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Two-dimensional surface-relief gratings with a period of 1.0–0.2mm composed of rectangular
microcavities were fabricated on single crystalline W substrates to develop spectrally selective
radiators for thermophotovoltaic generation. The radiators displayed strong emission in the
near-infrared region where narrow-band-gap photovoltaic cells could convert photons into
electricity. The enhancement of thermal emission was attributed to the microcavity effect. Power
generation tests were carried out and the W gratings showed more than two times higher generation
efficiency, compared to a SiC radiator. The results showed that the microstructured W radiators
behave as good selective radiator, with both high efficiency and high power density. ©2004
American Institute of Physics. [DOI: 10.1063/1.1807031]

Thermophotovoltaic(TPV) generation has attracted at-
tention as a new endeavor in the photovoltaic(PV) and ther-
mal engineering fields.1 In TPV systems, thermal radiation
from a radiator is converted into electricity using PV cells. A
key issue in developing high-performance TPV generators is
the spectral matching between the radiator’s thermal radia-
tion spectrum and the PV cell’s spectral response, which usu-
ally lies between the visible and the near-infrared(NIR) re-
gions. For this purpose, spectrally selective radiators, whose
emissivity is high only in the PV cell’s sensitive region and
low outside it, have been studied by many researchers.2

Recently, it has been demonstrated by several groups
that the thermal radiation’s spectral feature can be controlled
by surface gratings or photonic crystals.3–8 They have uti-
lized several interactions between thermal radiation and
modulated surfaces such as surface plasmon polarit-
ons,3,4 surface phonon polaritons,5 the microcavity effect,4,6,7

and photonic band gaps.8 Our group has reported that two-
dimensional(2D) tungsten(W) gratings composed of micro-
cavities can behave as selective radiators for TPV applica-
tions due to the cut-off effect of microcavities.7

Microstructured selective radiators have potential advantages
such as adjustability of spectral design and adaptability to
various materials, and therefore further progress is expected.
In this study, TPV generation tests are carried out with mi-
crostructured W selective radiators with different structural
parameters.

Maruyama et al. proposed that peak wavelengths on
thermal emission spectra from microcavities with an aperture
are given by6

llmn =
2

Îsl/Lxd2 + sm/Lyd2 + sn/2Lzd2
,

where l, m, and n are integers( l, m=0,1,2, . . . andn
=0,1,3,5, . . .) and Lx3Ly3Lz denotes the size of micro-
cavities (Lx3Ly is the aperture size). At most one of the
integers can be zero. The maximum value ofllmn is called

the cut-off wavelength,lc. Only photons with wavelengths
of l,lc can exist inside microcavities, and hence an in-
crease of emissivity is expected in that region. The optimum
spectral feature of radiators is dependent on the kind of ref-
erence TPV cell. In this study we have tried to develop a
selective radiator for GaSb, which is one of the typical TPV
cells operating in the wavelength region from 0.8 to 1.8mm.

Selective radiators with 2D surface gratings were fabri-
cated on single crystalline W substrates by means of the
electron beam(EB) lithography and fast atom beam etching
techniques as described in the previous report.7 The struc-
tural parameters of the samples are listed in Table I. Sincelc
of our samples is ranged from 1.6 to 1.9mm, emissivity
increase is expected in that region. The grating area is lim-
ited to aboutf=1 mm because of the drawing speed of the
EB lithography system used in this study.

Figure 1 shows a scanning electron micrograph and the
reflectivity spectra of the samples measured with a diffuse
reflection geometry which can collect the reflected ray to
within about ±20° from the center angle(PIKE, easidiff). It
is confirmed in the micrograph that rectangular microcavities
are formed in symmetry to thex and y directions on W
surfaces. As plotted in Fig. 1, reflectivity of all the gratings
decreases drastically forl,2.0 mm, keeping high reflectiv-
ity at longerl. Multiple local minima are also observed on
the spectra, and they shift with deepening or widening mi-
crocavities. This reveals that these reflectivity minima origi-
nate from the microcavity effect.

Figure 2 shows the schematic diagram of the emission
measurement system used in this study. Thermal emission
spectra from heated samples are measured by a Fourier trans-
form infrared spectrometer(Perkin Elmer, GX2000). During
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TABLE I. Structural parameters of the W gratings.

Sample Periodsmmd Aperturesmmd Depth smmd

A 1.0 0.8 0.7
B 1.2 0.9 0.63
C 1.2 0.95 0.78
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heating samples, Ar gas with 5% H2 is passed through the
heater casing to prevent oxidation. Sample temperatureT is
measured with a radiation thermometer. In the case of W
gratings whose emissivity is unknown,T is determined by
measuringT of the flat part around the grating. For TPV
generation tests, we use an InGaAs photodiode(Hamamatsu
photonics K.K., G8370-03) with the sensitive region of
0.9–1.7mm and the size off=0.3 mm as a TPV cell. After
measuring emission spectra, the InGaAs diode is inserted in
the optical path and I–V characteristics are measured. Ther-
mal durability of such microstructures is quite important for
practical applications under a high-temperature environment.
We did not observe any degradation of the microstructured
radiators throughout the experiments up to 1400 K. For
much higher temperatures, Schlemmeret al.9 reported that
surface coating with thermally stable oxides such as HfO2 is
effective in preventing the thermal deformation of surface
microstructures.10 This is also applicable to our radiators,
although they have no coatings in this study.

Figure 3 shows the spectral directional emissivity in the
normal direction«ln8 for the samples measured at highT
together with data for flat W taken from the literature.10 «ln8
of all the samples increases drastically forl,2.0 mm; clear
emission peaks are observed on the spectra at 1.22mm for
sample A, at 1.48mm for sample B, and at 1.56mm for
sample C. These spectral properties correspond to those of
the spectral reflectivity shown in Fig. 1, but the peak posi-
tions are shifted to shorter wavelengths. A maximum emis-
sivity of over 0.8 is obtained for all the samples. These re-
sults showed that the W gratings behave as spectrally

selective radiators for TPV applications and can control their
spectral feature by adjusting the cavity shape. On the other
hand, the measured«ln8 in the infrared region is somewhat
higher than that expected from the reflectivity shown in Fig.
1. Based on Drude theory, increasingT causes the reduction
of the electron relaxation timet in metals and results in the
increase of«ln8 .11 It is also expected that reducingt increases
the skin depth of metals, and hence the confinement modes
in microcavities will spread across a large wavelength range.
Taking these matters into consideration, it is expected that
the spectral property of the W gratings as a selective radiator
becomes worse at highT.

The performance of selective radiators is usually evalu-
ated with selective emission efficiencyhSE, which is defined
by the ratio of the emissive power radiated in the convertible
region of the reference PV cell to the total emissive power.
Figure 4 showshSE of the W gratings and flat W as functions
of T. In this figure, the region is set to 0.9–1.7mm, where
the InGaAs photodiode is sensitive. In the calculation ofhSE,
spectral emissive power outside the measurable region
s1.0–6.0mmd is extrapolated. The W gratings display a sig-
nificant increase ofhSE compared with a graybody radiator
such as SiC, due to the emissivity increase in the NIR region.
The degree ofhSE increase is larger than that of other con-
ventional selective radiators like rare earth materials.

FIG. 1. Spectral reflectivity of the W gratings and flat W at the incident
angle of 30° measured with a diffuse reflection geometry at room tempera-
ture. The incident beam is randomly polarized. The downward arrows de-
note lc for the three gratings. The inset shows a scanning electron micro-
graph of sample C.

FIG. 2. Schematic diagram showing the apparatus for the emission measure-
ment and TPV generation demonstration.

FIG. 3. Spectral emissivity of the W gratings and a flat W at the normal
direction. Solid line with circles represents an emissivity spectrum reported
in the literature Ref. 10.

FIG. 4. Selective emission efficiency of the W gratings, flat W, and SiC for
l=0.9–1.7mm as functions of radiator temperature.
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Figure 5 shows the maximum output powerPmax ob-
tained by TPV generation tests as functions ofT. A suffi-
ciently large fill factor of over 0.7 was observed for all data,
while only a smallPmax smW,mWd was obtained, mainly
due to the small area of the photodiode and radiators, and the
large distance between them. For all radiators,Pmax increases
rapidly with increasingT since total emissive power is gen-
erally proportional toT.4 Sample B gives largerPmax than a
flat W radiator because of its higher emissivity in the NIR
region. However, SiC, which is a typical broad-band radiator
with an emissivity of 0.9, gives the maximumPmax among
the three radiators at a constant temperature.

The most important parameter in TPV systems is the
input energy-to-electricity efficiency. In this study, however,
it was difficult to determine the amount of input power
which was used to heat samples because their size is much
smaller than that of the heater. At highT over 1000 K, ther-
mal radiation is dominant when compared with thermal con-
duction and convection. Thereby it can be supposed that the
input thermal energy to heat a radiator is approximately pro-
portional to the emissive energy from its surface. In Fig. 6,
Pmax is replotted as functions of the total emissive power
incident on the diode, EPtotal. Sample B reaches higherT and
gives much largerPmax than SiC at constant EPtotal because
of its spectral selectivity. The ratio ofPmax to EPtotal, namely,
the slope in Fig. 6 gives a relative evaluation of the conver-
sion efficiency from the input energy to electricity. The fig-
ure shows that sample B will achieve two times or much
higher efficiency than SiC.

Sample B emits about 20 kW/m2 in l=0.9–1.7mm at
1400 K. Assuming the radiator-to-cell view factor of 0.7 and
the PV cell’s efficiency of 0.5 in that region, we can develop
a 100 W TPV generator with microstructured W radiators
with an area of 140 cm2. The area is reduced to 110 cm2 for
the same system with a SiC radiator, but it needs about three
times larger input energy to keepT. In other words, W grat-
ings can provide higherT and larger output power under the
same input energy.

In summary, the spectral properties of W were success-
fully controlled based on the microcavity effect introduced
by 2D W surface gratings composed of microcavities. It was
confirmed experimentally that the W selective radiators have
advantages for high-power and high-efficiency TPV systems.
The studies on fabrication processes for large area devices
will be the next target. From this point of view, 2D surface
gratings are more suitable than three-dimensional photonic
crystals.9 Spectral control by surface gratings can be applied
to various energy conversion systems at a wide range of
temperatures, such as incandescent lamps, solar absorbers,
thermo-chemical engineering, and radiation cooling. Further
studies will lead to developing practical devices for these
applications.
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FIG. 5. Pmax of the InGaAs photodiode radiated by several radiators as
functions of radiator temperatures.

FIG. 6. Pmax of the InGaAs photodiode radiated by several radiators as
functions of the total incident emissive power, EPtotal. The numbers beside
the symbols denote radiator temperatures.
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