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1. Introduction 

Thermophotovoltaic (TPV) power generation has recently attracted considerable attention as a 

means to use waste heat [1-4]. In order to improve the efficiency of TPV power generation, it is 

necessary to develop thermal emitters that selectively emit infrared (IR) photons having 

energies that match those of the bandgaps of photovoltaic (PV) devices; these devices then 

convert the IR photons to electricity.  

Makino and Wakabayashi [5] have successfully developed simple selective emitters based on a 

combination of NiO thin films and a Ni substrate; the emittance of the developed emitters in the 

IR region reaches up to 0.7. Although this value is much larger than the emittance of uncoated 

Ni, there is scope for obtaining an increase of approximately 0.3. In this study, we have 

developed efficient emitters having an emittance of nearly 1 at the designed wavelength by 

using a β-FeSi2 thin film/stainless steel substrate system. 

 

2. Antireflection (AR) coatings for metals 

According to Kirchhoff’s law on thermal radiation, the spectral emittance of a surface is equal 

to its spectral absorbance at thermal equilibrium. For a thin film system fabricated on an opaque 

substrate, emittance ε is described as 

 

ε =1− R ,    (1) 

 

where R is the reflectance. An ideal emitter emits only those photons whose energies equal that 

of the bandgap of the PV device, which is usually in the IR region. Thus, a highly efficient 

selective emitter has a reflectance spectrum with the minimum at the wavelength corresponding 

to the bandgap of the PV device, and it exhibits higher reflectance at other wavelengths. Such 

reflectance spectrum can be achieved by depositing interference AR coatings on highly 

reflective metal substrates. However, the application of AR coatings to metals has not been 

investigated intensively. In this section, we discuss the AR conditions for a simple system 

consisting of dielectric thin film/metal substrate. 
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Fig. 1 indicates the reflectance spectra at normal incidence RNN for dielectric thin films 

deposited on a metal substrate. In the spectral calculations, the refractive index n of the thin film 

was varied between 2 and 6, and the optical constants of the substrate were assumed to be 

identical to those of the SUS304 stainless steel substrate [6]. The thickness of the dielectric 

films was tuned such that the reflectance attains a minimum at a wavelength of λ = 2 μm. 

Clearly, the reflectance for n = 5 at λ = 2 μm is the lowest of the four calculated spectra. In 

addition, the reflectance at shorter or longer wavelength region is kept at high values. Although 

the refractive indices of most of the conventional optical materials are lower than 2.5, a few 

semiconductors have higher refractive indices in the IR region. The refractive index of β-FeSi2, 

which is approximately 5 in the IR region, is particularly high [7]. High refractive index 

materials such as β-FeSi2 are considered to be appropriate for the AR coating of metals. 

However, thus far, there have been no reports on AR β-FeSi2 coatings. Thus, we attempt to 

develop interference AR coatings made of β-FeSi2 in order to realize spectrally selective 

infrared emitters with high efficiency.  

 

3. Experiment 

Thin films of FeSi2 were deposited by DC magnetron sputtering onto a polished SUS304 

substrate. The base pressure in the deposition chamber was about 5 × 10-4 Pa. The films were 

deposited in an Ar pressure of 6 × 10-1 Pa at a discharge voltage of 500 V and a discharge 

current of 20–40 mA. The substrate temperature during deposition was kept constant between 

room temperature (RT) and 700 K. The crystal structure of the films was analyzed by X-ray 

 
Fig. 1 Calculated RNN spectra of thin films fabricated on SUS304 substrates for n = 2–6. 
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diffraction. The fabrication conditions of samples are listed in Table 1. The reflectance spectra 

of the specular reflection at an angle of incidence of 15°, R15°(-15°), were measured at RT and 700 

K in air to evaluate the performance of the emitters. 

 

4. Results and discussion 

Fig. 2 shows the XRD patterns of samples D, H, and the SUS304 substrate. In the XRD pattern 

of sample H, we observe two peaks at 2θ = 29.12° and 49.40°, which correspond to the 

(202)/(220) and (422) diffractions of β-FeSi2 [8], respectively, whereas no peaks other than 

those observed in the XRD pattern of the SUS304 substrate are observed in case of sample D. 

Table 1 List of samples. 
ID Thickness (nm) Substrate temperature 

A 60 RT 

B 99 RT 

C 155 RT 

D 229 RT 

E 48 700 K 

F 101 700 K 

G 146 700 K 

H 225 700 K 

 
Fig. 2 XRD patterns of samples H (fabricated at 700K), D (fabricated at RT), and SUS304 

substrate. 
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We confirmed that the diffraction peaks due to β-FeSi2 are observed for the samples whose 

substrate temperatures exceeded 700 K.  

The reflectance spectra of samples A–G are shown in Fig. 3. Although all the samples show 

minimum reflectance in the IR region, the reflectance of the samples fabricated at RT (samples 

A–C) are always higher than 0.3. This is due to the fact that the crystallographic structures of 

samples A–C are not β-FeSi2 but amorphous, and therefore, the refractive index of the films is 

likely to be much different from that of β-FeSi2. On the other hand, the reflectance spectra of 

samples fabricated at 700 K (samples E–G) contain thin films of β-FeSi2 and show a deep 

minimum (0.142 for E, 0.077 for F, and 0.026 for G). Thus, the AR coating for metals is 

successfully realized by using β-FeSi2 thin films.  

In order to utilize for IR emitters for TPV generation, the AR characteristics in the IR region are 

required to be maintained at high temperatures in air. Fig. 4 indicates the reflectance spectra of 

sample G measured at RT and 700 K. No significant difference is found between these spectra. 

In addition, we confirmed that the reflectance spectra at 700 K are quite stable for more than 15 

min. Therefore, metals with AR coatings of β-FeSi2 can be effectively used in IR emitters 

employed for TPV power generation. 

 

 

 
Fig. 3 Reflectance R15°(-15°) spectra of samples E–G (fabricated at 700 K) and samples A–C 

(fabricated at RT) measured at RT in air. 
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5. Conclusion 

We investigated spectrally selective IR emitters that can be utilized for TPV power generation 

by using a high refractive index material such as β-FeSi2. The interference AR coating for 

SUS304 was successfully realized by using a β-FeSi2 thin film. In addition, samples with 

β-FeSi2 AR coatings were stable at 700 K. Therefore, we concluded that the β-FeSi2/SUS304 

system is effective for IR emitters that follow Kirchhoff’s law on thermal radiation. 

 

Acknowledgments 

We acknowledge Yasuyuki Kaneko and Professor Yoshihito Maeda of Kyoto University for 

useful discussions. This work was supported by JFE 21st Century Foundation. 

 

References 

[1] H. Sai, H. Yugami, K. Nakamura, N. Nakagawa, H. Ohtsubo, and S. Maruyama, 

"Selective emission of Al2O3/Er3Al5O12 eutectic composite for thermophotovoltaic 

generation of electricity," Jpn. J. Appl. Phys. 39 (4A), 1957-1961 (2000). 

[2] R. G. Mahorter, B. Wernsman, R. M. Thomas, and R. R. Siergiej, "Thermophotovoltaic 

system testing," Semicond. Sci. Technol. 18 (5), S232-S238 (2003). 

 
Fig. 4 Reflectance R15°(-15°) spectra of sample G (fabricated at 700 K) measured at RT and 700 

K in air. 



 
－ 152 － 

[3] A. Licciulli, D. Diso, G. Torsello, S. Tundo, A. Maffezzoli, M. Lomascolo, and M. 

Mazzer, "The challenge of high-performance selective emitters for thermophotovoltaic 

applications," Semicond. Sci. Technol. 18 (5), S174-S183 (2003). 

[4] S. Basu, Y. B. Chen, and Z. M. Zhang, "Microscale radiation in thermophotovoltaic 

devices - A review," Int. J. Energy Res. 31 (6-7), 689-716 (2007). 

[5] T. Makino and H. Wakabayashi, "Development of a Functional Surface for Emitting 

Spectrally-Selective Thermal Radiation  [in Japanese]," Trans. Jpn. Soc. Mech. Eng. B 

72 (723), 2741-2746 (2006). 

[6] T. Makino, "Present research on thermal radiation properties and characteristics of 

materials," Int. J. Thermophysics 11 (2), 339-352 (1990). 

[7] H. Udono, I. Kikuma, H. Tajima, and K. Takarabe, "Polarized optical reflection study 

on single crystalline β-FeSi2," J. Mater. Sci.: Mater. Electron. 18 (0), 65-69 (2007). 

[8] Y. Dusausoy, J. Protas, R. Wandji, and B. Roques, "Structure Cristalline du Disiliciure 

de fer, FeSi2," Acta Cryst. B 27, 1209-1218 (1971). 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF00570069006e0064006f0077007330b030eb30fc30d7000d004f0066006600690063006530c730fc30bf21920050004400464f5c6210300153705237752830b830e730d630aa30d730b730e730f3ff0800540046300100410044002d003500310030300130c730b830d430f3300130aa30f330c730de30f330c9ff09>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


