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Abstract 
Noble metallic nanoparticles have various special properties, such as surface plasmon 
resonance effect, stable chemical properties, and extraordinary biocompatibility, etc. 
For this reason, recently metal nanoparticles have been of great importance in the field 
of nano-bio-sensing, near-field lithography, cancer therapy, solar absorption and many 
others. Among the properties, its localized surface plasmon resonance is of most 
attractions. Besides, the ability of the excited metal nanoparticles to absorb the incident 
electromagnetic field and to scatter their electromagnetic field is dramatically enhanced 
by the resonance. This paper concerns a design of a nanoparticle sensor by simulating 
metal nanoparticles of different shapes, particle sizes and materials. Through several 
simulations by COMSOL, we observed that changing the shape of the resonator from 
sphere to tetrahedron brings absorbance spectrum’s red-shift and colour change. 
Furthermore, while examining the core-shell structure, we can obtain the sensor with 
higher sensitivity. 
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1. Introduction 

1.1 Introduction of Nanomaterials 

Nanomaterials are defined as having a unit structure in the size range of 1 to 100 nanometres. The 
extremely large interfacial atomic ratio makes the interfacial lattice uncorrelated, resulting in a special 
form that is neither crystalline nor amorphous [1]. These special properties allow nanoparticles to 
have many special effects macroscopic materials do not have, such as surface effects, quantum size 
effects, macroscopic quantum tunneling effects, small size effects, and Coulomb blockade effects. 
Such properties make nanoparticles fundamentally unique in terms of their optical, thermal, 
mechanical, magnetic and chemical properties [2]-[3]. 

In summary, nanomaterials are playing an unimaginable role in extending human exploration into a 
new era of microscopic exploration. Whether in traditional fields such as chemicals, medicine and 
ceramics, or in emerging fields such as biology and electronics, they are bringing about significant 
changes. Nanomaterials are gradually penetrating into every aspect of our life, and in the future, there 
will be more and more valuable nanomaterials that will have a greater impact on our lives. 

1.2 Introduction to plasmon Resonance 

The metallic nanoparticle is surrounded by a large number of electrons, and under the influence of 
the incident light field, the free electrons oscillate collectively. The oscillating electrons of the metal 
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resonate with the incident light, significantly enhancing the absorbance. This kind of resonance is 
known as Surface plasmon Resonance (SPR). 

There are two different modes of SPR (Surface Plasmon Resonance) depending on the form of the 
dielectric constant material present": one is Propagating surface plasmon resonance (PSPR); the other 
is Localized surface plasmon resonance (LSPR). PSPR is the result of light acting on the surface of a 
continuous metal film, causing the plasma generated on the film to resonate with the polarized light, 
resulting in a conducted surface plasmon resonance. 

LSPR describes the phenomenon when light is incident on nanoparticles composed of noble metals 
and if the frequency of the incident photons is much larger than the overall vibrational frequency of 
the noble metallic nanoparticles or metallic conduction electrons, the nanoparticles or metal will have 
strong absorption of the photon energy, and a strong resonant absorption peak appears on the 
spectrum (shown in Fig.1.) [4]. 

 
Fig.1. Illustration of a) surface plasmon; b) localized surface plasmon [5] 

1.3 Research Progress of Noble Metallic Nanoparticles 

Nobel metallic nanoparticles are attracting a lot of attention in the nanomaterials industry due to their 
relatively stable chemical properties and biocompatibility. Since Petroski J.M. et al. (1996) 
successfully realized the preparation of cubes and tetrahedra of platinum [6], various forms of noble 
metallic nanoparticles have been prepared for researches, such as spheres, nanodiscs (triangles, 
hexagons, circles), tetra/octa/decahedra rods (rectangular, octagonal), etc. 

Au and Ag nanoparticles are the two most widely used noble metallic nanoparticles. Multiple groups 
are working on the application of Au and Ag. For example, Atwater H.A et al. (2011) used silver 
nanoparticles (spherical, elliptical, semicircular, etc.) in photovoltaic devices to reduce the thickness 
of the silicon wafers needed to generate electricity, increasing efficiency while simultaneously 
reducing manufacturing costs [7]. And Eghlidi H et al. (2009) enhances the luminescence efficiency 
of SNOM (Scanning Near-Field Optical Microscopy) tips by bonding spherical gold nanoparticles of 
different sizes to the tip of the probe [8]. Besides, El-Sayed et al. (2005) combined gold nanoparticles 
with anti-EGFR (epidermal growth factor receptor) and the conjugate was reacted with benign oral 
epithelial cells (HaCaT) and two sets of cancerous epidermal cells (HOC313clone8 and HSC3), and 
through observing the extent to which the extinction peak is shifted (mainly red-shifted) after 
injection of the conjugate, whether the tissue becomes cancerous can be determined [9]. 

2. Review of Literature 

2.1 Introduction 

This section presents an overview of the current features and developments of flexible sensors. As 
flexible electronics become more common, scientific applications such as advanced biomedical 
devices, counterfeit detection systems, and mechanics measurements will be able to benefit 
significantly. In a nanoscale metallic particle, electrical excitation of a metallic nanoparticle causes 
the conduction electrons to oscillate at a wavelength, then plasmon coupling induced colors can be 
observed when the interparticle distance is tuned slightly and finely. 
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Throughout the past decades, there have been extensive research efforts to bring this theoretical 
technique into the realm of reality and expand the applications of flexible electronics. Although the 
current research on such kinds of sensors is relatively complete and already has several practical 
applications, we can continue to build on this foundation for sensitivity and feasibility by selecting 
the shape, material, and colour rendering method, etc. 

2.2 Review 

2.2.1 Shape of Nanoparticles 

Throughout the field of flexible sensors, much of the literature has analyzed the effect that changing 
the shape of the nanoparticles has on the results. 

Maurer et al.(2015) examined spherical nanoparticles for his LSPR study, discussed and promoted 
the use of Au NP assemblies for mechanical behavior characterization [10]. Selecting spherical 
structure is relatively popular among various literature since nanospheres are the simplest to prepare 
and are also easy to embed into the substrates. Nevertheless, Zhang et al. (2011) tried the structure of 
nanocubes. In this research, nearby dielectrics act as intercalation between bright dipolar and dark 
quadrupolar modes, resulting in different hybridization patterns, for which the Fano resonance arises 
[11]. Besides, they also proved that Fano resonance contributes to improving the LSPR sensitivity. 
The main limitation of this method is that, under some conditions, due to its special structure, it is 
sometimes only suitable for production for two resonances.  Besides, Hao et al.(2018) concluded 
that the use of Au tetrahedra enables the nanoparticles to generate a strong local field and prevent the 
quenching of exciton at the surface [12]. And this attempt allows for improved light absorption in 
solar cells by making use of a strong local field and light scattering. Based on Hao’s study, however, 
in the section of experiments, the explanation of its unique inverted red-shift phenomenon is not 
convincing enough. 

The shape of a nanoparticle has a significant impact on the sensitivity, feasibility, as well as its 
application situation, which is a critical variable to assess. A change in the shape of nanoparticles can 
lead to richer experimental results, i.e., more practical uses, such as inverted red-shifts of regular 
tetrahedra, multiple wave peak cases of nanocubes. Furthermore, new types of core-shell structures 
are now being used in more and more applications, and this combination of metal and non-metal may 
also be an attempt at an innovative solution in the LSPR field.w). 

2.2.2 Colour Change of Different Metal 

A number of early theories have been proposed concerning the color change caused by LSPR 
phenomena. Through colour change, we can visually observe the changes within the sensor as well 
as its sensitivity. 

Researchers from Zhu et al. (2010) found that stretched silver-capped colloidal spheres with a 
deformed lattice exhibit a significant wavelength shift in surface plasmon resonances and a noticeable 
colour change, which is also a characteristic of LSPR colour changes [13]. Similarly, a study by Song 
et al.(2016) found that by stretching a substrate with interference photolithography and using 
aluminum to produce the resonance-induced colour, colours could be dynamically tuned from green 
to fuchsia. [14]. Particularly, green represents the wavelength of colour at around 550nm, while 
fuchsia represents the wavelength at around 740nm. Furthermore, Choe et al. (2018) investigated how 
temperature changes can result in reversible and strain-insensitive colour changes (from red to grayish 
violet) in raspberry-shaped plasmonic microgels with gold nanoparticles [15]. And this whole 
phenomenon is because temperature change elicits a change in particle spacing, which acts in the 
same way as a sensor subjected to stretching. 

Within the three papers, silver (Ag), aluminum (Al), and gold (Au) are used in the experiments as 
metal caps' materials. Over the whole visible spectrum, the light scattering capability should be 
similar. The literature mentions above indicate, for example, that silver nanoparticles are mainly 
reflective of red light, but that their scattering cross-sections are too small for blue light. If the 
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scattering power differs too much across the visible spectrum, then the device will be extremely 
inhomogeneous in terms of wavelength, which makes it useless for practical purposes. 

2.2.3 Colour Change of Different Metal 

In addition to shape and materials, the way that flexible sensors render colour is worth discussing as 
well. 

According to Song et al. (2016), it is possible to induce large color variations (periods change only in 
one orientation) by spectrophotometers under different external forces at different stretch lengths [16]. 
It is practical when colour changes are not evident, since measurements with precision instruments 
can take specific data of measurements to compare with absorbance spectrum. Further, according to 
recent research published by Tseng et al. (2017), it could be possible to apply different illumination 
levels to the system depending on the degree of stretching, showing the colour shift clearly, and this 
device could be tuned across the whole visible spectrum. [17]. However, the literature indicates that 
the designed flexible sensor produces different performances on the spectrum (red and blue shifts) 
when stretched vertically or horizontally; while in practice, it is unnecessary to mark orientations for 
sensors and it may lead to large errors in results as well. Furthermore, Kumagai et al. (2019) found in 
multicolour images captured by a CCD camera that the transmitted colours showed the hues of the 
visible wavelength band and the chromatic value is sufficient to clearly differentiate different colours 
[18]. In practice, however, CCD operates with a high volume of data, which causes signal 
"congestion", and it is complex and costly to produce, making them unfeasible for use in consumer-
grade products. 

While previous contributions demonstrate the feasibility of a wide range of color rendering methods 
through technical methods, there is no guarantee of permanence and universal applicability, that is 
why a trend toward more intuitive and dynamic color transformation results should be at the forefront 
of future efforts. 

2.3 Summary 

Based on a comprehensive review of the literature, the current study outlines the importance and 
feasibility of the sensor's application based on localized surface plasmon resonance. In other words, 
the LSPR-based design can be integrated and designed to be practical in some instances with the 
current technical/mechanical design including a plasmonic sensor, while adjusting the sensor 
variables can markedly improve the usability of the sensor. 

Firstly, recent years have seen innovations in the literature regarding the shape of sensors, where 
changing its shape can make the sensor suitable for a wider range of applications and can also increase 
sensitivity. In this paper, we will simulate the shape change and observe the absorption spectrum to 
verify the applicability of this shape. Moreover, the sensor's ability to produce quality images is also 
determined by the material chosen and the rendering method used, and based on the current level of 
development, more options are available to ensure the integrity of experiments and simulations. 

3. Data Analysis Fundamentals of LSPR 

For modeling the optical properties of nanoparticles from a theoretical perspective, the Mie theory 
estimation of metallic sphere extinction in the long-wavelength electrostatic dipole limit is the most 
straightforward solution. In the following equation[19]: 
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E(λ) represents the extinction, which is also referred to as the summation of scattering and absorbance, 
λ is the absorbed radiation’s wavelength, NA  is the superficial density, a is the radius of 
nanoparticles, εm is the dielectric constant of the medium enclosing a metallic nanosphere (a positive, 
real number determined by wavelength), εi is the imaginary portion of the metallic nanoparticle’s 
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dielectric function and εr is the real portion, χ describes the aspect ratio of a nanoparticle (equal to 
two for a sphere). 

Clearly, the LSPR spectrum of one isolated metallic nanosphere embedded in a dielectric medium 
will depend on the radius, material of the nanoparticles (εi and εr) as well as the dielectric constant of 
the nano-environment (εm). Additionally, when nanoparticles are not spherical as they are in real 
samples, the extinction spectrum changes depending on their diameter, height, and shape (χ). And the 
values of χ range from two (for a sphere) to 17 for a nanoparticle with a 5:1 aspect ratio [20]. Therefore, 
LSPR will also depend on interparticle spacing and substrate dielectric constant. 

4. Simulation 

4.1 Selection of Numerical Calculation Method & Software 

The fundamental solution to electromagnetism is solving the problem of electromagnetic boundaries, 
and with the rapid development of computer technology, numerical methods are becoming 
increasingly important in the field of electromagnetism. The commonly used numerical methods are 
the finite difference time domain method (FDTD), the finite element method (FEM), the boundary 
element method (BEM), the integral equation method (IEM), the scattering matrix method (SMM), 
the multiple-multipole method (MMM), and the discrete dipole approximation (DDA), etc. This paper 
uses the FEM method according to its widest range of applications and ability to handle complex 
structures compared to other calculation methods. 

COMSOL Multiphysics, developed by COMSOL, is a well-known FEM simulation software. The 
system provides multi-physical field coupling as well as efficiently computing and autonomously 
adapting, with multiple modules and good scalability. To calculate electromagnetic field data, I have 
selected the RF module. 

4.2 Simulation of Flexible Sensor 

Using RF module, we can simulate various reactions like in the realistic environment and can obtain 
images of the data. The actual fabrication scheme is shown in Fig.2，and the model shown in Fig.2 
is cut away from the middle of the sensor substrate to show the metal nanoparticles inside the sensor, 
followed by the same nanocube and nanotetrahedron diagrams. The model chosen is metallic 
nanoparticles wrapped in a PDMS (Polydimethylsiloxane) flexible substrate, and by varying the 
shape, size, and material of the nanoparticle, we can study by the red-shift under different options of 
the absorption spectrum after stretching under different options. 

The use of metallic nanoparticles embedded in PDMS is intended to simulate how nanoparticles are 
immobilized for precise control in real experiments, with the shape and relative position of the 
immobilized nanoparticles remaining virtually unchanged when the PDMS substrate is stretched. 

 
Fig.2: Scheme of the Sensor 

4.2.1 Gold Nanoparticles 

Gold nanoparticles have received a lot of attention, mainly due to their LSPR properties. For example, 
in solution, gold nanoparticles exhibit very strong plasmon resonance bands, and the intensity of the 
absorption peaks is mainly related to shape, size, and the surrounding dielectric environment [21]-
[23]. 
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Besides, we present a method for creating actively tunable structural colour based on a stretching 
substrate, namely polydimethylsiloxane (PDMS). PDMS is one of the most widely used silicon-based 
organic polymers and is known for its unconventional properties (e.g. inert, non-toxic, and non-
flammable). Owning viscoelastic and chemically stable properties, PDMS is susceptible to elastic 
deformation (e.g. tension) in response to external forces. As a result, the period of the structure on 
the PDMS will change simultaneously as the matching conditions change, leading to a dynamic 
tuning of the surface plasmon resonance (SPR) wavelength [24]. 

(1) Sphere 

Mulvaney et al. (1993) calculated from Mie theory that the presence of a ligand shell layer on the 
surface of a nanoparticle changes its refractive index, resulting in a red-shift or blue-shift of its 
maximum absorption wavelength () and a concomitant increase or decrease in peak intensity [25]. 

First, we take gold nanoparticles with a particle diameter of 50nm as an example, and varied the 
distance between the spheres (centre to centre) to observe the change in the absorption spectrum of 
the nanoparticles, with the distance varying from 140 nm to 170 nm with a step of 10 nm (shown in 
Fig.3b). Besides, Fig.3a shows an image of the dynamic change of the sensor after setting the incident 
light wavelength from 500nm to 662nm using COMSOL simulation. During this change, the localized 
surface plasmon resonance occurs, from which the scattering parameters (S11 and S21) are obtained, 
which can then be followed by the calculation of its absorbance spectrum. 

As is shown in Fig.3b, with the increase of the distance between nanoparticles, we can see an apparent 
red-shift from 140nm to 170nm and the peak value of the absorbance grows simultaneously. At a 
distance of 170nm, theis 555nm and the colour of the reflected light is green. Then changing the 
distance to 140nm, thebecomes 571nm, corresponding to an additional +16nm shift, with the reflected 
light colour turning to yellow. This is effectively the equivalent of a stretch, after which the gap 
between adjacent nanoparticles narrows, resulting in an enhanced electromagnetic field. Besides, 
interference between dipoles leads to a red-shift in the LSPR, which increases as the gap is reduced 
[26]. 

  
(a)                                   (b) 

Fig.3: a) COMSOL simulation with the frequency of incident light ranging from 450THz to 
600THz; b) Absorbance Spectrum of d50nm nanoparticles 

 

Next, we test the LSPR red-shift phenomenon at a nanoparticle diameter of 60nm. Fig.4 shows the 
+18nm red shift from 550nm (distance of 170nm) to 568nm (distance of 140nm), and the colour 
reflected by the nanoparticles also changes from green to yellow. Compared with the absorbance of 
50nm nanoparticles, the peak value of each curve decreases by 0.22. Therefore, next we need to 
investigate the effect of nanoparticle size on the absorption spectrum. 
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Fig.4: Absorbance Spectrum of d60nm nanoparticles 

 

Control the distance between the gold nanoparticles constant (160nm) and change the diameter of 
each group, again by observing the absorption spectrum (shown in Fig.5). The diameter of 
nanoparticles ranges from 30nm to 50nm with a step of 10nm. With the increase of diameter, the peak 
value increases first, reaching a peak at the diameter of 40nm, then decreases significantly. From the 
perspective of dipole oscillations, it is primarily because as the particle's size increases, multilevel 
dipole oscillations gradually replace secondary dipole oscillations as the main form of dipole 
oscillations, resulting in an increase in scattering and a decrease in absorption. Meanwhile, the also 
shifts from 618nm to 555nm, with colour changing from red to green-yellow. In this color span, 
orange and yellow are produced during the process, and the colour change is more apparent, making 
it easier to see the redshift. 

Therefore, in order to obtain the most pronounced LSPR phenomenon, we select nanoparticles with 
the particle size of 40 nm for comparison with other shaped nanoparticles. 

 
Fig.5: Absorbance Spectrum of nanoparticles with a distance of 160nm 

 
(2) Cube 

For investigating the LSPR phenomenon in different shapes of nanoparticles, the shape of the cube 
is the next object of our simulation study, which is also called nanocube (NC). Compared to the 
structure of sphere, little previous literature has investigated the effect of nanocube on LSPR 
simulation results, so the simulation of this case is innovative and necessary. As in the case of metal 
spheres, we embed the metallic cube particles into the PDMS substrates (shown in Fig.6). 
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Fig.6: Scheme of cube nanoparticle sensor 

 

Noguez et al. (2007) pointed out that with the increase of truncation coefficient γ, the main resonance 
peak is red-shifted and the signal intensity of the LSPR is weakened. In this case, the truncation 
coefficient has a relationship with the number of nanoparticles faces ε [27]. As is shown in Fig.7, 
below 325 nm, the optical response is the same regardless of shape, and it is also found that the LSPRs 
are highly sensitive to the shape even at the smallest truncation coefficient (r = 1/8). 

 
Fig.7: Change of the Extinction Efficiency with Increasing the Cross-Section Coefficients [27]; 

 

After COMSOL simulation, we can demonstrate that at decreasing truncation coefficients, i.e. when 
transforming from nanocubes to nanospheres, the wave peak values of LSPR increase, and the 
resonance peaks are blue-shifted (shown in Fig.8). To ensure that the LSPR intensity is maximized, 
we do not use nanocubes as the shape of the nanoparticles. 

 
Fig.8: Absorbance Spectrum of Cube & Sphere 
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(3) Regular Tetrahedron 

In addition to nanocubes, nanotetrahedrons are also included in the scope of this study. 
Nanotetrahedrons have a more complex particle shape compared to spherical nanoparticles. In turn, 
the more complex particle shape will result in more complex light absorption and scattering 
interactions as well as more extinction peaks in the spectrum. And the actual structure is shown in 
Fig.9a. Furthermore, as shown in Fig.9b, in the simulation of nanotetrahedron, λmax appears to be 
blue-shifted differently from normal metal nanoparticles as the inter-particle gap decreases. 

 
Fig.9 a) Scheme of regular tetrahedron nanoparticle sensor;  

b) Absorbance Spectrum of regular tetrahedron nanoparticles with a diameter of 40nm. 

 

Stretching the sensor increases the particle spacing from 140nm to 170nm and we can observe the 
colour change from green to yellow to orange, which is unexpected in comparison to the results of 
other structures. It is worth mentioning that, the difference in colour change due to this blue shift can 
be set as a matched group since other nanoparticles normally present a red-shift phenomenon. 
Secondly, it has a higher colour sensitivity compared to spherical particles, making it more suitable 
for practical applications. 

Then comparing the absorbance spectrum of the nanocubes and nanotetrahedrons, it is important to 
mention that as the number of nanoparticle faces increases from 4 to 6, not only the blue-shift occurs, 
but also its full width at half maxima decreases. Also, since the three curves in the diagram illustrate 
how a change in shape can produce a considerable change in absorbance spectrum at a given radius, 
it appears that the surface plasmon resonance is very sensitive to the morphology of nanoparticles 
(shown in Fig.10). 

 
Fig.10: Absorbance Spectrum of 40nm nanoparticles in 3 shapes 

4.2.2 Core-Shell Structure 

(1) Localized Surface Plasmon-Exciton Coupling 

In this section, we introduce a core-shell construction, which comprises a non-metallic sphere encased 
in a precious metal shell. As such structures become increasingly common, many fields have begun 
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to utilize these structures. To begin, we need to explain the core-shell structure from a theoretical 
point of view: localized surface plasmon-exciton coupling. 

Surface plasmon can essentially be thought of as matter interacting strongly with light and coupling 
to form a new substance in a mixed state: Surface plasmon polarisations, which have the common 
properties of both light and matter [28]. Similarly, such materials can also interact with surface 
plasmon (i.e. Plasmon-exciton coupling) [29]-[30]. Surface plasmon resonance provides a resonant 
cavity and electromagnetic field with a high-quality factor and small mode volume, while excitonic 
materials provide the exciton. When the interaction between the surface plasmon and the exciton is 
strong, i.e. when the coupling strength is high, the energy levels of the two will hybridize and produce 
a splitting of the energy levels, similar to a Rabi splitting, which can be called strong coupling when 
certain conditions are met [31]. 

In local surface plasma-exciton coupling, the metallic nanoparticles provide the LSPR and the exciton 
material provides the exciton, so the LSPR and exciton properties have a strong influence on the 
coupling. In general, the LSPR needs to be appropriately strong with a narrow half-height full width 
and the exciton needs to have a narrow absorption line width with a strong oscillator strength [32]. 
However, the position of the exciton absorption peak and the full width of the half height are generally 
only related to the properties of the material and cannot be easily adjusted, so the nanostructure is 
generally adjusted to meet the coupling requirements. The wavelength, full half-height. and intensity 
of the LSPR are tunable factors affecting the local surface plasma-exciton coupling, so we use a core-
shell structure to regulate the LSPR properties of spherical nanoparticles, using the metal as the shell 
layer of the nanoparticles and the exciton material as the core, to achieve a narrower full half-height 
LSPR with a more tunable wavelength position. 

(2) Advantages of MIM Structure 

Metal-insulator-metal (MIM) structures are known to be fundamental to the core-shell structure and 
have been extensively studied, not only for the field of plasmon resonance but also in other nano-
related fields. 

The LSPR waves exhibit distinguished optical absorbance in MIM structures and are independently 
susceptible to changes in the angle of incidence and polarization of light in the infrared (IR) region, 
and the performance of their sensing is not affected by changes in their geometry or structure [33]-
[35]. Moreover, a large part of the advantage of the MIM structure lies in its capability to operate 
under bending, and the LSPR sensors in the bending flexible MIM structure have high sensitivity at 
different bending curvatures as well as high sensitivity stability [36]. In other words, this kind of 
absorber as a sensor allows the use of LSPR refractive index sensors operating under non-planar 
surfaces over a wide angular incidence range. Additionally, the MIM LSPR sensor is highly sensitive 
to changes in the refractive index of the environment: When a fluid containing a biological object is 
injected into the sensor, a significant resonance peak shift is induced with the change in the ambient 
refractive index [37]-[39]. 

In summary, taking several factors such as sensitivity and stability into account, the MIM structure is 
very suitable for the study of LSPR sensors. In this design, we transformed the original solid gold 
sphere into a gold-shelled SiO2 sphere core-shell structure. 

(3) Core-Shell Structure Applications 

Since the rapid development of the nuclear shell structure over recent years, testing and examining 
the effects of the structure on results have become a major focus. 

In the field of semiconductors, Manjavacas et al. (2014) developed a theoretical model (spherical 
silver nanoparticles with shell layers) for the resonance-induced hot carrier process of equiaxed 
excitons, and demonstrated that the production rate of hot carriers can be correlated with the spectral 
properties of equiaxed excitation nanoparticles [40]. As well, they discovered that, by adjusting the 
sizes and thickness of the nanostructures, the energy of hot carriers induced by equipartite excitations 
can be adjusted. 
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Furthermore, Chen et al. (2018) were among the first groups to demonstrate the effectiveness of core-
shell structures in flexible plasma sensors. They examined a variety of core-shell nanoparticle types 
for their optical properties. In their study, the resonance wavelengths of SiO2-Au nanoparticles 
covered the near-infrared and visible regions (540nm-900nm), whereas SiO2-Ag nanoparticles 
covered the entire visible region with resonance wavelengths 390-830nm [41]. Additionally, it is 
found that the solar absorption efficiency of SiO2-Au and SiO2-Ag nanoparticles was improved by 
adjusting the ratio of core-shells and mixing ratio of different nanofluids. 

(4) Au-SiO2 Core-Shell Structure 

Core-shell structured nanoparticle with a metal shell layer is a viable option, and due to the 
development of nanosynthetic processing techniques, the properties of the LSPR can be easily tuned 
[42]. Considering the practical situation of using a dielectric material such as SiO2 in the core, the 
SiO2-Au core-shell structure is used here as an example (shown in Fig. 11). 

 
Fig. 11: Scheme of Core-Shell Structure (SiO2-Au) & the COMSOL Simulation Schematic 

Diagram 

 

 
Fig.12: Absorbance Spectrum Difference between Solid Au and SiO2-Au 
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In this experiment, the thickness of the Au shell layer is set at 5nm and the size of the SiO2 core is 
varied to adjust the size of the nanoparticles. As the diameter of the particle decreases from 60nm to 
40nm, the LSPR position in the dipole mode red-shifts from 685nm to 791nm, and the intensity of 
the LSPR increases, mainly due to the increase in scattering cross-section caused by the increase in 
particle size. And in Fig. 12, it shows that compared to solid Au nanospheres, the LSPR of SiO2-Au 
nanoparticles has a faster redshift rate with increasing radius, with a red-shift of approximately 5.3 
nm per 1 nm increase in diameter. 

Furthermore, as is shown in Fig. 13, based on the slope, the rate of change is approximately four times 
that of solid Au nanoparticles, implying that the SiO2-Au structure regulates the position of the LSPR 
more easily. To sum up, the LSPR wavelength position of this structured nanoparticle of SiO2-Au is 
easy to get tuned. 

 
Fig.13: Curves of LSPR wavelengths of Au nanoparticles and SiO2-Au nanoparticles with 

increasing particle radius 

Another data we would like to discuss is the full width at half maxima (FWHM), as shown in Fig. 14, 
the FWHM of the SiO2-Au particles is narrower for the same particle size, and the FWHM increases 
from 76 meV to 152 meV with increasing radius, but this change is minimal compared to the solid 
Au particles, this is because the relaxation time of the LSPR of the SiO2-Au particles is longer, which 
allows This is due to the longer relaxation time of the LSPR of SiO2-Au particles, which allows the 
LSPR to have a longer interaction time with the exciton [43]. 

 
Fig.14: Curves of FWHM of LSPR with increasing radius. 
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5. Conclusion & Future Trends 

In this paper, we have investigated the application of the phenomenon of localized surface plasmon 
resonance (LSPR) by embedding metal nanoparticles into PDMS substrates to produce a  flexible 
sensor, and have derived equations based on the relevant Maxwell's equations as well as Mie's theory 
to characterize the LSPR and the conditions under which it is generated.  

This is first done by changing the radius of the nanoparticles and observing their absorbance spectra, 
which are obtained from COMSOL simulations (RF Modulus). And in terms of numerical methods, 
we present a general description of the finite element method (FEM). Moreover, if it is decided that 
the nanoparticles are spheres of gold as a material, the LSPR’s peak value is strongest at a particle 
diameter of 40nm, which can be used as the noble metal used for the sensor and is suitable for 
observing the colour change.  

Secondly, by varying the shape of the embedded PDMS substrate material, such as nanocube and 
regular tetrahedron nanoparticles, we can obtain different absorption spectra. When the nanoparticles 
are the regular tetrahedrons, the direction of colour change is opposite to that of spherical 
nanoparticles, which is suitable as a control group.  

Besides, we have simulated and analyzed the core-shell structure, and we have chosen SiO2 as the 
core exciton and gold as the metal shell for the simulation. Compared with the LSPR of solid metal 
nanospheres we found that for core-shell structures, with the decrease of the particle size, the rate of 
red-shift is faster than that for solid ones and the core-shell structures have a narrower FWHM. 
Therefore the LSPR wavelength of the metal shell layer is more tunable for localized surface 
plasmon-exciton coupling, which is thus also suitable to be used as nanoparticles for flexible sensors. 

These results would be useful for motivating the development of the more complex tunable plasmonic 
sensors. For instance, the coming new design can replace SiO2 with other nonmetals, or test replacing 
the material of the metal shell to Ag and Al, or apply the core-shell structure to other shapes such as 
cubes or orthotetrahedra, etc. Our research has demonstrated the value of this sensor system, the 
possibilities for future experimentation will be more diverse. 
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