suited for optical applications. 

An interesting application of the Ag@SiO2 NPs in the field of biotechnology is the metal-

enhanced fluorescence (MEF) phenomenon. Resulted from the plasmon coupling between the 

metallic nanostructures and fluorophores [11], the MEF can add to the luminance lifetime of 

particular complexes while decreasing and increasing the nonradiative and radiative 

transmission rates, respectively [12-14]. The Ag@SiO2 NPs can also be used in the newly 

introduced MEF-based biosensing platforms [15, 16].  

For the Ag NPs, the interparticle spacing plays a crucial role in the intensification of the 

electric field. Indeed, in a structure with closely spaced NPs, the electromagnetic fields can 

be effectively localized to establish hotspots in the spacing between the NPs. This is highly 

advantageous for the design of plasmonic systems with highly localized electric fields for 

sensing application [17, 18]. Niciński et al. [19] proposed a surface-enhanced Raman 

scattering (SERS)-active platform coupled with a microfluidic device containing Ag@SiO2 

NPs. In principle, the system worked based on the intensification of electromagnetic field, 

where the Ag@SiO2 NPs were used to enhance the detection sensitivity of the tumor cells. 

Metamaterials represent another area of interest in the fields of the material physics, optics 

and engineering: materials of special electromagnetic properties that cannot be achieved in 

natural media. The metal/dielectric core-shell NPs have been a major candidate for being 
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used as meta-atom for designing and manufacturing the metamaterials [20] and advanced and 

new NPs properties.  

In order to use the Ag@SiO2 NPs in the mentioned optical applications, it is crucial to design 

the structures hosting the NPs with optimal geometry. In the present work, optimum 

geometry of the Ag NPs was obtained for designing an epsilon-negative metamaterial 

structure, containing the Ag@SiO2 NPs. A new analytical model has been developed and 

SiO2 coating has been performed using Stöber process to obtain Ag@SiO2 core-shell NPs of 

appropriate size.  

2. Analytical model and design of core-shell NPs 

In this paragraph we develop a new analytical formulation for the effective polarizability of a 

multi-layer structure and applied such formula for modelling and design the effective 

constitutive parameters of core-shell spherical nanoparticles. Figure 1a shows the structure 

under study: it consists of a generic inclusion with electric permittivity ε1, embedded in a 

dielectric bounded environment of permittivity ε2. To study its electromagnetic properties, the 

following assumptions must be made:  

• The inclusion is much smaller than the operative wavelength and the electromagnetic field 

is approximately constant over the particle volume. Therefore, quasi-static approximation can 

be used to study the resonant behaviour of the individual structure [21].  

• The considered particles and the surrounding material are homogeneous and isotropic. The 

surrounding material is a non-absorbing medium [22].  

 

To make a relation between the macroscopic electromagnetic behavior of a particle 

embedded in a host medium and its effective polarizability we can use the following equation 

[23]: 

𝛼 =
𝑉𝜀2(𝜀1 − 𝜀2)

𝜀2 + 𝐿(𝜀1 − 𝜀2)
                 (1) 

where L and V are the depolarization factor and volume of the particle, respectively.  

In our case, it was considered a particle embedded in a bounded homogeneous medium  with 

the dielectric permittivity 𝜀2 (Figure 1a). If the average polarizability of the particle 1 is 𝛼𝑎𝑣1, 

consequently, it can be defined its average dielectric polarizability as:  

 

𝛼𝑎𝑣1 =
𝑉1𝜀2(𝜀𝑎𝑣1−𝜀2)

𝜀2+𝐿1(𝜀𝑎𝑣1−𝜀2)
         (2) 

 

Now let’s assume that the aforementioned particle (𝛼𝑎𝑣1) is surrounded by a dielectric layer 

of permittivity ε2 (Figure 1a). We have to find the polarizability of the covered particle. To 

address this issue, the initial particle is placed in a homogeneous dielectric medium with 

permittivity ε2 and then surround the initial particle by an imagine particle, as depicted in 

Figure 1b. Now this imagine particle is replaced by a homogeneous particle with the average 

polarizability αav2 (Figure 1c) and: 
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𝛼𝑎𝑣2 =
𝑉2𝜀2(𝜀𝑎𝑣2 − 𝜀2)

𝜀2 + 𝐿2(𝜀𝑎𝑣2 − 𝜀2)
               (3) 

Which provide an equivalent dipole moment and polarizability for the particle in Figure 1b. 

Consequently, we have: 

𝛼𝑎𝑣1 = 𝛼𝑎𝑣2           (4) 

 
𝑉1𝜀2(𝜀𝑎𝑣1 − 𝜀2)

𝜀2 + 𝐿1(𝜀𝑎𝑣1 − 𝜀2)
=

𝑉2𝜀2(𝜀𝑎𝑣2 − 𝜀2)

𝜀2 + 𝐿2(𝜀𝑎𝑣2 − 𝜀2)
      (5) 

 

By solving respect to αav2, a new relationship for the effective polarizability (and therefore the 

effective permittivity) is obtained, to design/retrieve the values of the effective constitutive 

parameters of the layered structure under study (Figure 1d). 

 

𝛼𝑒𝑓𝑓 =
𝜀2 (𝑉1(𝐿2 − 1)(𝜀2 − 𝜀1) + 𝑉2(𝐿1𝜀1 − 𝜀2(𝐿1 − 1)))

𝐿2𝑉1(𝜀2 − 𝜀1) + 𝑉2(𝐿1𝜀1 − 𝜀2(𝐿1 − 1))
                  (6) 

 

 

 
 

Figure 1: a) Original layered particle with permittivity ε1 and ε2 for the core and the shell, 

respectively; b) fictional particle with polarizability αav1 immersed in a surrounding medium 

of permittivity ε2; c) single particle with average polarizability αav2; and d) single particle 

with polarizability αeff, equivalent to original layered particle (ε1 and ε2). 

 

3. Experimental 

3.1. Materials and instrumentation 

Silver nitrate (AgNO3, crystal extra pure, Merck, Sweden), polyvinyl pyrrolidone –PVP 

(K30, PanReacAppliChem), and ethylene glycol –EG (C2H6O2, Sigma Aldrich, Sweden) 
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were used as Ag precursor, capping agent, and reducing solvent, respectively. As for the SiO2 

coating, tetraethyl orthosilicate (TEOS, Si(OC2H5)4, Sigma Aldrich, Sweden), ammonium 

hydroxide (NH4OH, Sigma Aldrich, Sweden), and ethanol (Sigma Aldrich, Sweden) were 

used as SiO2 precursor, catalyst, and solvent, respectively. 

Morphology of Ag@SiO2 NPs was characterized using transmission electron microscopy 

(TEM, JEM-2100F, 200 kV, JEOL Ltd. Tokyo Japan) and scanning electron microscopy 

(SEM- FEI Nova200, Hillsboro, OR, USA). The energy dispersive spectroscopy (EDS) was 

used to analysis of chemical composition of the NPs. Average size of NPs was measured 

using ImageJ software and dynamic light scattering (DLS- Malvern Zetasizer Nano ZS90). 

UV-Vis spectrophotometry (ImplenNanoPhotometer, NP80) was used to determine the SPR 

spectra of AgNPs and Ag@SiO2 NPs. In order to obtain the desired effective dielectric 

constant according to the Clausius–Mossotti relation, the central composite design (Response 

surface – CCD; Design expert software (DOE; version 11.0.3.0, Stat – Ease, USA)) was used. 

3.2. Synthesis of Ag NPs 

The Ag NPs were synthesized via the microwave-assisted (MW-assisted) polyol method, as 

thoroughly described in our recent work [8]. In brief, appropriate amounts of AgNO3 and 

PVP were dissolved in 40 mL of EG and transferred to a MW reaction chamber. Utilizing the 

MW-assisted heating, the solutions were heated to 145°C in 1 min, with their temperature 

kept there for another 2 min before cooling down to room temperature. As a result of this 

synthesis procedure, Ag NPs of 30, 54, and 61 nm in size were produced from different 

amounts of precursor as listed in Table S1. 

3.3. Synthesis of SiO2 coated Ag (core-shell Ag@SiO2) NPs 

The Stöber process [24, 25] was utilized to synthesize the Ag@SiO2 core-shell NPs in this 

research, which is based on sol-gel SiO2 formation in alcoholic solution with the catalysis of 

a base. In a typical process, 1 mL of a solution composed of ethanol and 0.0012 g of Ag NPs 

with an average particle size of 54 nm was added to 40 mL of ethanol in a 100 mL round-

bottom flask under stirring, and the mixture was further stirred for 10 min. Subsequently, 

keeping the solution under stirring, 1.5 mL of ammonium hydroxide was added to adjust the 

solution pH to 10. Afterwards, 2 μL of TEOS was introduced into the solution and the flask 

was sealed for 18 h under stirring. The solution was then transferred into a 40 mL vial and 

subjected to centrifugation at 12,000 rpm for 15 min, upon which stage the core-shell NPs 

were precipitated and collected for further analysis without needing additional washing steps. 

Thus, the core-shell Ag@SiO2 NPs, where 54 nm Ag NP coated with 10 nm SiO2 shell were 

obtained. 

4. Results and discussion 

4.1. Optical characteristics of the synthesized Ag NPs 

Three samples of Ag NPs were synthesized with average particle size of 30, 54, and 61 nm. 

SEM images of the NPs are displayed in Figure S1, indicating the spherical geometry and 
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narrow particle size distribution of the NPs. Figure 2 displays a typical Ag NP and confirms 

the high crystallinity through the fourier transform (FFT) image presented alongside. 

 

 

Figure 2: TEM micrograph and FFT of Ag NPs. 

UV-Vis spectroscopy was conducted to evaluate the optical characteristics of the synthesized 

Ag NPs, with the results shown in Figure 3. The UV-Vis spectra showed a single absorption 

band called the Ag plasmon peak. Mie was not the first to formulate the electromagnetic 

dispersion, but his well-known theory (the Mie theory) can well explain the SPR of the highly 

symmetric Ag NPs when their size is comparable to the incident electromagnetic ray 

wavelength [26-28]. 
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Figure 3: UV-Vis spectra of Ag NP samples with average particle size of 30, 54, and 61nm. 
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Resulted from collective oscillation of surface electrons, the optical absorption and dispersion 

of Ag NPs are known as surface plasmon. When the frequency of oscillation of these 

electrons coincides with that of the electromagnetic ray, the resonance condition is 

established. In nanostructures of Ag, this is called localized surface plasmon resonance 

(LSPR) [29-31]. A large metallic crystal exhibits an absorption peak at zero frequency but, 

according to the Mie theory, the absorption peak frequency may shift to visible or near UV 

region if the particle size is small compared to the incident light wavelength [32]. For the Ag 

NPs, the absorption peak wavelength ranges from about 400 nm to 530 nm, with the actual 

extent of shift being dependent on the particle size and shape, and the dielectric medium 

encompassing the particle [31, 33]. Considering Figure 3, the resonance absorption peak was 

observed at 422, 436, and 442 nm for the Ag NPs with average particle diameters of 30, 54, 

and 61 nm, respectively. These were resulted from the excitation of the surface plasmon 

oscillations and, as observed, the absorption peaks exhibited a red-shift with increasing the 

average size of the Ag NPs. These collective excitations and the red-shift can be interpreted 

by the modified Drude model, which presents the following equation for predicting the 

permittivity which imposes a crucial contribution to the LSRP properties for the NPs larger 

than 10 nm in average diameter [34]: 

𝜀𝑁𝑃(𝜔, 𝑟) = 𝜀𝑏𝑢𝑙𝑘(𝜔) +
𝜔𝑃

2

𝜔2 + 𝑖𝛤0𝜔
−

𝜔𝑃
2

𝜔2 + 𝑖 𝛤(𝑟)𝜔
             (7) 

Where 𝜔𝑝 is the electron density-dependent plasma frequency and 𝛤(𝑟) is the modified 

damping frequency of the NPs – a parameter that is dependent on the particle size. Therefore, 

it can be understood that the shift of the resonance peak depends on the density of the near 

surface free electrons of the Ag NPs. Since an increase in the particle size extends the 

electron density profile, then such an increase enhances the polarizability and hence lowers 

the resonance frequency. Tiggesbäumker et al. [35] referred to the red-shift as a spill-out 

effect, introducing it as an intrinsically dynamic effect. Hilger et al. [36], on the other hand, 

stipulated that the difference in the added mass because of the increased size cannot justify 

the red-shift, referring to the change in the electromagnetic coupling as the main cause of the 

shift. As the average diameter of the Ag NPs increases, the spacing between the surface 

charges extends, lowering their interactions and hence the restoring forces, which eventually 

leads to the red-shift of the plasmon absorption peak [37].  

According to Figure 3, as the average particle size increased from 30 nm to 61 nm, the full 

width at half maximum (FWHM) increased by 31 nm, which could be a result of either the 

nonuniform polarization of the larger NPs in the electromagnetic field of the incident ray or 

the excitations induced by the quadrupolar or octopolar modes, which is usually referred to as 

non-inherent effect of size  and holds true for particles with sizes larger than 20 nm [38]. 

These unique properties of the Ag NPs, which are most commonly resulted from small 

overlapping between the SPR and inter-band transitions in the Ag, have made them exhibit a 

more intensive plasmonic resonance in the range of visible wavelengths, as compared to other 
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noble metals [26]. Nevertheless, incorporation of Ag NPs into applicable parts is difficult 

because of not only their tendency towards aggregation by the Van der Waals forces in the 

long time, but also the sensitivity of the Ag to the surrounding chemical medium and its 

susceptibility to oxidation and degradation of its plasmonic properties. In order to cope with 

this problem and to engineer NPs plasmonic behavior, it is necessary to establish a stable 

coating on the surface of the Ag NPs [7, 39, 40]. In the present work, optimal usage of the 

synthesized Ag NPs in plasmonic parts was sought by coating the particles with SiO2 – a very 

stable material against environmental changes in many chemical media. First, appropriate 

thickness of the SiO2 coating was designed to obtain the desired properties for the considered 

application. Then, attempts were made to synthesize core-shell Ag@SiO2 NPs with the 

designed dimensions. 

4.2. Parameters affecting the optical response of the synthesized Ag NPs for the design 

of the metasurface 

Optical response of the randomly arranged dipolar particles can be investigated by the 

Clausius - Mossotti equation, which expresses the relationship among the effective 

permittivity and permeability with the polarizability and volumetric fraction of the particles, 

f, as follows [20]: 

𝜀𝑒𝑓𝑓 − 𝜀°

𝜀𝑒𝑓𝑓 + 2𝜀°
= 𝑓

𝛼𝑒𝑓𝑓

4𝜋𝑟3
        (8) 

Where 𝛼𝑒𝑓𝑓 is the effective electrical polarizability of spherical particles (𝐿 =
1

3
, 𝑉 =

4

3
𝜋𝑟3) 

in formula (6), and r is the radius of particles. 

In the present work, the parameters affecting the ε𝑒𝑓𝑓 were investigated to design a 

metasurface with negative or near-zero epsilon. In order to determine the relationship 

between the parameters affecting the ε𝑒𝑓𝑓, the Clausius - Mossotti equation was designed via 

Central Composite Designs (CCD) to obtain an approximate map of the effects of different 

parameters on the ε𝑒𝑓𝑓. The required optical data were extracted from the refractive index 

database [41] based on Malitson [42] and McPeak et al. [43]. The optical data in details are 

listed in Table S2. Here the following parameters were selected as independent variables: 

wavelength, core (Ag) radius, shell (SiO2) thickness, filling factor, and refractive index of the 

host medium. These parameters together with their considered levels are listed in Table 1. In 

this work, the filling factor, f, shall mean the volumetric fraction of the core-shell NPs in a 

rectangular polymer layer, i.e. the host medium. The reason behind using a thin shell of SiO2 

in this design was the fact that larger Ag NPs with a relatively thin dielectric coating can 

exhibit cooperative effects with the adjacent Ag NPs, which means the overlapping of the 

localized electromagnetic fields. This while a thicker shell (equal to the diameter of the Ag 

NPs) masks the effect of the host medium surrounding the Ag@SiO2 NPs completely [44]. 

 

Table 1: Selected factors and their levels for Clausius-Mossotti equation 
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Factor Name Units Type Minimum Maximum 
Coded 

Low 

Coded 

High 
Mean 

A Wavelength nm Numeric 300 1000 -1 ↔ 475 +1 ↔ 825 650 

B Core radius nm Numeric 15 50 
-1 ↔ 

23.75 

+1 ↔ 

41.25 
32.50 

C Shell thickness nm Numeric 0 20 -1 ↔ 5 +1 ↔ 15 10 

D Filling factor  Numeric 0.1 0.7 
-1 ↔ 

0.25 

+1 ↔ 

0.55 
0.4 

E 
Refractive index of 

the host 
 Numeric 1 1.5 

-1 ↔ 

1.13 

+1 ↔ 

1.38 
1.25 

 

The experiments designed with various parameters are presented in Table S3. Selected as the 

response, the parameter ε𝑒𝑓𝑓was theoretically obtained from the Clausius - Mossotti equation, 

as per corresponding coding in Matlab. Utilizing the Matlab, the real and imaginary parts of 

the ε𝑒𝑓𝑓 were calculated, with the real part reported as epsilon in Table S3. This preliminary 

design was conducted to simplify the use of the Clausius - Mossotti equation for investigating 

the interplay between different parameters and subsequently designing the desired 

metasurface. The 2D and 3D maps presented in Figure 4 show the effects of the independent 

variables on the response. 
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Figure 4: Contour and 3D plots showing the combined effect of core radius and shell 

thickness in a host medium with refractive index of 1.375 (a), the combined effect of core 

radius and shell thickness in a host medium with refractive index of 1.125 (b) on the 𝜀𝑒𝑓𝑓 of 

Ag@SiO2/polymer composites. 

 

According to Figure 4a in the visible range of spectrum and with f = 0.55, the epsilon-

negative metasurfaces (ENMs) could be obtained with increasing the Ag core size, with the 

range limited and disappeared with decreasing the f down to 0.25 (Figure S2a and S2b). 

Figure 4b shows that a wider range of ENM could be expected if the refractive index of the 

host medium is reduced. On the other hand, in a low-refractive index host medium, one could 

anticipate increased epsilon with lowering the f (Figure S2c). A clear conclusion is the 

significant effect of the refractive index of the host medium on the ε𝑒𝑓𝑓. This is because of 

the establishment of a constant charge density called damped non-propagated waves due to 
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incompliance of the wave impedances in the shell and the host medium as a result of the 

polarization of the incident field and the electric field induced by the dipolar plasmon of the 

core [29]. Pal et al. [29] suggested that when the dielectric constant of the medium wherein 

the NPs disperse is equal or very close to that of the shell matrix, the contribution of the 

dispersion medium is larger and the near electric field (NEF) is intensified along their 

interface. Based on Figure 4a and b, an increase in the shell thickness from 5nm to 15nm 

eases the achievement of near-zero and negative 𝜀. Therefore, based on the obtained results, it 

is likely that a thickness of 10 nm for the SiO2 shell on the 54nm Ag NPs can lead to the 

desired properties for the considered metasurface. The next section describes the efforts made 

to develop a 10nm shell on the surface of Ag NPs and discusses the properties of the obtained 

core-shell NPs. 

4.3. Coating the silica on the Ag NPs 

The Stöber process was used to coat the Ag NPs with a 10nm shell of SiO2. This process 

includes the hydrolysis and condensation of a silicon (Si) alkoxide in an alcoholic solution in 

the presence of a catalyst, which leads to the growth of SiO2 on the surface of the NPs, with 

the growth being dependent on the competition between the rates of diffusion, hydrolysis, 

and condensation of the SiO2 precursor as well as the surface chemistry of the NPs [45]. 

TEOS used as SiO2 precursor, ethanol as an alcoholic solvent, and ammonium hydroxide as 

the catalyst. Hydrolysis of TEOS was performed via the following reaction in the presence of 

water: 

𝑆𝑖(𝑂𝐶2𝐻5)4 + 4𝐻2𝑂 → 𝑆𝑖(𝑂𝐻)4 + 4𝐶2𝐻5𝑂𝐻               (9) 

Considering the above-expressed reaction, the hydrolysis process depends on the water-to-

TEOS molar ratio. Donatti et al. [46] proved that the TEOS reacts completely at a water-to-

TEOS molar ratio≥ 4, while a poly-condensation reaction occurs at ratios lower than 4 to 

produce the required water for the continuation of the hydrolysis process. In this work, we 

did not use the water directly for the coating process as the water content of the ammonium 

hydroxide was large enough to have the TEOS hydrolyzed completely. When an ethoxide 

group (OC2H5) is exchanged with a hydroxyl group (OH), the electron density of the Si 

decreases, accelerating the rate at which other ethoxide groups are being hydrolyzed [47]. 

Indeed, by avoiding the direct use of water, we could lower the rate of hydrolysis and prevent 

the shell formation on multiple cores simultaneously. Condensation of Si(OH)4 occurred 

concurrently with the hydrolysis, resulting in the formation of a SiO2 shell around the Ag NPs 

through the following reaction: 

𝑆𝑖(𝑂𝐻)4 → 𝑆𝑖𝑂2 + 2𝐻2𝑂               (10) 

The shell formation depends on various parameters including the pH, temperature, type of 

solvent, and surface chemistry of the NPs [48]. Synthetic polymers can, through the steric 

stabilization mechanism, play significant roles in controlling the surface chemistry and 

successful coating of SiO2 on the NPs [49]. An important example of such polymers is the 

PVP, which can serve as a surface priming agent to replace the SiO2 shell. The Ag NPs 

synthesized in the present study were provided with a PVP layer that kept the NPs in the 
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suspension while being transmitted into the alcoholic solvent, preventing the aggregation of 

the NPs and degradation of the desired properties. Ethanol was selected as the alcoholic 

solvent due to its relatively low hydrolysis rate which made it suitable for the formation of 

the SiO2 shell on the larger Ag NPs. Niitsoo et al. [44] investigated the formation of 

Ag@SiO2 NPs in different alcoholic solvents and suggested that the formation of the 

Ag@SiO2 core-shell NPs in ethanol is controlled by the surface area of the Ag, and explained 

the non-formation of such core-shell complex in methanol by the high hydrolysis rate of the 

solvent, which led to the rapid formation of small and electrostatically stable particles of 

SiO2. Therefore, the nucleation of the SiO2 in the ethanol occurred heterogeneously, where 

the Ag NPs had their entire surface well coated with the SiO2 shell. Thickness of the SiO2 

shell is highly affected by the concentration of the TEOS and the reaction time.  

An important advantage of the SiO2 shell on the Ag NPs is the attenuation of the interface 

issues resulted from the crystal defects that would otherwise end up with a high charge-

carrier recombination rate [50]. As shown in Figure 5a, we could successfully block the 

surface of the Ag NPs physically. Figure 5a demonstrates the quality of the synthesized core-

shell NPs. More TEM micrographs of the core-shell NPs are provided in the Supplementary 

Material. The size-uniformity of the core-shell NPs is a result of the narrow particle size of 

the Ag NPs. Hydrodynamic sizes of the core and the core-shell NPs are compared in Figure 

5b. Table 2 presents a list of the size and other properties of the Ag core and Ag@SiO2 core-

shell NPs. 

 

Figure 5: a) TEM images of core-shell Ag@SiO2NPs; and b) particle size distribution of 

AgNPs and Ag@SiO2NPs by DLS 

 

 

 

 Table 2: Physical properties of synthesized AgNPs and Ag@SiO2NPs. 
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NPs 

UV-Vis DLS 

SEM, ImageJ 

size (nm) 

Zeta 

potential in 

ethanol 

(mV)* 

SPR 

peak 

(nm) 

FWHM 

(nm) 

Size 

(nm) 
PDI 

Bare Ag 436 97 68 0.153 54 +13 

Ag@SiO2 446 130 122 0.141 81 -25 

* 9 months after synthesis 

 

Figure 6 shows 8-10 nm particles of SiO2 that are chained around some Ag@SiO2 NPs. By 

the completion of the condensation process, these SiO2 cores become aggregated and then 

condense to make the surface of the NPs even smoother. Here we expect that, by extending 

the reaction time (> 18 h), these small particles of SiO2 will dissolve and precipitate on the 

surface of the Ag@SiO2 NPs to make the NPs more round through a mechanism known as 

Ostwald’s ripening. 

 

Figure 6: TEM images of Ag@SiO2 NPs showing small SiO2 NPs. 

 

In order to evaluate the elemental composition of the Ag@SiO2 NPs, EDS analysis was 

performed at three points, as depicted in Figure 7. The results confirmed the presence of the 

SiO2 shell on the surface of the AgNPs. Zeta potential confirmed this too. Resulted from 

surface variation of the NPs, the zeta potential provides some information about the 

suspension-stability of the NPs and the states of the surface charges [51]. According to Table 

2, the zeta potential in ethanol was measured at +13 mV and -25 mV for the Ag and 

Ag@SiO2 NPs, respectively. This large negative value for the Ag NPs coated with SiO2 

indicated the success of the coating providing a great repulsive force between the particles, 

which enhanced the stability of the NPs and prevented their agglomeration. 
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Figure 7: SEM micrograph and EDS analysis in three point of Ag@SiO2 NPs. 

Figure 8 shows the optical absorption peaks of the Ag and Ag@SiO2 NPs. A clear red-shift in 

the position of the SPR absorption peak is seen from 432 to 446 nm, which agrees well with 

the earlier reports [52-58]. Jo
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Figure 8: UV-Vis spectra of Ag core and core-shell Ag@SiO2 NPs. 

In core-shell NPs, the metal core plasmon peak wavelength can be expressed as follows 

[59, 60]: 

𝜆 = 𝜆𝑝 (𝜀∞ + 2𝑛𝑚
2 +

2𝑔(𝑛𝑠
2 − 𝑛𝑚

2 )

3
)

1
2

                   (11) 

where 𝑛𝑚 is the refractive index of the host medium, ns is the refractive index of the shell, 𝜀∞ 

is the high-frequency optical dielectric constant of the metallic core, g is the volumetric 

fraction of the shell layer, λ is the estimated position of the plasmon peak for the metallic 

core, and λp is wavelength of the plasmon peak for the bulk metal, which the latter parameter 

being dependent on the effective mass and density of the free electrons of the metallic core. 

Equation (11) suggests that dependence of the plasmon resonance on the refractive index of 

the material around the surface of the metallic particle and the thickness of the dielectric shell 

encompassing the particle. The LSPR wavelength increases with the refractive index of the 

medium hosting the NPs. This increase can be attributed to the improved shielding effect of 

the electric field with increasing the refractive index, which is known to add to the coulombic 

force between the electron clouds and the positively charged ions and the resultant decrease 

in the excitation energy of the electrons on the surface of the NPs [34]. This red-shift 

increases until the oscillator-induced electric field is fully encompassed within the silica shell 

[61]. As observed in Figure 8, the FWHM changed from 97 nm for the bare Ag NPs to 130 

nm for the core-shell Ag@SiO2 NPs. This slight change highlights the uniform thickness of 

the SiO2 shell [62] and absence of multi-core core-shell complexes. 
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Altering the optical properties of the Ag NPs, the SiO2 coating modifies the characteristics of 

the interface between the Ag NPs and the surrounding medium, easing the adjustment of the 

plasmonic wavelength and the electric field intensity [18, 63]. Figure 9 shows the variations 

of the effective dielectric constant of a layer of polymer with a refractive index of 1.5 

containing core-shell Ag@SiO2 NPs at different volumetric fraction at wavelength of 400 

nm, as derived from the Clausius - Mossotti equation. As is evident from Figure 9, the 

Ag@SiO2 NPs with the synthesized particle sizes could generate epsilon negative species in 

the visible range (red curves). In addition, further simulations can be done to determine the 

number and thickness of polymer layers for obtaining particular optical properties and 

manipulating the light. Therefore, the proposed core-shell NPs, composed of 54nm Ag NPs 

coated with 10nm SiO2 shell, is a promising candidate for metamaterial and metasurface 

applications. 

 

 

Figure 9: Effective dielectric constant changes in a layer of a polymer with refractive index of 

1.5 containing Ag@SiO2 NPs with 10 nm shell thickness and different core size at 

wavelengths of 400nm with filling fraction of; a) 0.05, b) 0.1, c) 0.2, and d) 0.3. 
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Various surface effects on the optical behavior of the Ag NPs synthesized through MW-

assisted polyol method were investigated. Firstly, the effect of surface area was studied by 

UV-Vis spectroscopy for the Ag NPs with average particle size of 30, 54, and 61 nm. The 

results indicated a red-shift in the absorption wavelength with increasing size of Ag NPs. 

Knowing that smaller particles tend to support limited-amplitude plasmonic oscillations and 

an increase in the size of the Ag NPs induces a larger electric field in the vicinity of the NPs, 

the 54nm Ag NPs were selected for further investigating the surface effects. As a controlled 

dielectric medium, a coating of silica was formed around the Ag NPs. The process design 

was performed by the Clausius - Mossotti equation, and the results indicated the 

appropriateness of a SiO2 shell with a thickness of 10 nm for establishing ENM in a polymer 

layer. The shell was grown by the Stöber process. TEM analysis confirmed the formation of a 

uniform shell around the Ag NPs, with the red-shift of the absorption peak after the shell 

formation and the results of EDS analysis further confirming the formation of SiO2 shell. The 

large negative zeta potential for the Ag@SiO2 NPs showed good stability of the core-shell 

NPs compared to the bare Ag NPs. The Ag@SiO2 NPs can be used in polymer layers for 

developing metasurfaces for many plasmonic applications. 
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Highlights 

- The effect of various parameters on effective dielectric constant mapped using RSM. 

- Controlled and uniform silica spacer formed around AgNPs. 

- A polymeric layer with negative epsilon designed using synthesized Ag@SiO2 NPs. 

Jo
urn

al 
Pre-

pro
of



 

 

Z. Lalegani : Investigation, Methodology, Validation, Writing - Original Draft, Visualization. 

S.A. Seyyed Ebrahimi : Supervision, Conceptualization, Project administration, Resources, 

Writing - Review & Editing. 

B. Hamawandi : Data Curation, Formal analysis. 

L. La Spada : Software. 

H. Batili : Data Curation. 

M. S. Toprak : Conceptualization, Resources, Writing - Review & Editing. 

Jo
urn

al 
Pre-

pro
of



Declaration of interests 
 
The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
 

☐The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests:  
 

 

 

 
 

 

Jo
urn

al 
Pre-

pro
of


