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Abstract We propose a high-efficiency plasmonic
metamaterial selective emitter based on a tungsten (W) spher-
ical core-shell nanostructure for potential applications in pla-
nar solar thermophotovoltaics. This structure consists of sili-
con dioxide (SiO2)-coated W nanospheres periodically dis-
tributed on a W substrate and a thin W layer deposited on top.
Using a new definition of spectral efficiency, numerical opti-
mization is performed and its optical behaviors are systemat-
ically investigated. The numerical results show that our selec-
tive emitter has a high emissivity in the short wavelength
range below the wavelength corresponding to the bandgap
of the back photovoltaic cell and a low emissivity in the long
wavelength range beyond it. Its spectral efficiency of 0.39 is
much higher than those of other cases without the topW cover
layer or the W nanospheres. Such excellent emission selectiv-
ity is attributed to the strong photonic interaction within the
gaps between the adjacent core-shell nanospheres, the tightly
confined optical fields in both the Ω-shaped W-SiO2-W
nanocavities, and the bottom nanocavities formed by the
W nanospheres and the W substrate. It is also very
tolerant toward the thicknesses of the SiO2 layer and
the top W cover layer.
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Introduction

Photovoltaics (PVs) are considered to be one of the most
promising technologies to convert solar energy into electricity
that can be used directly by human beings. It has attracted
increasing attention in recent years. However, such PV cells
have their own intrinsic limitations on power conversion
efficiency, i.e., the Shockley-Queisser (SQ) limit [1], which
results from two loss mechanisms. Sub-bandgap photons can-
not be absorbed or converted to electrons. The photons with
energy higher than the semiconductor bandgap will lose their
extra energy through thermalization. Without considering the
nonradiative recombination, the SQ limit of a single-junction
solar cell with a bandgap of 1.0 eV is only 41 % for full
concentration and only 30 % for non-concentration [1]. In
order to overcome the SQ limit, multijunction solar cells,
which connect two or more junctions of different bandgaps
in sequence, have become the optimal choice [2]. Even though
a high efficiency of 44.4 % has been realized [3],
multijunction solar cells are not suitable for wide implemen-
tation due to their extremely high cost induced by the extreme
vacuum conditions for semiconductor growth. Moreover, be-
cause of the serial configuration, its total current is determined
by the minimal current generated by one of the sub-cells, as
well as the lattice-mismatching-induced loss [4]. Dispersive
concentration PVs, which split and concentrate sunlight onto
different sub-cells with different bandgaps, are able to over-
come the limitations of multijunction solar cells [3]. However,
the spatially distributed sub-cells usually take up a lot of
space, making this kind of PVs not very suitable to be imple-
mented in dense cities [5]. Another potentially high-efficiency
solar conversion system is a solar thermophotovoltaic (STPV)
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one [6, 7], where a selective absorber and selective emitter pair
is inserted in front of a PV cell, serving the purpose of
absorbing the broad solar radiation (via the selective absorber)
and thermally emitting the bandgap photons through heat
generated through sunlight absorption (via the selective emit-
ter). The whole spectral energy of the solar radiation is com-
pressed into photons with their energies well matching the
semiconductor bandgap. In this case, all the solar radiation can
be efficiently converted in the back PV cell. Theoretically, the
ultimate efficiency of an STPV system is predicted to reach
85 % for full concentration and 54 % for non-concentration,
far larger than the efficiency of traditional PVs determined by
the SQ limit [7]. Nanophotonic STPV devices with efficien-
cies of over 3.2 % have been reported recently [8, 9]. The heat
source from the sun in STPVs can also be replaced by other
kinds of heat sources, e.g., thermal waste from factories. Then,
STPVs become TPVs. In both STPVs and TPVs, a selective
emitter is indispensable and plays a critically important role in
the spectral selectivity of the thermal radiation so as to im-
prove the overall power conversion efficiency of the system.

Early researches on selective emitters mainly focused on
doping high-temperature materials with scarce rare earth ox-
ides that emit optical radiations in certain luminescent bands
[10–12]. However, it is usually very difficult to tune their
radiation spectra other than by mixing suitable materials. In
recent years, refractory materials, e.g., tungsten (W), and
tantalum (Ta), have received increasing attention due to the
developed nanophotonics and advanced nanofabrication tech-
nologies. Global optimization has been conducted to design
selective absorbers and/or selective emitters [9, 13–16]. With
a silicon/silica multilayer stack on a W slab [13], Lenert et al.
fabricated the first nanophotonic STPV device [8]. Chester
et al. proposed cermet emitters composed of nanoparticles of
W and silicon dioxide (SiO2) to achieve a thermal transfer
efficiency of 75.59% at 1000K [14]. Photonic crystal emitters
based on W [16–18] and Ta [9, 15] have been designed and
fabricated. The radiation spectrum can be easily tuned by
forming two-dimensional [9, 16, 17] or three-dimensional
(3D) [18] patterns. A more appealing means to achieve selec-
tive radiance employs metamaterials, where both electric and
magnetic resonances can be excited simultaneously [19]. Per-
fect absorption has been widely investigated. Its peak wave-
length and bandwidth can be flexibly controlled through
changing the shape or size of the composite unit structure
[20]. According to Kirchhoff’s law, the emissivity of a struc-
ture in thermal equilibrium is equal to its absorptivity at each
wavelength [21]. Therefore, selective emitters can be easily
realized with proper metamaterial designs. Liu et al. demon-
strated the first metamaterial selective emitter based on a
three-layer gold cross-dielectric-gold structure [22]. Wu
et al. proposed a metamaterial-based integrated plasmonic
absorber-emitter pair [23]. Epsilon-near-zero and epsilon-
near-pole metamaterials have also been proposed to be used

as selective emitters in TPVs [24]. So far, the few publications
onmetamaterial-based selective emitters [22–24] have already
shown that metamaterials are one of the most promising ways
to selectively control the radiation spectrum. However, the
one reported in ref. [22] is a low-temperature selective emitter
and is unsuitable for practical high-temperature STPVor TPV
applications. The other two kinds of selective emitters [23, 24]
are designed for cases with large emitter-to-absorber area
ratios, which usually require very high operating temperatures
(e.g., >1200 K) and a very high solar concentration, according
to the global optimization of STPVs based on the detailed
balance theory [25]. In contrast, for an optimized planar STPV
system with equal areas of both the selective absorber and the
selective emitter, its overall power conversion efficiency of
45.3% can still surpass the SQ limit even though it is less than
that of an optimized non-planar system [25]. In the fully
optimized planar STPV system with a perfect backside reflec-
tor and a full emitter-to-cell view factor, the emitter operating
temperature can be as low as 1060 K and the solar concentra-
tion be only 4.4 suns as long as the cut-off energy of the
selective absorber and the bandgap energy of the back single-
junction PV cell are fully optimized, i.e., 1.01 and 0.605 eV,
respectively [25]. Such planar STPV systems do not require
large spaces or critical operating conditions and are therefore
more suitable for practical applications. However, no selective
emitters based on metamaterials have been reported for planar
STPVs.

The optimal STPV system has been studied systematically
in ref. [25]. However, how to realize these optimized
parameters/limits is not reported. Here in this paper, we pro-
pose a plasmonic metamaterial-based high-efficiency as well
as highly selective emitter for potential planar STPVapplica-
tions. RefractoryW is chosen as the main material. In addition
to its high melting point of 3695 K, W has intrinsic emission
selectivity, that is, high emissivity in the wavelength range of
1.5–2.5 μm and low emissivity at wavelengths longer than
2.5 μm. Therefore, we can benefit from this property to easily
obtain enhanced emissivity in the wavelength range below
2.5 μm with long-wavelength emission greatly suppressed,
which is of critical importance for matching the emitter’s
radiation with the bandgap of the back PV cell in a STPV
system.

Structure and Simulation Method

Our selective emitter is schematically shown in Fig. 1a, which
consists of an array of periodically distributed spherical core-
shell nanostructures on a W substrate. The featured spherical
core-shell nanostructure is formed by uniformly depositing
SiO2 andW thin layers in sequence onto the surfaces of the W
nanospheres and substrate. The SiO2-coated W nanospheres
can be seen as the core and the top W layer as the shell. As
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shown in Fig. 1b, the W nanosphere radius, the period, the
middle SiO2 layer thickness, and the W cover layer thickness
are labeled r1, p, h1, and h2, respectively. Such core-shell
nanostructure is different from not only those employed in
nanolasing/luminescence applications, e.g., gold/silica/dye
core-shell nanoparticles [26], a cadmium sulfide/silica/silver
core-shell nanowire [27], a silicon/silica/silver core-shell
nanowire [28], but also those used in photovoltaic applica-
tions, e.g., our previously reported thin film solar cell based on
an amorphous silicon/gold core-shell nanograting [29], a
silver/amorphous silicon core-shell single-nanowire solar cell
[30]. All those nanostructures are based on a metal-dielectric
core-shell nanostructure, consisting of only one metallic nano-
structure as either the core [26, 27, 30] or the shell [28, 29].
The metallic loss must be minimized to a fairly low
level, but meanwhile, the optical field must be confined
tightly in the active semiconducting materials so as to
enhance lasing/luminescence [26–28] or absorption [29,
30] in it. In contrast, in order to enhance the thermal
emission in the short wavelength range, we aim to
confine the optical field in high-loss materials, i.e., W
in this work. Therefore, our structure is designed quite
differently, having distinct features in the electric field
distribution, which is the key to enhance the thermal
emission to be discussed in detail later.

Quantitative full-field electromagnetic simulations were
conducted with the finite-difference time domain (FDTD)
method by using the commercial software of Lumerical
FDTD Solutions. We calculated the emissivity spectra of our
selective emitter indirectly by obtaining its absorptivity

spectra first; the direct and indirect ways are equal according
to Kirchhoff’s law. In the absorption simulations, both p- and
s-polarized plane waves illustrated in Fig. 1c were considered
as the source incident from the top shown in Fig. 1a. For the
case of normal incidence, only s-polarized light was set be-
cause of the structural symmetry. Its wavelength, λ, ranges
from 0.6 to 4.0 μm. Bloch boundaries were set along the x and
y directions, while perfectly matched layers were treated in the
z direction. Since the W substrate is thick enough to suppress
any light transmission through it, a power monitor was set up
before the source to record the reflection spectrum. Then, the
absorptivity (which is also the emissivity), written asα(λ), can
be easily obtained by subtracting the reflectivity from one.We
use Eq. (1) below to calculate the partial emissivity:

α λð Þ ¼
∭

πc
λ

⋅ Im εWð ÞjEj2dxdydz
source power

ð1Þ

where c is the speed of light in vacuum, Im(εW) is the imag-
inary part of the dielectric constant of W, and |E| is the
amplitude of the electric field distribution. Changing the inte-
grating region, the partial emissivity can be obtained. The
spectral emittance, ε(λ), is simply the product of the emissiv-
ity and the spectral emittance of an ideal blackbody, which is
expressed by the Planck distribution:

εBB λð Þ ¼ 2hc2

λ5

1

ehc=λkT−1
ð2Þ

Fig. 1 a 3D and b cross-sectional
schematic diagrams of our W
selective emitter based on a
spherical core-shell
nanostructure. c p- and s-
polarized plane waves are
considered as the source incident
from the top when the absorption
spectra are calculated
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where h is Planck’s constant, k is the Boltzmann constant, and
T is the blackbody temperature, which is set to 1060 K here as
optimized in ref. [25]. Therefore, ε(λ)=α(λ)·εBB(λ) can be
obtained.

In order to quantitatively characterize the performances of
our proposed selective emitter, we define a more accurate
spectral efficiency, ηsp, compared with that used in ref. [9]. It
consists of two parts. One is written as ηt, the ratio of the
thermal emission energy below the wavelength determined by
the semiconductor bandgap, λPV, to the total thermal emission
energy of the selective emitter, and is expressed in Eq. (3). It
illustrates how well the emission in the long wavelength range
of λ>λPV could be suppressed. However, it cannot reflect
how strong the emittance below the target bandgap is. There-
fore, we define another parameter as ηc, the thermal emission
ratio of the emitter to the blackbody below λPV, which is
expressed in Eq. (4) below. Only when both of them are large
can ηsp become large. Therefore, ηsp is defined as their prod-
uct, expressed in Eq. (5).

ηt ¼

Z λPV

0
ε λð Þdλ

Z ∞

0
ε λð Þdλ

ð3Þ

ηc ¼

Z λPV

0
ε λð Þdλ

Z λPV

0
εBB λð Þdλ

ð4Þ

ηsp ¼ ηtηc ð5Þ

According to the fully optimized parameters [25], the
bandgap of the back PV cell is 0.605 eV, corresponding to
λPV=2.06 μm. Since the emitter’s operating temperature is
only 1060 K, the blackbody emission’s cut-off energy is
smaller than the optimized cut-off energy of the selective
absorber, 1.01 eV, and eventually determines the smallest
wavelength that the selective emitter can emit. Therefore, the
spectral characteristics of our selective emitter around λPV=
2.06 μm are very critical and need to be carefully optimized.

Results and Discussions

Based on the above methods, we performed a systematic
optimization of our proposed selective emitter based on

spherical core-shell nanostructures by using ηsp as a figure
of merit. The normally incident cases were considered until
otherwise specified when calculating the absorption spectra
(equal to the emissivity spectra). Figure 2a, b shows the
emissivity and normalized emittance spectra (denoted as red
curves), respectively, of our selective emitter, whose structural
parameters are r1=130 nm, h1=25 nm, h2=30 nm, and p=
390 nm. These values are all optimized (and will be shown
later), generating the highest spectral efficiency, i.e. ηsp=0.39
with ηt=0.45 and ηc=0.87, as indicated in Table 1. As shown
in Fig. 2a, as the wavelength increases, the emissivity of our
selective emitter slowly increases in the short wavelength
range until λ=1.75μm,where the spectrum peaks and beyond
which it drops quickly.When λ>λPV, it becomes less than half
of its maximum value. In Fig. 2b, in order to give a clear plot
of the emittance spectrum, the blackbody emittance is normal-
ized to its maximum (denoted as the black dashed curve). A
normalized spectral emittance of our selective emitter is ob-
tained and shown here by multiplying the emissivity spectrum
shown in Fig. 2a with the normalized blackbody emittance.
Due to the blackbody emittance peak lying in the range of
λ>λPV, the emission of our selective emitter in this range is
not well suppressed, thus leading to a relatively large ηt.
Fortunately, the emittance in the short wavelength range is
high enough, resulting in a very large value for ηc.

To demonstrate the importance of the W cover layer and
the nanospheres, we calculated and optimized two other se-
lective emitters using the same method. They are the SiO2-
coated nanosphere-based emitter without the top W cover
layer and the planar emitter without the W nanospheres as
indicated in the inset of Fig. 2. Their emissivity and normal-
ized emittance spectra are shown in Fig. 2a, b, respectively,
with optimized structural parameters: r1=130 nm, h1=30 nm,
and p=400 nm for the SiO2-coated nanosphere-based emitter
(blue curves); and h1=420 nm and h2=15 nm for the planar
emitter (pink curves). From Fig. 2a, it is seen that the emis-
sivity spectra blue shifts more for the SiO2-coated
nanosphere-based emitter than the other two cases, leading
to the lowest ηc of 0.71, as indicated in Table 1. In order to
show the role of SiO2 coating in the SiO2-coated nanosphere-
based emitter, we also calculated and optimized a pure
nanosphere-based emitter without both top W cover layer
and the SiO2 coating, which is schematically shown in the
inset of Fig. 2. Its optimal structural values are r1=140 nm and
p=360 nm. Briefly, by comparing their emissivity spectra
shown in Fig. 2a, one can see that the SiO2 coating could
greatly improve the emission performance through suppres-
sion of reflection in the short wavelength range, leaving the
pure nanosphere-based emitter with much lower ηc of 0.64 as
indicated in Table 1. Interference-induced ripples are observed
for the planar emitter as shown in Fig. 2a. The dip in the
emissivity spectrum means that the emitter is not fully emit-
ting, also leading to a very low ηc of 0.73 in comparison with
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that of our selective emitter. In the long wavelength range of
λ>λPV as shown in Fig. 2b, the emittance of the SiO2-coated
nanosphere-based emitter is suppressed the most and the
planar one the least. The values of ηt are 0.48 and 0.33,
respectively. From Table 1, it is seen that our selective emitter
can still obtain a high ηt of 0.45, not deviating much from that
of the SiO2-coated nanosphere-based emitter. By comparing
all the optimized emitters, our selective emitter has the best
overall performance, with the highest ηsp.

In order to further investigate its operating mechanism, we
also plotted the electric field distributions at various typical
wavelengths of the above-mentioned optimized selective
emitters as shown in Fig. 3. For our selective emitter based
on spherical core-shell nanostructures at the peak wavelength
of λ=1.75 μm shown in Fig. 3(a1), an extremely strong
electric field is localized in the gaps between adjacent core-
shell nanospheres (the gap value is related to the period, the
diameter of the nanospheres, the SiO2 coating thickness, and
the W cover layer thickness). At the same time, a strong
electric field in an Ω shape can also be observed in the SiO2

coating layer sandwiched by the W nanosphere and the W

cover layer, forming an Ω-shaped W-SiO2-W nanocavity.
Moreover, the electric field becomes much stronger at the
bottom of the nanosphere, where there is a gradually decreas-
ing distance between it and the bottom W substrate, forming
another plasmonic nanocavity. These unique field character-
istics contribute to the high emissivity shown in Fig. 2a. In
comparison, without the W cover layer, the adjacent strong
electric field becomes weakened and the Ω-shaped cavity
mode also disappears, as shown in Fig. 3(b1) (though a strong
electric field remains at the bottom of the nanosphere). Further
removing the SiO2 coating, the electric field becomes a little
stronger in the gaps between adjacent nanospheres but much
weaker in the bottom nanocavity as shown in Fig. 3(d1).
Therefore, both the SiO2-coated nanosphere-based emitter
and the pure nanosphere-based emitter have lower emissivity
at their peak wavelengths than our selective emitter, which is
shown in Fig. 2a. For the planar emitter without the nano-
sphere, the Ω-shaped W-SiO2-W nanocavity in our selective
emitter becomes flat, and only Fabry-Perot resonances can be
excited, as can be seen in Fig. 2a. Figure 3(c1) shows the first
resonant electric field distribution with its maximum in the
middle SiO2 layer.

By blue shifting the emitting wavelength to λ=1.3 μm, the
originally strong electric field at the peakwavelength becomes
much weaker for the three nanosphere-based emitters, namely
our selective emitter, the SiO2-coated nanosphere-based emit-
ter, and the pure nanosphere-based emitter as shown in
Fig. 3(a2), (b2), (d2), while at this wavelength, a destructive
resonance appears in the planar emitter, as shown in
Fig. 3(c2). This results in a lower emissivity for all the emitters
as compared to the emissivity at their peak wavelengths, as

Fig. 2 a Emissivity and b
normalized emittance spectra of
our selective emitter based on
spherical core-shell
nanostructures (red curves), the
SiO2-coated nanosphere-based
emitter (blue curves), the planar
emitter (pink curves), and the pure
nanosphere-based emitter
(orange curves), whose cross-
sectional schematic diagrams are
inserted below. The vertical
green dash-dotted lines in the two
figures mark the wavelength
corresponding to the bandgap of
the back PV cells, which is set to
λPV=2.06 μm. The black dashed
curve in b represents the
blackbody radiation at 1060 K
normalized to its maximum

Table 1 Comparison of the spectral efficiencies of the four optimized
selective emitters

ηt ηc ηsp

Our selective emitter 0.45 0.87 0.39

SiO2-coated nanosphere-based emitter 0.48 0.71 0.34

Planar emitter 0.33 0.73 0.24

Pure nanosphere-based emitter 0.41 0.64 0.26
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shown in Fig. 2a. On the other hand, when red shifting the
emitting wavelength to λ=3.0 μm, where W is intrinsically
highly reflective and thus weakly emissive, a much lower
emissivity is achieved for the four emitters shown in Fig. 2a
even though there is still some electric field being confined in
them, as shown in Fig. 3(a3)–(d3). All the electric field
distributions in Fig. 3 confirm that our selective emitter is
superior to the other three kinds of emitters, and both the
nanospheres and the top W cover layer play a critical role in
the excellent spectral emittance selectivity.

As analyzed above, for our selective emitter, the entire
plasmonic mode at the emissivity peak wavelength of λ=
1.75 μm, as shown in Fig. 3(a1), is characterized by the strong
electric field distributions localized in the gaps between adja-
cent core-shell nanospheres, in the Ω-shaped W-SiO2-W
nanocavities, and in the bottom nanocavities formed by the
W nanospheres and theW substrate. These unique features are

intertwined and their distinct roles in the emissivity spectrum
seem quite difficult to distinguish. Nevertheless, since the
field distribution is determined by the composite materials
and their geometry, we attempted to analyze them indirectly
through the partial emissivity spectra of all the composite
metallic nanostructures, which were calculated and plotted in
Fig. 4. From this figure, it is clearly seen that all the three
composite nanostructures contribute to the total emissivity in
the short wavelength range below λPV, with much higher
emission from the top W cover layer than those from the W
nanospheres and the W substrate. This indicates the dominant
role of the W cover layer which accommodates the strong
photonic interaction within the gaps between the adjacent
core-shell nanospheres. Therefore, the total emissivity is
greatly enhanced, leading to a very high ηc. However, in the
long wavelength range beyond λPV, the emission of the W
cover layer still dominates the total emission, negatively

Fig. 3 Electric field distributions of a1–a3 our selective emitter based on
spherical core-shell nanostructures; b1–b3 the SiO2-coated nanosphere-
based emitter; c1–c3 the planar emitter; and d1–d3 the pure nanosphere-
based emitter, at their peak wavelengths (i.e., λ=1.75, 1.46, 1.8, and

1.45 μm, respectively; top row). Their field distributions at a shorter
wavelength (e.g., λ=1.3 μm; middle row) and a longer wavelength
(e.g., λ=3.0 μm; bottom row) are also plotted for comparison
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leading to a relatively low ηt. In contrast, there is nearly no
emission from either the W nanospheres or the W substrate
and thus the extremely weak electric fields localized in the Ω-
shaped and the bottom nanocavities (shown in Fig. 3(c1)) play
a positive role in the suppression of the emission in the long
wavelength range. Fortunately, the ηsp is not influenced much
due to the much higher enhancement of the emissivity in the
short wavelength range.

For our selective emitter, the gaps between neighboring
core-shell nanospheres play an important role in yielding high
emissivity at the peak wavelength due to the confinement of
the strongest electric fields in between as shown in Fig. 3(a1).
This is reasonable and can be indicated by the dependence of
the spectral efficiency, ηsp, on the period, p, which is shown in
Fig. 5a. More accurately, ηc is strongly dependent on p, while

ηt is not as strongly dependent, indicating that the gaps be-
tween neighboring core-shell nanospheres do not severely
influence the suppression of the emission in the long wave-
length range of λ>λPV. When p increases from 390 nm, the
gaps become larger, and the photonic interactions between the
adjacent core-shell nanospheres become weaker. Consequent-
ly, the emissivity spectrum blue shifts, as shown in Fig. 5c.
This behavior is quite different from a Bragg mode (which
should red shift when p increases), indicating again that the
localized surface plasmons in the gaps between adjacent core-
shell nanospheres dominate the variation of the emissivity
spectrum as shown in Fig. 5c. Therefore, ηc decreases as p
increases. On the other hand, if p becomes too small, i.e., p
<390 nm, the neighboring core-shell nanospheres are nearly in
contact with each other, and photons cannot easily be confined
in those small gaps. Thus, the spectral emissivity is reduced
(as shown in Fig. 5c), and ηc decreases as well. In this case, ηt
also decreases because only a weak contrast appears in Fig. 5c
between the short-wavelength emission and the long-
wavelength suppression.

When changing the W nanosphere radius, r1, both the gaps
between adjacent core-shell nanospheres and the bottom
nanocavity formed by the W nanosphere and the W substrate
will be changed, while the Ω-shaped W-SiO2-W cavity does
not change as the middle SiO2 layer thickness is kept un-
changed. When reducing r1 from 130 nm, the photonic inter-
actions within those cavities must be weakened, leading to a
very weak field confinement. Therefore, it is seen in Fig. 5b
that both ηsp and ηc decrease quickly from their maximum
values. When r1 becomes smaller than about 60 nm, both ηsp
and ηc do not change much. In this case, the bottom field

Fig. 4 Emissivity spectrum of our selective emitter based on spherical
core-shell nanostructures (red curve) and its partial emissivity spectra of
the W cover layer (green curve), the W nanospheres (blue curve), and the
W substrate (black curve). The vertical green dashed line indicates the
wavelength corresponding to the bandgap of the back PV cell

Fig. 5 Spectral efficiency versus
a the period, p, with r1=130 nm
and b the W nanosphere radius,
r1, with p=390 nm. c, d The
variations of the corresponding
spectral emissivity. The other
structural parameters are h1=
25 nm and h2=30 nm
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confinement dominates and becomes slightly weaker as r1
decreases. From Fig. 5d, it is clearly seen that the spectrum

blue shifts, first quickly and then slowly where the emissivity
becomes greatly weakened. Note that the first quick blueshift

Fig. 6 Spectral efficiency versus
a the SiO2 thickness, h1, with h2=
30 nm and b the top W cover
layer thickness, h2, with h1=
25 nm. c, d The spectral
variations and corresponding
emissivity. The other structural
parameters are r1=130 nm and
p=390 nm

Fig. 7 a–f Emissivity spectra at
various typical elevation (θ) and
azimuth (φ) angles for both p and
s polarizations
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of the emissivity spectrum vividly illustrates the major role of
the localized photonic interaction between the adjacent core-
shell nanospheres, while the slow blueshift shows the minor
effect of the surface plasmons in the bottom nanocavities on
the emissivity. This is consistent with the high partial absorp-
tion in the top W cover layer and the low partial absorption in
the W nanospheres and the W substrate as shown in Fig. 4.
When r1=0, our selective emitter is reduced to a planar W-
SiO2-W three-layer structure with a SiO2 layer thickness of
only 25 nm. The narrow and weak emissivity spectrum in
Fig. 5d confirms again the indispensible role of the nano-
spheres under the SiO2 thin film. On the other hand, when r1
increases to 140 nm, the neighboring core-shell nanospheres
begin to touch each other. Similarly, ηsp, ηc, and ηt decrease, as
shown in Fig. 5b.

In Fig. 6a, ηsp does not change much when h1 ranges from
12 to 32 nm with other structural parameters kept unchanged.
Beyond this range, ηsp decreases, dominated by the decreasing
ηc in spite of the increasing ηt. Considering the field distribu-
tion, when h1 increases, the SiO2 layer becomes thicker, and
longer wavelength photons can be confined tightly in the Ω-
shaped W-SiO2-W nanocavity. At the same time, the optical
field confined in the gaps between adjacent core-shell nano-
spheres becomes stronger and eventually dominates the whole
field distribution. Therefore, there is a rising trend for ηc, as
shown in Fig. 6a. By further increasing h1, i.e., h1>32 nm, the
gaps between adjacent core-shell nanospheres become too
narrow to accommodate any optical field, and thus the emis-
sivity spectrum becomes lower and blue shifts, leading to
lower values of ηc. Here, we did not consider the cases with
h1<8 nm, where quantum effects might exist and lead to
complex optical responses [31]. In Fig. 6b, ηsp behaves sim-
ilarly with h2 as it does with h1. There is a nearly flat region
with almost unchanged spectra when h2 ranges from 10 to
36 nm, indicating that the emission performance is tolerant of
h2. However, when h2 is smaller than 10 nm, the optical field
in the Ω-shaped W-SiO2-W cavity becomes weakly confined,
and the photonic interaction in the gaps between adjacent
core-shell nanospheres also becomes weaker. On the other
hand, when h2 becomes larger than 36 nm, the gaps between
adjacent core-shell nanospheres become too narrow to enable
strong photonic interactions within it. Therefore, in the ranges
of h2<10 nm and h2>36 nm, the emissivity is lower and the
spectrum blue shifts as shown in Fig. 6d.

We also calculated the emissivity spectra at different ele-
vation and azimuth angles for both p- and s polarizations.
Some typical spectra were shown in Fig. 7. For p polarization,
the emissivity peak does not change even when the elevation
angle, θ, increases to 45° for different azimuth angles, namely,
φ=0°, 30°, and 45°. The emissivity increases in the short
wavelength range as θ increases, and meanwhile, ripples
appear in the long wavelength range as shown in Fig. 7a, c,
e. With weak suppression of long wavelength emission, ηsp

decreases as θ increases for all azimuth angles. In contrast, for
s polarization, the emissivity spectrum becomes lower as θ
increases for different azimuth angles as shown in Fig. 7b, d, f.
From these figures, it is seen that the emissivity of our selec-
tive emitter has a certain degree of divergence. Therefore, a
relatively large PV cell is necessary to receive the emitted
photons.

Conclusion

In conclusion, we have proposed a plasmonic metamaterial
selective emitter based on W spherical core-shell nanostruc-
tures. Numerical optimization has been performed with the
fully optimized parameters. In addition, its optical behaviors
have been systematically analyzed. The numerical results
have shown that our selective emitter has high emissivity in
the short wavelength range of λ<λPV and low emissivity in
the long wavelength range of λ>λPV, leading to a higher
spectral efficiency of ηsp=0.39, compared with the other cases
without the top W cover layer or the W nanospheres. The
optimized structure is very tolerant toward the SiO2 coating
layer thickness and the top W cover layer thickness. Such
excellent emission performance is attributed to the strong
photonic interaction within the gaps between adjacent core-
shell nanospheres, the tightly confined optical field in both the
Ω-shaped W-SiO2-W nanocavities, and the bottom
nanocavities formed by the W nanospheres and the W sub-
strate. Therefore, our selective emitter is very promising for
potential applications in planar STPVs or TPVs.
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