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SPECIAL TOPIC — Artificial intelligence and smart materials innovation: From fundamentals to applications

Enhanced photothermal performance of dielectric silicon attached
with multiple plasmonic gold nanoparticles
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The photothermal properties of dielectric materials at the nanoscale have garnered significant attention, especially
in fields such as optical heating, photothermal therapy, and solar utilization. However, although dielectric materials can
concentrate and manipulate light at the nanoscale, they cannot provide sufficient photothermal efficiency in a direct ab-
sorption solar collector. Combining plasmonic metal nanoparticles with dielectric nanostructures enables the fabrication
of hybrid nanomaterials with excellent photothermal performance. This study presents a novel approach involving uni-
formly adhering plasmonic gold nanoparticles onto dielectric silicon nanoparticles to enhance the absorption peak, leading
to a substantial enhancement of photothermal conversion efficiency. The results demonstrate that the absorption peak of
silicon-gold hybrid nanoparticles exceeds that of pure silicon nanoparticles, achieving a 38% increase in photothermal
conversion efficiency within a 10 ppm aqueous solution under a 20 mm optical path. The coupling of localized surface
plasmon resonance and quadrupole resonance effects enhances the electric field, causing a temperature rise in both the
hybrid nanoparticles and the surrounding aqueous solution. Nanostructural modulation studies reveal that the photothermal
efficiency of silicon-gold hybrid nanoparticles is positively correlated with gold nanoparticle size but negatively correlated
with silicon nanoparticle size. Combining multiple plasmonic nanoparticles with dielectric materials can effectively en-
hance photothermal performance and hold great application potential in direct absorption solar collectors and solar thermal
utilization.

Keywords: silicon–gold hybrid nanoparticles, localized surface plasmon resonance, dielectric nanomaterial,
solar utilization
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1. Introduction
With the development of nanotechnology, dielectric

nanoparticles with distinctive optical properties have attracted
widespread attention owing to their ability to induce electri-
cal and magnetic resonances when exposed to light.[1,2] Ad-
ditionally, dielectric nanomaterials such as silicon have re-
ceived notable attention for their ability to enhance reso-
nant fields and maintain thermal stability, which positions
them as promising candidates for various applications includ-
ing optical heating,[3–5] photothermal therapy,[6,7] and solar
utilization.[8–10] Silicon, regarded as a pivotal nano-dielectric
material, holds significant research potential and application
opportunities. However, the limited photothermal conver-
sion efficiency observed in silicon nanoparticle suspensions
poses challenges to its advancement, necessitating further
investigation.[11]

Due to the strong Mie resonance that occurs within the
visible spectrum, silicon dielectric nanoparticles exhibit sig-
nificant optical characteristics. Through structural design

and material selection, Mie resonances or plasmonic reso-
nances can induce Fano resonances, thereby affecting the op-
tical properties of nanostructures.[12–14] Zograf et al.[15] have
shown experimentally and theoretically that spherical silicon
nanoparticles with a magnetic quadrupole Mie resonance are
able to convert light energy into heat with an efficiency that
is four times greater than that of comparable spherical gold
nanoparticles when subjected to identical heating conditions.
Amjad et al.[16] explored the properties of various nanoflu-
ids containing Si, Al2O3-Y, Fe, Zn, Cu, and Ag nanofluids
and found that the photothermal conversion efficiency of Si is
low, while metal nanoparticles with localized surface plasmon
resonance (LSPR) have higher photothermal conversion effi-
ciency. In metal nanoparticles, LSPR occurs when the overall
vibrational frequency of free electrons matches the frequency
of incident light, which is closely related to the size, shape,
composition, structure, and other factors.[17–20] Chen et al.[21]

investigated the photothermal response characteristics of sil-
ver and gold plasmonic nanomaterials, and discovered that the
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triangular pyramidal nanostructures enhance the surface plas-
mon resonance associated with silver and gold specifically
within the near-infrared spectrum. Zou et al.[22] presented a
nanorod consisting of broadband absorbing C and a plasmonic
resonance Cu. Compared with nanoparticles alone, this inno-
vative design enables C–Cu core–shell nanorods to enhance
resonance absorption peaks.

Therefore, by merging the essential benefits of various
nanoparticles, the creation of hybrid nanoparticles can lead to
the development of nanomaterials that possess outstanding op-
tical characteristics, opening up new possibilities for the fab-
rication of advanced materials with tailored optical properties
for a wide range of applications.[23–25] Scholars have utilized
numerical methods and experiments to study hybrid nanopar-
ticles, Zhou et al.[26] utilized the finite element method to
model the two-dimensional structure of a silicon nanowire
that was coated with metal nanoparticles, specifically Au, Ag,
and Al, in air. Ge et al.[27] employed a three-dimensional
method to numerically simulate the effects of gold nanopar-
ticle size and silica dielectric layer thickness on the properties
of Au/SiO2 nanoparticles. Whereas in the experimental prepa-
ration, Gerasimova et al.[28] introduced a single-step method
utilizing high-throughput laser ablation to fabricate a compos-
ite structure consisting of Au nanoparticles and Si nanoparti-
cles. The incorporation of the additional gold component in
the hybrid Si–Au nanoparticles resulted in a broadening of
the resonance, which facilitated effective optical heating and
nano thermometry applications. Gurbatov et al.[29] synthe-
sized Au@Si nanocomposites with unique compositions and
morphologies in one step and found effective absorption of in-
cident radiation in a wide spectral range for nano spectroscopy
and sensing applications. In addition, such composite struc-
tures can also be fabricated using techniques such as seed-
mediated growth, photoreduction, chemical deposition, and
self-assembly. The interfacial bonding, particle size and dis-
tribution control, as well as cost and reproducibility, need to
be considered in the practical application process.

The optical and photothermal properties of dielectric,
metallic, and hybrid nanoparticles are related to their size and
shape.[30–33] Sun et al.[34] found that the core-shell compos-
ite nanorods improved the absorption efficiency in the visible
and near-infrared spectral regions compared to ordinary gold
nanorods and the optimal sizes for achieving maximum ab-
sorption efficiency were found to be 5 nm, 30 nm, and 60 nm,
respectively. Yang et al.[35] investigated the core-shell dimen-
sions and the photothermal conversion efficiency of ZrC–Au
core–shell nanoparticles at specific parameters in direct ab-
sorption solar collectors (DASCs). Core–shell structures are
suitable for applications requiring core protection or hierar-
chical functionalities; however, they often involve high fabri-
cation costs. Conversely, particle-attached structures have gar-

nered significant attention due to their efficient fabrication and
compatibility with multiple components. Wu et al.[36] syn-
thesized CuSAu hybrid materials that achieved photothermal
conversion efficiencies of 67.31% and 32.02% under differ-
ent laser irradiations. Additionally, simulations indicated that
attaching spherical particles to plates significantly enhanced
electric field strength and temperature distribution.

Based on the above research, dielectric nanoparticles
of Si can effectively convert light into heat; however, their
photothermal conversion efficiency is relatively low. Metal
nanoparticles of Au can enhance light absorption capabilities
owing to their LSPR, but their synthesis is costly. Consider-
ing fabrication processes and costs, few studies have applied
attached nanostructures to direct absorption solar collectors.
In this study, we propose a novel approach to enhance the
photothermal conversion efficiency of nanofluids by designing
particle attachments that combine the advantages of Si and Au
for use in direct absorption solar collectors. Through our anal-
ysis, we conducted a comparative examination of the optical
parameters and temperature variations associated with both the
Si nanoparticles and the Si–Au hybrid nanoparticles. Further-
more, we calculated the photothermal conversion efficiencies
across various scenarios to ascertain the performance of these
constructed nanoparticle structures. The photothermal con-
version mechanism of Si–12Au hybrid nanoparticles has been
elucidated through an extensive analysis of the distributions of
electric and magnetic fields at the peak of resonance absorp-
tion. Furthermore, the research investigated the efficiencies
of photothermal conversion in nanofluids containing different
sizes of silicon and gold nanoparticles. Ultimately, the find-
ings from this research are expected to provide significant the-
oretical support for the integration of nanoparticles with both
plasmonic and dielectric materials, advancing the field of solar
photothermal utilization.

2. Models and methods
The geometric model of the proposed Si–Au hybrid

nanoparticles is depicted in Fig. 1. The Si sphere has a radius
of R = 60 nm, and the radius of the Au sphere is r = 15 nm.
To minimize the effects of incident light direction and polar-
ization on the nanoparticles, twelve Au spheres are uniformly
distributed on the surface of the silicon Si sphere. In this con-
figuration, the spacing between the Si and Au cores is set to
R+ r. The wavelength range is 300–1100 nm.

In nanophotonic and photothermal applications, optical
parameters are key factors in describing how materials inter-
act with electromagnetic waves. The refractive index serves
as a significant characteristic and is typically represented as a
complex number. Water is used as the external medium, with
a refractive index of 1.33. In nonmagnetic materials, the re-
fractive index n is related to the dielectric constant ε by the
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formula ε = n2. The refractive indices of Si and Au nanoparti-
cles shown in Fig. 2 are taken from Refs. [37,38]. The thermal
characteristics of the materials utilized in the simulation are
displayed in Table 1, encompassing key factors such as ther-
mal conductivity, specific heat capacity, and density.

(a) (b)

R

R

r

Fig. 1. Geometry diagrams of nanoparticles: (a) Si, (b) Si and Au core
spacing is R+ r.

300 500 700 900 1100

0

2

4

6

8

10

 C
o
m

p
le

x
 r

e
fr

a
c
ti
v
e
 i
n
d
e
x

 ni

 nr

300 500 700 900 1100

0

2

4

6

8

10

 C
o
m

p
le

x
 r

e
fr

a
c
ti
v
e
 i
n
d
e
x

 

 

Wavelength (nm) Wavelength (nm)

ni

nr

(a) (a)

Fig. 2. The complex refractive index of (a) Si nanoparticle, (b) Au
nanoparticle.

Table 1. The thermal properties of Si, Au and water.

Materials ρ (kg/m3) c (J·kg/K) k (W/(m·K))
Si 2330 700 138
Au 19300 126 318

Water 100 4200 0.6

In this study, we simulated the optical properties of the
material using the finite element method (FEM).[39] The sim-
ulations were carried out through the wave optics module and
the heat transfer module to acquire optical properties such as
absorption cross-section, scattering cross-section, and temper-
ature distribution.[40,41] A perfectly matched layer (PML) was
added to the external boundary, and surface radiation boundary
conditions for thermal convection and radiation to the environ-
ment were applied. The initial temperature is set to 293.15 K.

Maxwell’s equations are the fundamental equations of
electromagnetism. Under steady-state conditions and in
frequency domain analysis, they can be simplified to the
Helmholtz equation[42]

∇×
(
µ
−1
r ∇×E

)
− k2

0εrE = 0, (1)

where µr is the relative permeability, E is the electric field,
k0 = 2π/λ is the wave number, λ is the wavelength, and
εr = (nr − jni)

2 is the dielectric function. nr and ni are the
real and imaginary parts of the refractive index, respectively.
The dimensionless absorption efficiency (Qabs) and scattering

efficiency (Qsca) are important parameters for the optical prop-
erties of nanoparticles[43]

Qabs =
Cabs

σ
, (2)

Qsca =
Csca

σ
, (3)

where σ is the maximum cross-sectional area of the nanopar-
ticle. Cabs is the absorption cross-section, and Csca is the scat-
tering cross-section, which are calculated by

Cabs =
1
Iin

∫∫∫
Qr dV , (4)

Csca =
1
Iin

∫∫
(n ·Ssca) dS, (5)

where Qr is the absorbed power density, V is the volume of the
nanoparticles, Iin is the incident light intensity, which is set to
1 mW/µm2, n is the normal incident vector, Ssca is the scat-
tered Poynting vector, representing the energy flow density of
the scattered light, and S is the surface area of the nanoparti-
cles.

The absorbed power density can be calculated from Joule
heating or dissipated power[44]

Qr =
1
2

ε0ωε
′′ |E|2 , (6)

where ε0 is the vacuum dielectric constant, ω is the incident
light frequency, and ε ′′ is the imaginary part of the dielectric
constant of the nanoparticles.

In addition, dispersing nanoparticles in a base fluid is re-
ferred to as a nanofluid. The base fluid used in this study is
water. The absorption coefficient of the nanofluid can be cal-
culated as

kαλ ,nf = kαλ ,bf + kαλ ,np =
4πκ

λ
+

fvCabs

V
, (7)

where kαλ ,nf, kαλ ,bf, and kαλ ,np are the absorption coefficients
of the nanofluid, base fluid, and nanoparticles, respectively. κ

is the absorption index of the base fluid, λ is the wavelength of
the incident light, and fv is the volume fraction of the nanopar-
ticles.

The temperature rise of nanofluids requires a combina-
tion of solid and convective heat transfer, and the heat transfer
equation is given by[45]

ρc
∂T
∂ t

+∇ · (−k∇T ) = Q, (8)

where ρ is the density, c is the specific heat capacity, k is the
thermal conductivity, T is the temperature, and Q is the heat
source.

The photothermal conversion efficiency (ηabs) of nanoflu-
ids refers to the efficiency with which the nanofluid converts
light energy into heat energy. It is an important indicator
for assessing the performance of nanofluids in absorbing so-
lar radiation and converting it into heat. According to Beer–
Lambert’s law, the light absorption of nanofluids is closely re-
lated to factors such as their concentration, optical path, and
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wavelength.[46] The transmissivity and absorbance of nanoflu-
ids can be calculated as[47]

Ts(λ ) = e−hkαλ ,nf , (9)

A(λ ) =− log10 Ts(λ ), (10)

where Ts(λ ) is the transmissivity, A(λ ) represents the ab-
sorbance, and h denotes the optical path length.

This provides the relationship between light absorption
and propagation in the nanofluid, expressed as

Iabs (λ ) = Is (λ )
(

1− e−hkαλ ,nf
)
, (11)

ηabs =

∫ 1.1 µm

0.3 µm
Iabs (λ ) dλ∫ 1.1 µm

0.3 µm
Is (λ ) dλ

, (12)

where Iabs(λ ) is the absorption spectrum, and Is(λ ) represents
the solar spectrum at AM 1.5.
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60 nm

Fig. 3. (a) Validation of the model: The outcomes for the Si nanoparti-
cle are computed using FEM and Mie theory. (b) Verification of mesh
independence.

The Mie theory serves as a fundamental theoretical
framework for analyzing the optical behavior of spherical par-
ticles — including metals, semiconductors, and dielectric ma-
terials — at the nanoscale.[48] To ensure the reliability and ac-
curacy of our model, we performed a comparative analysis of
the optical parameters of Si nanoparticles with a diameter of
60 nm. This was achieved by conducting calculations using
both the FEM and Mie theory. The results of this comparison
are shown in Fig. 3(a). The calculated absorption and scat-
tering coefficients from both methods exhibit excellent agree-

ment, with a maximum deviation of less than 3%. These find-
ings validate the accuracy of the model adopted in this work,
confirming its suitability for simulation purposes.

In FEM, the solution domain is discretized into numerous
small and simple subdomains, with a mathematical model con-
structed for each to approximate the physical behavior of the
entire system. As such, mesh division significantly influences
both the computational accuracy and the resource demands of
the simulation. To assess the impact of mesh density, simu-
lations were carried out using mesh counts of 18990, 50510,
and 212776. The resulting error remained below 0.39% across
these cases, indicating convergence. Although finer meshes
can further enhance accuracy, they also substantially increase
computational cost and time. Therefore, a mesh size of 50510
elements was selected as an optimal balance between accuracy
and efficiency for the simulations presented in this study.

3. Results and discussion
Figures 4(a) and 4(b) present the absorption and scatter-

ing cross sections for single Si nanoparticles and Si–12Au hy-
brid nanoparticles. As shown, a single Si nanoparticle exhibits
absorption peaks at wavelengths of 430 nm and 525 nm. In
contrast, the Si–12Au hybrid nanoparticles also display two
absorption peaks: one at 430 nm, similar to that of the pure Si
nanoparticle, and another at a longer wavelength of 545 nm.
Compared to the pure Si particles, the second absorption peak
of the hybrid structure is red-shifted, which is attributed to
the doping effect that alters the electronic structure and nar-
rows the bandgap, resulting in the observed redshift. The peak
absorption cross section of Si at λ = 430 nm is 24623 nm2,
while that of the Si–12Au hybrid nanoparticles at λ = 545 nm
reaches 39354 nm2. In terms of scattering, the maximum scat-
tering cross section of Si is 31907 nm2, significantly larger
than that of the hybrid nanoparticles.
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Fig. 4. (a) Absorption cross section, (b) scattering cross section,
(c) absorbance, and (d) solar absorption spectrum at a volume fraction
fv = 10 ppm and an optical path length h = 20 mm.
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Fig. 6. (a) Maximum temperature distribution, and (b) temperature profile along the 3D cross-sectional line of Si at λ = 430 nm and Si–12Au
hybrid nanoparticles at λ = 545 nm.

Figure 4(c) illustrates the simulated absorbance of differ-
ent nanofluids (at a volume fraction of 10 ppm and an optical
path length of 20 mm). According to the Beer–Lambert law,
the maximum absorbance of the Si–12Au hybrid nanofluid
exceeds that of the pure Si nanofluid by approximately 0.8
under identical conditions. As depicted in Fig. 4(d), the ab-
sorption characteristics under the AM 1.5 solar radiation spec-
trum are shown. The absorption spectrum of the Si–12Au hy-
brid nanofluid closely matches the solar spectrum. In partic-
ular, in the wavelength range of 400 nm to 920 nm, the hy-
brid nanoparticles demonstrate superior absorption capabili-
ties compared to pure Si. When evaluating photothermal con-
version efficiencies, conventional Si shows an efficiency of
38%, while the hybrid nanoparticles achieve 76%.

Figure 5 illustrates the electric and magnetic field distri-
butions for both Si nanoparticles and Si–12Au hybrid nanopar-
ticles at various absorption peaks. When Au nanoparticles are
attached to the Si surface, the interaction with incident light
excites LSPR in the Au particles. This LSPR effect signif-
icantly enhances the electric field on the surfaces of the Au
nanoparticles, especially at the Si–Au interface, where strong
electromagnetic activity is observed. Since silicon is a semi-
conductor, its quadrupolar resonance response couples with

the surface electric field of the Au particles, forming local-
ized regions of enhanced electric fields.[49] Similar to the elec-
tric field distribution, the LSPR in Au nanoparticles also influ-
ences the surrounding magnetic field, especially near the edges
and surfaces of the particles, where localized magnetic field
variations occur. Furthermore, the uniform distribution of Au
nanoparticles contributes to a more consistent magnetic field
within the silicon matrix.

The analysis focuses on the maximum attainable tem-
perature of Si and Si–12Au hybrid nanoparticles dispersed
in an aqueous solution. As illustrated in Fig. 6(a), the tem-
perature field distributions at wavelengths of λ = 430 nm
and λ = 545 nm are presented. The results indicate that the
temperature of the hybrid nanoparticles and their surrounding
aqueous environment is significantly higher than that of the
pure Si nanofluid. Moreover, the hybrid nanoparticles are ca-
pable of heating a larger volume of the solution.

This enhanced heating effect is primarily attributed to the
LSPR, which leads to a substantial amplification of the elec-
tric field near the surface of the Au nanoparticles.[50] The in-
tensified electric field enhances light absorption, and the ab-
sorbed energy is subsequently converted into thermal energy,
resulting in a temperature rise. Additionally, due to the high
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thermal conductivity of Au, both the nanoparticle surface and
the adjacent solution experience a gradual increase in temper-
ature. In contrast, Si exhibits relatively lower thermal con-
ductivity, which may cause heat accumulation near its surface.
These combined effects contribute to a higher local tempera-
ture around the Au nanoparticles.

A cross-sectional temperature profile at the plane x = z
is shown in Fig. 6(b), and it corroborates the spatial trends
observed in the temperature field. Since the incident light is
directed along the positive x-axis, the Au nanoparticle located
at the leftmost position experiences the highest temperature,
reaching 354.5 K. The temperature variation within the Si core
is relatively small; however, the integration of Au nanoparti-
cles increases the overall temperature by approximately 11 K.

The optical absorption characteristics and photothermal
conversion efficiency of Si–12Au hybrid nanoparticles were
analyzed with respect to size parameters. Figure 7 presents the
absorption efficiency, scattering efficiency, absorption spec-
trum, and photothermal conversion efficiency for different Si
radii (R = 30 nm, 60 nm, and 90 nm). The analysis reveals a
clear trend: as the particle size increases, the first absorption
peak undergoes a significant red shift, indicating that larger
particles tend to absorb light at longer wavelengths compared
to smaller ones. In contrast, the second absorption peak re-
mains relatively unaffected by changes in particle size.

Fig. 7. (a) Absorption efficiency, (b) scattering efficiency, (c) absorption spec-
trum, and (d) photothermal conversion efficiency for different Si radii.

However, the scattering efficiency exhibits a notable vari-
ation when the Si sphere has a radius of R = 30 nm. This
behavior may be attributed to the Au nanoparticles having
a radius of r = 15 nm; with multiple Au particles attached,
the internal Si surface receives less direct incident light, re-
sulting in stronger scattering dominated by the external Au
nanoparticles. As shown in Fig. 7(c), reducing the size of Si
particles brings their absorption spectrum closer to the solar

spectrum. Correspondingly, the photothermal conversion ef-
ficiency decreases with increasing Si radius, with values of
83.15%, 76.22%, and 63.87% for R = 30 nm, 60 nm, and
90 nm, respectively.

Figure 8 depicts the absorption efficiency, scattering effi-
ciency, absorption spectrum, and photothermal conversion ef-
ficiency for different Au nanoparticle radii (r = 15 nm, 20 nm,
and 25 nm). The figure clearly shows that as the radius of the
Au sphere increases, the second absorption peak undergoes
a noticeable redshift, while the first absorption peak remains
largely unaffected.

Fig. 8. (a) Absorption efficiency, (b) scattering efficiency, (c) absorption
spectrum, and (d) photothermal conversion efficiency for different Au radii.

However, the scattering efficiency exhibits a significant
change at λ = 560 nm for the Si spheres. This is attributed
to the fact that the LSPR intensifies when the wavelength of
the incident light more closely matches the collective oscilla-
tion frequency of the particles’ electrons, leading to increased
scattering intensity.

As shown in Fig. 8(c), with increasing Au particle size,
the absorption spectrum aligns more closely with the solar
spectrum. The photothermal conversion efficiency exhibits a
positive correlation with the Au radius, although the rate of in-
crease diminishes. Specifically, at r = 20 nm, the efficiency in-
creases by 5.85% compared to r = 15 nm, while at r = 25 nm,
the increase is only 2.74% compared to r = 20 nm.

4. Conclusion
In summary, this study investigates the structural char-

acteristics and photothermal properties of dielectric nanopar-
ticles combined with plasmonic nanoparticles by construct-
ing Si–12Au hybrid nanoparticles and performing numerical
simulations. A comparative analysis of the optical proper-
ties, temperature variations, and photothermal conversion effi-
ciency was conducted between Si nanoparticles and the hybrid
nanoparticles.
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The results demonstrate that, compared to pure Si
nanoparticles, the Si–12Au hybrid nanoparticles exhibit a red-
shift in the absorption peak along with a broader resonance
band. The plasmonic resonance of Au nanoparticles coupled
with the quadrupole resonance of Si nanoparticles leads to an
enhanced electric field in the hybrid structure, resulting in a
temperature increase with a maximum value of 354.5 K. The
effects of varying the radii of Si and Au nanoparticles on the
hybrid nanoparticles’ performance were also examined. The
findings reveal a distinct trend in photothermal conversion effi-
ciency with respect to the Si nanoparticle radius. Specifically,
at a concentration of 10 ppm and an optical path length of
20 mm, the efficiency decreases as the Si radius increases, with
values of 83.15%, 76.22%, and 63.87% for radii of 30 nm,
60 nm, and 90 nm, respectively. Conversely, the photother-
mal conversion efficiency increases with the Au nanoparticle
radius, although the rate of increase diminishes, showing in-
crements of 5.85% and 2.74% between the sizes studied. This
research provides theoretical insights into the design and ap-
plication of hybrid nanostructures composed of dielectric and
plasmonic nanoparticles for enhanced photothermal applica-
tions.
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