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Three-dimensional photonic-crystal emitter for thermal photovoltaic
power generation

S. Y. Lin,? J. Moreno, and J. G. Fleming
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(Received 7 April 2003; accepted 23 May 2003

A three-dimensional tungsten photonic crystal is experimentally realized with a complete photonic
band gap at wavelengths=3 um. At an effective temperature ¢T)~1535 K, the photonic crystal
exhibits a sharp emission at-1.5 um and is promising for thermal photovoltaf@PV) power
generation. Based on the spectral radiance, a proper length scaling and a planar TPV model
calculation, an optical-to-electric conversion efficiency ©84% and electrical power of-14

Wi/cn? is theoretically possible. €003 American Institute of Physics.

[DOI: 10.1063/1.1592614

There is an emerging interest in using thermal photovolin Fig. 1(a). The one-dimensionallD) rods represent the
taic (TPV) cells for electric-power generatidrf.Similar to a  shortest(110) chain of atoms in a diamond latti¢&!! The
solar cell, in which solar radiation is converted into electric-rod-to-rod spacing i®s=1.5 um, the rod width isw=0.5
ity, a TPV cell converts thermal radiation into electricity. The um, and rod heighh~0.75 um.
optical-to-electricity conversion is based on photocurrent In Fig. 1(b), the computed absorption spectrum for an
generation by those photons having energy exceeding theight-layer photonic-crystal sample is shown. The absorp-
electronic band gap,fw agiaio™ Eg). The portion of pho- tance is low fora>3 um (the photonic band gapand in-
tons With i wygiatior=Eg IS Not useful, leading to a lower creases slightly at~3-4 um due to a higher tungsten ma-
conversion efficiency. In other words is the cutoff energy, terial absorption at these wavelengthgrhis band gap has
below which radiation energy is wasted. To maximize con-been shown to be a complete band gap, capable of trapping
version efficiency, it is desirable to have a narrow-band spedight fully in all three dimensions and for both polarizations.
trum with its radiation energy slightly above the electronic Beyond the photonic band gap regime, there are two strong
band gap. While the solar spectrum is given, a thermal radiaabsorptions. One is at=2.5 um with an absorptance of
tion spectrum may be modified by choice of radiator~40% and the other at=1.5—1.9um with an even stronger
materials’ by surface structurintf and also by photonic absorptance of-80%. The high absorptance is due to a com-
band gap engineerimg? In particular, a three-dimensional bination of finite tungsten absorption and a high density of
(3D) complete photonic band gap can be used to suppress
radiation below the electronic band gadpMeanwhile, emis-
sion can be enhanced at a narrow band near a photonic band
edge or a narrow allowed bafd.If both effects are com-
bined, a nearly ideal radiation spectrum can be obtained.

In this letter, a tungsten 3D photonic crystal is experi-
mentally realized with a complete photonic band gap at
wavelengthas=3 um. At a sample temperature 6f1535 K,
the photonic-crystal emission is suppressed in the photonic
band gap regimé\>3 um), exhibits a peak ak~1.5 um, R el bt )

and a narrow spectral width afA~0.9 um. This nearly 1 fA=16-1.9um  8layerTungsten 3
. .. . . - 3D Photonic-Crystal
ideal radiation spectrum could lead to an optical-to-electric :—>| — (Theory) ]
conversion efficiency ofy~34% and electric power density g 08 n ]
of p~14 Wicnft. S 06[ {r-25um 3

The 3D tungsten photonic crystal is fabricated using a g' 045 ]
mod'ified' silicon process. In the first step, a layer of silicon é ’ ' Complete 3D —
dioxide is deposited, patterned, and etched to create a mold. 02} Photonic Band Gap =
The mold is then filled with a 500-nm-thick tungsten film Y TR e .,
and planarized using a chemical mechanical polishing pro- 0o 2 4 6 8 10 12
cess. The process is repeated several times. At the end of the Wavelength (um)

process, the silicon dioxide is released from the substrate ar]gG_ 1. (@) A SEM view of a 3D tungsten photonic crystal. Within each

the sample is a freely standing thin film. A scanning electronayer, the 1D rod width is 0.5m and the rod-to-rod spacing is 1:5n. (b)
micrograph(SEM) image of the fabricated sample is shown A computed absorption spectra for an eight-layer 3D tungsten photonic-
crystal sample. The absorptance is lowXor3 um (the photonic band gap
exhibits a peak 0f~40% atA~2.5 um, and a high plateau of80% at
¥Electronic mail: slin@sandia.gov A~1.5-1.9um.
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FIG. 3. The computed thermal photovoltaic conversion efficiency for four

0 different emitters at temperatur&s=1000—1600 K. The PBG emitter has a
0 o 4 B 8 10 12 high efficiency ofp=27%-33%. In the inset, an illustration of radiative flux
in a simple one-dimensional thermal photovoltaic model is shown.
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FIG. 2. (Color) The measured photonic-crystal emission power at a bias ofOf a Gasb phOt0V0|taIC gell is shown as a_SOIId red line.
V=3, 4, 5, and 6.5 V, respectively. The effective temperature, average over 10 model photovoltaic energy conversion, a planar sys-
the entire sample, i6T)~1190, 1320, 1440, and 1535 K, respectively. At tem is used to describe radiation heat transfer. This model is
(T)~1535 K, the emission peaks &t-1.5 um and has a full width at half jntended to evaluate radiator performance and does not in-
maximum of 0.9um. The dashed blue line is a blackbody radiation curve. lud to heat th diator. Th diati del
The electronic band gap wavelength of GaSb is also shown as a red line.C!U e_a p_ro_cess 0 hea ezra lator. _e ra '_a lon mo _e we
used is similar to Zenkest al“ As shown in the inset of Fig.

. 3, the system consists of an emitter, a cell windgnodel
-15 1 1
photon-state® (w) at a narrow bané’'°As absorption and cell front surfacg a GaSb photovoltaic cell, and a reflector.

emission processes have the same physical otfgirstrong Both an ideal and a realistic window reflectivity are

narrow absorption is suggestive of a narrow band eMmISSIoRynsidered. As our photonic-crystal itself emits a spectrally

fromTa phlgtonic—crystgl sawple. le is biased b Vi narrow radiation, no filter is used. The GaSb cell is modeled
0 achieve emission, the sample is biased by applying &, ihe context of its thermodynamic limit &=300 K. In this

;/holtagi ?Cr?ssh th? ph9rtr:)n|c—c.rys.tal sampt)le a:cntc:] '53366:: it, the GaSb internal quantum efficiency is assumed to be
rough Joule heating. 1he emission spectra of the P%ne forfi o agiaior™ Eg - It is also assumed that the only loss

tonic crystal are taken using a standard Fourier-transfor%echanism in the cell is radiative recombination. The con-

i —1_ 17,18 ? ) X

!nfrared tspdect{or:per:etr from—tl 15’“.2”.‘ As Ehg ?argpltih servation relations between the spectral radiant fluxes are
IS operated at high temperatures, it 1s mounted 10 be e, jy0 ang symbolically solved using MathCad software. To
mally and electrically isolated from its surroundings. To check our model against Zenker's, the same cases were run

minimize thermal loss, tﬂ_}e sample is placed N a vacuum, e thermodynamic limit and for an ideal window reflec-
chamber pumped te-10 > Torr. For power density mea- tivity,

surements, a commercially available Gentec power meter, In Table I, the model results are shown for three conven-

calibrated to better than 5%, is used. tional radiators heated t©=1500 K. The BB cavity radiator

dlg '5:'3 2, errr]ussmn specttr'a t?k?l% at ?fb'?yef?" 4 S,t is a broadband emitter and the,Bx and the structured tung-
and®.s v-are snown, respectively. The etiective temperaliley o, (4 giators are selective emittérghe optical-to-electric

averaged over the entire sample(1® =1190, 1320, 1440, efficiency »(%) is defined asy=p/Qyagiaior, WHerep is the

and 1535 K, respectively. It is determined by measuring, actric power density in W/cfnand Q,.gaion is the total

tsample tressgwty 3nd tbty cortnparlng_ Itt tto {2:: 3C?/I'brated’radiation power density. Making allowance for the uncertain-
emperature-aependent tungsten resistivity. ' O fies in digitizing the window reflectance in Zenkefral, the

(T)~1190 K, the emission consists of a we_ak peak-a.5 agreement for all three emitters is quite reasonable.

pm and a stronger peak at-1.8 um. At a higher tempera- Using the same model, the potential performance of a
ture,<T>~1535 K, the stronger peak dominates the SpeCtrunﬂ)hotonic-crystal(PBG) emitter is evaluated. To obtain a
and shifts ton~1.5 um. The dashed blue curve is a black- more optimal performance, the emission wavelength is

body cavity-radiation spectrum, having a peak power densit)é led by 30%. Thi li ds t hotoni )
of 9.8 W/cnt at A\~2 um and a full width at half maximum caled by o This Scaling corresponds fo a photonic crys

of AN(FWHM)~2.3 um. Yet, the photonic-crysta(PBG)
emission exhibits a peak power density of 40.5 WHcah  TABLE I. A summary of computed efficiency and power for a broadband
A~1.5 um and a much narrowek\ (FWHM)~0.9 um. To emitter (the blackbodyand two selective emitteghe ErO; and the struc-

. . . . tured tungsten emitters
achieve a spectral linewidth this narrow, one would have ta 9

heat a blackbody to a temperaturelof4000 K. The narrow Zenkeret al. This work
PBG emission implies a better match of the emission spec- ., El. power ” El. power
trum to electronic band gap of a photovoltaic cell. The highefgmiter type (%) (Wicr) (%) (Wicm?)

PBG-emission power than that of a blackbd@B) emission

at a selective wavelength range is beyond the scope of th 'ragkbOdy 2161 13'10 2141 13'10
letter, and is discussed in a separate publicdtiBor refer- gy ingsten 30 16 29 16
ence purposes, the band gap wavelength,g gag=1.73 um,
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blackbody emitter. A selective emitter can yield high conver-
sion efficiency, but often at the expense of a lower electric
power density.

In summary, a 3D tungsten photonic crystal is realized in

10 J
3 BB
N — Stru.-W
1L Er-Oxide _|

the near-infrared wavelengths. Comparing to a blackbody

cavity radiation atT~1500 K, its emission has a spectral
width nearly 2.5 times narrower and also peaks at a lower
wavelength of\~1.5 um. Based on the spectral radiance, a
proper length scaling and a planar TPV model calculation, a

900 1100 1300 1500 3700 1000 PBG emitter can yield an optical-to-electric conversion effi-

T(K) ciency of~34% and electrical power density ef14 W/cn?

at (T)~1535 K. A PBG emitter, thus, offers a potentially

FIG. 4. The computed electric power density for four different emitters atbetter efficiency and power over conventional emitters, in-

temperature§ =1000-1600 K. Photonic-crystal emitter generates the high‘cluding the blackbody cavity, the ED;, and the structured
est output electric power density, yet the structured tungsten and 3ty Er . ' '
tungsten emitters.

yield the least.
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Realistic Cell Reflectance
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