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Abstract: Based on the six-layered metal/dielectric film structure, a new 2D tungsten twin-cross-grating-based so-
lar selective absorber (SSA) has been proposed to improve the optical absorption in the solar radiation region.
The weighted average absorptivity before the cut-off wavelength is about 96. 5%, and the calculated emissivity at
850 K is about 0. 086. The mechanisms of high absorption in the solar region have been further analyzed by field
intensity distribution in the SSA structure. The absorber also has the feature to be less polarization-dependent and
broad angular-independent up to 50°, which satisfies the required conditions of the SSA device in applications.
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Introduction

Solar thermal conversion, one of the common meth-
ods of solar energy application, has been widely used in
solar thermal systems, like the solar thermoelectric gen-
erators (STEGs) and solar  thermophotovoltaics

(STPVs). Solar selective absorbers (SSAs) are the cru-
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cial parts playing the significant role in the solar thermal
systems. According to previous research, SSAs could
be divided into six types : intrinsic absorbers, semicon-
ductor-metal tandems, multilayer absorbers, cermet
absorbers , structure absorbers and photonic crystal ab-
sorbers “''. The high solar-to-thermal conversion of
SSAs should perform with the optical reflectance spec-
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trum of an ideal reflector in thermal radiation regions. In
addition, other features like the thermal stability, polar-
ization insensitivity and incident angle insensitivity are
also important in broad applications. Metamaterial ab-
sorbers have been wildly used in the terahertz and infra-
red frequency regions™, and also show great potential
to be used as SSAs for their large optical bandgaps and
outstanding control over the photonic density of states.
For working in the higher temperature conditions, the
most commonly applied materials in study to absorb the
solar energy in high efficiency are transition metals which
have the advantages of high melting point and low vapor
pressure for solar energy absorption. The relatively poor
incidence-angle-dependent properties of one-dimensional
(1D) metallic photonic crystals (PhC) of SSAs have seri-
ously limited the applications in solar thermal systems.
Thus, attention has been paid to the two-dimensional
(2D) metallic photonic crystals studies more often in so-
lar thermal applications. Recently different materials
like W, Ta, W-Ta alloys and Ti have been proposed to
design the SSAs in the solar thermal systems, especially
in STPV systems'**.,

As one kind of transitional metals, tungsten with the
melting point up to 3410°C shows excellent performance
in the PhC-based SSAs. The cylinder-shaped 2D-PhC-
based SSA was designed with measured absorptivity high-
er than 0. 9 in average in the 0. 5-to-1. 75 pum wavelength
region with predicted emissivity lower than 0. 13", The
cuboid-shaped 2D-PhC-based SSA was numerically simu-
lated with total solar absorptivity higher than 88% at the
normal incidence condition and the emissivity lower than
0. 03 at 100°C"". The structures with 2D symmetric pat-
terns as mentioned above were numerically proved to
show strong wavelength selectivity. Some of them also
show superior properties in both of incidence angle and
polarization independence. However, accompanied by
high absorption of the SSA structures, there are some low
absorption valleys occurred in the solar region. It indi-
cates that the absorptivity valley of the cuboid-shaped 2D
PhC-based SSA even reaches to a value lower than 0. 8 at
the wavelength of about 600 nm.

In this work, we numerically design a new SSA ab-
sorber consisting of a twin-cross tungsten structure to be
put on a six-layered film structure. Although multilay-
ered SSAs seem to show high absorption property in the
solar region, it is hard for the absorption spectrum to get
a peak value higher than 0.98. With the 2D grating
structure being put on the multilayered film, the absorp-
tion of the SSA absorber would potentially have the peak
value close to 1. The absorption properties of these meta-
material SSAs were studied in the 250 nm to 25 pm spec-
tral region by means of the finite-difference time-domain
(FDTD) method. The incidence-angle-dependent polar-
ization effects were also discussed in detail.

1 Basic ideas of simulation

The absorptivity at the solar spectrum and emissivity
at IR region are two crucial parameters for high-efficien-
cy SSAs with certain operating temperature T. The ab-

sorptivity « is calculated by the following equation :
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where A (1) is the absorptivity as a function of wave-

length, and L, is the AMI1.5 solar radiation. In addi-

sun

tion, the emissivity & is given over the full hemisphere :

fzﬂf:nf:E(T,/\ )&(6,A)sin(6)cos(6)dAdbde

: .(2)
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where £(6, A) is emissivity depending on the wavelength
and heat-emission angle in the space, and E(T,A) repre-
sents Plank’s blackbody radiation, given in the following
equation:
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An ideal selective absorber (a =1, £ =0), as seen
the spectra with dashed lines shown in Fig. 1(a), is dis-
cussed first. While the solar energy is radiated to earth
in the 250-to-2 500 nm wavelength region, the high ab-
sorptivity in the region does not certainly lead to a high
efficiency, since the solar-to-thermal conversion efficien-
cy will also be affected by the value of emissivity. The
blackbody emissivity in the wavelength region of 2-2.5
pm will not be negligible. Thus, the concept in the SSA
design to have a cut-off wavelength A is significant, im-
plying that in the wavelength region over the point of A,
the thermal loss due to heat radiation will become a domi-
nant factor to affect the solar-to-thermal conversion effi-
ciency. Because of the red-shift of blackbody radiation
with increasing temperature, A, would decrease with in-
creasing temperature. A, is also determined by optical con-
centration C, shown in Fig. 1(b), which is corresponding to
reports in the previously published literatures "". The
curves of optimal cut-off wavelength are cliff-fractured in
some points, because the solar radiation reaching at the
earth surface will approach to zero in the wavelength re-
gion from 1.4-to-1. 8 pwm due to strong atmospheric ab-
sorption "', In fact, even the absorptivity of the real ab-
sorber can reach to the value close to 1, the emissivity
will inevitably not be zero. When the absorptivity is high-
er than 95%, the optimal cut-off wavelength is almost un-
changed with absorptivity in the situation without optical
concentration. However, the spectrum of the optimal cut-
off wavelength is sensitive to the emissivity, are shown in
Fig. 1(c).

A unit cell of the designed metamaterial SSA struc-
ture consisting of 2D periodic tungsten gratings being put
on a six-layered film structure is depicted in Fig. 2. The
2D periodic tungsten gratings have a grating period of A,
two x-y-crosses with spans of x and y, width w, and
thickness h. In addition, the six-layered film structure is
set as Si0,(60 nm)/W (6 nm)/Si0, (65 nm)/W (12 nm)/
Si0, (50 nm)/W (100 nm) from top to bottom. The inci-
dent wave vector represents the electromagnetic wave
with the incident angle 6 and polarization angle . { =
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g sents the component of wave vector in the x-y plane.
= 22f . ..
5 Since A, = A = 400 nm , when the incident wave-
e 2.0r length is greater than 400 nm, K, . will be larger than
S 18} 095, 01 k,. = 2ar/A for all the diffracted waves except for the
a=0.98, =005 /ic=1.78pnf@'soox zero order (m=0) of diffraction. Thus, all the non-ze-
1.6F a=0.98, ¢=0.03 . . .
ro diffraction orders would not contribute to the far-
14067200500 600 700800900 field diffuse reflection.
Temerature/K The FDTD method is applied to simulate the absorp-
© tion properties of the designed metamaterial absorbers in
Fig. 1 (a) Solar radiation reaching at the earth surface (AM the wavelength region of 0.25~25 wm. The optical con-

1. 5) and blackbody radiation of an absorber at 500 K and 600 K.

The ideal absorption spectra of absorbers at 500 K and 600 K are
shown in blue and red dashed lines with different values of cut-
off wavelength 1., respectively. (b) In ideal conditions, the
curves of cut-off wavelength and temperature in different optical
concentrations. (c) The spectra of cut-off wavelength changing
with temperature under the condition of different emissivity of
0.1, 0.05 and 0. 03, respectively.
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0° indicates the incident wave is the transverse magnetic
(TM) polarized wave, and that 1=90° is the transverse
electric (TE) polarized wave. Here, the parameters are
set as A =400 nm, x =y =150 nm, w =30 nm, and h =
50 nm, after considering the influence of different param-
eters.
In 2D periodic structures, the wave vector is speci-
fied by the Bloch-Floquent condition'"':
K = (ko + 2208 1k, + 2;"‘

x y

)y, (4)

I, mn x,inc

stants of tungsten are taken from Palik"'*. The space
steps and time steps should satisfy the Courant condi-
tion. In addition, in order to obtain the ideal dispersion
relation, spatial segmentation should be carried out ac-
cording to the principle of less than normal grids. The
max step should be consistent with the equation A, =
A,./20 (A, is the minimum wavelength in the computa-
tional region). Thus, in the simulation, the maximum
space steps are set as Ax = Ay = 10 nm, Az = | nm, and
time step is At = 0. 003 fs.

2 Results and discussions

By taking the influence of the length, width and
thickness of the twin-cross grating into consideration, the
parameters of 2D twin-cross grating were set with the val-
ues of A =400 nm, x =y =150 nm, w = 30 nm, and h =
50 nm. The performance of this solar selective absorber
is presented in Fig. 3. The cut-off wavelength (o = 0. 5)
is equal to about 1 845 nm, and the weighted average ab-
sorptivity is 96. 5% in the wavelength region of 250-1 845
nm with the result shown in Fig. 3(a). The weighted ab-
sorptivity in average is about 95% in the entire solar radi-
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ation region. The calculated emissivity with different
temperatures T is shown in Fig. 3(b). The emissivity at
850 K is about 0. 086, which is relatively low. By ne-
glecting the conduction heat loss, the total optical-ther-
mal efficiency with the heat radiative loss of SSA could

be calculated by
eo (T} = T,) £0, (Ty = T,.)
BTl = Jmn) _ gy - ETa T T D)
C aCuplqi
, (5)

where a and & present the absorptivity and effective
emissivity of the SSA absorber, respectively, o, and
C,, present the Stefan-Boltzmann constant and optical
concentration , respectively, and ¢, presents the inci-
dent heat flux according to AMI1.5 solar spectrum.

Taking typical values of ¢, = 1 kW/m*, T,, =300 K,

C, = 82, the conversion efficiencies are calculated in
different temperatures with the results shown in Fig. 3
(¢). In the assumed conditions, the optical-thermal
efficiency of the 2D twin-cross grating in the tempera-
ture range of 400~850 K is higher than 86% with w =
30 nm. The optical-thermal efficiency decreases about
5% with temperature increasing from 400 K to 850 K.
Due to the symmetrical structure of the 2D twin-cross
grating, the spectral absorptivity can be analyzed as
the function of wavelength and polarization angle i (i
changes in the range of 0-45°) at normal incidence
(0 = 0°) with the result shown in Fig. 3 (d). The
high absorptivity region represented by red color can be
clearly seen and occurs in the 250~1 500 nm wave-
length region. The absorptivity spectra are not sensi-
tively affected by changing the polarization angle in the
0~45" range. Thus, the absorber shows the great per-
formance of polarization independence attributed to the
four-fold symmetry of the twin-cross grating structure.

In order to further analyze the absorption perfor-
mance of the PhC-based absorbers with the 2D twin-cross
grating structure, the magnetic field is shown at the x-z
cross section in the middle of one tungsten cross, namely
the cross section Y=100 nm shown in Fig. 2. The con-
tour shows the strength of magnetic field normalized to
that of incidence, which is symbolized as |H/H, . Ac-
cording to the dispersion relation of surface plasmon po-
laritons (SPPs) , the first order SPPs appear at the wave-
length similar to the period”. For 2D gratings, SPPs
could be excited by both TE and TM waves, and SPPs
could propagate along both x and y directions. The dis-
persion relation of surface plasmons is described as
K, | = (w/,)e¢,/(e+e,) ], where &, and &, represent
the permittivity of metal and air, respectively. For TM
incident waves, SPPs can be excited when dispersion re-
lation (w/c,) [&,&,/(e+¢,) 1" equals to IK sinf+27rm/A |
and [ (Ksinf)*+ (27Tn/A7,) 21"in x and y direction, re-
spectively. According to Fig. 4 (a) , obviously there is
an absorption peak at about 325 nm. According to the
dispersion relation mentioned above, the first SPPs excit-
ed near the tungsten-air interface appears at about 394
nm in normal incidence. Most of the energy is concentrat-
ed along the tungsten-air interface at the wavelength of

Ny~ =

opti

1.0 =T T T T T
,0=96. 5%
0.8} | .
I A=1 845 nm
> [
:E 0.6
=
2
2 0.4
0.2
07 1000 2 000 3 000 4 000 5 000 6 000 7 000 8 000
Wavelength/nm
(a)
0.09 T T T T T
0.08F £=0.086@850 K |
0.07F E
w
0.06 1
0.05F 1
I/.
0.04=700 500 600 700 800 900
Temperature/K
(b)
0.89F E
oy
§ 0.88F E
2
£ 087} 1
]
E 0.86f .
o
S
= 0.85} E
RS} —#— x=150 nm, y=150 nm, /=50 nm, w=30 nm
bt —o— x=150 nm, y=150 nm, #=50 nm, w=50 nm
8 0.84F o150 nm, y=150 nm, #=50 nm, w=70 nm h
083 0500 600 700 800 900
Temperature/K
45

Polarization/°

Z1.0
40 0.9
35 0.8
30 0.7
’s 0.6

0.5
20 0.4
15 03
10 0.2

0.1

0

1000 1500 2000 2500
Wavelength/nm
(d

Fig. 3 (a) Absorption spectrum between 250 nm and 8 000 nm
with the parameters of the 2D twin-cross grating listed as 4 = 400
nm, x = y =150 nm, w = 30 nm, and /4 = 50 nm. (b) The calculat-
ed emissivity at different temperatures. (c) Optical-thermal effi-
ciency at typically assumed conditions. (d) Contour plot of the
absorptivity spectrum as the function of wavelength and polariza-
tion angle at the normal incidence condition
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394 nm, as shown in Fig. 4(b). In addition, the calcu-
lated SPPs excited at the tungsten-SiO, interface seem to
occur at the wavelength of about 288 nm in nearly normal
incidence condition. Thus, the absorption peak at 325
nm is influenced by SPPs along both of the tungsten-air
and tungsten-Si0, interfaces, indicating that the energy
is largely confined along the tungsten-air and tungsten-
Si0, interfaces.

Compared to the magnetic field at the wavelength of
320 nm, the magnetic field at 600 nm is partly confined
in the SiO, layer which is sandwiched between tungsten
cross grating and the tungsten layer, as shown in Fig. 4
(¢). In addition, the confined energy in the SiO, layer is
enhanced at 1 009 nm compared to that at 600 nm. The
energy is largely confined in the SiO, layer at 1 450 nm,
which is probably affected by magnetic polariton (MP)

(a) IE AL T ,250~2 000 nm % B W SiE & . (b) 3Ky 288 nm, 325 nm 1394 nm I 1 FE 434 /- A R 7 . (¢) K

resonance. The magnetic polariton resonance is excited
by the enhanced magnetic field in the thin dielectric film
between two metal films. In fact, the magnetic polaritons
are excited because the time-varying magnetic field could
induce the electric current at the surface of metals with
opposite direction according to Lenz’s Law “*'*. Due to
the influence of MP resonance, the absorption of the
structure with 2D twin-cross grating is higher than that of
just six-layered films around 1 500 nm. It is clear to see
that the absorption drops sharply at the wavelengths be-
yond MP resonance, ensuring the small transition region
from high absorption region to low emittance region.

The direction-dependent performance of solar selec-
tive absorbers is also a critical issue to affect the solar-
thermal application when the solar radiation is incident at
oblique angles. The absorption spectra at different inci-
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dent angles under both transverse electric (TE) and
transverse magnetic (TM) polarizations are further ana-
lyzed with the results shown in Fig. 5 (a). Under the
small incidence angle condition, the absorption spectrum
under TM polarization is nearly the same as that under
TE polarization. The absorptivity with TE polarization at
the incident angle of 50° is a little lower than that with
TM polarization. The absorptivities at different incident
angles are calculated by averaging the absorptivity under
both TM and TE polarization conditions with the results
shown in Fig. 5(b). When the incident angle changes
from 0 to 30°, the absorption spectra are almost un-
changed. At the incident angle of 50°, the high absorp-
tivity in wavelength region of 500~1 000 nm drops by
about 3%. Thus, the absorption of designed tungsten-
based SSA is insensitive to the incident angle when the
incident angle is less than 50°.
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Fig. 5 (a) Absorption spectra at different incident angles with
TE and TM polarizations. (b) Mean absorption spectra at differ-
ent incident angles
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3 Conclusions

In this work, we designed a PhC-based SSA with
the 2D tungsten twin-cross grating structure to fulfill high

absorptivity in the solar spectrum region. The calculated
cut-off wavelength is around 1. 85 pm, suitable for solar-
thermal application up to about 850 K. The weighted
mean absorptivity before cut-off wavelength is 96. 5%,
and in the whole solar region is 95%. The calculated
emissivity at 850 K is 0. 086, working as a reflector in
the thermal radiation region. The designed SSA is polar-
ization-independent and great angular-independent up to
50°. Therefore, the PhC-based SSA with the 2D tung-
sten twin-cross grating structure was proposed potentially
suitable for medium-to-high temperature solar applica-
tion.
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