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Modification of Planck blackbody radiation by photonic band-gap structures
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We discuss a simple one-dimensioriaD) model of the modification of Planck blackbody radiation by
photonic band-gap materialBBG’s). The model gives qualitative predictions for the thermal power spectrum
of 2D and 3D PBG structures, and quantitative results for 1D, distributed Bragg reflecting PBG thin films.
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I. INTRODUCTION but usually the emitters are considered to be pumped electri-
cally or optically—not thermally.

One of the most interesting subfields of quantum optics is In Sec. II, we will review some of the theory related to the
cavity QED—where microcavities impose nontrivial bound- calculation of the thermal power spectrum. In Sec. lll, we
ary conditions on the quantized electromagnetic field andvill discuss how a finite 2D or 3D PBG structure can be
alter the matter-light interactions of quantum electrodynamdualitatively studied using a 1D formalism, following a
ics. One of the first predictions of this theory was the modi-model originally developed by John and Wajid@]. In the
fication of atomic spontaneous-emission rates, through theontext of this model, we compute the thermal power spec-
use of microcavities to alter the optical density of modestrum of a PBG filter in front of an emitting hot surface, as
from its free-space value. This phenomenon is often knownvell as that of a heated PBG structure. In Sec. IV, we pro-
as the Purcell effedtl]. Since this prediction, many theoret- duce a quantitative theory for studying the off-axis spectrum
ical analyse$2] as well as experimental confirmatiofgj of ~ 0f 1D PBG structures of the DBR type. Finally, in Sec. V we
this effect have been performefin particular, relevant to summarize and conclude.
this work, the recent paper in Ref3] by Lai and Hinds
studies experimentally the alteration stimulatedemission Il. BLACKBODY RADIATION, EMITTANCE,
rates due to cavity-confined blackbody radiatidBince the AND NORMAL MODES
imposition of nontrivial boundary conditions modifies the
electromagnetic Green'’s function, the Feynman diagrams for
any QED process must be altered in a cavity, giving physical Thermal radiation is just spontaneous emission that is
results that differ from those in free space. Some examples dhermally pumped and that has a blackbody spectrum, which
these cavity QED effects are cavity-induced changes in thés in thermal equilibrium with its surroundings. From the
Lamb shift[4] and the electron’s gyromagnetic ratig-2) ~ foundations of quantum mechanics, it is well known that
[5], Rutherford scattering near mirrgf§], and Raman scat- atomic oscillators in thermal equilibrium with a photon heat
tering between mirror§7]. bath at temperatur€ have an average energyat frequency

Initially, most of these developments were discussed irnw given by the Planck expressi¢a0]
the context of simple geometric structures, such as parallel-

A. Blackbody radiation

plane conducting cavities or one-dimensiofiaD) Fabry- _ ho

Paot resonators composed from two distributed Bragg- e(w.p) ehF—1" @
reflecting mirrors. However, in the late 1980s and early

1990s the existence was demonstrated, both theoretically af1€re

experimentally, of 2D and 3D periodic dielectric and metal- 1

lodielectric structures that exhibit full, omnidirectional pho- f=—, 2
tonic stop bandgor band gapsfor both degrees of photon kgT

polarization[8,9]. Initially, the primary interest in these ma- | witfka the Bol Th densi
terials was to alter atomic spontaneous-emission rates—fdt> usu_r;\ %W't s the otzgnanntfonstant. e energy density
instance, to suppress them in order to produce a thresholdleB§" UNit frequency can be written as
microlaser[8,9]. Several theoretical and experimenftaD— _

. T . UWw,B)= B), 3
19] studies of the emission process in PBG’s have appeared, (0.8)=p(w)s(w.B) ©

wherep(w) is the electromagnetic density of modes. Crucial
to our discussion here is that the modification of the density
*Permanent address: Quantum Algorithms and Technologiesf modesp, by introduction of a cavity or PBG structure,
Group, Mail Stop 126-347, Information and Computing TeChn0|0-Say, will alter the energy density and hence the radiant
gies Research, Section 365, Jet Propulsion Laboratory, Californipower/,/, given by[20]

Institute of Technology, 4800 Oak Grove Drive, Pasadena,
CA 91109. Electronic address: jonathan.p.dowling@jpl.nasa.gov /z(w,ﬁ)=%cu(w,[3), (4)
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where ¢ is the vacuum speed of light. Herg(w) is the 7 X
radiant power per unit area emitted by the surface of a per- ) o3 | >
fect blackbody. For free-space boundary conditions, the den-
sity of modesp™ has the well-known form <& E 0
2w? I o ! |
> - g
pFS(w):ﬁa (5) "'a 'Pp' | d |
from which the blackbody pOW?iBB takes its usual form of FIG. 1. We indicate the basic photonic band-gap, thin-film coat-
the Planck law[19] ing under investigation for emissivity control. Aperiod quarter-
wave stack of alternating indices of refractiop and n, coats a
w2 b many-wavelength-thick substrate of index. The entire structure
Aw,B)= 22 o1 (6) is embedded in a medium, taken to be ag=1.

. . lation in all cases of intereg22]. This indirect method of
B. The direct method of cavity QED emission calculation is apparently not well known in the cav-
As noted above, thermal emission is just a form of sponity QED community, where the direct method is used almost
taneous emission—and in the quantum optics and cavitgxclusively[2,11-19. For that reason, we review it here
QED community, the modification of spontaneous emissiorbriefly.
by cavities or PBG structures is a well-known eff¢tD—
19]. Theoretically, in the weak-coupling regime, the

. . e C. The indirect method from Kirchoff's law
spontaneous-emission ratg into a wave mode is given

by Fermi's golden rulg21], Let us consider a multilayered, thin-film structure and, for
) 5 simplicity, concern ourselves with the discussion of optical
an(F,w)=2mp(w) [(1[H | )%, (1) radiation transmission and reflection on-axis, normal to the

surfaces, as shown in Fig. 1. Lé&tand R be the real trans-
mittance and reflectance for the film—representing the ratios
Ho— o E 8 of transmitted and reflected optical pow@oynting’s vec-
k= By(r ) (8) tor) with respect to an incident flux from the left, normalized
to unity. If no absorptiorior gain is present, then conserva-

is the interaction Hamiltonian for a radiating dipole of mo- tion of eneray requires thatt R— 1. However. if absorntion
mentu, |i) and|f) are the initial and final atomic states, and . gy req o - P
s present in the layers, then we may define a real absorp-

r is the dipole location. The electromagnetic mode densit)}

p(w), as well as the spatially dependent modal functiong®"ce byA=1—-R~—7, which is again a statement of con-

E(r,w), must be computed to generate a result—and thiéervation of energy. However, fromirchoff’s_ second law
amounts to solving the Helmholtz wave eigenvalue equatio?fve know that_ the ratio of 'ghe thermal emittanéeto the
in an inhomogeneous media2]. This solution is extremely absorptance4 IS a constant, mdepend_ent of the nature of t_he
hard to come by in 2D and 3D calculatiof5], and is not material—and that that constant is unity when the source is a
exactly a simple matter even in finite 1D structuféd]. perfect blac_kbod)[20,22,23. Hence, in this cas€=.A a_md

The transition rate., Eq. (7), is the time-averaged rate we may write the fundamental equation for calculating the

at which a radiating dipole located at a positioamits elec- thern?al spectral power of a 1D thin-film structure, irgtu-
tromagnetic energy of frequenay, into a spatial mode. choff's law as

For a collection of sugh Qmitters, with some known fre- )= A(w)=1—R( ) —Tx(w), (9)
guency spectrum of emission, the ratér, o)) can be aver-

aged over position, spherical angle elemed(}, , and mul-

tiplied by the emitter power spectrumw) to obtain the where&(w) has the interpretation as the ratio of the thermal
thermal power output into a particular element of solid angleoptical power(Poynting’s vector emitted at frequencyw
dQ,. This approach has been used successfully in studyinmto a spherical-angle elemedf), (by a unit surface area of
the spontaneous emission of light-emitting GaAs semiconthe thin film), to the power emitted per unit area by a black-
ductor material embedded in a 1D, thin-film, PBG structurebody at the same temperatufe

[16]. The power spectrup(w) in this case is just that of the This analysis is quite well suited for 1D PBG structures,
spontaneous emission of the electrically pumped semicorwhere &,(w) may be computed rapidly by matrix transfer
ductor material. To calculate the thermal spectrum by thigechniques. Some care must be taken to account for the com-
“direct” method, one simply uses the blackbody thermal plex indices of refraction used to model the presence of ab-
spectrum(w,B), Eq. (6), instead. However, because of the sorbing dielectric layers—which will emit upon thermal ex-
numerical and theoretical difficulties involved in solving the citation [24,25. In principle, there is no reason that the
Helmholtz eigenvalue equation for a general PBG structuremethod could not be extended to 2D and 3D PBG structures
the thin-film, thermal emissivity community has indepen-using the higher-dimensional matrix techniques developed
dently developed a simpler “indirect” method basedKin- by Pendry and co-workef26]. It would be a simple matter
choff's lawof detailed balance for thermal equilibrium. This to include absorption in a 2D or 3D matrix transfer code and
indirect method works well for 1D thin-film structures, and hence model the directional power emission of an actual
agrees with the more computationally intensive direct calcuhigher-dimensional PBG.

where
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Once the emittancé (), Eq.(9), is obtained, then mul- which have on the order of the same lattice spacing and unit
tiplication by the Planck power spectrum, K@), gives the cell size as the 1D stack.
power spectrum of the thin-film emitter " in terms of the

thin-film emittance £ "(w), and the blackbody spectrum B. Thermal power spectrum from matrix transfer
BB
(@), The basic model we shall use is illustrated in Fig. 1. We
consider light incident from the left in a{index of refraction
A (0,8)=E (@) P%(w), (10 g :

ny=1) onto a 1D, periodic, quarter-wave stack, distributed

which can then be compared directly to experiment. Bragg reflecto_l(DBR) compc_)se_d of alternating quarter_—wave
In the next section, we show how matrix transfer tech-12yers of(possibly complex indices1, andn,, and of thick-

niques can be used to compute the on-axis, thin-film, PB@€SSesa andb, respectively. This DBR photonic band-gap.

power spectrum, appropriate for the qualitative prediction§taCk is then assumed to be mounted flush on a dielectric

of a 2D or 3D structure in the John-Wang approximation. Substrate of complex index; of thicknessd, which is many
wavelengths thick at the quarter-wave reference frequency,

wo=koCc=2mc/\g, where), is the quarter-wave reference
(midgap wavelength andt is the vacuum speed of light.
Finally, the substrate terminates at the right in air, with index
One of the difficulties in dealing with the theory of 2D ng=1.
and 3D PBG structures is the computational complexity as- In this section, we will consider only the on-axis thermal
sociated with solving the full, vector, Maxwell-wave, eigen- emission process, leaving angular effects to the next section.
value problem in a 2D or 3D inhomogeneous dielecdi@i =~ Consider again in Fig. 1 that light of unit amplitude is inci-
Certain Fourier techniques can be used to establish the eilent from the left. We wish to use matrix transfer techniques
genvalue(dispersion curves forinfinite 2D or 3D periodic  [13,14,28—-32to compute the complex transmission and re-
structures, which possess a high degree of symmetry. Fdlection coefficientsy and., and the associated transmittance
finite structures, some success has been achieved using 2nd reflectance7=|4? and R=|?, respectively. The left-
and 3D matrix transfef26] and finite-difference techniques hand fields 1 and are linearly related to the right-hand elec-
[27]. However, these methods are all computationally intendric fields 0 and~ by
sive, and hence the results lack a certain qualitative level of
physical understanding. [1} =M

Ill. ON-AXIS EMITTANCE AND THE JOHN-WANG
MODEL

/

ol (1

ya

A. The John-Wang model whereM is the two-by-two transfer matrix. From linearity

Early on, John and Wang proposed a simple qualitativeygne we can conclude th&t must have the forni32]
model for an infinite 2D or 3D photonic band-gap structure
[10]. This model was extended later by our group to study ~ My My
dispersion, spontaneous emission, and nonlinear effects in M Mo, sz
finite PBG structure$12—-14,28—-34 The basic idea of the
model is to assume that there exists a 3D PBG structurén the absence of absorption, we can apply time-reversal
whose Brillouin zone(BZ) is perfectly spherical and the symmetry to obtaiM ,,= M3, andM »,=M7;, but that sym-
same for both degrees of polarization. In fact, it was thismetry does not hold in the present work where absorption is
search for a nearly spherical BZ that motivated the earlyan integral part of the problefi82].) Hence, once the trans-
experimental work of Yablonovitchi8,9]. The analogous fer matrix M is known, then the electric field transmission
model in 2D is a structure whose BZ is circular and the sameynd reflection coefficients can be extracted from the elements
for both polarization degrees of freedom. In both cases, this—1/M,, and =M =M, /M;;. The Poynting-vector
approximation is essentially equivalent to saying that theransmittance and reflectance and R, describing power
electromagnetic wave “sees” the same periodic potential—ow, are ther{23]
regardless of its polarization or direction of propagation
through the PBG. This approximation means that the same )
1D periodic potential is seen by all propagating modes, and =|/| =M (133
so the problem reduces to solving the 1D wave equation.
This 1D problem may be attacked by analytical methods or
simple 1D matrix transfer techniques. In either case, the R=||?=
guantitative on-axis emission spectra of finite, 1D, PBG thin-
film stacks corresponds qualitatively to the 2D or 3D homo-,; _ ;
geneous emissior? of thg hypothetiyc/:al John-Wang structur?v;gg 7\7\;:]2; gbC::)')r/ if o, Ny, N, andng are all real(loss-

. ption is present, and hemge n,, or ng

The approximation is equivalent to a;surr_ﬁng that thg banfére complexZ andR can be used to give the absorptante
structure does not change much for differing orientations ot 4 emittance, as per the fundamental equatig).

the photon_|c crystal. . ) For a piecewise constant index profile, such as in Fig. 1,
To begin then, we calculate the on-axis emittance anqh ¢ f trix of th tire stabk be d d
thermal spectrum of a 1D, thin-film stack, Fig. 1. The results' ' Tansier matnx ottihe enfire Staik can be decompose
should give a qualitative indication of the omnidirectional into the product of two elementary matricag andI1(p;).
thermal power spectrum properties of 2D and 3D structure§he discontinuity matrixd;; describes the boundary condi-

1y My,
v M22

. (12

2

M
= (13b)

M1y
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tions for the transfer of the electric field from left to right
across a discontinuoug— n; interface, accounting for the
Fresnel reflection and transmission coefficients. The propa-
gation matrixﬂ(pi) describes free propagation between two
interfaces a distance; apart in a region of constant index
n;, where

pi=n;ajw/c. (14 1 ' w/wo
These two matrices can be writtg€h3,14,33

e
— o

: (15a

ij

e i 0
0 eipi

(p)= : (15b)

where
. 1 nj
o==|1x— (16)

are the Fresnel discontinuity coefficients atrarto n; inter-
face. If we now consider the stack of Fig. 1, we can consider
the DBR PBG thin-film coating as a repeated unit cell whose
transfer matrix is

T=M(p)AMI(0) Az, 7
where we defingp=n;aw/c and g=n,bw/c. If the PBG FIG. 2. The emissivity of an absorbing substrates<3
coating isN periods thick, then the transfer matrix for the +0.03) coated by a lossless, PBG thin filmy(=v2 andn,=2).
entire stack, Fig. 1, is The solid line is the on-axis emittan€éw), Eq. (9). The dotted line
is the emittance of a perfect blackbody substrate, while the dashed
M :AoﬁNAzsﬁ(S)Aso, (18) line is the actual gray-body emittance of a substrate of inalex

=3+0.03. We see that the emittance is suppressed in the band gap
as a function of the number of periody, In the pass bands, the
emittance is enhanced all the way to unity at the transmission reso-
nances, where the PBG acts as an antireflective coating.

wheres=ns;dw/c, for a substrate of thickness If ng, nq,

n,, andng are real, then relatively simple analytical expres-
sions for the matrix elementsl;;, Eqg. (12), can be given
[13,14,33. However, since we are only interested in the _ _
cases where at least one of these indices is complex, we wiftith increasing frequency. For the rest of this work we make
carry out the matrix multiplication numerically, to obtaih th/e qua}rter-wave assumption for the_thm—ﬂlm_layers, namely
as a function ofg, Ny, Ny, Ng, &, b, d, N andw. Then the nja=n,b=NXxy/4, wherewo=2mc/\g is the mldgap'refer- .
transmittance and reflectance coefficiefisnd R are given ~ €Nc€ frequency 9f the PBG, folr which reflection is maxi-
by Eq.(13), with the emittance obtained therefrom by the Mum. We definen; =Re{n,} andn,=Re{n,}. Hence, the real

fundamental equatiof®). phase factors become {g=njaw/c=Re{g}=nbwl/c
=7wl/(2w), showing that a quarter-wave of phasé2 is

accumulated wheneves= w,. We take the substrate thick-

. nessd to be many optical wavelengthd=100\q/nj;, to
We now compute and plot the emittangi), Eq.(9), by  model a very thick substrate.
the indirect method outlined above for the quarter-wave

stack of Fig. 1. The first set of plots in Fig.(@iscussed in
the next sectionshows the emittance when only the sub-

C. Simple quarter-wave stack

1. PBG as a passive filter

strate contains absorbers, so we take-1, n;=v2, n,=2, In Fig. 2, we show the emissivit§ as a function of the
andn;=3+0.03. The substrate is very thick, witth>\. scaled frequencyw/wq. With only the substrate inderg
Recall that at a given frequenay=2mc/\, a complex in- =3+0.03 complex, this models the situation where a loss-

dexn=n’+in" implies an absorption per unit length of less 3D PBG sits atop a heated hotplétabstrate In this
case, the PBG coating acts as a passive filter—blocking heat
A" 2n'w 1o radiation emitted by the substrate at band-gap frequencies
TN T T (19 from reaching the leftmost, region. We illustrate the effect
with N=1, 3, and 5 periods in the PBG in Figga® 2(b),
so that the intensity falls to &/in the Beer’'s lawdistance and Zc), respectively. The dotted line &= 1 corresponds to
l/a. Note that the absorptance, therefore, increases linearihe emittance of a perfect blackbody. However, the thick
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substrate of relatively high index;=3 is not a true black- &(w)
body. Even though the substrate is highly absorptive, not all
radiation incident from the left—in the absence of the PBG 0.25¢(a) N=1
thin film—would be absorbed. This is because the-n; 0.2
interface is highly reflective, with a reflection coefficient 0.15
given by 0.1
No—Ns|2 0.05 /_/
Ros™ No+ N3 20 0.5 1 15 W/

which isRyz=0.25 forny=1 andn;=3+0.03. Hence, the & (w)
uncoated, absorptive substrate alone, when heated, does not
emit as efficiently as a perfect blackbody—but only 75% as 0.25| (b) N=3
efficiently. This so-called “gray-body” emittance of 0.2
=0.75 is plotted as a dashed line in Fig. 2.

So now we see some interesting effects. The PBG-coated, 0.15
heated substrate emits poorly in the band gap, as was ex- 0.1
pected, and as is clearly shown in Figgb)2and Zc). The 0.05
emission inhibition or filtering becomes more pronounced as W/ wo
the number of period is increased and the gap thereby 0.5 L .5
deepens. What is a bit surprising is that, at the photonic
pass-band transmission resonanf&3,32, the substrate’s &(w)
emission is enhanced from the gray-body level all the way
up to the perfect blackbody rate. This occurs because the 0.25¢(c) N=5
transmission resonances correspond to frequencies at which 0.2
the PBG thin-film stack acts as amtireflectivecoating— 0.15
eliminating then, to n; impedance mismatch seen by the 0.1
substrate alone. Since all incident radiation from the left at 0.05
these select frequencies “tunnels” through the PBG into the o/

substrate—all of the power is consequently absorbed and the 0.5 1 1.5
entire structure behaves then as a blackbody—which is, of

course, defined as an object that absorbs all incident radia- FIG. 3. Here, the substrate is losslesg=1, and the absorbers
tion. are in the absorbing,=v2-+iv2/100 region, withn,=2 lossless.

So, in summary, the results of Fig. 2 illustrate that a pasil'he curve increases linearly overall with/ wy, since a complex
sive, lossless PBG coating can inhibit the thermal emittanc@1=n1+in7 implies a loss-per-unit length that increases linearly
of a substrate at band-gap frequencies—but enhance it with frequency. The emission enhancemept is highest at the high-
band-edge transmission resonance frequencies. This resfJauency band edge, where the electric field modes overlap pref-
applies quantitatively to the on-axis emissivity of an actual€rentially with the low-indesxn, layers.
1D thin-film structure. However, as per the John-Wang
model—this result tells ugualitativelywhat to expect at all  Jow-index n; layers, then they will couple maximally to the

angles for a 3D PBG mounted on a heated substrate. high-frequency band-edge resonance modes, age®ni's
_ _ golden rulg Eq. (7). Thermal emission will thus be enhanced
2. PBG as active emitter most at this high-frequency band edge, as seen in Fig. 3. The

In Fig. 2, all of the absorber@mitters were placed in the opposite occurs when the emitters are switched over to the
substrate, as indicated by the shaded region of the inset, amigh-indexn, layers, where now emission enhancement is
the PBG coating acted as a passive filter. In the next set adxpected to be most pronounced at the low-frequency band-
plots, Figs. 3 and 4, we move the emitters from the substratedge resonance, as seen in Fig. 4. These effects have been
into the PBG itself, where active enhancement and suppreseen before experimentally by our group in an electrically
sion of the thermal emission process occurs, due to the PBGumped emitting region within a 1D quarter-wave stfb].
altered electromagnetic mode structit?—16. We expect In that case, the emittance was computed theoretically by the
different effects, depending on whether the emitters are lodirect method, involving explicit calculation of the eigen-
calized in the low-index1; or high-indexn, regions, Figs. 3 modes forFermi’'s golden rule Eq. (7). In this current work,
and 4, respectively. In particular, it is well known that low- we use the indirect method—appropriate for emitters in ther-
frequency band-edge resonance—at abawtw,=0.75 mal equilibrium—and we see the same type of results.
here—occurs when the normal-mode field at that frequency In Fig. 3, we takeny=1, n;=v2+iv2/100, n,=2, and
has intensity antinodes localized in only the high-index nz;=1, so that only the low-index; layers, in the free-
layers. The situation is reversed at the high-frequency bansgtanding PBG thin film, are emissive. The plots of Fig. 3
edge, here atw/wy=1.25, where the field-mode intensity show that, as we increase the number of peridds
maxima are localized in the low-index layers[9]. e{1,3,5, the active emission is enhanced at the band

This band-edge enhancement phenomenon manifests #dges—with the most pronounced enhancement at the high-
self in the emission process. If emitters are doped into thérequency band edge, as was predicted.
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&(w) perfect blackbody emitter. To find the absolute thin-filFf)
power spectrum emitte,rzlz,fF as measured by a distant detec-
tor, we need to multiply the thin-film emissivit§;" by the

0.2 Planck blackbody(BB) power spectrum»®®(w,T), as per
0.15 Egs.(6) and(10).
0.1

1. Properties of the Planck spectrum

The Planck spectrum®®(w,T), Eq. (6), can be differen-

W/ tiated to find the location of the thermal maximung,,(T),
which is
&(w) _
[3+W(—3e ®)]kgT 2.8%gT
0.25} (b) N=3 ®Omaf T)= 7 =7 (21)
0.2 whereW(z) is theproduct log functiorf35], which gives the
0.15 solution forw as a function of in the transcendental equa-
0.1 tion z=we". Then the actual maximum value taken on by
0.05 the Planck spectrum at this frequency is
W/ o 0.71
0.5 1 1.5 .
/mad 1 =2 (@man=—— (kg T)?, (22
&(w)

which illustrates the well-known fact that the maximum

0.25! (c¢) N=5 power increases cubically with temperature. To scale this
0.2 absolute maximum out, we normalize by this peak power to
) get the scaled blackbody spectrum
0.15
BB 3
0.1 so(w,T) hw 0.70
pﬁimT):—z(— ——
0.05 rmad T) kgT F{ ﬁa))
exp ——=]—1
w/wo kBT

0.5 1 1.5

FIG. 4. The absorbers are in the high-index=2+0.02 lay- Whi(_:h' of course, _now alwayg has a maximum of “_”ity’ t,)y
ers, withn,;=v2 andn;=1 lossless. Emission enhancement is nowdes'gn' The thin-film, r;grm«'%lllzlzgéj power spectrum is easily
strongest at the low-frequency band edge, where the field mode3€€n to be the produgt™= &7,

overlap predominantly with the high-indew layers.
PP Y g i 2. Thin-film thermal spectrum

The curves slope upward to the right due to the fact that
the assumed dispersionless imaginary indéx from Eg.
(19), implies an absorption per unit length that increases lin

early with increasing frequencyThis slope did not appear trum, Eq.(23), as per Eq(10). This gives us the set of plots

in the emittance curves for the complay, with absorbers . " : :

only in the substrate, Fig. 2, because there the substrate Iﬂ%eFlgl'a?]'C[k)es%eer;?rISr% ocr;;hEéenr?;(;aeraélgﬁﬁir:ger:taxnn;u?] eO];ow-

taken so thick that all incident radiation entering it is eVeN-traquency band edge, the high-frequency band edge, or the

tually absorped_, regardless of freqluelr)cy. midgap, as illustrated in Figs.(&®, 5(b), and Kc), respec-
The plotin Fig. 4 shows the emission when the abgorberﬁvely' The blackbody temperature is, of course, scaled to the

are swapped from the low- to h|gh-|nc_JIe>§ layers, \.N“b midgap frequencyw,, via Eq. (21). For example, if the

=v2, n,=2+0.02, andnz=1. The emission experiences Planck spectrum peaks at midgap, then from E) we

the most pronounced enhancement at the Iow—frequencp{ave the condition on the midgdhG) temperaturer™©
band-edge, as expected. '

In summary then, we expect a passive PBG filter or coat- i wo=2.82kgTVC, (24)
ing to suppress and enhance the thermal power spectrum of
an object in the band gap, as illustrated in Fig. 2. This resultvhich allows us to relate the figures to an absolute tempera-
applies qualitatively at all angles to the emission filteringture scale;T, and the geometric lattice parameteasp, nj,

with a 3D PBG coating and gives exact quantitative predicandn),, as per the quarter-wave stack condition

tors for on-axis emittance measurements using a 1D thin

film. In Figs. 3 and 4, we show how the emittance is en- , . Ng mC

hanced by placing the thermal emitters inside the PBG. na=nzb=—== 2wy’ (29

Now we take the emittance curves, Ef), for the five-
period passive PBG coating with a pronounced gap, Fig.
2(c), and multiply by the normalized thermal power spec-

D. Absolute thermal power spectrum wheren’ =Re{n}, as before.

The emittancet, (w) we have computed so far gives the In Fig. 5, we use the same passive filter parameters as
relative power emitted at each frequency with respect to defore, namelyny,=1, n,=v2, n,=2, andn;=3+0.03.
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& (w)

0.25¢
0.2}
0.15}(a)
0.1}
0.05}

L w/ W

& (w)

0.15+(b)

05 1 1.5 W

- + . w/w
0.5 1 1.5 0

w/wy FIG. 6. Same as Fig. 5, but withy,=1, n;=v2+iv2/100, and
n;=1. The thermal peak is at the low and high band edges and

FIG. 5. The absolute thermal power spectrum with losstgss midgap, (a), (b), and(c), respectively. Enhancement is most pro-

=1,n,=v2, n,=2, and absorbing;=3+0.03. The temperature nounced at the high-frequency band edge because absorbers are in

is chosen so that the blackbody peak aligns with the low-frequencghe low-indexn, layers.

band edgda), the high-frequency band edgk), and midgap(c).

(The dotted line is the spectrum of a perfect blackbody substratehegin with a review of an off-axis matrix transfer formalism

while the dashed line is the gray-body spectrum of a substrate ofuitable for complex indices of refraction.

indexn;=3+0.03.)

0.5 1 1.5

The solid curves are the normalized power spep(a,T), A. Off-axis matrix transfer for absorbing media
Eq. (23). The dotted lines are the spectra of a perfect black- N . , .
bgd§/ v)vhile the dashed lines are thlz spectra 01P the uncoated The gt_aner_allzatlon qf matrix transfer to include o_ff-aX|s
hi h-}ndex f1,=3) substrate(graybody. We see in Figs propagation in absorptionless media can be found in many
5(2) and 5b) t3hat the power rgdiz;{ted b&/ the substrate ?s 'en_texts [36—38. However, when the indices of refraction are
hanced when the temperatufés such that the Planck peak complex, some technical subtleties appka#,25. For that

aligns with either the low- or high-frequency band edges, ; » .
respectively. In Fig. &), we see thermal emission suppres- The off-axis boundary conditions and propagation phases

sion when the temperature choice aligns the Planck peak®" be accounted for by simple modifications to the on-axis
with the midgap frequencyyy,. discontinuity and propagation matrices;; and II(p;), re-

In Figs. 6 and 7, we again move the emitters from thespectively, Eq(15). As shown in Fig. 8, there are two inde-
substrate into the PBG coating and takg=1, leaving a pendent polarization modes to consider, gyeolarized TE
free-standing absorbin@emittingd DBR grating. In Fig. 6, mode and the@-polarized TM mode. For boteandp polar-
we haveny=1, n;=v2+iv2/100, n,=2, andng=1. The ization, the phasey,, accumulated as the ray traverses an
Planck peaks are located at the low, high, and midgap freindex n; slab of thicknessa;, needs to be adjusted by a
quencies in Figs. @, 6(b), and &c), respectively. Since the factor of cos, which projects out the on-axis component of
emitters are in the low-index layers, there is a preferencehe wave vectok;. Hence, Eq(14) becomes
toward emission enhancement at the high-frequency band-
edge frequency. The reverse occurs in Fig. 7, whngre 1, pi=n;ajw cos(6;) /c, (26)
n,=v2, n,=2+0.04, andnz=1.

reason, we review the method carefully here.

where 6; is the anglek; makes with the normal of the slabs,
as shown in Fig. 8. Hence, the propagation mafﬂi@pi),

In this section, we calculate the off-axis spectrum of ourEQ. (15b), remains the same with the identificatiqn
1D PBG thin film as a function of incident angl. We  —p;cosé. However, the discontinuity matrid;;, Eq.

IV. OFF-AXIS SPECTRUM
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FIG. 7. Same as Fig. 6, but with absorbers in high-indgx w/wo )
layers. Emission is therefore most pronounced at the low-frequency ] ) o
band edge. FIG. 9. Emittancef(w, 6p) as a function of stack incident angle

0, and scaled frequenay/ wy. TE-mode(s-polarized emittance®

is plotted in(a), TM-mode (p-polarized emittance® in (b), and
unpolarizedé!= 1(£5+ &P) in (c). Here, the substrate is emissive,
n;=3+0.03, while the PBG coating idN=5 periods thick and
losslessn;=v2, n,=2. Note how thes andp gaps shift to higher
frequency with increasind, .

(159, takes on two different forms for theandp polariza-
tions, reflecting the different boundary conditions on TE ver-
sus TM modes at the;— n; interface. The form of E¢(159
remains the same, with the identification thgt— &~ or
5{}3 for TE (s-polarized or TM (p-polarized modes, re-
spectively, where we define

(27

1

5ﬁ*s—<1 (279

n; cos@i
+
2 1

" n; cosb,
All that remains is to establish a relationship between the

no [ m [me| m [mg]| m [me] ms no angle of incidencd, in an arbitrary layern;, with the mea-
"0 sured angle of incidencé, from the leftmost semi-infinite

--------------- Z 5% It el medium of indexng, Fig. 8. This is just given implicitly in
8

theith layer by Snell's lawf25],

____________ T _Z
/ NgSin6y=n; sin6; . (28
81

* Hence, Eqs(15), (26), and (27) provide a complete set of
4\ i T T e matrices for the off-axis problem. The same formalism
AN o holds, independent of whether thg are complex or not
- [24,25. However, in general, when; is complex, then the
associated quantity; is also complex, and it can no longer
FIG. 8. Ray propagation through a multilayer stack. The inci-be interpreted as the physical angle. In this case, which we
dent angled, from the air on the left is a tunable parameter. Bound-are concerned with here, the formalism becomes merely a
ary conditions differ for TM wavegp-polarized and TE waves bookkeeping device that tracks the angular dependence of
(s-polarized, out of page the power flow from left to right across the structure.
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FIG. 10. Thes, p and unpolarized angular emittanéw, 6,) FIG. 11. Angular emittancé(w, 8y), same as Fig. 1, but with
for ann;=v2+iv2/100 emissive PBG coating withy=1, n,=2, absorbers in the high-index=2+0.02, with np=1,n,;=v2, and
andn;=1 lossless. ny=1.

B. Off-axis spectrum for standard 1D thin films Aw 4 [ny—n] 2 An
In this section, we compute the off-axis emittance for the og  m e n) s w (29)

thin-film parameters considered in the previous sections.
First, let us consider the case when the substrate indéx
complex, butn; andn, are real, so that the PBG thin-film WhereAn:né— ni andﬁ:(ni—{— né)/z_ (The approximation
coating in Fig. 1 acts as a passive filter. We take=1, n; holds forAn/n<1.)

=Vv2, n;=2, andnz=3+0.03. It is instructive to plot the Note in Fig. 9 that both the and p emittance drops to
emittance &(w, ) as a three-dimensional surface plot, zero at all frequencies a&— /2. This is because the PBG
which shows how the band gap shifts for changihig We  coating can only modulate the basic Lambertian emission
do this in Fig. 9, where we plot thepolarized,p-polarized,  angular dependence, which is proportional to’@gs Hence

and unpolarized emittance€™(w,6p), EP(w,6p), and  the emittance vanishes #s— /2, regardless of frequency.
&'(w, y), respectively, in(@), (b), and (c). Here, &'=(&° For completeness, we now consider the case of a free-
+£P)/2, since for unpolarized emitters either polarizationstanding PBG with absorbetsmitters in the n; or n, lay-
mode is equally likely to be occupied. We see in Fig. 9 thaters, withng=n,. In Fig. 10, we takeny=nz=1, n;=v2
the s gap andp gap both shift from the same gap to different +iv2/100, andn,=2. We see that thes-polarized and
higher-frequency gaps as the incident anggeanges from 0 p-polarized emittances are modulated slightly differently, in
to m/2. Thes gap remains deep and wide, whereasflyap  Figs. 1Ga) and 1@b), respectively. Both curves show
tends to narrow and fill in. In particular, the midgap at marked emittance resonances at the high-frequency band
0,=0 shifts to the low-frequency-band-edge resonance, edge and relatively large angles off-axis. The unpolarized
near 6= /2, Fig. 9b). This means that the thin film has a angular spectrum is shown in Fig.(®R Similarly, in Fig. 11
very low emittance on-axis, but a high value at large anglesve take ng=n;=1, n;=v2, and n,=2+0.03. We see
off-axis. The width of the gap\ wg at =0 is determined  similar effects as in Fig. 10, but now with the emission reso-
solely by the material parameters;=Re{n;} and n;  nances at the low-frequency side of the gap enhanced with
=Re{n,}, via [32,36,31 respect to those found in Fig. 10.
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V. SUMMARY AND CONCLUSIONS malism for computing the off-axis thermal spectrum, which
ives quantitative results which are directly comparable to

In this paper, we have tried to give a general discussion ngperiment.

the theory of thermal power-spectrum modification in 1D,
periodic, photonic band-gap structures. The theory applies
qualitatively to 2D and 3D photonic band-gap materials,
within the John-Wang approximation. The 1D thermal spec-
trum calculations should easily be extendable to the 2D and We would like to acknowledge interesting and useful dis-
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