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Abstract: Planar light concentrators are potential applications for solar thermal conversion, in which
the intensity of the electric field will exhibit strongly non-uniform characteristics. However, previous
research has long ignored the solar absorption performance of plasmonic nanoparticles in the focused
electric field. In this work, we use the finite element method (FEM) to study the optical behaviors of a
single nanoparticle and multiple nanoparticles in the focused electric field formed by vertically and
inwardly imposing the initial incident light on a quarter cylindrical surface. The results show that
the focused electric field can significantly improve the solar absorption abilities compared with the
parallel one for all the nanoparticles due to the local near-electric field enhancement caused by the
aggregation of the free electrons on the smaller zone. Further studies on the focused electric field
reveal that the plasmon heating behavior of Au spheres presents a rising trend with the decrease in
inter-particle spacing, as the gap is less than the radius of Au spheres. As the number of nanoparticles
increases along the focal line, the absorption power of the center nanoparticles gradually tends to
be stable, and it is much lower than that of a single nanoparticle. As the nanoparticles are arranged
along the y and z directions, the heterogeneity of the electric field makes the optical properties uneven.
Notably, the strongest electric field appears slightly close to the incident surface rather than on the
focal line.

Keywords: plasmonic nanoparticles; focused electric field; solar absorption performance; planar
light concentrators

1. Introduction

Parabolic trough collectors are a mature solar concentration technology that produces
high-temperature heat. However, parabolic trough collectors are encountering various
issues in their operations [1-6], such as design and manufacture errors (e.g., no ideal
reflected mirror surface) [1], the tracking mechanism usage and tracking system error [2],
the effects of weather conditions on the installation stability (dusty, wind, rain, snow) [3],
and the accuracy of the positioning sensor [4,5]. It should be highlighted that the problems
mentioned above are directly linked to the costs of parabolic trough collectors [6].

To address the abovementioned issues, some researchers have proposed several ap-
proaches to concentrating sunlight by using planar focusing designs, such as planar waveg-
uide concentrators [7-11], planar subwavelength grating concentrators [12,13], and planar
metasurface-based concentrators [14-19]. In addition, they are more suitable for developing
compact platforms than the curved lenses or mirrors used in concentrated solar power
systems.

Planar waveguide concentrators with artificial micro-structures (injection and bypass
elements [7], faceted micro-lens [8], focusing spherical lens [9], tapered cylindrical and
conical lens [10], and square lenslet [11]) show tremendous promise for high optical effi-
ciency, thin form-factor, lightweight, and inexpensive alternatives for the current generation
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of refractive and reflective solar concentrators. Planar subwavelength grating concentra-
tors with unique diffraction properties have achieved a concentration ratio above 10x
in medium-concentration solar systems [12]. The light intensity at the focal point and
the reflectivity of the focusing grating mirrors are almost as high as those of parabolic
mirrors. Planar-focusing grating mirrors offer a suitable replacement for parabolic mirrors,
especially considering the complexity of fabricating three-dimensional structures compared
to planar structures [13]. Optical meta-lenses, namely metasurface-based concentrators,
exhibit great potential to achieve considerable angle and frequency dispersions on demand
via strong coupling between building blocks and incident sunlight. Thus, they are also
expected to replace traditional lenses and mirrors to efficiently capture broadband and
wide-angle sunlight without tracking sun systems to generate cost-effective electricity by
exploiting spatially distributed solar energy [14]. To design large-scale and highly effi-
cient metasurface concentrators, some tactics are presented to elevate the robustness of
metasurface concentrators. The rectangular parallelepipeds are less sensitive to fabrication
imperfections than the ellipse and the cylinder [15]. The designs of a planar focusing collec-
tor (PFC) with a focal length beyond the micron scale are presented through metasurfaces
and Fresnel-like models. The challenges of each design in the entire system process (design,
fabrication, scalability, and techno-economic feasibility) are discussed. These works show
how nano-optics and plasmonics could contribute to this vital area of concentrated solar
power (CSP) technology [16-19].

Another critical challenge of solar thermal conversion is to improve the solar thermal
collector design and the material’s performance for higher solar absorption [20,21]. The
most common configuration of solar thermal collectors employs a black absorber surface,
which transfers heat directly to a working fluid or via intermediate carrier liquids [22]. The
surface absorber, unfortunately, has a large amount of heat loss and a low solar thermal
conversion efficiency due to a significant temperature difference between the surface and
the environment [23].

The direct absorption solar collector (DASC) is an alternative collector that absorbs
solar radiation through the working fluid with excellent solar absorption efficiency. Particles
at nanoscale dimensions have a large surface area-to-volume ratio, expose many active
surface sites, and exhibit unique electronic properties (different from bulk) that improve
solar absorption performance [24,25]. However, the advantages of size reduction are
often overshadowed by the colloidal instability (extensive aggregation) of particles at the
nanoscale, which can significantly reduce the solar absorption ability in the DASC [26-28].

Compared with the nanoparticles suspended in the working fluid, the ones fixed into
the porous structure could effectively overcome the aggregation problems. Some assembled
plasmonic gold nanoparticle thin films have been recently developed to improve the
efficiency and stability of solar-enabled evaporation [29-32]. The air-laid paper is selected
as the fixed substrate, inspired by biological evaporation systems such as human skin and
plant leaves [29]. These gold nanoparticles deposited on the air-laid paper are fabricated
more compactly than the free-standing plasmonic structure, which enables the fixed gold
nanoparticles to exhibit much higher light absorption efficiency (more than 80%) in the
solar spectrum of 400-800 nm and to yield the photo-thermal transformation efficiency of
77.8% under the 4.5 suns. A broadband and efficient aluminum-based plasmonic absorber
is also proposed through the self-assembly of the aluminum nanoparticles into a 3D porous
membrane, which demonstrates an extraordinary solar absorption of over 96% due to the
reduced surface reflection and increased internal light scattering caused by the close-packed
aluminum nanoparticles and the nanoporous structures [30,31]. A novel type of plasmonic
material is made by uniformly decorating fine metal nanoparticles into the 3D mesoporous
matrix of natural wood (plasmonic wood), which exhibits high light absorption ability
(~99%) over a broad wavelength range from 200 to 2500 nm due to the plasmonic effect of
metal nanoparticles and the waveguide effect of microchannels in the wood matrix [32].

It is critical to develop and study a new solar absorption method that matches the
planar light concentrators to apply the planar light concentrators to the solar thermal
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conversion field. In this work, the plasmonic nanoparticles are fixed near the focal line of
the planar solar concentrator, and the heat-absorbing fluid flows around the plasmonic
nanoparticles, in which the nanoparticles act as stationary internal heat sources, as seen
in Figure 1. The optical properties of nanoparticles under the focusing electric field were
calculated and discussed. We first compared the optical characteristics of a single plasmonic
nanoparticle in the parallel electric field with those in the focused one. The focused electric
field can achieve higher absorption performances in the same spectrum. Then, the absorp-
tion performances of the multi-nanoparticles system are studied in the focused electric field
to understand the interactions of light with matter for the planar light concentrators.
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Figure 1. Schematic of the solar thermal collector with a planar light concentrator.

2. Materials and Methods

Electric field propagation around the plasmonic nanoparticles can be described by the
Helmholtz equation [33], which is solved by the finite element method (FEM):

V x (yrlv X E) — k3e;,E =0 (1)

where E is the electric field of the medium, y;, is the relative magnetic permeability, kg is the
wavenumber in space, ¢, is the relative permittivity, which is expressed as e, = (n — ik)z,
and n and k are the real and imaginary parts of the complex refractive index. The dielectric
environment was chosen as 1.0 for the air, and the optical constant of gold (Au) came from
Johnson's results [34].

The total absorption power density of nanoparticle can be written as follows [35]:

Qn, abs = Ziz Qn, abs(A) 2

2

N

1
Qn, abs(A) = 580608” E

®)

where Qj, 45 is the total absorption power density, Qj, 45(A) is the absorption power
density at various wavelengths, ¢( is vacuum permittivity, w is the frequency of the incident
light, and ¢” is the imaginary part of material permittivity.

The total absorption, scattering, and extinction power can be obtained from the fol-
lowing functions [36,37]:

A
Pabs/sca/ext = Z)\i Pabs/scu/extU‘) 4)

Pﬂbs()\> = ﬁ;ﬁQh, abs()\)dv (5)
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Pra(M) = %Re [# (Esw « EW) . ﬁds} ©)
Pext(/\) = Pahs()\) + Pscu(/\) (7)

where Py, Psca, and Py are the total absorption, scattering, and extinction power, P(A),
Psca(A), and Pyt (A) are the absorption, scattering, and extinction power at various wave-
lengths, V is the volume, and S is the closed surface area, respectively.

During broadband solar spectrum, the total absorption, scattering, and extinction
cross-section of nanoparticles can be calculated by the following:

A
Cabs/sca/ext = Z)j Cahs/sca/ext(/\) 8)
P A
Cabs/sca/ext(/\) = W (9)

where Cgps, Csea, and Cey; are the total solar absorption, scattering, and extinction cross-
section, Cups(A), Csca(A), and Cext(A) are the solar absorption, scattering, and extinction
cross-section at various wavelengths, and I(A) is the electric field intensity reaching the
surface of the nanoparticle at various wavelengths.

The total solar absorption, scattering, and extinction coefficient can be obtained by
the following:

A
Yabs /sca/ext = ZAT lpabs/scu/ext()\) (10)
C A
Il}ubs/sca/ext()\) - ahs/+/ext() (11)

where 55, Psca, and Py are the total solar absorption, scattering, and extinction coefficient
of nanoparticles, P,ps(A), Psca(A), and ext(A) are the solar absorption, scattering, and
extinction coefficients at various wavelengths, and A is the physical cross-sectional area of
the nanoparticle.

The absorption ratio x(A) represents the ratio of absorption power to extinction power
at various wavelengths, and the total absorption ratio yx is the sum of x(A) in a range from
Aq to Ap:

N =1 2
X=X x(A) (13)

In this work, the FEM software COMSOL Multiphysics 5.6 is employed to solve the
Helmholtz equation. Firstly, the basic properties of each domain are defined. Secondly,
the external and internal boundary conditions, including perfect matched layer (PML),
scattering, and periodic boundary conditions, are strictly set. Then, the properties of the
electromagnetic waves in the domain are set, including the incident electromagnetic wave
type, incident direction, intensity, etc. Finally, the solve domains are meshed, and the
electric field distribution can be calculated.

The plasmonic nanoparticles are placed along the focal line of the planar light concen-
trators, in which the electric field reached by the plasmonic nanoparticles is extraordinarily
uneven. The solar heat performance of the focused and parallel incident light is expected
to differ. Sunlight is unpolarized but can be broken down into two linearly polarized lights
of equal intensity perpendicular to each other. The optical characteristics of nanoparticles

are the added results of the incident electric field of E and E in the parallel electric field.
At the same time, we can also calculate the optical properties by the superimposed E , and

Ey+E; in the focused electric field.

The absorption rate of Au nanoparticles is close to zero for the incident light wave-
length of more than 900 nm. Thus, the wavelength is selected as 300-900 nm, the solar
spectrum refers to ASTM G173-03 [38], and the total incident electric field intensity is
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Iy = 683.65 W/m?. The incident light is perpendicularly exerted on a quarter cylindrical
surface towards the central axis to form the focused electric field, where the cylinder radius
is 1610 nm.

To verify the model, the absorption and scattering cross-sections of a single Au sphere
with a diameter of 50 nm are compared between FEM and Mie theory calculation results in
the parallel electric field of the visible light spectrum. Figure 2 shows that the maximum
difference between the FEM calculation results and the Mie theory ones is less than 0.1%,
indicating that the FEM calculation results are valid.
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Figure 2. Comparison results between the FEM and Mie theory with the Au sphere (radius: 50 nm)
in air.

3. Results and Discussion

3.1. Optical Properties of a Single Plasmonic Nanoparticle in the Parallel and Focused
Electric Fields

This section compares the optical properties of a single nanoparticle in the focused
electric field with those in the parallel one. The absorption performances of the Au sphere
are investigated at the radius (r) of 50 nm and the various r, where the schematics of the
line-focusing electric field can be shown in Figure 3b. Then, we report the total optical
properties of Au nanoparticles when their shapes and orientations change, but the feature

sizes stay the same. Here, the shapes and orientations of nanoparticles can be set as in
Table 1.

O O

Au Sphere Au Sphere

Figure 3. Schematics of a single plasmonic Au sphere in the electric field: (a) parallel and (b) focused.
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Table 1. Shapes and orientations of nanoparticles used in Section 3.1.
Shapes Feature Length Label Iy (W/m?) Orientations
Cube 0
Cube The length of the side is Cube 1
100 nm.
Cube 2
Cylinder 0 683.65 As seen in Figure 4
) Both the diameter and Cylinder 1
Cylinder height are 100 nm. y
Cylinder 2
Sphere The diameter is 100 nm. Sphere

O O O

Cube0  Cubel Cube2 Cylinder0 Cylinderl Cylinder2 Sphere

et rrr 1t I M1t
(a)
O O

‘ Cube0 Cubel Cube2 Cylinder0 Cylinder1 Cylinder2 Sphere

2a0% a2 s Wan Ve VA ala o

(b)

Figure 4. Shapes and orientations of nanoparticles used in Section 3.1: (a) in the parallel electric field
and (b) in the focused electric field.

As shown in Figure 5, it is evident that the Au spheres achieve their prominent
absorption peaks at 530 nm, whether placed in the parallel electric field or the focused one.
The incident electric field coupled with the free electron oscillation around the nanoparticle
surface at the resonance frequency can enormously enhance the absorption performance
of the nanoparticle. Notably, there are several relatively minor resonance peaks in the
spectrum of less than 500 nm for the focused electric field, which also leads to the broad
and strong absorption ability. The physical cross-sectional area of a sphere is 7772 in the
parallel electric field, which is the spherical projection map on a plane. The one in the
line-focused electric field in this work is the area of a quarter spherical surface projected
on a cylindrical surface. Since a quarter spherical surface area equals 772, its projection
area on the cylindrical surface will become smaller. Therefore, the physical cross-sectional
area of the Au sphere in the focused electric field is far smaller than that in the parallel
one. However, the absorption cross-section in the focused electric field is higher than
that in the parallel one, especially in the shorter wavelength region, which implies that
the absorption coefficient §,,s(A) will be even higher. This is attributed to the increasing
electric field intensity imposed on a smaller local surface of nanoparticles in the focused
electric field, in which the free electrons’ aggregation can enhance the local near-electric
field. It indicates that the focused electric field significantly positively affects the local
surface plasmon resonance (LSPR). The more substantial LSPR effect will produce the more
resistive heat around the nanoparticle in the focused electric field.

Figure 6a,b show that the total absorption and scattering cross-sections sharply rise
with the growing sphere radius due to the larger physical cross-sectional area. In the
meantime, the absorption cross-section in the focused electric field exceeds that in the
parallel one at the increasing r, as shown in Figure 6a. The slopes in Figure 6a reveal that
the absorption coefficient in the focused electric field declines slightly slower than that in
the parallel one as r enlarges but not beyond 90 nm. From Figure 6¢, it can be seen that
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the total absorption power density first increases and then decreases with the increasing
radius of the Au sphere, and the peak takes place around the radius of 40 nm in both
electric fields. The larger nanoparticle size weakens the absorptive action and heightens
the scattering ability. In addition, the total absorption ratio x presents a declining trend
with the increasing sphere size, as displayed in Figure 6d. It demonstrates that the smaller
nanoparticles are more suitable for solar thermal utilization, while the larger ones are for
photovoltaic conversion to resist high temperatures. Meanwhile, the total absorption ratio
is higher in the focused electric field than that in the parallel one, and the difference of x
between the two electric fields slightly rises at the larger size, as shown in Figure 6d.
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Figure 5. Optical properties of Au sphere in the parallel and focused electric fields: (a) P,,s(A) and
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Figure 6. Optical properties of Au sphere at various radiuses in the parallel and focused electric
fields: (a) Cyps, (b) Csca, (€) Qp, aps, and (d) x.



Energies 2024, 17, 2138

8 of 13

In Figure 7, the optical properties of all the nanoparticles tend to be improved dramatically
in the focused electric field compared with the parallel one. Figure 7a,b show that the cubical
nanoparticle’s total absorption and scattering cross-sections are highest in the focused and
parallel electric fields. In contrast, the ones of spherical nanoparticles are the lowest. On the
one hand, it is because the cubical nanoparticles have the most significant volume, and the
spherical ones have the smallest volume. Another reason is that the cubical nanoparticles
have the slightest sphericity, while the spherical nanoparticles” sphericity is the largest. The
more minor sphericity can result in higher optical performance, as the plasmonic nanoparticle
absorbs the electromagnetic waves. Although the volume of the cubical nanoparticle is more
prominent than that of the other two shapes, the cubical nanoparticle’s total absorption power
density is slightly higher overall, as seen in Figure 7c. It confirms that the nanoparticle’s
sphericity greatly influences the solar absorption performance. Figure 7d presents that the
total absorption ratio of the Au sphere is the highest, while that of the nanoparticle in the
cube 2 orientation is the lowest. It suggests that the selection of shapes and orientations is the
competition between absorption ability and absorption ratio. For all the nanoparticles with
the same shape, their orientations play significant roles in their LSPR effects, which depend
on the included angle between the electric field direction and the surface normal vector of
a nanoparticle. Moreover, the nanoparticles’ orientations in the focused electric field have
fantastic effects on the optical properties since the optical anisotropism is more remarkable
due to the highly non-uniform electric field.
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Figure 7. Optical properties of Au nanoparticles with different shapes and orientations in the parallel
and focused electric fields: (a) Cyps, (b) Csca, (€) Qp, aps, and (d) x.

3.2. Optical Properties of Multi-Plasmonic Nanoparticles in the Focused Electric Field

In this section, the optical properties of all the nanoparticles are simulated in the
focused electric field, where the Au spheres’ radius remains #* = 50 nm. Firstly, the effects
of the distance between two Au spheres on their optical characteristics are investigated,
and the schematic of two Au spheres in the focused electric field is described in Figure 8a.
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Secondly, the total absorption power and cross-section of Au sphere chains are studied,
in which the inter-particle spacing is 10 nm. The schematics of nanoparticle chains along
different coordinate axes are displayed in Figure 8b—d.

t,

Vi N
A quarter cylindrical surface
7 X 4 i h
A quarter cylindrical surface
/ A

A

(a) (b)

OO0

Au sphere chain along y direction

Au sphere chain along z direction

CO-OO

Vi N
z A quarter cylindrical surface
* N
/ A / .
A quarter cylindrical surface

v he 7 ]
A
(c) (d)

Figure 8. Schematics of multiple Au spheres in the focused electric field: (a) Au sphere pair, (b) Au
sphere chain along the x direction, (c) Au sphere chain along the y direction, and (d) Au sphere chain
along the z direction.

The peaks of Cyps(A), Csca(A), and Cext(A) show blue shifts, a movement towards the
short wavelength, with the increasing inter-particle spacing in Figure 9a—c. Regardless of
the electron tunneling effect, it indicates that the nanoparticles absorb more energy with the
reduced inter-particle gap due to the enhanced electric-field coupling, which is eventually
translated into heat energy. The peak values of Cseq (A) and Cext (A) present declining trends
and one of the Cyps(A) rises as the spacing enlarges. However, the enhancement amplitude
of Cyps(A) is smaller than the weakening amplitude of Csc;(A), as compared to Figure 9a

AN

with Figure 9b. The reason is that the incident electric field of E can trigger the resonance

N

enhancement effect, and E,+ E can restrain the internal electric field in the particle pair.
Still, the enhancing effect is rather more than the restraining effect. It is also found that
the resonance peak of each particle is lower in the particle pair model than the one in the
single particle model. In Figure 9a, C,s(A) is higher at the larger 6 when the wavelength is
less than 550 nm, while it presents a declining trend with the increasing ¢ in the spectrum
of more than 550 nm. As the inter-particle spacing grows, Csc;(A) continuously decreases
in the spectrum from 300 nm to 900 nm, as seen in Figure 9b. From Figure 9d, the more
considerable inter-particle distance can lead to a higher absorption ratio in the spectrum
from 300 nm to 900 nm.



Energies 2024, 17, 2138

10 of 13

®

_ 25
Ng —— &=10nm g
I =)

= —— 8=20nm S

x —— &=30nm kS

< 8=40nm S

o —— 8=50nm U’*

g —— 3=60nm &

8 8

h31 0=80nm 5

Q 5]

@ —— &=100nm A

2 2

S S

g ]

& 5

= Q

< A

0 T T T T T O T T T T T 1
300 400 500 600 700 800 900 300 400 500 600 700 800 900

Wavelength, A (nm) Wavelength, A (nm)

@

Extinction Cross Section, C,(}) (x1 0°nm?)

o e
=)} ~
L L

o
[
I

Absorption Ratio, y())
= o
w IS
1 1

e
8]
L

T
400

T T T T 1 0 l T T T T T
500 600 700 800 900 300 400 500 600 700 800 900
Wavelength, A (nm) Wavelength, A (nm)

Figure 9. Optical properties of each sphere in the sphere pair at various wavelengths for the focused
electric field: (a) Cyps(A), (b) Csca(A), (€) Cext(A), and (d) x(A).

In Figure 10, as the inter-particle distance enlarges, the total absorption cross-section
first decreases and then increases, the total scattering cross-section gradually declines, and
the total absorption ratio presents a rising tendency. However, they all tend to be the values
of a single Au sphere in the end when the inter-particle distance is far enough, comparing
Capss Csea, and x in Figure 10 with those at the radius of 50 nm in Figure 6. This is because
Cops is mainly determined by the competition between the sum of C,s(A) in the spectrum
from 300 nm to 550 nm and that in the wavelength of 550 nm-900 nm based on Equation (8).
As the inter-particle distance is less than the Au sphere radius, C,s is dominated by the
sum of Cpps(A) in the spectrum of more than 550 nm. In the meantime, as the inter-particle
distance is more than the Au sphere radius, C,s in the spectrum of less than 550 nm plays
the dominant role. Since Cs¢q(A) is lowering with the increasing inter-particle distance in
the wavelength range from 300 nm to 900 nm, Cs, is gradually declining. To keep the
higher absorption cross-section, the inter-particle gap should deviate from their radius
as much as possible for the particle pair. Further, the smaller inter-particle distance is
predicted to be better.

As shown in Figure 11a, the absorption performances of the middle Au spheres are
lower than those at both ends when the number of nanoparticles increases due to the higher
scattering enhancement among the middle nanoparticles. However, the absorption power
keeps a rapidly declining tendency from the middle to both ends, and it finally goes to zero
with more and more nanoparticles in Figure 11b. As the Au spheres are arranged along
the y direction, the electric field intensity is higher at the position closer to the focal line.
Thereby, the middle nanoparticles can absorb more solar energy. Meanwhile, Figure 11c
illustrates that the most extensive P,,; occurs near the incident surface rather than on the
focal line as the number of nanoparticles increases along the z direction. It indicates that
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surface since the most vigorous electric field intensity is not on the focal line in this case.

Furthermore, for all the arrangement types of nanoparticles, more Au spheres can cause
lower Pps 40, and, eventually, it tends to be stable, as shown in Figure 11d.
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4. Conclusions

In this work, the optical properties of the Au nanoparticles were studied based on the
finite element method (FEM) to explore the solar absorption performance in the focused
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electric field. The effects of the nanoparticle size, shape, orientation, inter-particle gap, and
arrangement style on the plasmon absorption characteristics were systematically analyzed.
It was found that there are more improvable optical performances in the focused electric
field than those in the parallel one, no matter what the nanoparticles are. It is attributed
to the stronger electric field in the smaller area, compared with the parallel electric field.
As the nanoparticle radius increases, the cross-section of absorption and the active range
of electric radiation effectively increases. Thus, more light energy can be absorbed and
converted into heat. Significantly, the lower the degree of sphericity is, the more the
optical performance is enhanced. Increasing the inter-particle distance of the spherical
nanoparticle pair can lead to the blue shifts for the absorption cross-section, implying that
the heat production of nanoparticles gradually increases with decreasing inter-particle
spacing. Each of the multi-spherical nanoparticles shows a lower absorption ability than
a single one, and the average absorption performance of the nanoparticle chains tends to
be stable with an increasing number of nanoparticles. The non-uniform solar absorption
properties induced by the focused electric field are more prominent along the y and z
directions. In particular, we found that the most considerable absorption power does not
take place on the focal line but is a bit close to the incident surface.
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