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The emission and detection of electromagnetic radiation are essential optical processes that govern perfor-
mance of lasers, detectors and solar cells. Through light-photonic crystal interaction, a three-dimensional~3D!
photonic crystal offers a way to alter such optical processes. Experimental realization is done by building a thin
slab of 3D photonic crystal onto a silicon material. The 3D crystal structure is found to be highly effective in
suppressing silicon thermal radiation in the photonic band gap spectral regime. Emission is also enhanced in
the photonic passbands. At passband resonant frequencies, a thin slab of 3D photonic crystal actually acts like
a planar blackbody.
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A three-dimensional~3D! photonic crystal is an artifi-
cially engineered, periodic dielectric material that exhib
bands and gaps in its photonic density-of-states~DOS!
spectrum.1–5 Inside a photonic band gap, photonic DOS va
ishes, and no electromagnetic~EM! waves are allowed to
propagate. Within the photonic pass bands, oscillations
DOS occur, corresponding to transmission resonances in
the photonic crystal.6

One unique application of the 3D photonic band gap is
modification of spontaneous emission.7 The band gap is use
to establish a strongly confined optical environment, cal
cavity, for light trapping and size quantization. The quan
zation alters photonic DOS inside the cavity, leading to
modification of spontaneous emission of atoms or semic
ducting materials. Experimental demonstration of such
modification has been reported using the so-called OP
based 3D photonic crystal.8 The same photonic band ga
effect may also be used to suppress thermal emission, as
also an EM radiation. In this case, the band gap does
alter the DOS of the thermal radiating elements, but only a
as a radiation filter. On the other hand, despite the intric
DOS spectrum, the consequences of the 3D photonic p
band are largely unknown, either theoretically or experim
tally. Its potential influence on the emission or absorpt
process of a material is also unexplored.
PRB 620163-1829/2000/62~4!/2243~4!/$15.00
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Recently, results of a theoretical calculation for a 1D ph
tonic crystal suggest the existence of antireflection node
the allowed band.9 Such nodes are shown to originate fro
1D transmission resonance. Similarly, in the allowed band
a 3D photonic crystal, antireflection nodes should also ex
At such node frequencies, a complete absorption of ther
radiation incident from all 3D angles is expected.

In the work reported here, a silicon 3D photonic crystal
created and its effect on silicon thermal emission studi
The 3D crystal is found to be highly effective in suppressi
silicon thermal radiation in the photonic band gap spec
regime. In the photonic passbands, thermal emission in
sity is enhanced. At transmission resonance frequencie
even reaches the blackbody limit. The ability of 3D photon
crystals to alter surface emittance and absorptance may
hance performance of lasers, detectors,10 solar cells, and in-
frared thermal image control.11

The 3D photonic crystal has a diamond crys
symmetry12 and was fabricated using an advanced silic
processing. Details of the fabrication process have been
ported previously.13 Briefly, the crystal consists of layers o
one-dimensional silicon rods with a stacking sequence
repeats itself every four layers, repeating distancec. Within
each layer, the axes of the rods are parallel to each other
R2243 ©2000 The American Physical Society
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a pitch ofd54.2 mm. The orientation of the axes is rotate
by 90° between adjacent layers. Between every other la
the rods are shifted relative to each other by 0.5d.12 The
resulting structure has a face-center-tetragonal lattice s
metry. For the special case ofc/d51.414, the lattice can be
derived from a face-centered-cubic unit cell with a basis
two rods, i.e., the diamond lattice. The width of the rod
W51.2 mm, and the filling fraction of the high dielectri
silicon material is 28%. At this filling fraction, the 3D crysta
has a large photonic band gap covering the infrared wa
length range froml59–15mm.13

To measure infrared thermal emission, the experime
setup must be properly configured such that backgro
thermal emission is eliminated and, at the same time, sam
emission intensity enhanced. To achieve this goal,
sample was placed in a liquid-nitrogen cooled (T577 K!
vacuum chamber and heated toT;410 K. In Fig. 1~a!, a
schematic of such a measurement setup is shown. At
temperatures,T577 K, the unwanted thermal emission fro
the sample holder is minimized. In vacuum conditions, no
is heated and this contributes to background thermal em
sion. Heating is also necessary to increase the thermal e
sion intensity. To insulate the heated sample from the liqu
nitrogen cold bath, the sample was mounted to a 2-in.-l
ceramic post. The thermal radiation first passes through a
window, is collected by a ZnSe lens, and finally is fed into
Fourier transform infrared spectrometer for spectral analy
A DTGS infrared photodetector was used for infrared sig
detection. The salt window is transparent up tol;12 mm, is
50% transparent atl;17 mm, and has a long wavelengt
cutoff atl;21 mm. The photodetector has a fairly flat spe
tral response in the infrared.

FIG. 1. ~a! Schematic diagram of the thermal emission measu
ment setup. The sample is placed in a vacuum chamber, supp
by a 2-in.-long ceramic post that connects to a liquid-nitrog
cooled cold stage and heated toT;410 K during measurement.~b!
Schematic diagram of a photonic-crystal test sample. Two piece
identical 3D silicon photonic crystals were bound back-to-ba
The silicon thermal emission is emitted through the 3D crystal
surface.
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The detail of the sample arrangement and experime
configuration is shown in Fig. 1~b!. The sample consists o
two pieces of identical 3D silicon photonic crystal boun
back-to-back, having the silicon layer sandwiched on b
sides by a thin slab of 3D crystal. The spacing between
two layers of photonic crystal is about 1.2 mm. The boun
ary defined by silicon and the 3D photonic crystal slab
planar. This is in contrast to a microcavity structure,
which the boundary is a closed contour,14,15 commonly used
to study light-photonic crystal interaction.

In Fig. 2~a!, the emission spectrum taken from a thre
layer photonic crystal sample and a bare silicon sample
shown as red solid dots and a line, respectively. At both
long ~.18 mm! and short~,4 mm! wavelength limits, the
two curves agree well with each other. On the other hand
the midwavelength range~l510 to 16mm!, emission from
the crystal sample is clearly suppressed. The strongest
pression is atl;12 mm and is indicated by the down arrow
The suppression of thermal emission becomes stronger a
number of 3D crystal layers is increased fromn53,4 to 5
@see Figs. 2~b! and 2~c!#. The suppression is indicative of th
absence of photonic DOS in the band gap regime that forb
the emission of infrared radiation in all 4p angles.

It is noted that the emission intensity atl;5–9mm range
for the three-layer crystal sample exceeds that of silic
emission by about 30%. The enhancement is also cle
evident for the four- and five-layer samples. For the fiv

-
ted
-
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.
p

FIG. 2. The measured thermal emission spectra taken fro
silicon sample~solid line! and 3D photonic crystal samples~red
solid dots! of different numbers of layers,n53, 4, and 5, respec-
tively. Also plotted ~the dashed line! is a theoretical blackbody
radiation cure for a temperature of 410 K. For the 3D crys
sample, emission intensity in thel510–16 mm range is greatly
suppressed, indicative of a 3D photonic band gap. The emis
intensity at al;5–9mm range for all three crystal samples excee
that of the silicon.
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layer sample, the contrast between emission suppression
enhancement is quite dramatic. Specifically, following t
strong suppression in the gap regime, the emission inten
quickly rises on both sides of the band gap, intercepts
bare-Si reference curve atl510 and 17mm, and finally ex-
ceeds silicon emission. Pronounced oscillations also
peared in the spectrum, but only at the shorterl55–9 mm
wavelength side. Also, the oscillation pattern reveals m
detailed features as the number of layers is increased.
observed oscillations and their dependence on the numb
crystal layers suggest a correlation to the oscillating photo
DOS in a 3D photonic crystal.

For comparison purposes, a blackbody radiation cu
calculated for a temperature of 410 K is also shown in F
2~a! as a dashed line. The silicon emission curve and bla
body curve agree well with each other, except for the grad
deviation atl.12 mm. This agreement is consistent with th
fact that silicon is a graybody and independently confir
the measured temperature. The line shape of a graybod
identical to that of a blackbody, but its emission intensity
weaker. The deviation is not intrinsic to the silicon emissi
and is caused by the long wavelength cutoff of the opti
window material, as mentioned earlier.

To obtain the absolute suppression and enhancement
ciency of a 3D photonic crystal, the two measured spec
f 0(l and f (l), must be normalized. The spectrumf 0(l)
serves as a reference and is directly related to the intri
silicon emissivity, E(l) by f 0>E0(l)W(l)D(l). Here
W(l) represents propagation loss, such as water absorp
as thermal emission passes through the spectrometer
reaches the photodetector.D(l) represents the combined op
tical window and photodetector responses. Similarly,
spectrum,f (l), is related to the modified emissivity,E(l)
by f >E(l)W(l)D(l). By dividing f (l) into f 0(l), the
window/detector response and water absorption loss are
malized, and a normalized emission efficiency,E(l)/E0(l),
is obtained. Because of water absorption and backgro
thermal radiation, the normalized emission efficiency has
experimental error of about610%.

In Fig. 3~a!, the normalized emission efficiency is plotte
as a function of wavelength for the five-layer crystal samp
A clear and strong dip is observed atl;12 mm along with a
broad bandwidth ofDl;6 mm. The dip minimum of;15%
is slightly higher than that observed,;8%, in a straight
transmission measurement with light propagating alo
^001& direction @Fig. 3~b!#. In the gap regime, thermal spe
trum measures tunneling emission over all angles, whic
slightly higher than that measured solely along^001&, and
causes the difference. Indeed, thermal emission is th
dimensional in nature and the measured gap is truly a
photonic band gap. This result is consistent with the prese
of a photonic band gap in our 3D photonic crystal structu

In the inset of Fig. 3~a!, the suppression efficiency vs th
number of layers of photonic crystal is shown as a sem
plot at l512, 14, 15, and 16mm. respectively. The straigh
lines show that the suppression depends exponentially on
and is consistent with the tunneling nature of light in t
band gap regime. The straight line also predicts that a s
pression of 99%~or equivalently a 1% emissivity! may be
achieved atl512 mm using an eight-layer photonic crysta
This value is to be compared to an emissivity value of 0
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for commonly used aluminum paint and 0.15 for copper16

Even for the silvered mirror, one of the lowest emissiv
materials, emissivity is 0.02.16 Furthermore, a 3D silicon
photonic crystal is more robust against oxidation for te
peratures up to 800 to 900 °C and is ideal for achieving
ultralow and controllable thermal emission.

Another interesting feature of the data is the unusua
high emission at the passband wavelengths,l;5–10mm and
l;17–20mm. This value not only exceeds the 30 to 70
straight transmission amplitude@Fig. 3~b!#, but also exceeds
the silicon emission value, 100%. At oscillation maxima, t
emission reaches the blackbody limit~the dashed line! within
65%.17 In other words, the 3D crystal layer transforms
silicon material from a ‘‘graybody’’ into a ‘‘blackbody’’ at
the oscillation peaks. The 3D crystal/Si structure may th
be thought of as a composite material with total transp
ency. This property may find important solar-cell applic
tions because it is capable of enhancing solar energy abs
tion efficiency by a large 30 to 50%.

Analogous to the prediction made for a 1D photon
crystal,9 the observed emission enhancement for our
crystal may also be attributed to photonic transmission re
nances. Due to multiple coherent scattering of light insid
photonic crystal, resonance occurs at certain frequencies
total transmission of light becomes possible. In a photo
crystal, transmission resonances manifest themselves
maxima ~or peaks! in the photonic DOS spectrum. In Fig
3~b!, the peaks and dips in passband transmittance are ca

FIG. 3. ~a! Normalized emission efficiency vs wavelength for
five-layer photonic crystal sample. A clear and strong dip is o
served atl;12 mm along with a broad bandwidth ofDl;6 mm. At
the pass band wavelengths,l;5–10 mm and l;17–20 mm, an
unusually high emission intensity is observed. At the oscillat
peaks, the intensity reaches the blackbody limit~the dashed line!
within 65%. In the inset, normalized efficiency is plotted in a sem
log scale as a function of the number of layers of 3D crystal. Th
mal emission suppression of 99%~or equivalently a 1% emissivity!
may be achieved atl512 mm using an eight-layer 3D photoni
crystal. ~b! Transmission spectrum taken from the same five-la
photonic crystal sample. The passband oscillations correlate
with the oscillations in the emittance spectrum.
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by such resonances in the photonic DOS. Comparing
emittance and transmittance spectra, shown in Figs. 3~a! and
3~b!, a clear resemblance of passband oscillations is
served. In particular, the peaks atl;5.2 and 9.4mm, indi-
cated by vertical bars, in the emittance data correlate with
transmission peaks atl;5.5 and 9.0mm. The dip atl;7
mm also shows up in both spectra. The thermal emissio
3D in nature and measured an average DOS over a rang
angle~u;40°! defined by the collecting lens. this angle co
ers a significant portion, but not all, of the first Brillouin zon
of our 3D structure, i.e., ranges fromG-X8 to G-K, and to
halfway betweenG-K and G-L symmetry points.13 This
weighted averaging causes the slight shift froml;9.0 to 9.4
mm. The respective peak positions atl;20 mm also agree
well with each other. This close correlation suggests that
emission enhancement is indeed a DOS effect. This w
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presents thermal emission enhancement brought about
3D photonic crystal effect.

In summary, the observation of thermal emissivity mo
fication from silicon is reported using a 3D photonic cryst
The 3D crystal is found to be highly effective in suppressi
the thermal emission. The discovery of emission enhan
ment leads us to conclude that a thin slab of 3D crys
actually acts like a blackbody at transmission resonan
Furthermore, through photonic DOS engineering, a 3D p
tonic crystal offers a fundamentally different way for alterin
surface emissivity and absorption.
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