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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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基于W双十字形微结构的太阳能选择性吸收薄膜的数值研究
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摘要：提出一种基于金属-介质六层膜的高太阳辐射吸收的新型双十字形微结构，计算显示其加权平均吸收率

在截止波长前的光谱区约为 96.5%，850 K温度的辐射率为 0.086.通过场图分析对太阳能波段的光热吸收机

制进行了探讨 .不同入射角情况下的计算结果显示，基于双十字形微结构的太阳能选择性吸收薄膜可具有低

偏振依赖性，以及小于 50°入射角条件下的低入射角依赖性特点，将能够满足太阳能选择性吸收器件的应用

需求 .
关 键 词：太阳能选择性吸收薄膜；光子晶体吸收器；高吸收；低辐射
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Introduction

Solar thermal conversion，one of the common meth⁃ods of solar energy application，has been widely used insolar thermal systems，like the solar thermoelectric gen⁃erators （STEGs） and solar thermophotovoltaics
（STPVs）. Solar selective absorbers（SSAs）are the cru⁃

cial parts playing the significant role in the solar thermalsystems. According to previous research，SSAs couldbe divided into six types：intrinsic absorbers，semicon⁃ductor-metal tandems， multilayer absorbers， cermetabsorbers，structure absorbers and photonic crystal ab⁃sorbers ［1］. The high solar-to-thermal conversion ofSSAs should perform with the optical reflectance spec⁃
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trum of an ideal reflector in thermal radiation regions. Inaddition，other features like the thermal stability，polar⁃ization insensitivity and incident angle insensitivity arealso important in broad applications. Metamaterial ab⁃sorbers have been wildly used in the terahertz and infra⁃red frequency regions［2-3］，and also show great potentialto be used as SSAs for their large optical bandgaps andoutstanding control over the photonic density of states.For working in the higher temperature conditions，themost commonly applied materials in study to absorb thesolar energy in high efficiency are transition metals whichhave the advantages of high melting point and low vaporpressure for solar energy absorption. The relatively poorincidence-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 materialslike W，Ta，W-Ta alloys and Ti have been proposed todesign the SSAs in the solar thermal systems，especiallyin STPV systems［4-8］.As one kind of transitional metals，tungsten with themelting point up to 3410°C shows excellent performancein 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 μm wavelengthregion with predicted emissivity lower than 0. 13［9］. Thecuboid-shaped 2D-PhC-based SSA was numerically simu⁃lated with total solar absorptivity higher than 88% at thenormal incidence condition and the emissivity lower than0. 03 at 100°C［10］. The structures with 2D symmetric pat⁃terns as mentioned above were numerically proved toshow strong wavelength selectivity. Some of them alsoshow superior properties in both of incidence angle andpolarization independence. However，accompanied byhigh absorption of the SSA structures，there are some lowabsorption valleys occurred in the solar region. It indi⁃cates that the absorptivity valley of the cuboid-shaped 2DPhC-based SSA even reaches to a value lower than 0. 8 atthe wavelength of about 600 nm.In this work，we numerically design a new SSA ab⁃sorber consisting of a twin-cross tungsten structure to beput on a six-layered film structure. Although multilay⁃ered SSAs seem to show high absorption property in thesolar region，it is hard for the absorption spectrum to geta peak value higher than 0. 98. With the 2D gratingstructure being put on the multilayered film，the absorp⁃tion of the SSA absorber would potentially have the peakvalue close to 1. The absorption properties of these meta⁃material SSAs were studied in the 250 nm to 25 μm 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 emissivityat IR region are two crucial parameters for high-efficien⁃cy SSAs with certain operating temperature T. The ab⁃

sorptivity α is calculated by the following equation：
α = ∫0∞A(λ )Lsundλ∫0∞Lsundλ ， ，（1）

where A（λ） is the absorptivity as a function of wave⁃length，and Lsun is the AM1. 5 solar radiation. In addi⁃tion，the emissivity ε is given over the full hemisphere：
ε = ∫02π ∫0π/2 ∫0∞E (T,λ )ε (θ,λ )sin (θ )cos(θ )dλdθdφ

π ∫0∞E (T,λ )dλ ，（2）

where ε（θ，λ）is emissivity depending on the wavelengthand heat-emission angle in the space，and E（T，λ）repre⁃sents Plank’s blackbody radiation，given in the followingequation：
E (T,λ ) = 2hc2
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An ideal selective absorber（α = 1，ε = 0），as seenthe spectra with dashed lines shown in Fig. 1（a），is dis⁃cussed first. While the solar energy is radiated to earthin the 250-to-2 500 nm wavelength region，the high ab⁃sorptivity in the region does not certainly lead to a highefficiency，since the solar-to-thermal conversion efficien⁃cy will also be affected by the value of emissivity. Theblackbody emissivity in the wavelength region of 2-2. 5μm will not be negligible. Thus，the concept in the SSAdesign to have a cut-off wavelength λc is significant，im⁃plying that in the wavelength region over the point of λc，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 radiationwith increasing temperature，λc would decrease with in⁃creasing temperature. λc is also determined by optical con⁃centration C，shown in Fig. 1（b），which is corresponding toreports in the previously published literatures ［11］. Thecurves of optimal cut-off wavelength are cliff-fractured insome points，because the solar radiation reaching at theearth surface will approach to zero in the wavelength re⁃gion from 1. 4-to-1. 8 μm due to strong atmospheric ab⁃sorption［12］. In fact，even the absorptivity of the real ab⁃sorber can reach to the value close to 1，the emissivitywill 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 opticalconcentration. However，the spectrum of the optimal cut-off wavelength is sensitive to the emissivity，are shown inFig. 1（c）.A unit cell of the designed metamaterial SSA struc⁃ture consisting of 2D periodic tungsten gratings being puton a six-layered film structure is depicted in Fig. 2. The2D periodic tungsten gratings have a grating period of Λ，two x-y-crosses with spans of x and y，width w，andthickness h. In addition，the six-layered film structure isset as SiO2（60 nm）/W（6 nm）/SiO2（65 nm）/W（12 nm）/SiO2（50 nm）/W（100 nm）from top to bottom. The inci⁃dent wave vector represents the electromagnetic wavewith the incident angle θ and polarization angle ψ. ψ =
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0° indicates the incident wave is the transverse magnetic
（TM）polarized wave，and that ψ=90° is the transverseelectric（TE）polarized wave. Here，the parameters areset as Λ = 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［13］：

K||,mn = (kx,inc + 2πmΛx
) x̂ + (ky,inc + 2πnΛy

) ŷ，（4）

where m and n are the diffraction orders in the x and ydirections，and Λ x and Λ y are the period of the gratingalong the x and y directions，respectively. K||，mn repre⁃sents the component of wave vector in the x-y plane.Since Λx = Λy = 400 nm ，when the incident wave⁃length is greater than 400 nm，K||，mn will be larger than
kinc = 2π /λ for all the diffracted waves except for thezero order（m=0）of diffraction. Thus，all the non-ze⁃ro diffraction orders would not contribute to the far-field diffuse reflection.The FDTD method is applied to simulate the absorp⁃tion properties of the designed metamaterial absorbers inthe wavelength region of 0. 25~25 μm. The optical con⁃stants of tungsten are taken from Palik［14］. The spacesteps and time steps should satisfy the Courant condi⁃tion. In addition，in order to obtain the ideal dispersionrelation，spatial segmentation should be carried out ac⁃cording to the principle of less than normal grids. Themax step should be consistent with the equation Δmax =
λmin/20（λmin is the minimum wavelength in the computa⁃tional region）. Thus，in the simulation，the maximumspace steps are set as Δx = Δy = 10 nm，Δz = 1 nm，andtime step is Δt = 0. 003 fs.
2 Results and discussions

By taking the influence of the length，width andthickness of the twin-cross grating into consideration，theparameters of 2D twin-cross grating were set with the val⁃ues of Λ = 400 nm，x = y =150 nm，w = 30 nm，and h =50 nm. The performance of this solar selective absorberis presented in Fig. 3. The cut-off wavelength（α = 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 845nm with the result shown in Fig. 3（a）. The weighted ab⁃sorptivity in average is about 95% in the entire solar radi⁃

Fig. 1 （a）Solar radiation reaching at the earth surface（AM
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 λc，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.
图 1 （a）AM1. 5太阳光谱，500 K和 600 K时黑体辐射谱，500
K和 600 K理想的太阳能选择性吸收曲线分别用蓝色和红色虚
线显示 .（b）理想吸收和辐射情况下，不同聚光比下截止波长-
温度曲线图 .（c）固定吸收率为 0. 98，不同辐射率下截止波长-
温度曲线图 .

Fig. 2 Schematic design of the 2D periodic twin-crosses tungsten struc⁃ture being put on the six-layered film structure
图 2 基于六层膜的钨基双十字形微结构模型示意图 .
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ation region. The calculated emissivity with differenttemperatures T is shown in Fig. 3（b）. The emissivity at850 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 couldbe calculated by
ηot ≈ α - εσsb (T 4

h - T 4
amb )

Coptqi
= α [1 - εσsb (T 4

h - T 4
amb )

αCoptqi
]，

，（5）where α and ε present the absorptivity and effectiveemissivity of the SSA absorber，respectively，σ sb and
Copt present the Stefan-Boltzmann constant and opticalconcentration，respectively，and qi presents the inci⁃dent heat flux according to AM1. 5 solar spectrum.Taking typical values of qi = 1 kW/m2，Tamb = 300 K，
Copt = 82，the conversion efficiencies are calculated indifferent temperatures with the results shown in Fig. 3
（c）. In the assumed conditions，the optical-thermalefficiency 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 about5% with temperature increasing from 400 K to 850 K.Due to the symmetrical structure of the 2D twin-crossgrating， the spectral absorptivity can be analyzed asthe function of wavelength and polarization angle ψ（ψchanges in the range of 0-45o） at normal incidence
（θ = 0 o） with the result shown in Fig. 3（d）. Thehigh absorptivity region represented by red color can beclearly 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 the0~45o range. Thus，the absorber shows the great per⁃formance of polarization independence attributed to thefour-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-crossgrating structure，the magnetic field is shown at the x-zcross section in the middle of one tungsten cross，namelythe cross section Y=100 nm shown in Fig. 2. The con⁃tour shows the strength of magnetic field normalized tothat of incidence，which is symbolized as |Hy/Hinc|2. 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［9］. For 2D gratings，SPPscould be excited by both TE and TM waves，and SPPscould propagate along both x and y directions. The dis⁃persion relation of surface plasmons is described as
|Kspp| =（ω/co）［ε1ε2/（ε1+ε2）］1/2，where ε1 and ε2 representthe permittivity of metal and air，respectively. For TMincident waves，SPPs can be excited when dispersion re⁃lation（ω/co）［ε1ε2/（ε1+ε2）］1/2 equals to |Kosinθ+2πm/Λx|and［（Kosinθ）2+（2πn/Λy）

2］1/2 in x and y direction，re⁃spectively. According to Fig. 4（a），obviously there isan absorption peak at about 325 nm. According to thedispersion relation mentioned above，the first SPPs excit⁃ed near the tungsten-air interface appears at about 394nm in normal incidence. Most of the energy is concentrat⁃ed along the tungsten-air interface at the wavelength of

Fig. 3 （a）Absorption spectrum between 250 nm and 8 000 nm
with the parameters of the 2D twin-cross grating listed as Λ = 400
nm, x = y =150 nm, w = 30 nm, and h = 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
图 3 （a）双十字结构参数为 Λ = 400 nm, x = y =150 nm, w =
30 nm, and h = 50 nm时，250~8 000 nm 波段的吸收曲线图 .（b）
计算所得的辐射率-温度曲线 .（c）在常规条件下计算所得的光
热转换效率-温度曲线 .（d）正入射情况下吸收率关于波长和偏
振角度的等值线图
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394 nm，as shown in Fig. 4（b）. In addition，the calcu⁃lated SPPs excited at the tungsten-SiO2 interface seem tooccur at the wavelength of about 288 nm in nearly normalincidence condition. Thus，the absorption peak at 325nm is influenced by SPPs along both of the tungsten-airand tungsten-SiO2 interfaces，indicating that the energyis largely confined along the tungsten-air and tungsten-SiO2 interfaces.Compared to the magnetic field at the wavelength of320 nm，the magnetic field at 600 nm is partly confinedin the SiO2 layer which is sandwiched between tungstencross grating and the tungsten layer，as shown in Fig. 4
（c）. In addition，the confined energy in the SiO2 layer isenhanced at 1 009 nm compared to that at 600 nm. Theenergy is largely confined in the SiO2 layer at 1 450 nm，which is probably affected by magnetic polariton（MP）

resonance. The magnetic polariton resonance is excitedby the enhanced magnetic field in the thin dielectric filmbetween two metal films. In fact，the magnetic polaritonsare excited because the time-varying magnetic field couldinduce the electric current at the surface of metals withopposite direction according to Lenz’s Law ［15-16］. Due tothe influence of MP resonance，the absorption of thestructure with 2D twin-cross grating is higher than that ofjust six-layered films around 1 500 nm. It is clear to seethat the absorption drops sharply at the wavelengths be⁃yond MP resonance，ensuring the small transition regionfrom 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 atoblique angles. The absorption spectra at different inci⁃

Fig. 4 （a）Absorption spectrum between 250 nm and 2 000 nm in normal incidence condition.（b）Views of the cross-section of electromagnetic field at thewavelength of 288 nm，325 nm，394 nm，respectively.（c）Views of the cross-section of electromagnetic field at the wavelength of 600 nm，1 009 nm，and1450 nm，respectively
图 4 （a）正入射情况下，250~2 000 nm波段的吸收谱图 .（b）波长为288 nm，325 nm和394 nm时的电磁场分布纵截面场图 .（c）波长
为600 nm，1 009 nm和1 450 nm时的电磁场分布纵截面场图
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dent angles under both transverse electric（TE） andtransverse magnetic（TM）polarizations are further ana⁃lyzed with the results shown in Fig. 5（a）. Under thesmall incidence angle condition，the absorption spectrumunder TM polarization is nearly the same as that underTE polarization. The absorptivity with TE polarization atthe incident angle of 50° is a little lower than that withTM polarization. The absorptivities at different incidentangles are calculated by averaging the absorptivity underboth TM and TE polarization conditions with the resultsshown in Fig. 5（b）. When the incident angle changesfrom 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 byabout 3%. Thus，the absorption of designed tungsten-based SSA is insensitive to the incident angle when theincident angle is less than 50°.

3 Conclusions

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

absorptivity in the solar spectrum region. The calculatedcut-off wavelength is around 1. 85 μm，suitable for solar-thermal application up to about 850 K. The weightedmean absorptivity before cut-off wavelength is 96. 5%，and in the whole solar region is 95%. The calculatedemissivity at 850 K is 0. 086，working as a reflector inthe thermal radiation region. The designed SSA is polar⁃ization-independent and great angular-independent up to50° . Therefore，the PhC-based SSA with the 2D tung⁃sten twin-cross grating structure was proposed potentiallysuitable for medium-to-high temperature solar applica⁃tion.
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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
图 5 （a）不同入射角下 TE 和 TM 偏振吸收率-波长曲线 .（b）
不同入射角下平均吸收率-波长曲线
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