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Thermophotovoltaic generation with selective radiators based on tungsten
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Hitoshi Sai®
Toyota Technological Institute, Hisakata 2-12-1 Tempaku-ku Nagoya, 468-8511, Japan

Hiroo Yugami
Graduate School of Engineering, Tohoku University, Aoba0l1 Aramaki Aoba-ku Sendai, 980-8579, Japan

(Received 17 March 2004; accepted 25 August 2004

Two-dimensional surface-relief gratings with a period of 1.0—@2 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 densi90®
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Thermophotovoltaiq TPV) generation has attracted at- the cut-off wavelength).. Only photons with wavelengths
tention as a new endeavor in the photovoli@¥) and ther- of A<\, can exist inside microcavities, and hence an in-
mal engineering fields.In TPV systems, thermal radiation crease of emissivity is expected in that region. The optimum
from a radiator is converted into electricity using PV cells. A spectral feature of radiators is dependent on the kind of ref-
key issue in developing high-performance TPV generators ierence TPV cell. In this study we have tried to develop a
the spectral matching between the radiator’s thermal radiaselective radiator for GaSh, which is one of the typical TPV
tion spectrum and the PV cell’s spectral response, which usieells operating in the wavelength region from 0.8 to Ar8.
ally lies between the visible and the near-infra(@dR) re- Selective radiators with 2D surface gratings were fabri-
gions. For this purpose, spectrally selective radiators, whoseated on single crystalline W substrates by means of the
emissivity is high only in the PV cell's sensitive region and electron bean{EB) lithography and fast atom beam etching
low outside it, have been studied by many researchers. techniques as described in the previous rebd’rme struc-

Recently, it has been demonstrated by several groupsiral parameters of the samples are listed in Table I. Sigce
that the thermal radiation’s spectral feature can be controlledf our samples is ranged from 1.6 to u®n, emissivity
by surface gratings or photonic crystéTé.They have uti- increase is expected in that region. The grating area is lim-
lized several interactions between thermal radiation andted to about$p=1 mm because of the drawing speed of the
modulated surfaces such as surface plasmon é)olariEB lithography system used in this study.
ons>* surface phonon polaritor?sthe microcavity effect;®”’ Figure 1 shows a scanning electron micrograph and the
and photonic band gaﬁsOur group has reported that two- reflectivity spectra of the samples measured with a diffuse
dimensional2D) tungsten(W) gratings composed of micro- reflection geometry which can collect the reflected ray to
cavities can behave as selective radiators for TPV applicawithin about £20° from the center anglPIKE, easidiff. It
tions due to the cut-off effect of microcavities. is confirmed in the micrograph that rectangular microcavities
Microstructured selective radiators have potential advantagesre formed in symmetry to th& and y directions on W
such as adjustability of spectral design and adaptability tsurfaces. As plotted in Fig. 1, reflectivity of all the gratings
various materials, and therefore further progress is expectedecreases drastically far<2.0 um, keeping high reflectiv-

In this study, TPV generation tests are carried out with mi-ity at longer\. Multiple local minima are also observed on
crostructured W selective radiators with different structuralthe spectra, and they shift with deepening or widening mi-
parameters. crocavities. This reveals that these reflectivity minima origi-

Maruyamaet al. proposed that peak wavelengths onnate from the microcavity effect.
thermal emission spectra from microcavities with an aperture  Figure 2 shows the schematic diagram of the emission

are given bf’/ measurement system used in this study. Thermal emission
spectra from heated samples are measured by a Fourier trans-
\ 2 form infrared spectrometégPerkin Elmer, GX200p During
Imn

TG+ (MIL)2 + (/2L,)?'

. TABLE I. Structural parameters of the W gratings.
where |, m, and n are integers( I, m=0,1,2,... andn

=0,1,3,5,..) and L, XLy XL, denotes the size of micro- sample Period um) Aperture (m) Depth (m)
cavities (L, X L, is the aperture size At most one of the
integers can be zero. The maximum value\gf, is called A 1.0 08 0.7
B 1.2 0.9 0.63
C 1.2 0.95 0.78
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FIG. 1. Spectral reflectivity of the W gratings and flat W at the incident Wavelength [um]

angle of 30° measured with a diffuse reflection geometry at room tempera-

ture. The incident beam is randomly polarized. The downward arrows deFIG. 3. Spectral emissivity of the W gratings and a flat W at the normal
note \. for the three gratings. The inset shows a scanning electron microgirection. Solid line with circles represents an emissivity spectrum reported
graph of sample C. in the literature Ref. 10.

heating samples, Ar gas with 5%;lis passed through the selective radiators for TPV applications and can control their
heater casing to prevent oxidation. Sample temperafiise  spectral feature by adjusting the cavity shape. On the other
measured with a radiation thermometer. In the case of Wyand, the measuresf . in the infrared region is somewhat
gratings whose emissivity is unknow, is determined by higher than that expected from the reflectivity shown in Fig.
measuringT of the flat part around the grating. For TPV 1 Based on Drude theory, increasifigauses the reduction
generation tests, we use an InGaAs photodigtemamatsu  of the electron relaxation time in metals and results in the
photonics K.K., G8370-08with the sensitive region of jycrease ot/ !t is also expected that reducingncreases
0.9-1.7um and the size of=0.3 mm as a TPV cell. After hq gkin depth of metals, and hence the confinement modes
measuring emission spectra, the InGaAs diode is inserted ify microcavities will spread across a large wavelength range.
the optical path and I-V characteristics are measured. Thefraying these matters into consideration, it is expected that

mal durability of such microstructures is quite important for v, o snectral property of the W gratings as a selective radiator
practical applications under a high-temperature envwonmen&eCOmeS worse at high

Wg.dt'd notthobserzveta?g degrad_atlontof thetmlirfosérL}J(ctuFre The performance of selective radiators is usually evalu-
radiators throughout theé experiments up 1o - FOhted with selective emission efficieneyg, which is defined

: 9
rsTLL:fcahcgIggstrirfemﬁr?ﬁléﬁa|Scsﬁbeen$%|ésrgﬁgﬁtZiﬂg by the ratio of the emissive power radiated in the convertible
9 y region of the reference PV cell to the total emissive power.

e T o o s Figre 4 shows f the W graings and T s o
althouah the héve o coatin SF:E this stud " of T. In this figure, the region is set to 0.9—1um, where
19 y gs In this Yoo the InGaAs photodiode is sensitive. In the calculatiomgf,
Figure 3 shows the spectral directional emissivity in the . . .
normal directione,,, for the samples measured at high spectral EMISSIVE 'power outside the 'measgrable region
) An : b (1.0—6.0um) is extrapolated. The W gratings display a sig-
together with data for flat W taken from the literatdfe:; o . . :
of all the samples increases drastically ko 2.0 um; clear nificant increase ofyse compared with a graybody radiator
- ; ' h as SiC, due to the emissivity increase in the NIR region.
emission peaks are observed on the spectra atan2Zor suc ' . ; y 9
P P The degree ofyge increase is larger than that of other con-

sample A, at 1.4&m for sample B, and at 1.56m for tional selecti diators lik th material
sample C. These spectral properties correspond to those ypntional selective radiators like rare earth materais.

the spectral reflectivity shown in Fig. 1, but the peak posi-

tions are shifted to shorter wavelengths. A maximum emis- s
sivity of over 0.8 is obtained for all the samples. These re- [ 4 Sample A
sults showed that the W gratings behave as spectrally 030F o SampleB 1
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FIG. 2. Schematic diagram showing the apparatus for the emission measureiG. 4. Selective emission efficiency of the W gratings, flat W, and SiC for

ment and TPV generation demonstration. A=0.9-1.7um as functions of radiator temperature.
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FIG. 5. P, of the InGaAs photodiode radiated by several radiators asF1G- 6. Pmay of the InGaAs photodiode radiated by several radiators as
functions of radiator temperatures. functions of the total incident emissive power, &R The numbers beside

the symbols denote radiator temperatures.

Figure 5 shows the maximum output powef,,, ob-
tained by TPV generation tests as functionsTofA suffi- In summary, the spectral properties of W were success-
ciently large fill factor of over 0.7 was observed for all data, fully controlled based on the microcavity effect introduced
while only a smallP,4 (uW ~mW) was obtained, mainly by 2D W surface gratings composed of microcavities. It was
due to the small area of the photodiode and radiators, and trgonfirmed experimentally that the W selective radiators have
large distance between them. For all radiaté¥s,, increases advantages for high-power and high-efficiency TPV systems.
rapidly with increasingl since total emissive power is gen- The studies on fabrication processes for large area devices
erally proportional tor.* Sample B gives largeP,,, than a  will be the next target. From this point of view, 2D surface
flat W radiator because of its higher emissivity in the NIR gratings are more suitable than three-dimensional photonic
region. However, SiC, which is a typical broad-band radiatorcrystals? Spectral control by surface gratings can be applied
with an emissivity of 0.9, gives the maximuR),,, among to various energy conversion systems at a wide range of
the three radiators at a constant temperature. temperatures, such as incandescent lamps, solar absorbers,

The most important parameter in TPV systems is thghermo-chemical engineering, and radiation cooling. Further
input energy-to-electricity efficiency. In this study, however, studies will lead to developing practical devices for these
it was difficult to determine the amount of input power applications.
which was used to heat samples because their size is much
smaller than that of the heater. At highover 1000 K, ther- . ) .
mal radiation is dominant when com[g)];?ed with thermal conStry of Education, Science, Sports and Culture, Japan. The

duction and convection. Thereby it can be supposed that th%uthors are also grateful for the technical support of the Ven-

input thermal energy to heat a radiator is approximately protUreé Business Laboratory at Tohoku University.
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