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Abstract  —  The spectral response of thermophotovoltaic 

(TPV) absorber is a key factor for TPV system efficiency. We 
have shown that the planar TPV emitters can be realized by 
using thin-metal-dielectric stacking (IEEE Photonics J. 8, 
1300109, 2016). In this paper, we provide a new structure 
composed of alternating dielectric and deep-sub-skin-depth 
(DSSD) metal layers for TPV selective absorbers. The RCWA 
calculation and the Fourier transform infrared (FTIR) 
measurement of tantalum (Ta) based planar absorber shows a 
high absorbance below the cut-off wavelength (λ<λc) and a 
suppressed absorbance beyond the cut-off wavelength (λ>λc). 

Index Terms — thermophotovoltaics, spectral absorption, 
surface roughness, photonics. 

I. INTRODUCTION 

Theoretically, the efficiency of a single junction solar cell 
has an upper limit, so-called Shockley-Queisser limit, which is 
~40% under fully concentrated solar radiation and ~30% 
under one sun condition [1]. The thermophotovoltaic (TPV) 
systems possess the potential to be more efficient than 
conventional photovoltaics (PV) and the potential to exceed 
the Shockley-Queisser limit [2]–[4]. In the last two decades, 
significant progress has been made in order to realize 
enhanced efficient, close-to-unity absorbance, steep cutoff and 
wavelength scalable thermophotovoltaic systems [4]–[13]. 

In our recent publication [14], we show that a planar nearly-
ideal TPV emitter can be realized by ultrathin-metal-dielectric 
stacking with aperiodic dielectric filtering. Here, we further 
propose an all-planar absorber structure consisting of 
alternating dielectric and deep-sub-skin-depth (DSSD) metal 
layers. The adjustment of the dielectric thickness leads to 
perfect wavelength scalability, which can fit a specific TPV 
system operation temperature requirement. The spectral 
absorbance shows this designed absorber has a close-to-unity 
absorbance in the absorption band, a steep cut-off, and a 
suppressed absorbance in the long-wavelength regime that can 
eliminate the thermal re-emission loss and thus achieves an 
idealized design. Moreover, the angular spectral response and 
its polarization dependence are also shown to demonstrate its 
decent omnidirectionality. Finally, we conduct a preliminary 
experimental effort, and the fully planar design leads to simple 
device processing and the scalability to large-area TPV 
absorber arrays at relatively lower cost. 

II. METHOD AND PROBLEM SET-UP  

The ideal TPV selective absorption spectrum is shown in 
Fig. 1. For an ideal TPV absorber, the cut-off of absorption is 
needed to suppress the long wavelength infrared re-emission. 
The re-emission is detrimental to the TPV operation since the 
thermal radiation should leave from the emitter side. Fig. 1 
demonstrates the basic operation principle behind the 
proposed deep-sub-skin-depth (DSSD) metal design. The 
photons with wavelength locating at the absorption band are 
penetrating the DSSD metal films, leading to gradual power 
dissipation in the successive metal films and the perfect 
absorption in the entire absorber structure. The ultrathin metal 
dimension is the key for the perfect absorption since the 
DSSD metal films minimize the phase difference between the 
reflected rays of different orders at a single metallic film. In 
this work, the structure we proposed consisting of alternating 
dielectric and ultrathin refractory metal layers, as illustrated in 
Fig. 1 with physical dimension labeled, (tDielecric, tMetal). The 
material refractive indices (n) and extinction coefficients (k)  
are from Rsoft material database [15]. The rigorously coupled 
wave analysis (RCWA) using DiffractmodTM is used to design 
the spectral reflectance (R), transmittance (T), and absorbance 
(A) of the planar ultrathin-metal TPV selective absorber. 
 

 
 

Fig. 1.  Illustration of (left) the ideal thermophotovotalic (TPV) 
selective absorption spectrum with cut-off and (right) The dimension 
of the proposed deep-sub-skin-depth (DSSD) ultrathin refractory 
metal TPV absorber. tDielectric and tMetal are the only two dimension 
parameters in this simple design. The photons in the absorption band 
can be dissipated fully by the successively stacked ultrathin metal 
films. The photons in the suppressed band are reflected back due to 
the equivalent bulk property of Ta. 



 

III. THEORETICAL RESULT USING COUPLED-WAVE ANALYSIS 

The high absorbance value below λc, the low absorbance 
value above λc, and a sharp cut-off at λc are all observed in our 
design. It is quite surprising that such a simple planar multi-
layer design can achieve this degree of perfection, comparable 
to many state-of-the-art nanostructured TPV absorbers in 
literature [4], [16]–[18]. This reflects the versatility and 
usefulness of employing DSSD ultrathin metal films, which 
provides a new way of controlling photon interference, 
dissipation, and penetration. The potential of using field 
penetration in metallic films may not have been fully explored 
in photonics and optoelectronics based on our literature 
review. Fig. 2 shows the spectral responses for the proposed 
TPV absorbers. 

 

 
 
Fig. 2.   (a) The spectral absorbance of different DSSD-
metal/dielectric combinations, including Ta/SiO2, W/SiO2, and 
Rh/SiO2. The metallic layer thickness (tMetal) for W, Rh, and Ta 
layers are 2nm. The dielectric spacer thickness is 50nm for the Ta 
absorber, 40nm for the W absorber, and 80nm for the Rh absorber. 
16 pairs (16X) of alternating dielectric-DSSD metal are stacked.  (b) 
The wavelength scalability of Ta absorbers. tMetal is 2nm and tDielectric 
is 40nm. 16 pairs (16X) of Ta-SiO2 are used. 
 

Fig. 3 shows the angled spectral response for the Ta/SiO2 
configuration. The Ta ultrathin metal thickness is chosen as 
2nm. Transverse electric (TE) and transverse magnetic (TM) 
polarization results are shown. It can be seen that the desired 
selective spectral absorbance can be sustained until 60° where 
the close-to-unity absorption still exists at large incident 
angles, and the cut-off in the spectral absorbance is not 
deteriorated. Moreover, even at 80° incidence, 70% 
absorption is still achievable. The broad absorption band 
exists for both TE and TM polarizations, and thus, a 
polarization-independent, omnidirectional, broadband 
selective thermal absorber is proposed. 

 

 
 
Fig.  3.  The spectral response at different incident angles for 
Ta/SiO2 configuration for (a) TE polarization (b) TM polarization. 
Ta thickness (tMetal) is 2nm, SiO2 (tDielectric) is 50nm. 16 pairs of Ta-
SiO2 are used. 

IV. EXPERIMENT 

Beside the theoretical calculations, a preliminary 
experiment is also progressed to demonstrate the concept of 
ultrathin DSSD metal TPV absorbers. The tungsten oxide 
(WO3), hafnium dioxide (HfO2), silicon dioxide (SiO2) are 
selected as the dielectric materials. Tantalum (Ta) is chosen as 
the ultrathin metal layers. Firstly, we deposited 200nm Ta as 
the bottom metallic plate. Afterward, we deposited alternating 
dielectric and ultra-thin metal layers. The deposition of Ta, 
HfO2, and WO3 are done with a ULVAC ENTRON sputter. 
The deposition of SiO2 is done with Oxford plasma enhanced 
chemical vapor deposition (PECVD). The fabrication of this 
designed planar absorber eliminates lithography or reactive 
ion etching (RIE) process of any kinds. The surface roughness 
and thickness uniformity of ultrathin sputtered 2nm and 5nm 
Ta films are improved over electron-gun (e-gun) evaporated 
films, but still not comparable to techniques such as atomic 
layer deposition or molecular beam epitaxy. The most 
important effect associated with the surface roughness is the 
photonic light trapping. In fact, as far as the proposed design 
of a selective thermal absorber is concerned, the light trapping 
effect is not always adverse. The light trapping due to surface 
roughness primarily leads to the effect of increased 
absorbance at all wavelength regimes. In the absorption band 
below cut-off wavelength (λc), the increased absorption is 
desired, especially in the case where fewer stacking pairs are 
used. 

Fig. 4 shows the UV-VIS-NIR spectral response of 
Ta/HfO2, Ta/WO3, and Ta/SiO2 configuration. We can see 
that the experimental results agree with the calculated ones in 
that the perfect absorption band exists, and a cut-off and 
suppressed absorbance are also observed at long wavelength. 

 



 

 
 

Fig.  4.  The measured selective absorption spectrum for the deep-
sub-skin-depth (DSSD) metal absorbers. The dielectrics selected 
include HfO2, SiO2, and WO3. The layer thicknesses of the 
dielectrics and Ta are specified in the legend. DSSD dimension of 
2nm Ta films are deposited. Supplementary 5nm Ta samples are also 
fabricated for comparison. 5nm Ta films are less preferred due to the 
fact that in theory, the field penetration and perfect absorption 
phenomenon can be degraded with increased Ta thickness. 
Nonetheless, the 5nm Ta film has better thickness uniformity if 
sputtering is the deposition method used. Four pairs (4X) of 2nm-Ta-
dielectric are in theory not sufficient for perfect absorption using 
DSSD metal films. The light trapping effect due to the surface 
roughness increases the absorbance at the absorption band but also 
enhances the absorbance in the rejection band. 
 

Fig. 5 shows the Bruker IFS66V/S Fourier transform 
infrared spectroscopy (FTIR) measurement from λ=1.26μm to 
λ=10μm, which supplements the UV-VIS-NIR result at IR 
regimes. The accuracy of U-4100 at λ>2000nm is not as 
decent as the FTIR machine, and therefore the absorbance 
value at the suppression band should be referred to Fig. 5 for a 
more accurate assessment. In theory, the suppressed 
absorption at the rejection band can be as low as 0.1 while the 
measured long wavelength absorbance is ~0.3 evident from 
Fig. 5. As we mentioned in the previous paragraph, the 
increased absorbance at the rejection band is mainly due to the 
surface roughness associated with each deposition layers 
including the ultrathin metal and the dielectric. To further 
decrease the absorption at rejection band, a uniform film is 
necessary by other more elaborate techniques or a polished Ta 
substrate as in literature [17]–[18]. It is also worth to point out 
that the spectral characteristics realized here are comparable to 
many state-of-the-art TPV absorbers in literature [17]–[19], 
even in terms of the suppressed long wavelength absorption. 
 

 
 
Fig.  5.  (a) The Fourier transform infrared (FTIR) spectroscopy for 
the Ta-WO3 sample. Ta thickness is 2nm and WO3 thickness is 30nm. 
(b) The FTIR measurement of a blanket Ta bottom plate is also 
shown for comparison. 

V. CONCLUSION 

Here, we propose a novel one-dimensionally (1D) stacked 
thermophotovoltaic absorber, composed of alternating 
dielectric and extremely thin metallic layers. The metal we 
mainly selected is Ta, and the dielectric chosen is HfO2, SiO2, 
and WO3 in the initial experiment effort. Through the 
eigenmode expansion calculation, the proposed thermal 
absorber indeed has close-to-unity absorbance below the cut-
off wavelength (λ<λc) and a suppressed absorbance beyond 
the (λ>λc), with decent wavelength scalability covering entire 
VIS-NIR spectrum. The steep cut-off in its spectral 
absorbance and a suppressed absorption in long wavelength 
regime are promising for a reduced re-emission loss in typical 
TPV systems. Finally, initial experiment effort is carried out 
to fulfill the novel idea of planar, deep-sub-skin-depth, 
omnidirectional broadband selective absorbers. The structures 
we implement are Ta-based 1D stacking with different 
dielectrics. The spectral measurement of fabricated TPV 
absorber samples shows agreement with the calculated results 
and also proves the feasibility of our design. A measured high 
absorption exists in the absorption band, and a suppressed 
spectral absorption is observed in the suppression band. The 
further improvement in the fabrication can be the film 
thickness uniformity control at ultrathin metal thickness and 
the surface roughness reduction. We believe the proposed 
design is not only useful for thermophotovoltaics but also 
promising for any advanced thermal absorption-emission 
applications requiring spectral control and shaping. 
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