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A high-temperature stable solar absorber based on a metallic 2D photonic crystal (PhC) with 

high and tunable spectral selectivity is demonstrated and optimized for a range of system 

conditions of operating temperature and irradiance. In particular a PhC absorber with solar 

absorptance  ̅  0.86 and thermal emittance  ̅  0.26 at 1000 K, using high-temperature 

material properties, is achieved resulting in a thermal transfer efficiency more than 50 % 

higher than that of a blackbody absorber. Furthermore, an integrated double-sided 2D PhC 

absorber/emitter pair is demonstrated for a high-performance solar thermophotovoltaic 

(STPV) system. The 2D PhC absorber/emitter is fabricated on a double-side polished 

tantalum substrate, characterized, and tested in an experimental STPV setup along with a flat 

Ta absorber and a nearly-blackbody absorber composed of an array of multi-walled carbon 

nanotubes (MWNTs). At an irradiance of 130 kWm
-2 

the PhC absorber enables more than a 

two-fold improvement in measured STPV system efficiency (3.74 %) relative to the nearly-

blackbody absorber (1.60 %) and higher efficiencies are expected with increasing operating 
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temperature. These experimental results show unprecedented high efficiency, demonstrating 

the importance of the high selectivity of the 2D PhC absorber and emitter for high-

temperature energy conversion.   

 

1. Introduction 

A high-performance selective absorber is a critical component in energy conversion systems 

such as solar thermal,
 
solar thermochemical,

 
and solar thermophotovoltaics. There exist a 

range of solutions with high absorptivity for low and intermediate temperatures.
[1-3]

 However, 

for many applications, high operating temperatures (>700 K) are advantageous to achieve 

higher system efficiencies. Conventional absorbers are unsuitable at these high operating 

temperatures since there are more considerations to be taken into account.
[4]

 Firstly, the 

materials and structures need to be thermally stable and maintain their optical properties at 

these high temperatures. Refractory metals are most advantageous due to their high melting 

point and low vapor pressure. Secondly, it is crucial that the absorber exhibits spectrally 

selective absorptance; namely high absorptivity in the shorter wavelength range to absorb 

most of the solar spectrum and low absorptivity (i.e., emissivity) in the longer wavelength 

range to minimize losses due to re-emission. Furthermore, this selectivity, i.e., the spectral 

range of high and low absorptivity, has to be tailored for the specific system operating 

conditions to achieve maximum system efficiency.  

It is therefore advantageous to use PhCs which offer the possibility to tailor the spectral 

absorptance
[5,6]

 and thus optimize system efficiency.
 
Several absorbers based on 1D multilayer 

stacks,
[7,8]

 2.5D structures like pyramids,
[9-11]

 3D PhCs in refractory metals,
[12,13]

 as well as 

metamaterials
[14-16]

 have been proposed. In this work, we demonstrate the suitability of a 2D 

PhC comprising a square lattice of cylindrical cavities etched into a Ta substrate as a highly 

efficient and selective absorber at high temperatures, i.e., above 1000 K. While all of the 

above approaches achieve good spectral selectivity, the 2D PhC design is a compact and 
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thermally robust structure, minimizing the number of interfaces as compared to multilayer or 

3D PhC approaches which is crucial for high temperature stability. At the same 

time,fabrication is simple and scalable and can be achieved by standard semiconductor 

processes. In this 2D PhC design, the absorptivity of the material is selectively enhanced by 

the introduction of cavity modes and the range of enhancement, i.e., high absorptivity, can be 

tuned by the geometric parameters of the cavities while keeping the emittance at long 

wavelengths low.  A thin HfO2 coating is introduced to serve both as a surface protection 

coating to enhance stability at high temperature
[17-20]

 as well as an efficient antireflection (AR) 

coating maximizing absorptance in the visible and near infrared. 

In this paper, the performance of the PhC absorber is optimized in section 2 and compared to 

that of both unstructured flat Ta and a nearly-blackbody absorber for a range of system 

conditions of operating temperature and irradiance. In section 3, the specific case of a solar 

thermophotovoltaic (STPV) system is studied, where operating temperature and irradiance are 

interdependent. Both the PhC absorber and PhC emitter are optimized to achieve a maximum 

STPV system efficiency at a realistic target operating temperature of 1300 K. Finally in 

section 4, a selective PhC absorber/emitter pair is presented in an experimental STPV setup.  

The experimental realization of a STPV system with highly spectral selective surfaces for 

both absorber and emitter in a compact planar design presented in this study achieves 

unprecedented high system efficiency as compared to previous systems using non-selective 

surfaces.
[21,22] 

In the STPV system, an intermediate stage of a combined absorber and emitter 

between the incident solar radiation and the photovoltaic (PV) cell serves as a conversion step 

to convert the broadband solar spectral radiation to thermal spectral radiation that is ideally 

narrow-band and spectrally matched to the bandgap of the PV cell (Figure 1).
[23-25] 

For this 

energy conversion stage, an integrated selective absorber/emitter pair in a planar 

configuration is proposed where both the absorber and the emitter side are based on the 2D 

PhC however with different geometrical parameters. This selective PhC absorber/emitter is 
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fabricated on a double-side polished polycrystalline Ta substrate and studied experimentally 

in an STPV setup. The system efficiency is measured and the performance of the selective 

PhC absorber is compared to that of a flat Ta absorber and of a nearly-blackbody absorber 

composed of an array of multi-walled carbon nanotubes (MWNTs), all with the same PhC 

emitter side and using the same experimental setup. The experimental results match the 

predictions from the detailed system modeling. An unprecedented high system efficiency of 

3.74 % at 130 suns (130 kWm
-2

) is achieved which is 2.3 times that measured for the 

blackbody absorber and 2.8 times that expected for a blackbody absorber/emitter pair, 

demonstrating the superior performance of the selective PhC absorber/emitter design in this 

configuration.
 

 

2. Selective Absorbers 

The key metrics for solar absorbers are the solar absorptivity  ̅ defined as the fraction of solar 

irradiation absorbed (we use AM1.5 direct plus circumsolar throughout) and the thermal 

emissivity  ̅   defined as the ratio of energy emitted by the absorber compared to the 

blackbody at the operating temperature T: 
[26]
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where Ss(λ) is the solar spectrum (AM1.5D), HS is the total solar irradiance of this spectrum, 

ε(λ) is the spectral emittance of the absorber, λ is the wavelength of light, T is the operating 

temperature, h is the Planck constant, c is the speed of light, and k is the Boltzmann constant. 

Since there is an angular dependence of the spectral emittance for most absorbers, the 

hemispherically integrated emittance is used in Equation 2 to calculate the thermal emissivity 

 .̅ To determine the solar absorptivity  ̅, the normal spectral emissivity is used for radiation 

incident at normal angle. Alternatively, the dependence of the averaged absorptivity on the 
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opening angle of the incident radiation is calculated using the angular dependent emissivity 

integrated over the solid angle up to the opening angle in Equation 1. 

For common solar absorbers used in solar thermal applications at intermediate temperatures 

(up to 700 K), it is relatively easy to achieve both high solar absorptivity and low thermal 

emissivity at the same time, since blackbody emission in the near IR is low at those 

temperatures and the thermal and solar spectra do not overlap significantly. However, there is 

a trade-off between the two parameters; at higher temperatures a sharp cut-off between high 

absorptance and low emittance regions is crucial. In Figure 1(b) this trade-off is graphically 

depicted via the overlap of the incident irradiation spectrum (AM1.5D) and the emission 

spectrum of a blackbody at 1300 K as an example.  Considering Kirchhoff’s law which states 

that for a body in thermal equilibrium, the absorptivity is equal to the emissivity at every 

wavelength, i.e., α(λ,T)=ε(λ,T), we cannot simultaneously achieve high absorptivity and low 

emissivity in the overlapping wavelength range. The ideal absorber is therefore given by a 

step function (see Figure 1(b)) with an absorptivity of 1 in the visible and zero absorptivity in 

the infrared, with a cut-off wavelength between the two that depends on the operating 

temperature and the power density or concentration of the incident radiation.
[7] 

We can define 

the thermal transfer efficiency    of the absorber as the difference between input and output 

power normalized by the incident power: 
[8] 

       
   

  
         (3)

 

with the solar absorptivity  ̅ and the thermal emissivity   ̅ as defined above and σ being the 

Stefan-Boltzmann constant. Since real absorber materials have an absorptance spectrum that 

may deviate considerably from the ideal step function – in particular, the emittance at long 

wavelengths being above zero – the thermal transfer efficiency is a more useful figure of 

merit when comparing and optimizing absorber materials than using the cut-off wavelength 
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alone. Essentially, it corresponds to the fraction of power incident on the absorber which is 

available for useful energy conversion.  

We optimize the PhC absorber on a Ta substrate using this figure of merit for different 

operating conditions, starting with the benchmark
 
of 1000 K, 100 suns (i.e., 100 kWm

-2
).

[8]
 To 

calculate the PhC spectral emittance, we use both the Finite-Difference-Time-Domain method 

(FDTD, incorporated via Meep)
[27]

 as well as the Fourier Modal Method (incorporated via 

S
4
)
[28]

. The PhC layout is a square array of cylindrical cavities with radius r, period a, and 

depth d etched into the Ta substrate. The material dispersion of Ta and its dependence on the 

temperature is taken into account using a Drude-Lorentz model. It is essential to correctly 

simulate the optical properties of the PhC at high operating temperatures, as the emissivity of 

most materials increases with increasing temperature, and, as a consequence,  the emissivity 

of the PhC fabricated from this substrate material also depends on temperature.
[17]

 To 

calculate the optical properties of the PhC at high temperature the model is therefore fit to the 

optical properties of Ta taken from literature for high temperature.
[29]

 For simulations at room 

temperature, which we use to compare with reflectance measurements taken at room 

temperature, the reflectance of polished substrates measured at room temperature is used to fit 

the Drude-Lorentz model. The optimization of the PhC parameters is performed using 

nonlinear global optimization algorithms (incorporated via NLopt)
[30]

 where the absorptivity 

at normal incidence and the emissivity averaged over hemispherical emission are taken into 

account. 

The spectral absorptance at normal incidence and the hemispherically averaged spectral 

emittance of the PhC optimized for 1000 K and 100 suns are shown in in Figure 1(c). The 

optimized PhC has a radius r=0.34 µm, period a=0.78 µm, and depth d=8.0 µm (Table 1). As 

can be seen, the PhC allows for a selective increase of the absorptivity in the short wavelength 

range, while keeping the emissivity low at longer wavelengths. The range of high absorptivity 

is given by the cavity modes introduced by the PhC and can be varied by tuning the 
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geometrical parameters of the PhC.
[31]

  In addition to the high spectral selectivity that can be 

achieved by this PhC design, there is an angular dependence of the spectral emittance of the 

PhC, which further enhances the selectivity of the PhC absorber. This is because the 

hemispherically averaged spectral emittance for the PhC is lower than the spectral 

absorptance, as long as the irradiation is not incident from all directions (or mainly at large 

incident angles). Ideally the aperture angle of the concentrating or optical system used to 

irradiate the absorber is less than 60° and centered near normal incidence. 

In Figure 2, the calculated thermal transfer efficiency of the Ta PhC absorber as a function of 

operating temperature and incident (normal) irradiance is compared to that of a blackbody 

absorber and of unstructured flat Ta. Note that the geometrical parameters and simulated 

spectra of the PhC absorbers optimized for different operating conditions differ. As can be 

seen, the blackbody absorber has a better performance (ηT) than the selective PhC absorber for 

low temperature and high irradiance (reaching more than 0.8 for <1200 K and >300 suns), 

since for these conditions the emission is low and the absorptivity of the absorber has more 

significant impact on ηT than its emissivity. However, the maximum temperature that can be 

reached with blackbody absorbers for a given irradiance is very limited due to high losses by 

re-emission. For an irradiance of 100 suns, the maximum temperature with a positive thermal 

transfer efficiency using the blackbody absorber is about 1150 K, which would limit the 

efficiency of an energy conversion system like STPV. To facilitate high operating temperature 

at moderate to low irradiance, it is imperative to use selective absorbers. With the PhC 

absorber, even at 100 suns an operating temperature above 1400 K can be reached. For the 

PhC absorber, a solar absorptivity of 0.81 and a thermal emissivity of 0.256 is achieved at 

1000 K resulting in a thermal transfer efficiency of 66.4% for an irradiance of 100 suns. In 

contrast, the thermal transfer efficiency of a blackbody absorber for these conditions is only 

43.3% (see Table 1). The emissivity values of the Ta PhC are higher than some previously 

reported for selective absorbers, with calculated solar absorptivity of around 0.9 and thermal 
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emissivity as low as 0.15 using cones or multilayer structures based on Mo and W.
[7,8,32]

 The 

higher emissivity calculated here, and consequently lower absorptivity of the optimized PhC, 

is due to the fact that high-temperature material data is used for Ta to simulate the optical 

properties of the PhC at high temperature, as discussed above. In fact, the lower limit of the 

thermal emissivity for the PhC absorber is that of the flat substrate, which is 0.139 at 1000 K 

for Ta and 0.17 for W and increases with temperature. Unstructured flat Ta also has some 

intrinsic selectivity (see Figure 1(c)). Therefore it is likewise possible to reach a high 

operating temperature with a flat Ta absorber (1400 K at 100 suns) but never with good 

efficiency (only 30 % for 100 suns, 1000 K) due to the lower absorptivity (see Table 1). 

 

3. Selective Absorbers for Solar Thermophotovoltaics 

In a solar thermophotovoltaic system, the operating parameters of temperature and irradiance 

are not independent. The irradiance needed to reach a certain operating temperature is set by 

the power balance of input and output power, including all losses.  Using this power balance, 

the thermal transfer efficiency of the absorber in the STPV system can be rewritten as: 

            (                          )                  (4) 

    (  
         

      
)        (5) 

   
          

 
          (6) 

where  ̅ is the solar absorptivity as defined in Equation 1 and   ̅          ̅      , and   ̅    are 

the thermal emissivity of the absorber, emitter, and side surfaces respectively at a certain 

temperature as defined in Equation 2, and f  is the area ratio of side surface to absorber (or 

emitter, both having the same area). 

In this approximation, losses are restricted to the radiative losses from all surfaces, including 

absorber, emitter, and side losses, and isothermal operation of the absorber/emitter pair is 

assumed where T=T(absorber)=T(emitter). The parameters of the absorber are optimized with 
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Equation 5 for maximum thermal transfer efficiency ηT at a certain target temperature using 

the thermal emissivity of all surfaces at this temperature, and the irradiance needed to reach 

this temperature is calculated using Equation 6. For this optimization, the hemispherically 

averaged thermal emissivity of a PhC emitter          is used and optimized for an InGaAsSb 

PV cell with a bandgap at 2.3 µm. The thermal emissivity of the sides       is calculated for 

flat Ta and the area ratio of side surface to absorber (or emitter) f is assumed to be 0.2 (as for 

a 1 cm² sample with a thickness of 0.5 mm).  

The normal absorptance spectrum of the PhC absorber optimized for a target operating 

temperature of 1300 K is shown in Figure 3. The optimized parameters of this PhC absorber 

are a radius r=0.28 µm, period a=0.66 µm, and depth d=4.6 µm (Table 1). As can be seen, the 

absorptivity is high from the visible to the near IR with a steep drop for wavelengths above 

approximately 1 µm. The absorptivity in the visible, however, is limited by diffraction, which 

occurs on the PhC lattice for wavelengths below the period of the PhC (at normal incidence). 

There is for this reason an unfortunate dip of the absorptivity around 500 nm, corresponding 

exactly to the peak of the solar spectrum, which is also shown for comparison in Figure 3(a). 

One approach to relieve this limitation is to use an antireflection coating for this wavelength 

range in addition to the PhC structure. To this end, a thin coating of HfO2 was used, which has 

shown excellent stability at high temperature and serves as a thermal barrier coating and 

surface protection for the Ta PhC.
[17]

  

Several studies have shown that microstructured surfaces experience a high risk of structural 

degradation at the high operating temperatures and long operational lifetimes expected in a 

TPV system.
[17,33,34]

 The main effects driving thermal degradation are surface diffusion, 

surface reactions with oxygen and carbon in particular, and material stress. Grain growth and 

recrystallization play an additional role in the case of polycrystalline materials. It is essential 

to protect the PhC surface from these effects, and it has been shown that a conformal surface 
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coating of 20 nm HfO2 ensures the thermal stability of both the structure and its optical 

properties in long-term tests at temperatures up to 1300 K.
[17,18, 35]

   

To maximize the benefit of this coating as an antireflection coating in the visible, the 

thickness of the HfO2 layer was optimized. Since the coating is deposited conformally by 

atomic layer deposition (ALD) on the PhC, the radius of the PhC cavities needs to be adapted 

taking into account this layer of higher refractive index on the cavity walls. As the optical 

path length in the cavity is effectively increased by the higher refractive index material on the 

sidewalls, the cut-off wavelength shifts to longer wavelengths for constant cavity radius. The 

thickness and radius of the PhC with the HfO2 coating are again optimized for the maximum 

thermal transfer efficiency in the STPV system. The calculated efficiency as well as the 

optimized parameters of the PhC absorber for the STPV condition are listed in Table 1. With 

the coating, the solar absorptivity can be increased by 6.7 % (absolute) from 79.7 % to 86.4 % 

and the thermal transfer efficiency by 4.6 % from 47.1 % to 51.7 % as compared to the 

uncoated PhC absorber at normal incidence.  

As discussed, the absorptivity is a function of incident angle, which is an advantage as long as 

the irradiating light is not incident from all directions. Of course the angle of incidence 

depends on the optics of the system used to achieve the necessary concentration. Figure 3(b) 

shows the dependence of the solar absorptivity on the opening angle of the incident irradiation, 

defined as half the aperture angle of the concentration optics (from the surface normal, see 

inset). As can be seen, the absorptivity remains high with a negligible decrease of absorptivity 

up to an opening angle of 30°; only for completely hemispherical incidence (opening angle of 

90°) does the absorptivity drop sharply. Therefore, two limiting cases for the STPV system 

(independently from the concentration needed) are discussed in this study: first, irradiation 

with light at normal incidence, i.e., the aperture angle or numerical aperture is zero; and 

second, irradiation with light incident equally from all directions, i.e., a hypothetical aperture 
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angle of 180° or numerical aperture going to 1. The latter worst case limit is referred to as 

‘wide-angle incidence’ in the following discussion. 

 

4. Solar Thermophotovoltaic System with Selective PhC Absorber and Emitter 

A solar thermophotovoltaic (STPV) system is demonstrated using a selective Ta PhC absorber 

and emitter fabricated on two sides of the same substrate, with the selective emitter matched 

to an InGaAsSb PV cell with a bandgap at approximately 2.3 µm (0.54 eV).
[36]

 The selective 

PhC emitter has the same basic design as the absorber, but its parameters were optimized for 

maximum spectral efficiency ηsp at the target operating temperature of 1300 K. The spectral 

efficiency ηsp is defined as the ratio of (useful) thermal emission below the target bandgap at 

2.3 μm to the total thermal emission at a certain target temperature 
[8] 

and is used as a figure of 

merit for the optimization, which is more robust than simply aligning the cut-off wavelength 

of the emitter with the bandgap of the PV cell: 

    
∫    ( )    ( 

  
     ) 

   
 

∫    ( )    ( 
  
     ) 

 
 

        (7) 

where λPV  is the wavelength corresponding to the bandgap of the PV cell, i.e., the upper limit 

of the external quantum efficiency and therefore the useful wavelength range of the PV cell. 

The selective PhC absorber is optimized as discussed above for maximum thermal transfer 

efficiency in the considered STPV system at a target operating temperature of 1300 K. The 

geometric parameters and spectral efficiency of the optimized PhC emitter are listed in Table 

1 along with those of the optimized PhC absorber. The performance of the Ta PhC absorber in 

the STPV system is compared to the flat polished Ta absorber, and to a nearly-blackbody 

MWNT array absorber,
[22,37]

 all with the same Ta PhC emitter and an absorber/emitter area 

ratio of 1. The realization of the selective absorber and emitter on the two sides of the same 

substrate has the advantage of facilitating direct thermal contact with minimal losses due to 

heat transport between the two. In addition the planar design is very thin and compact 
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reducing thermal radiation losses from the sides, and promoting structural stability at high 

operating temperatures. 

The optical properties of the fabricated absorbers and emitters are experimentally determined 

using reflectance measurements at room temperature via an integrating sphere accessory. 

Since the samples are opaque, the spectral emittance E can be determined from the measured 

reflectance R using E(λ)=A(λ)=1-R(λ). The normal spectral emittance at room temperature 

obtained from these measurements is shown in Figure 4 for the Ta PhC emitter, absorber, and 

flat Ta, all coated with HfO2. The measured spectra agree very well with the simulated ones at 

room temperature, which gives us confidence to use the simulated emittance spectra, both for 

normal and hemispherical incidence, at high temperature (using material dispersion of Ta at 

high temperature in the simulation) for TPV system modeling.  

The experimental STPV setup uses a Xe arc source with a filter to simulate the AM1.5D 

spectrum, while the irradiance incident on the absorber/emitter sample and thereby the 

temperature of the absorber/emitter pair is controlled from room temperature to about 1300 K.  

The experimental layout minimizes parasitic heat losses while allowing for precise alignment 

and gap control between the absorber-emitter and the PV cell, both mounted in a vacuum 

setup.
[22]

 The photocurrent generated by the PV cell and the current-voltage (I-V) curves are 

measured at steady state operation as a function of the irradiance incident on the absorber. 

The STPV system efficiency is calculated as the ratio of the measured electrical output power 

at the maximum power point of the PV cell to the input power.  

The STPV system efficiency determined from the experiment is shown in Figure 5 with a 

clear improvement with increasing spectral selectivity from the nearly-blackbody absorber to 

the coated flat Ta absorber to the PhC absorber. Predictions using a detailed numerical model 

closely match the results. In the system model, we assume isothermal operation of the 

absorber/emitter pair, i.e., absorber and emitter being at the same operation temperature. The 

irradiance from the emitter incident on the PV cell is calculated from the emitter spectrum in 
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dependence of the operating temperature. The geometry, i.e., the finite size of the emitter and 

PV cell and the gap between them, resulting in cavity losses, is included via the viewfactor 

and the reflection from the PV cell is taken into account using the measured reflectance 

spectrum. The electrical output power of the PV cell generated at this irradiance on the PV 

cell is calculated for the maximum power point of the PV cell, using the PV parameters 

determined from the measured I-V curve.
[38]

 To calculate the incident irradiance (on the 

absorber) needed to reach this operating temperature, we take into account the radiative losses 

from all surfaces (absorber, emitter, sides and support needles) as well as conduction losses 

through the supporting needles holding the absorber/emitter pair, and the solar absorptivity of 

the absorber. The system efficiency predicted by this model is given by the ratio of electrical 

output power to the incident power calculated at the same operating temperature. Using this 

model the system efficiency is calculated both for normal incidence as well as the wide-angle 

incidence limit, i.e. light incident equally from all directions as discussed above. Since the 

solar absorptivity of selective absorbers decreases with increasing incident angle, the system 

efficiency achieved in the wide-angle incidence limit is lower than for the limit of normal 

incidence. In the experimental setup, the opening angle of incidence depends on the 

concentration, and therefore experimental results are within those two boundaries (normal and 

wide-angle incidence) for the Ta PhC absorber as well as the flat Ta absorber. 

The experimentally determined STPV system efficiency using the selective Ta PhC absorber 

is 3.74 ± 0.24 % achieving an electrical output power density of 0.49 Wcm
-2 

at an irradiance 

of 130 suns. This system efficiency is about 1.2 times higher than that of the coated flat Ta 

(3.16 ± 0.20 %) and 2.3 times higher compared to the nearly-blackbody absorber (1.60 ± 

0.10 %) at a comparable irradiance of approximately 130 suns. Since all absorbers are 

coupled to the same PhC emitter and PV cell, this improvement is a direct consequence of the 

fact that the losses by the absorber are reduced and a higher operating temperature can be 

achieved with the selective PhC absorber at the same irradiance (about 1270 K compared to 
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1240 K and 1140 K for the flat Ta and nearly-blackbody absorber, respectively, at 130 suns) 

resulting in higher useful irradiance on the PV cell.  

The measured efficiency with the 2D PhC absorber/emitter pair is also higher than previously 

reported for a 1D PhC emitter with an area-ratio optimized nearly-blackbody absorber of 3.2 

± 0.2 % at a similar operating temperature,
[22]

 even with a non-optimized area ratio of the 

absorber and emitter. An STPV system efficiency of 0.8 % was reported at 1573 K in a 

previous study using a coated W absorber and emitter in an outdoor STPV experiment.
[21]

 The 

improved system efficiency measured in this study is attributed to the high spectral selectivity 

of the 2D PhC absorber and emitter.
 
As discussed, the selective PhC absorber achieves an 

improvement of 2.3 versus the blackbody absorber, using the same PhC emitter. To estimate 

the relative contribution of the selective PhC emitter to the system efficiency, we also 

calculate the expected system efficiency for a blackbody emitter in combination with the same 

absorbers, as shown in Figure 5(a). Since the spectral selectivity as defined in Equation 7 of a 

blackbody is only 8.6 % as compared to 47.1 % for the PhC emitter at 1300 K, the losses due 

to waste heat are much higher for the blackbody emitter. Therefore, the achievable STPV 

system efficiency is reduced, but also shifted to higher irradiance. For the blackbody absorber, 

the system efficiency is mostly dominated by the absorber losses due to re-emission. The 

improvement using a selective PhC emitter in comparison to the blackbody emitter is still 

high at low irradiance. At 130 suns, the blackbody absorber / blackbody emitter achieves only 

a system efficiency of 1.3 % as compared to the blackbody absorber / PhC emitter 

configuration reaching 1.6 %, which is an improvement of approximately a factor 1.2. For the 

selective PhC absorber, the improvement from the PhC emitter versus the blackbody emitter 

is even higher, resulting in a factor 1.8 improvement in the system efficiency between PhC 

absorber / blackbody emitter (2.1 %) and PhC absorber / PhC emitter (3.7 %) for the wide-

angle incidence limit at 130 suns. Also, the maximum achievable system efficiency with the 
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PhC absorber/ blackbody emitter is limited to 4.5 % at normal incidence and an irradiance of 

400 suns is needed to reach this operating point with a temperature of 1500 K.  

The maximum system efficiency predicted by the model for the selective PhC absorber / PhC 

emitter pair is 5.46 % (absolute) at approximately 260 suns at normal incidence, and 4.65 % at 

300 suns for the wide-angle incidence limit - both at an optimum operating temperature of 

about 1500 K, which was not measured due to experimental setup limitations. At higher 

temperatures, i.e., higher irradiance on the PV cell, the PV cell efficiency decreases rapidly, 

limited mostly by the series resistance of the PV cell.  

To uncouple the efficiency of the absorber/emitter pair from the PV cell efficiency, we define 

the total optical conversion efficiency, ηopt as the ratio of useful irradiance reaching the PV 

cell, i.e., in the wavelength range with non-zero external quantum efficiency and including 

view factor and reflection on the PV cell, to the input power density, i.e., irradiance incident 

on the absorber.  

     
  

  
∫       ( )

     

  ( 
  
     )

   

 
        (8) 

                        (9) 

where εeff(λ) is the effective spectral emittance of the emitter, which is reduced due to the 

reflection from the absorber, and FV is the viewfactor taking into account the separation of 

emitter and cell. This optical efficiency is as high as 18.8 % for the PhC absorber at normal 

incidence at 1300 K, compared to only 10.1 % for the blackbody absorber, and increasing 

with increasing temperature (see Figure 5(b)). In contrast, the efficiency of the PV cell is at its 

maximum of about    = 24.8% at 1300 K, and it decreases with increasing emitter 

temperature, i.e., increasing irradiation.  

A detailed analysis of the losses in the STPV system (Figure 5(c)) shows that even with the 

optimized selective PhC absorber at normal incidence at the target operating temperature of 

1300 K as much as 43 % of the incident power is lost in the absorber, either by reflection 
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(8.5 %) or re-emission (34.5 %). In contrast, re-emission by the sides of the absorber/emitter 

pair, conductive losses through the supports (both less than 5 %), radiation by the support, and 

view factor losses (both less than 3 %) are minor contributions. Parasitic emission by the 

emitter (i.e., above bandgap) is the second largest contribution to the losses with 22.7 % of the 

input power. Therefore, improvements on the absorber side of the STPV system are critical 

and will have the highest impact on the overall system efficiency. One possibility to further 

reduce losses by re-emission of the absorber is to optimize the area ratio between the absorber 

and the emitter, which would allow to further increase selectivity of the absorber side.
[22]

 Also, 

the use of a filter on the absorber side (reducing re-emission) could be advantageous as long 

as the transmission is not reduced. Furthermore, advances in the performance of the small 

bandgap PV cell, especially reducing the series resistance, have a direct impact on increasing 

the STPV system efficiency. 

 

5. Conclusion 

A selective solar absorber based on a 2D PhC made from Ta was studied for very high 

operating temperatures (above 1000 K). For this PhC absorber high spectral selectivity is 

achieved by cavity modes that selectively enhance the emissivity in a certain wavelength 

range, which can be tailored via the geometric parameters of the cavity. The thermal transfer 

efficiency of the absorber was used as a figure of merit to optimize the geometric parameters 

of the PhC for maximum performance. For an operating temperature above approximately 

1000 K this selective PhC absorber has superior performance as compared to a blackbody 

absorber or the unstructured metal surface due to its high selectivity, which facilitates 

reaching high operating temperature with relatively low irradiance. For the PhC absorber, an 

averaged absorptivity of 0.81 and an emissivity of 0.256 was achieved at 1000 K, taking into 

account the high-temperature material properties of Ta. The resulting thermal transfer 

efficiency of the PhC absorber is 66.4 % for an irradiance of 100 suns, compared to 43.3 % 

for a blackbody absorber at the same conditions.  
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Furthermore, a selective 2D PhC absorber/emitter pair was demonstrated for the first time for 

a solar thermophotovoltaic application. In this planar configuration both sides of a flat Ta 

substrate were structured into a 2D PhC, which has the advantage of excellent thermal contact 

and low side losses. The PhC geometry of the emitter was optimized for maximum spectral 

efficiency at a target operating temperature of 1300 K, matched to an InGaAsSb PV cell with 

a bandgap at 2.3 µm. The absorber was optimized for thermal transfer efficiency at 1300 K, 

taking into account the power balance in the STPV system and radiation losses from all 

surfaces. In addition, a thin surface layer of HfO2 was used as an antireflection coating in the 

visible for the absorber, while also increasing the thermal stability of the PhC. The proposed 

absorber/emitter pair was fabricated, its optical properties were characterized, and its 

performance was experimentally tested in an STPV setup together with an absorber based on 

flat Ta and a nearly-blackbody absorber composed of an array of MWNTs, all with the same 

PhC emitter side. The experimentally determined system performance agrees well with a 

detailed system model using the absorber and emitter spectral properties and taking into 

account all losses. The selective PhC absorber achieves a measured system efficiency of 

3.74% at an irradiance of approximately 130 suns which is more than twice the performance 

of the nearly-blackbody absorber (1.60 %) at the same incident irradiance. It is also 17 % 

higher than previously reported for an area-ratio optimized nearly-blackbody absorber with a 

1D PhC emitter (3.2 %) at a similar operating temperature,
[22]

 which demonstrates the 

importance of high selectivity of the absorber and emitter for high-temperature energy 

conversion. The selective PhC emitter achieves an improvement in system efficiency of 

approximately a factor 1.8 compared to a blackbody emitter using the same PhC absorber at 

an irradiance of 130 suns. The improvement using the PhC absorber as compared to a 

blackbody absorber, both with the same PhC emitter, is about a factor of 2.3 at 130 suns, and 

overall the selective PhC absorber/emitter pair has a system efficiency that is 2.8 times higher 

than that of a blackbody absorber/emitter pair at 130 suns. The predicted maximum system 
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efficiency of the PhC absorber in this configuration is 5.5 % at 260 suns (normal incidence) 

reaching an operating temperature of 1500 K. 

 

6. Experimental Section  

Photonic crystal fabrication: The photonic crystal absorber and emitter were fabricated on the 

two sides of a double-side polished, 500 µm thick polycrystalline Ta 3%W alloy substrate 

(H.C. Starck) which was pre-annealed at 1755 K for 1.5 hours to ensure large grains and their 

thermal stability. The PhC pattern was defined by interference lithography (IL) and 

transferred into the Ta substrate by subsequent steps of reactive ion etching (RIE) using a Cr 

hard mask for the final deep RIE step of the Ta. For interference lithography, a tri-layer 

process was used and the final cavity diameter was defined by plasma ashing.
[39]

 Reactive ion 

etching of the Cr hard mask using a SiO2 mask ensures smooth cavity edges and good optical 

properties of the final PhC. The Ta is etched using an SF6/C4F8 based Bosch process, 

achieving a final etch depth of up to 8 µm. Finally, the HfO2 coating was deposited by ALD 

on the fabricated PhC, which ensures conformal coating in the high aspect ratio cavities, and 

good control over the final layer thickness. The thickness and refractive index of the HfO2 

layer was determined by spectroscopic ellipsometry using a Woollam VASE setup. The 

reflectance spectra of the fabricated absorbers were measured at room temperature using a 

Cary500 FTIR with an integrating sphere, capturing direct reflectance at near normal 

incidence (3°) as well as indirect reflectance from diffraction and scattering. No degradation 

of either the optical properties or the structure of the PhCs was observed after repeated STPV 

experiments at high temperature, as determined from repeated reflectance measurements and 

scanning electron micrographs before and after the high-temperature experiments. 

STPV experiment: 

In the experiments, the gap between the 2D PhC emitter and the PV cell was fixed at 300 μm, 

while a 1x1 cm square metal aperture was spaced 500 μm away from the absorber. The entire 

system was maintained in vacuum at pressures below 0.3 Pa to minimize conductive and 
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convective heat losses. The following experimental capabilities were used to measure the 

device characteristics: incident power of simulated solar radiation, current-voltage (I-V) 

characterization and temperature of the PV cell. The input power in our experiments was 

provided by a solar simulator (92192, Newport Oriel Inc.) with specific filters in place to 

match the AM1.5 direct spectrum. Light from the solar simulator was concentrated using a 

focusing lens system (Hi Flux Concentrator, Newport Oriel Inc.) and a secondary converging 

“light pipe” concentrator. The input power was determined shortly after each experiment by 

measuring the power through the aperture used in the experiment using a thermopile detector 

(919P-040-50, Newport Oriel Inc.). The output power was determined from the maximum 

power point of the I-V sweep taken using a precision source-meter (2440, Keithley 

Instruments Inc.) once the device reached steady state operation. A chilled water loop and 

cold plate (CP25, Lytron Inc.) were used to maintain the temperature of the PV cell near 

293 K. Further details regarding the experimental layout can be found in the supplementary 

section of A. Lenert et al.
[22]
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Figure 1. (a) Schematic concept of a solar TPV system with PhC absorber and emitter (inset: 

Scanning electron micrographs of the fabricated PhCs). (b) Incident solar spectrum (AM1.5D, 

50 suns) and emission spectrum of a blackbody and an ideal emitter at 1300 K, as well as 

spectral absorptivity of ideal absorber. (c) Absorptivity of Ta PhC absorber optimized for 

1000 K and 100 kWm
-2

 for normal incidence (solid line) and hemispherical emissivity 

(dashed) as well as normal absorptivity of a flat Ta substrate (dashed-dotted), using material 

dispersion of Ta at high temperature. For PhC parameters see Table 1. 
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Figure 2. Calculated thermal transfer efficiency ηT comparing different absorbers: (a) Ta PhC, 

(b) blackbody, (c) flat Ta, as a function of incident irradiance at normal incidence and the 

absorber temperature. 
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Figure 3. (a) Spectral absorptivity of coated and uncoated PhC absorber, optimized for 

1300 K for normal incidence, and solar AM1.5D spectrum. (b) Dependence of solar 

absorptivity on the opening angle of incident radiation (see inset) for the optimized uncoated 

PhC absorber, the PhC absorber with optimized AR coating, and flat Ta with an AR coating 

of HfO2. PhC parameters are listed in Table 1. 
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Figure 4. (a) Scanning electron micrograph of fabricated PhC absorber and (b) PhC emitter; 

(c) Photograph of absorber/emitter sample mounted on top of PV cell in STPV setup; (d) 

Normal emittance determined from reflectance measurements at room temperature (solid 

lines) and simulated normal emittance (dashed lines) of the fabricated PhC emitter, PhC 

absorber, and flat Ta absorber, all with HfO2 coating. (PhC parameters see Table 1) 
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Figure 5. (a) Measured (symbols) and simulated (lines) system efficiency of an STPV system 

for different absorber/emitter pairs. The solid lines are modeled for irradiation at normal 

incidence, the dashed lines for the wide-angle incidence limit. (b) Total calculated optical 

conversion efficiency for different absorbers and PhC emitter for normal incidence, and PV 

cell efficiency (dashed-dotted). (c) Analysis of calculated losses as % of input power for the 

STPV system at 1300 K and normal incidence with the selective PhC absorber and emitter. 
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Table 1. Optimized parameters of the PhC absorbers and emitter for different operating 

conditions, and solar absorptivity  ̅, thermal emissivity   ̅and thermal transfer efficiency ηT 

for the absorber and spectral efficiency ηsp for emitter, respectively, at these operating 

conditions. 

absorber type operating 

conditions 

r 

[µm] 

a 

[µm] 

d 

[µm] 

 ̅ 
 

  ̅ ηT 

ideal cut-off absorber
 a)

   1000 K 

100 suns 
- - - 0.956 

 
0.039 0.931 

blackbody  1000 K 

100 suns 

- - - 1 1 0.433 

flat Ta  1000 K 

100 suns 

- - - 0.379 0.139 0.300 

2D PhC 1000 K 

100 suns 
0.34 0.78 8.0 0.810 0.256 0.664 

2D PhC uncoated 1300 K 

STPV 

0.28 0.66 4.6 0.797 0.269 0.471 

2D PhC coated  

(40 nm HfO2)  

1300 K 

STPV 

0.24 0.66 4.6 0.864 0.262 0.517 

PhC emitter, coated  

(35 nm HfO2) 
1300 K 0.53 1.28 7.0 - 0.358 0.471

b) 

a)
 λcut-off = 1.8 µm 

b)
 for the emitter: ηsp for  λPV = 2.3 µm at 1300 K, as defined in Equation 7 
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