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Tungsten Nanowire
Metamaterials as Selective
Solar Thermal Absorbers by
Excitation of Magnetic
Polaritons

The present study focuses on nanowire-based metamaterials selective solar absorbers.
Finite-difference time-domain (FDTD) simulation is employed for numerically designing
a broadband solar absorber made of lossy tungsten nanowires which exhibit spectral
selectivity due to the excitation of magnetic polariton (MP). An inductor—capacitor cir-
cuit model of the nanowire array is developed in order to predict the resonance wave-
lengths of the MP harmonic modes. The effects of geometric parameters such as
nanowire diameter, height, and array period are investigated and understood by the
sweep of geometric parameters, which tunes the MP resonance and the resulting optical
and radiative properties. In addition, the optical properties and conversion efficiency of
this nanowire-based absorber are both demonstrated to be insensitive on incidence
angles, which illustrates the potential applicability of the proposed nanowire-based meta-
material as a high-efficiency wide-angle selective solar absorber. The results show that
the nanowire-based selective solar absorber with base geometric parameters can reach
83.6% of conversion efficiency with low independence of incident angle. The results will
facilitate the design of novel low-cost and high-efficiency materials for enhancing solar

thermal energy harvesting and conversion. [DOI: 10.1115/1.4034845]
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1 Introduction

Solar energy is sustainable, clean, and abundant. However, the
performance of solar absorbers not only relies on broadband high
absorptance within the solar spectrum but also the low thermal
emission loss at longer wavelengths. Therefore, solar absorbers
with spectral selectivity are highly desired to enhance the solar-to-
heat conversion efficiency. Tailoring the radiative properties by
constructing artificial micro/nanostructures or metamaterials has
become a hot topic in recent years, and a variety of applications in
energy harvesting, biosensing, and imaging have been found
[1-4]. Excitation of magnetic polariton (MP) is one fundamental
mechanism to obtain exotic radiative properties within metamate-
rials [5-7]. MP refers to the coupling between incident electro-
magnetic wave and internal magnetic resonance inside the
structure, and its excitation has been widely investigated for 1D
and 2D gratings, disk arrays, cross bars, and ring array structures
[5.8,9]. On the other hand, metamaterials made of vertically
aligned nanowire arrays have been extensively studied in aspect
of negative refraction, selective absorbers, and emitters [10,11].
Effective medium approximation has been employed to investi-
gate nanowire-based hyperbolic metamaterials, which has been
demonstrated to have good agreement with full-wave numerical
simulations [12]. However, effective medium theories (EMT),
which approximate the inhomogeneous nanowire arrays as a
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homogeneous medium with effective dielectric functions or elec-
tric permittivities, only consider the response to the electric field.
The validity of the effective medium theories would become ques-
tionable, and it needs to be reconsidered if magnetic resonance
could be excited inside nanowire-based metamaterials, which has
not been well understood.

In this work, we will employ the finite-difference time-domain
(FDTD) method to numerically study the optical and radiative
properties of vertically aligned tungsten nanowires sitting on a
tungsten thin film, which can potentially serve as an efficient
selective solar thermal absorber. Resonance behaviors within the
tungsten nanowire structures are observed in the short wave-
lengths, leading to enhanced solar absorption, while reflective
nature of tungsten in the IR leads to a high reflectance in that
spectral region. More importantly, nanowire arrays are advanta-
geous over multilayers that suffer from thermal stress issue and
submicron periodic grating metamaterials whose large-area fabri-
cation is prohibited. A comparison will first be made between the
radiative properties obtained by the EMT and the FDTD simula-
tion, in order to check the validity of EMT when MP is excited
inside nanowire-based metamaterials. Furthermore, the electro-
magnetic field distribution at the resonance wavelengths will be
presented, which clearly shows the exact MP behaviors of differ-
ent modes. Moreover, an analytic inductor—capacitor (LC) circuit
model will be introduced based on the electromagnetic field distri-
bution to quantitatively predict the resonance wavelength of MP,
further confirming the excitation of MP from the comparison with
the FDTD simulation. The study on the geometric effects such as
unit cell period, nanowire diameter, and nanowire height will be
performed as well in order to fully understand the MP behavior in
nanowire-based metamaterials. In addition, the incidence angle
dependency on the optical properties and the conversion effi-
ciency of the nanowire-based absorber will also be studied.
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2 Structure Design, Numerical Method, and Effective
Medium Theory

2.1 Designed Structures and Numerical Methods. As illus-
trated in Fig. 1, the selective solar absorber is constructed by verti-
cally aligned tungsten nanowire array deposited on a tungsten thin
film. Geometric parameters P, D, and H represent the array
period, nanowire diameter, and height, respectively. The direc-
tions of electric field and magnetic field of a transverse magnetic
(TM or p polarized) wave at normal incidence are also illustrated
in the figure, respectively, by E and H. Note that, for normal inci-
dence, the radiative properties of the selective absorber such as
spectral absorptance under different polarized waves will be the
same due to the geometric symmetry of nanowires. The tungsten
thin film substrate will be considered as optically opaque as its
thickness is set to be 500 nm.

Radiative properties of the designed selective solar absorber
were obtained by FDTD method (Lumerical Solutions, Inc., Can-
ada) within the wavelength range between 0.3 yum and 4 yum with
200 data points. Here, excellent numerical convergence is ensured
by comparing the results with those obtained from 1851 wave-
length points (i.e., a 2nm interval). The optical property of tung-
sten is obtained from Palik’s tabular data and assumed to be
independent of temperature [13]. A plane-wave source with 0 deg
polarization angle (TM wave as illustrated in Fig. 1) is placed
above the absorber. Bloch boundary conditions which account for
phase shifts between each period are established on both x and y
directions for simulating periodic structures, while perfectly
matched layers were set on z direction to avoid wave reflections
from simulation domain boundaries. A minimum mesh size of
4nm is used with nonuniform meshing, while the numerical error
is less than 0.5% compared to the simulation using a minimum
element size of 3nm. Since the tungsten thin film substrate is
thick enough to be opaque, the spectral absorptance o, of the
selective absorber can then be obtained as o;=1—R, with R,
obtained from a frequency-domain field and power monitor
located above the plane-wave source.

2.2 Maxwell-Garnett Effective Medium Theory. An inho-
mogeneous nanowire array can be approximated as a homogene-
ous medium with widely used effective medium theories, which
are homogenization approaches based on field average method
[14]. For small filling ratios f= 7D?*/(4P%) < 0.5 considered in this
study, the Maxwell-Garnett EMT method gives the effective
dielectric functions as [15]
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Fig. 1 Schematic of the tungsten nanowire-based selective
absorber
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where subscript W, (||,eff), and (L ,eff) denote tungsten, the paral-
lel (in x—y plane), and vertical (out-of-plane) components of
dielectric functions, respectively. Note that the variation of geo-
metric parameters can only take effect by changing the filling ratio
of the nanowire array. That is, the dielectric functions stay the
same even with different array periods and nanowire diameters as
far as the filling ratio is fixed.

3 Results and Discussion

3.1 Spectral Absorptance of the Selective Solar Absorber.
In Sec. 2, two methods (i.e., FDTD and EMT) are introduced to
acquire the radiative properties of the designed structure. Now, let
us first compare the results obtained from EMT with the results
from FDTD to check its validity as FDTD is a full-wave simula-
tion which numerically solves the Maxwell equations in every
mesh element. The geometric parameters of the selective solar
absorber are set to be D =150nm, P =300 nm, and H = 600 nm,
which are used as base values to excite resonances within the solar
spectrum. These geometric parameters are chosen considering the
possibility of fabrication as well as the distinguishability of
absorption peaks. The presented structure can be possibly fabri-
cated by directional solidified eutectic NiAI-W alloy [16], while
the tungsten substrate is sputtered before etching the NiAl host.
As shown in Fig. 2(a), the spectral absorptance obtained from
FDTD and EMT is different from each other in magnitude, while

(@) 10 g

- w ——FDTD| {
3 il ----EMT
o 08r: V2 Diameter = 150 nm |
(CJ L@ Period = 300 nm |
3 i Height = 600 nm
a 06} A )
o ‘\
(/2] \
e
< o4}
©
=
8 o2t
Q.
w

0.0 : — i F—
0.3 1 10 20
Wavelength, A (um)

(b) 1.0

; ]

S
™

S
o

Height = 600 nm

Spectral Absorptance, o
o
N

——P=100 nm
----P=200nm
S P =300 nm

0.2F| -eeeeee P =400 nm
-------- P =500 nm
........... EMT

0.0 L

0.3 1 2 3 4

Wavelength, A4 (um)

Fig. 2 The spectral absorptance of the selective absorber (a)
based on FDTD simulation and EMT and (b) FDTD simulation
with fixed filling ratio

Transactions of the ASME

d-a01B/J8jSUBIIESL/WOD" JIBYOIBAIS OpaWSE//:dy Wwoly papeojumoq

G0 B6EL IU/ZG966E9/1L0YZSO/S/BE /4P

20z Iudy 01 uo 3senb Aq ypd-L0¥ZS0



the EMT could obtain similar oscillating resonance peaks but can-
not accurately predict the absorptance in comparison with FDTD
results. Due to the fact that the results of EMT calculation will not
change under fixed filling ratio f, Fig. 2(b) illustrates the spectral
absorptance with fixed f but different array periods and nanowire
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Fig. 3 The contour plots of electromagnetic field distribution
on the x-z plane when MP resonances are excited at wave-
lengths of (a) 2.66 um, (b) 0.93 um, (c) 0.52 um, and (d) 0.36 um
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diameters in order to verify the accuracy of the results from EMT
calculation. Clearly, the simulation result shows that the reso-
nance peaks blue shift to shorter wavelengths when increasing the
array period. On the other hand, EMT predicts the same spectral
absorptance distribution with fixed f. Therefore, the EMT is pro-
ven to be inaccurate for predicting the optical response of consid-
ered tungsten nanowire structures. Furthermore, since EMT is a
homogenization process which is not able to predict the resonance
effects inside the material but only the bulk response, this can also
show that the enhancement peaks are caused by resonance effects
between the nanowires instead of the bulk responses of the struc-
ture, such as interference effect.

3.2 Magnetic Polariton Between Nanowires. In order to
understand the resonance effect indicated by spectral absorption
peak, the electromagnetic field distributions are calculated by
FDTD at resonance wavelengths: (a) 2.67 um, (b) 0.93 um, (c)
0.52 ym, and (d) 0.36 um as shown in Fig. 3. The contour plots
show the magnetic field normalized to the incident field, and the
arrows represent the electric field vector. It can clearly be seen in
Fig. 3(a) that there is a strong magnetic energy confinement
between the nanowires. Furthermore, the electrical field vectors
on both sides of the energy confinement are pointing at opposite
directions (pointing down on right and up on left), while that
inside the substrate points toward the left. This indicates that
while the electric field forms a loop surrounding the confining
region (the circle between nanowires). The similar behavior has
been observed in grating-based metamaterials, which has been
proven to be the resonance of MP [17]. When the excitation of
MP is induced by the incident electromagnetic fields, an oscillat-
ing resonant electrical current caused by the free charges at the
surface is generated inside the nanowire structures. The resonant
electrical current loop oscillates between neighboring nanowires
with strongly confined electromagnetic energy in the air gap,
resulting in the enhancement of spectral absorptance/emittance at
resonance wavelengths. Furthermore, higher harmonic modes of
MP (i.e., MP2, MP3, and MP4) which contribute to the selective
absorptance near visible range can also be obtained by FDTD sim-
ulation at shorter resonance wavelengths as shown in Figs.
3(b)-3(d). For the selective solar absorber, all the harmonic MP
modes are very important to achieve high broadband absorption.
Note that the surface plasmon polariton resonance cannot be
excited in the visible range since the real part of tungsten permit-
tivity is positive within the range.

3.3 An LC Circuit Model for Predicting MP Resonance
Between Two Closely Spaced Thick Nanowires. As demon-
strated by previous works [18-20], an analytical inductor—
capacitor (LC) model based on surface charge distribution at MP
resonance wavelength has been successfully used for predicting
the resonance condition for grating-based metamaterials. How-
ever, one major challenge in developing the LC model is the diffi-
culty to quantify the inductance and capacitance due to the curved
nanowire surface. Here, we propose a modified LC model by sim-
plifying the nanowires to an effective plate, based on the similar
strongly localized magnetic field distributions. The LC circuit
model between two closely spaced and vertically aligned nano-
wires is presented in Fig. 4(a), where the air gap between two
neighboring nanowires forms a capacitor Cyq, Ly, nw is the mutual
inductance between nanowires, and Ly nw and Ly syg are the
kinetic inductance contributed by the drifting electrons in nano-
wires and substrate, respectively. Therefore, the total impedance
of the LC circuit can be expressed as

Ziowal = 1[0(2LyNw + 2L nw + Lisus) — (wcg)fl] (3)

Thus, by zeroing the total impedance of the circuit, the MP reso-
nance wavelength of the fundamental mode can be obtained as
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J= 2nc\/Cg(2Lm,Nw + 2L nw + Lisu) 4

Now, the challenging part of constructing the LC circuit model is
to quantify the capacitance and inductances due to the curvy sur-
face of the nanowire. Considering that the LC circuit model is a
simple estimation method, it would not be worthwhile to integrate
the parameters over the circular nanowire surfaces and end up
with complicated expressions, which would defeat the purpose of
the LC model. Instead, we chose to simplify the problem by
approximating the nanowires as effective parallel plates with
spacing in between, setting the nonuniform charge distribution
factor ¢, as 0.4, and setting the effective penetration depth J.¢ as
3dw based on the electromagnetic field distribution. In this way,
all the formulae of capacitance and inductance for deep gratings,
which can be found in Refs. [19-21] and will not be repeated
here, can be directly adopted for nanowires as effective parallel
plates.

Figure 4(b) reveals the electromagnetic field distribution in x—y
plane located at 0.3 um above the bottom of the nanowires (i.e., at
the middle of the nanowires) when MP1 resonance is excited
(2.66 um). Based on the strength of the magnetic field, the effec-
tive penetration depth .y within the effective plates is thereby
taken as three times of that within the bulk tungsten, which is
Ow = A4mic with k being the wavelength-dependent extinction
coefficient. The capacitance and the inductance are then
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Fig. 4 (a) The LC circuit model based on charge and field dis-
tribution and (b) the electromagnetic field distribution on the
x-y plane located at 0.3 um above the bottom of the nanowires
when MP is excited at 2.66 um in wavelength
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calculated by the geometric parameters of the effective plates
according to the LC circuit model for deep gratings [17,21]. As a
result, the resonance wavelength of MP1 on the base geometry
predicted by the LC circuit model is 2.82 um compared to
2.66 um obtained from FDTD simulation with 6% relative error,
confirming that the resonance is actually due to excitation of mag-
netic resonance.

3.4 Geometric Effects on Spectral Absorptance. The main
goal of the study is to achieve selective spectral absorptivity for
efficient solar absorbers. In other words, near-unity absorptance in
the solar spectrum and near-zero spectral emittance/absorptance
(spectral absorptance = spectral emittance according to Kirchh-
off’s law) in the infrared regime are required. One of the most
beneficial features of MP resonance is the tunability provided by
geometric parameters as illustrated in Fig. 5. As shown in Fig.
5(a), the spectral absorptance peaks at MP resonances blue shift
to shorter wavelengths (where most of the solar energy is distrib-
uted) when increasing the array period and fixing the diameter and
height. Meanwhile, the amplitude of the enhancement peaks at
shorter wavelengths also increased to near-unity. On the other
hand, the resonance peak of MP1 is suppressed which is opposite
to higher harmonic modes under larger array period. All these
phenomena would benefit the design of selective solar absorber.

Figure 5(b) indicates that increasing nanowire diameter or
decreasing the air gap under fixed P and H leads to opposite trend
of spectral absorptance tunability as it results in smaller air gap.
Both the red shifting and the increase of magnitude of the reso-
nance peaks can clearly be observed. However, the higher har-
monic terms of MP resonance maintains red shifting but again a
reverse trend of the enhancement strength occurs. This is due to
the fact that with a smaller air gap, energy can be better confined
between neighboring nanowires under higher harmonic terms of
MP resonance. Figure 5(c) shows the effect of nanowire height on
spectral absorptance with both P and D fixed. The blue shifting of
resonance peaks is clear, but the tunability of H on spectral
absorptance enhancement is not that obvious. Furthermore, the
effect of high harmonic resonance terms cannot be seen as the
nanowires are too short. Note that, when it comes to fabrication
process, the uncertainties of fabrication might lead to the shifting
of enhancement peaks as shown in Fig. 5. More specifically, an
uncertainty at the order of tens of nanometer on either period or
diameter will lead to slight shift of the resonance peaks which will
little affect the performance of the absorber. On the other hand,
the uncertainty on nanowire height will affect the performance
significantly when it is on the order of micrometer.

The resonance wavelengths of MP1 with different geometric
parameters obtained by FDTD simulation are also compared with
that predicted by LC circuit model. As shown in Fig. 6(a), the
blue shift of resonance wavelength with increasing unit cell period
can clearly be seen, while the result of LC circuit model also
presents the same trend. As for the effects of nanowire diameter
and height as shown in Figs. 6(b) and 6(c), similar trends are also
observed which can further verify the accuracy and rationality of
the LC circuit model presented in this study.

3.5 Effect of Incidence Angle. As for the practicability of a
selective solar absorber without tracing devices under sunlight
(considered as randomly polarized or unpolarized wave), the
dependence of incidence angle is also important and need to be
studied. Figures 7(a) and 7(b) illustrate the incident angle depend-
ence of the spectral absorptance at MP2 and MP3, respectively,
for TE and TM waves. The two wavelengths (0.93 um for MP2
and 0.52 um for MP3) are selected since these two enhancement
peaks are the main resonance that can be tuned to the visible
regime by geometric parameters. As shown in Fig. 7, for both TE
and TM waves, these two resonance peaks show great independ-
ency for incidence angles up to =60deg. That is, the spectral
absorptance can still reach about 0.8 at =60 deg for TE waves and
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even at =75 deg for TM waves. Furthermore, both peaks maintain
at above 0.9 within =30deg for TE waves and *45deg for TM
waves. This can greatly reduce the cost of selective solar absorb-
ers by providing large clearance on tracking devises or even using

—
Q
A ~
-
o

o
®

3
[0}
8]
S
5 06 .
’5 Height = 600 nm
n Diameter = 150 nm
{ 04F| —P=200mm
ol ----P=220 nm
= SsSess P =240 nm
S 02| weeeese P=260 nm
Q SRS P=280nm
(72 B N P=300 nm
0.0 L
0.3 1 2 3 4
Wavelength, A4 (um)

®) 10

o
o

Spectral Absorptance, a,

Period = 300 nm
Height = 600 nm
04F| ——D=100nm
-=-=-D=120 nm
______ D =140 nm
D2F| s D =160 nm
........ D=180 nm
........... D =200 nm
0.0 '
0.3 1 : 4
Wavelength, A (um)
©) 40— -

eee”"

=
=
o
(=
I
o 06 i
= Period = 300 nm
8 Diameter = 150 nm
< 04F| —py=02um
© ----H=04um
e
8 o2kl = H=0.6um
oY H=0.8um
w
-==em = 1.0um
0.0 l
0.3 1 2 2

Wavelength, A (1m)

Fig.5 The spectral absorptance with respect to different nano-
wires: (a) array period, (b) diameter, and (c) height simulated by
FDTD

Journal of Heat Transfer

them for nontracking solar absorbers. Note that the spectral
absorptance of both wavelengths shows small spikes at large inci-
dent angle under TE waves but not TM waves. This is due to the
fact that for TM waves, the direction of magnetic field (i.e., y
direction) is independent of incident angle, which is contrary to
the case for TE waves. MP resonance strength becomes weaker
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under large incident angle for TM waves since electrical field that
forms the resonance current loop becomes weaker; however, for
TE waves, the direction of magnetic field changes and thus instead
of forming an electrical current loop in x—z plane, the loop is
formed in x—y plane between the two neighboring nanowires.

Figure 7(c) reveals the spectral absorptance at MP2 and MP3
for unpolarized waves, which indicates solar incidence. This fur-
ther proves that the selective solar absorber has high spectral
absorptance with low incident angle dependence at the resonance
wavelengths of interest. Note that the spectral absorptance is inde-
pendent of wave polarization angle at normal incidence due to the
geometric symmetry of nanowires as mentioned previously (i.e.,
2D periodic structure with same parameters).

3.6 Performance Analysis. After confirming that the reso-
nance effect is independent of incident angle, the conversion effi-
ciency of the nanowire-based selective absorber will then be
presented. Here, since the main goal of this study is to verify the
mechanism and show the potential of achieving selective absorp-
tance by nanowire structures, the performance analysis performed
here will not be optimized with geometric parameters. That is, the
performance analysis will only be carried out by the base geome-
try. The conversion efficiency is obtained through [17]
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Fig. 7 The spectral absorptance at two resonance frequencies
(MP2 and MP3) as a function of incident angle under (a)
s-polarized, (b) p-polarized, and (c) unpolarized waves
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where
4pum
J oy vIamis(4)d7
Oiotal = 0’35:‘“ (6)
J Iamis(A)dA
0.3um
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20pm
J &2.n18B (4, TA)dA

0.3pum
Etotal = 204m (7)

J Isp (7, TA)d)
0.3um

Here, C is the concentration factor of sun light, and T, is the
absorber temperature. The constants sky temperature T, and
incidence heat flux of solar irradiation G (AM1.5 is assumed) are
kept to be 273K and 1000 W/m?>, respectively. Figure 8(a) first
shows the conversion efficiencies of four different absorbers with
respect to different absorber temperature under one sun. The ideal
absorber assumes unity absorptance and zero emittance with an
optimal cutoff wavelength, and the blackbody absorber assumes
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Fig. 8 The comparison of conversion efficiencies between
ideal, nanowire-based, bare tungsten, and blackbody absorbers
with different (a) absorber temperatures and (b) concentration
factors
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unity absorptance/emittance throughout the whole spectrum. As
shown in the figure, ideally the conversion efficiency can reach
about 95%, but only the nanowire-based absorber can reach
~80% efficiency at 100 °C while the two absorbers made of bare
tungsten (~43.1%) and blackbody (~21.7%) are both far below
that. However, as the absorber temperature rises, the efficiency of
nanowire-based absorber drops much faster than that of bare tung-
sten absorber. This is due to the fact that the nanowire absorber
has a broader absorption/emission band which extends to the near
infrared. Although the efficiencies of the two absorbers are about
the same when the absorber temperature reaches 350 °C and the
nanowire-based absorber performs even worse with further
increasing temperature, this does not mean the absorber is only
applicable for low temperature conditions. In fact, as shown in
Fig. 8(b) while the absorber temperature is fixed at 400 °C, the
nanowire-based absorber works much efficiently as long as the
concentration factor is above 1.6. Note that, due to the unity
absorptance throughout the whole spectrum, the efficiency of
blackbody absorber increases rapidly under high concentration
factor.

4 Conclusion

In summary, we have designed a nanowire-based metamaterial
as a broadband selective absorber for solar energy harvesting sys-
tems. With FDTD simulation, the radiative properties of selective
absorber were investigated. In comparison with the FDTD results,
the EMT fails to predict the MP resonance and the absorption
peaks accurately. The selective absorption is realized by the exci-
tation of multiple harmonic MP modes between nanowires. The
underlying physical mechanism has been explained by the LC cir-
cuit and EM field distribution. By tuning the geometric parame-
ters, the MP resonance could occur at desired wavelengths for
different purposes. On the other hand, the incident angle inde-
pendency of the selective solar absorber is also demonstrated. In
addition, the performance analysis also shows that the conversion
efficiency of the nanowire-based absorber exceeds that of bare
tungsten and blackbody absorbers under most conditions and can
reach at most 83.58% when the concentration factor reaches 100.
The results would facilitate the design of novel low-cost and high-
efficiency materials for enhancing the solar energy harvesting and
conversion.
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Nomenclature

C = concentration factor
C, = gap capacitance (F)
D = nanowire diameter (m)
E = electric field vector (V/m)
f = filling ratio of metal nanowire
G = incidence heat flux of solar irradiation (W/m?)
H = nanowire height (m)
H = magnetic field vector (A/m)
Iam1.s = spectral intensity of solar irradiation
at AM1.5 (Wsr'm™")
Igp = spectral intensity of a blackbody (W st im Y
Ly nw = kinetic inductance of nanowire (H)
Ly sup = kinetic inductance of substrate (H)
L, nw = mutual inductance of nanowire (H)
P = nanowire array period (m)
T » = absorber temperature (K)

Journal of Heat Transfer

Ty = sky temperature (K)
Zioral = total impedance (Q)

Greek Symbols

oral = total absorptance
o, = spectral absorptance
Jdw = penetration depth of tungsten
Oor = effective penetration depth
ew = dielectric function (relative permittivity) of tungsten
&oral = total emittance
&)l rr = effective dielectric function (relative permittivity) par-
allel to the substrate surface
&, orr = effective dielectric function (relative permittivity) verti-
cal to the substrate surface
v, = spectral reflectance
/ = wavelength (m)
¢ = Stefan—Boltzmann constant (kg sTPKTY

Subscripts

A = absorber
AM1.5 = global tilt air mass 1.5 data
BB = blackbody

g = gap
k,NW = kinetic, nanowire
k,SUB = kinetic, substrate
m,NW = mutual, nanowire
sky = sky
total = total
W = tungsten
/ = spectral
||l,eff = direction parallel to the substrate surface, effective
L eff = direction vertical to the substrate surface, effective
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