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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-dimésiSjonal
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 passbhand resonant frequencies, a thin slab of 3D photonic crystal actually acts like
a planar blackbody.

A three-dimensional3D) photonic crystal is an artifi- Recently, results of a theoretical calculation for a 1D pho-
cially engineered, periodic dielectric material that exhibitstonic crystal suggest the existence of antireflection nodes in
bands and gaps in its photonic density-of-statBS)  the allowed band.Such nodes are shown to originate from
;pectrun’ﬂ.‘S Inside a photonic band gap, photonic DOS van-1p transmission resonance. Similarly, in the allowed band of
ishes, and no electromagnetiEM) waves are allowed {0 5 3p photonic crystal, antireflection nodes should also exist.

propagate. Within the photonic pass bands, oscillations .iél«t such node frequencies, a complete absorption of thermal
DOS occur, corresponding to transmission resonances inside ;... . . ' .
radiation incident from all 3D angles is expected.

the photonic crystal. 2 . .
One unique application of the 3D photonic band gap is the In the work reported here, a silicon 3D photonic crystal is

modification of spontaneous emissibfihe band gap is used created and itg effect on silicqn thermal'em_ission stud_ied.
to establish a strongly confined optical environment, called "€ 3D crystal is found to be highly effective in suppressing
cavity, for light trapping and size quantization. The quanti-Silicon thermal radiation in the photonic band gap spectral
zation alters photonic DOS inside the cavity, leading to the'€gime. In the photonic passbands, thermal emission inten-
modification of spontaneous emission of atoms or semiconsity is enhanced. At transmission resonance frequencies, it
ducting materials. Experimental demonstration of such @ven reaches the blackbody limit. The ability of 3D photonic
modification has been reported using the so-called OPAlIcrystals to alter surface emittance and absorptance may en-
based 3D photonic cryst&lThe same photonic band gap hance performance of lasers, detectSrsolar cells, and in-
effect may also be used to suppress thermal emission, as itfiared thermal image contrdt.

also an EM radiation. In this case, the band gap does not The 3D photonic crystal has a diamond crystal
alter the DOS of the thermal radiating elements, but only actsymmetry? and was fabricated using an advanced silicon
as a radiation filter. On the other hand, despite the intricatprocessing. Details of the fabrication process have been re-
DOS spectrum, the consequences of the 3D photonic pasperted previously? Briefly, the crystal consists of layers of
band are largely unknown, either theoretically or experimeneone-dimensional silicon rods with a stacking sequence that
tally. Its potential influence on the emission or absorptionrepeats itself every four layers, repeating distanic@/ithin
process of a material is also unexplored. each layer, the axes of the rods are parallel to each other with
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FIG. 1. (a) Schematic diagram of the thermal emission measure- 0 k\
ment setup. The sample is placed in a vacuum chamber, supported 12 16 20
by a 2-in.-long ceramic post that connects to a liquid-nitrogen- Wavelength (pum)

cooled cold stage and heatedTte- 410 K during measuremen(b) o
Schematic diagram of a photonic-crystal test sample. Two pieces of FIG. 2. The measured thermal emission spectra taken from a
identical 3D silicon photonic crystals were bound back-to-back.Silicon sample(solid line) and 3D photonic crystal sampléged

The silicon thermal emission is emitted through the 3D crystal tops0lid dotg of different numbers of layers)=3, 4, and 5, respec-
surface. tively. Also plotted (the dashed lineis a theoretical blackbody

radiation cure for a temperature of 410 K. For the 3D crystal

a pitch ofd=4.2 um. The orientation of the axes is rotated sample, emission intensity in the=10-16 um range is greatly
by 90° between adjacent layers. Between every other layesuppressed, indicative of a 3D photonic band gap. The emission
the rods are shifted relative to each other bydOlS The intensity at an~5-9 um range for all three crystal samples exceeds
resulting structure has a face-center-tetragonal lattice synthat of the silicon.
metry. For the special case ofd=1.414, the lattice can be
derived from a face-centered-cubic unit cell with a basis of The detail of the sample arrangement and experimental
two rods, i.e., the diamond lattice. The width of the rod isconfiguration is shown in Fig.(h). The sample consists of
W=1.2 um, and the filling fraction of the high dielectric two pieces of identical 3D silicon photonic crystal bound
silicon material is 28%. At this filling fraction, the 3D crystal back-to-back, having the silicon layer sandwiched on both
has a large photonic band gap covering the infrared wavesides by a thin slab of 3D crystal. The spacing between the
length range from\=9-15 um 3 two layers of photonic crystal is about 1.2 mm. The bound-

To measure infrared thermal emission, the experimentahry defined by silicon and the 3D photonic crystal slab is
setup must be properly configured such that backgrounglanar. This is in contrast to a microcavity structure, in
thermal emission is eliminated and, at the same time, samplahich the boundary is a closed contd-> commonly used
emission intensity enhanced. To achieve this goal, thdo study light-photonic crystal interaction.
sample was placed in a liquid-nitrogen coolef=77 K) In Fig. 2(a), the emission spectrum taken from a three-
vacuum chamber and heated Te-410 K. In Fig. 1a), a  layer photonic crystal sample and a bare silicon sample are
schematic of such a measurement setup is shown. At lowhown as red solid dots and a line, respectively. At both the
temperaturesT =77 K, the unwanted thermal emission from long (>18 um) and short(<4 um) wavelength limits, the
the sample holder is minimized. In vacuum conditions, no aitwo curves agree well with each other. On the other hand, at
is heated and this contributes to background thermal emighe midwavelength range.=10 to 16 um), emission from
sion. Heating is also necessary to increase the thermal emithe crystal sample is clearly suppressed. The strongest sup-
sion intensity. To insulate the heated sample from the liquidpression is ah~12 um and is indicated by the down arrow.
nitrogen cold bath, the sample was mounted to a 2-in.-long he suppression of thermal emission becomes stronger as the
ceramic post. The thermal radiation first passes through a satumber of 3D crystal layers is increased froms3,4 to 5
window, is collected by a ZnSe lens, and finally is fed into a[see Figs. &) and Zc)]. The suppression is indicative of the
Fourier transform infrared spectrometer for spectral analysisabsence of photonic DOS in the band gap regime that forbids
A DTGS infrared photodetector was used for infrared signathe emission of infrared radiation in all7angles.
detection. The salt window is transparent up\te12 um, is It is noted that the emission intensityXat5-9 um range
50% transparent ax~17 um, and has a long wavelength for the three-layer crystal sample exceeds that of silicon
cutoff atA~21 um. The photodetector has a fairly flat spec- emission by about 30%. The enhancement is also clearly
tral response in the infrared. evident for the four- and five-layer samples. For the five-
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layer sample, the contrast between emission suppression and ;\? 200 r e .
enhancement is quite dramatic. Specifically, following the = (a) Black-Body Limit 5 L Crystal
strong suppression in the gap regime, the emission intensity S 1s0[
quickly rises on both sides of the band gap, intercepts the 3
bare-Si reference curve at=10 and 17um, and finally ex- uEJ 100 L B0
ceeds silicon emission. Pronounced oscillations also ap- e
peared in the spectrum, but only at the shoNet5—9 um N
. R = 50
wavelength side. Also, the oscillation pattern reveals more £
detailed features as the number of layers is increased. The S
observed oscillations and their dependence on the number of z 158
crystal layers suggest a correlation to the oscillating photonic Q
DOS in a 3D photonic crystal. <
: o © 100
For comparison purposes, a blackbody radiation curve <
calculated for a temperature of 410 K is also shown in Fig. 8
2(a) as a dashed line. The silicon emission curve and black- e sop
body curve agree well with each other, except for the gradual 2 ' K/ <001>
deviation ai\>12 um. This agreement is consistent with the :_E o LY. L L .
fact that silicon is a graybody and independently confirms 5 10 15 2 25
the measured temperature. The line shape of a graybody is Wavelength (1m)

identical to that of a blackbody, but its emission intensity is . . -
eaker. The deviation is not intrinsic to the silicon emission FIG. 3. (a) Normalized emission efficiency vs wavelength for a
w ) viation | Intrinst i ISS] ive-layer photonic crystal sample. A clear and strong dip is ob-

and is Causeq by the Iong wavelen.gth cutoff of the OpticaQerved ah~12 um along with a broad bandwidth afA~6 um. At
window materlal, as mentioned earlller. the pass band wavelengths;-5—-10 um and A~17-20 um, an

~ To obtain the absolute suppression and enhancement effirsyally high emission intensity is observed. At the oscillation
ciency of a 3D photonic crystal, the two measured spectrayeaks, the intensity reaches the blackbody littlie dashed line
fo(N and f(X), must be normalized. The spectrufg(\)  within +5%. In the inset, normalized efficiency is plotted in a semi-
serves as a reference and is directly related to the intrinsigg scale as a function of the number of layers of 3D crystal. Ther-
silicon emissivity, E,y by fo=Eo(N\)W(N\)D(N). Here  mal emission suppression of 99%r equivalently a 1% emissivily
W(N\) represents propagation loss, such as water absorptiomay be achieved at=12 um using an eight-layer 3D photonic
as thermal emission passes through the spectrometer angstal.(b) Transmission spectrum taken from the same five-layer
reaches the photodetect@r(\) represents the combined op- photonic crystal sample. The passband oscillations correlate well
tical window and photodetector responses. Similarly, thewith the oscillations in the emittance spectrum.
spectrum,f(\), is related to the modified emissiviti(\)
by f=E(N\)W(\)D(M). By dividing f(\) into fo(\), the  for commonly used aluminum paint and 0.15 for copfSer.
window/detector response and water absorption loss are noEven for the silvered mirror, one of the lowest emissivity
malized, and a normalized emission efficien&y\)/Eq(\), materials, emissivity is 0.0%. Furthermore, a 3D silicon
is obtained. Because of water absorption and backgrounphotonic crystal is more robust against oxidation for tem-
thermal radiation, the normalized emission efficiency has aperatures up to 800 to 900 °C and is ideal for achieving an
experimental error of about 10%. ultralow and controllable thermal emission.

In Fig. 3(@), the normalized emission efficiency is plotted  Another interesting feature of the data is the unusually
as a function of wavelength for the five-layer crystal samplehigh emission at the passband wavelengths;—10um and
A clear and strong dip is observed)at12 um along witha A~17-20um. This value not only exceeds the 30 to 70%
broad bandwidth oAX ~6 um. The dip minimum of~15%  straight transmission amplitud€ig. 3(b)], but also exceeds
is slightly higher than that observed;8%, in a straight the silicon emission value, 100%. At oscillation maxima, the
transmission measurement with light propagating alongmission reaches the blackbody lirtttie dashed linewithin
(001) direction[Fig. 3b)]. In the gap regime, thermal spec- +5%2’ In other words, the 3D crystal layer transforms a
trum measures tunneling emission over all angles, which isilicon material from a “graybody” into a “blackbody” at
slightly higher than that measured solely alof@®1), and the oscillation peaks. The 3D crystal/Si structure may then
causes the difference. Indeed, thermal emission is thredse thought of as a composite material with total transpar-
dimensional in nature and the measured gap is truly a 3[@ncy. This property may find important solar-cell applica-
photonic band gap. This result is consistent with the presendions because it is capable of enhancing solar energy absorp-
of a photonic band gap in our 3D photonic crystal structuretion efficiency by a large 30 to 50%.

In the inset of Fig. 89), the suppression efficiency vs the  Analogous to the prediction made for a 1D photonic
number of layers of photonic crystal is shown as a semilogrystal’ the observed emission enhancement for our 3D
plot atA=12, 14, 15, and 1@um. respectively. The straight crystal may also be attributed to photonic transmission reso-
lines show that the suppression depends exponentially on nances. Due to multiple coherent scattering of light inside a
and is consistent with the tunneling nature of light in thephotonic crystal, resonance occurs at certain frequencies and
band gap regime. The straight line also predicts that a sugetal transmission of light becomes possible. In a photonic
pression of 99%or equivalently a 1% emissivitymay be  crystal, transmission resonances manifest themselves as
achieved ah=12 um using an eight-layer photonic crystal. maxima (or peaks in the photonic DOS spectrum. In Fig.
This value is to be compared to an emissivity value of 0.503(b), the peaks and dips in passband transmittance are caused
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by such resonances in the photonic DOS. Comparing thpresents thermal emission enhancement brought about by a
emittance and transmittance spectra, shown in Figs.ehd 3D photonic crystal effect. o .
3(b), a clear resemblance of passband oscillations is ob- In summary, the observation of thermal emissivity modi-
served. In particular, the peaksat5.2 and 9.4um, indi- fication from silicon is reported using a 3D photonic crystal.
cated by vertical bars, in the emittance data correlate with the hetﬁD crylstal IS fqund_lg?] b%_hlghly effe;:tlve.m .supprehssmg
transmission peaks at~5.5 and 9.0um. The dip at\~7 € thermal eémission. 1he diScovery of émission enhance-
m also shows up in both spectra. The thermal emission iment leads us to conclude that a thin slab of 3D crystal
I ' 3 tually acts like a blackbody at transmission resonances.

3D in nature and measured an average DOS over a range p rthermore, through photonic DOS engineering, a 3D pho-

angle(¢~40°) defined by the collecting lens. this angle cov- tonic crystal offers a fundamentally different way for altering
ers a significant portion, but not all, of the first Brillouin zone syrface emissivity and absorption.
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