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Abstract: We present a useful framework within which we can un-
derstand some of the physical phenomena that drive thermiglsion in
2D-periodic metallic photonic crystal slabs, emphasiziatgnomenology
and physical intuition. Through detailed numerical cations for these
systems, we find that periodicity plays a key role in detemngjrthe types
of physical phenomena that can be excited. We identify twacsires
as good candidates for thermal design, and conclude withseusiion
of how the emissive properties of these systems can bedditorour needs.
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1. Introduction

A blackbody is defined as an object of perfect absorptioneitsopy is maximized, and
in that sense it exemplifies utter disorder. The physics atkidodies has both fascinated
and intrigued scientists for well over a century now [1]. Iragtice, most objects have only
finite absorption, and are thus referred to as ‘graybodidsiwever, graybodies are of in-
terest because their thermal emission spectra can be ahdnygaltering the geometry of
the system or the materials used. The ability to modify dotahe thermal emission pro-
file of an object is of great importance and interest in margaarof applied physics and
engineering. It has been noted that periodic sub-wavdiesgale patterning of metallo-
dielectric systems, i.e. photonic crystals, can modifyirtegnission spectra in interesting
ways [2, 3, 4,5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18¢riftal radiation from 2D-
periodic photonic crystals has been studied within theedstof spectral and directional con-
trol [19, 8, 20, 21, 22], guided resonances [23], thermopladtaic generation [13], resonant
scattering [24, 25], laser action [26], Kirchhoff’s law [[L&oherence [9, 22], and spontaneous
emission enhancement [5, 7, 20].

In this article, we focus on some of the most important ptglgihienomena that give rise
to many of the features observed in thermal emission spet#B-periodic metallic photonic
crystal slabs, with the intention of developing physicalition and understanding of features
of emission spectra. We demonstrate through detailed ncahstudies the key role played by
periodicity in determining the types of physical phenomtrad can be thermally excited in 2D-
periodic metallic photonic crystals. We develop undermitagy and physical insight using two
illustrative examples, before applying them to hybrid stowes. Such structures exhibit strong
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thermal emission peaks which can be used as building blockeimal design. We show how
one can tailor the emissive properties of these structorese’s design needs by changing two
simple physical parameters.

2. Description of numerical methods

Kirchhoff’s law states that for an object in thermal equilitm with the surrounding radiation

field, its absorptivity and emissivity are equal, for evegguency, direction, and polarization.
Thus, to study thermal emission of an object, we need simgligutate its absorptivity spec-

trum, knowing that the object’s absorptivity and emisgigpectra are identical. Moreover, for
the purposes of developing an intuitive understanding efatiysics behind thermal emission,
it is often more helpful to think in terms of absorption rathigan emission, and it is on this

basis that we will proceed.

uotRIpel
[eULIAY) PINIUE

-
Fig. 1. Schematic illustrating the geometry of a typical system.xrlendy-axes are de-

fined in the plane of the slab, with thedirection coming out of the slab. We study the
thermal radiation being emitted in the perpendicular direction.

Figure 1 is a schematic illustrating the geometry of a tyjpsgatem under investigation. It
is important to note that because of the mirror symmetry efdaysstem in a plane perpendic-
ular to x andy, the modes of the system can be separated into transverggce(@E) and
transverse magnetic (TM) modes with respect to the mirrangl As a result of this symme-
try, x-polarized modes do not mix witi+polarized modes. Thus, we can analyze these two
polarizations completely separately, and this is what winddl our calculations.

Numerical simulations in our work are performed using a dudifference time-domain
(FDTD) algorithm [27]. These are exact (apart from disaagion) 3D solutions of Maxwell’s
equations, including material dispersion and absorptiéa.choose a computational cell with
dimensions 4 40 x 240 grid points, corresponding to 40 grid points per lattoastanta.

The faces of the cell normal to tlx@ndy axes are chosen to have periodic boundary conditions,
while the faces normal to theaxis (i.e. the top and bottom ones) have perfectly matcigers
(PML) to prevent reflection. In other words, this is a 3D siatign of a 2D-periodic system. The
PhC slab is in the middle, and flux planes are placed on eittieio$ it at least 2 away. We run

the simulation for a total of 40,000 time steps, chosen talffecgently large to allow resolution

of peaks with quality factorsgQ) up to 250. We illuminate the photonic crystal slab with a-nor
mally incident, temporally Gaussian pulse. We record tHddigoing through flux planes on ei-
ther side of the slab and perform a discrete Fourier-tranmstm the time-series of fields, which
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we use to calculate fluxes as functions of frequedtyp) = IRe{ [ E*(r,w) x H(r, w) - dS}.
We run the simulation once with the slab in place, and agath wacuum only, such that
Egab = Evac + Eret, With Eres being the field due to reflection. The reflectance is given by

Dret *%Re{fAl[Esab(r,w) — Bvac(r, 0)]* x [Hean(r, ) — Hyac(r, w)] - dS}
Dyac IRe( Ja, Evac(r, @) X Hyac(r, ) - S}

R(w) @)

whereA; is the flux plane corresponding to ‘1’, and the minus sign & tlaimerator is there
to make the reflected flux positive. This expression can bevsho simplify to R(w) =
(DY () — DT (w)]/DY(w) where the flux plane closer to the light source is ‘1’, and the
flux plane further from the light source is ‘2’. (One can shdvattthe numerator becomes
DY (w) — PP (w) + 3Re{ [, (Evac X Hrer — Hvac X Ejef) - dS} but the cross term vanishes
for incoming and outgoing plane waves in vacuum, for whicandH are proportional.) Sim-
ilarly, the transmittance is given b(w) = ®$2°(w)/®¥(w) and the absorbance is simply
A(w) =1—-R(w)—T(w). This way, we obtain reflectance, transmittance and absoespec-
tra for PhC slabs. We incorporate absorption into our sitrada by means of the Drude model,
according to the following equation:

)

(W) = &0+ g

(f — w? —iyw)
whereéw, ¥, ap and o are input parameters. In our case, we are concerned withankia
which awy = 0. By Kirchhoff's law, the absorbance spectra so calcula@edidentical to the
emittance spectra of these objects, for each polarizdtieqguency and observation angle.

3. Holes and dips

Let us now turn our attention to real systems and the physftedts that are manifested therein.
The goal is to develop an understanding of the physical gsEsthat drive emittance in these
systems. The first structure we will examine is a simple neédd with holes (see Fig. 2). If we
illuminate the structure with light incident from the top thie cell, the light propagates down
the holes which act as metallic waveguides. Waveguide ffsiadase from the requirement that
the parallel component of the electric field be continuousssa boundary. Inside a perfect
metal, the electric field is strictly zero. For such a mateta is constrained to vanish at the
surface, and this leads to the well-known cut-off frequetmyesponding to a half-wavelength
oscillation. Below this frequency, no propagating mode barsupported within the waveg-
uide, because the boundary condition cannot be satisfieda Fealistic metal (i.e. one that
permits some penetration of fields), the fields are not reduio exactly vanish at the surface,
but must decay away rapidly and exponentially once insidentaterial. Such boundary con-
dition matching leads to a similar cut-off as in the case ef plerfect metal, except that the
penetration of field into the metal produces a cut-off witHighsly lower frequency, because
the effective width of the waveguide is slightly larger. Cut-off frequégscdepend on the width
of the waveguide. The wider the waveguide, the lower theofffrequency.

We present emittance and transmittance spectra for thismy$&igure 2(a) shows how the
spectra change with hole radius. The peaks below 1.0 (itetiday black arrows) are waveguide
cut-offs arising from propagation of light through the tol&hese peaks decrease in frequency
with increasing radius, a clear signature of waveguideoffst-They correspond to modes that
fit approximately half a wavelength across the hole inxkdirection. As we discussed, the
electric field has to be continuous as we cross media bowgsdarthex-direction (becausgy is
parallel to the media boundary) but not in thdirection. Thus, these modes have one *hump’ as
we cross the holes in thedirection, and decay exponentially inside the metallitk thetween
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Fig. 2. (Color) Here we show emittance (solid lines) and transmittance ¢dbttes)
spectra for a 2D-periodic metal slab with circular holes, viewed at nomuidence

and fory-polarized light. The Drude parameters used for the metakare 1, apy = 0,

y = 0.3(2rc/a) and wp = v/10(2mc/a). In Panel (a), we fix the thickness of the slab at
1.0a (wherea is the lattice constant of the slab) and vary the radius of the holes. The black
arrows indicate the peaks produced by the waveguide cut-off in-theection. In Panel

(b), we keep the hole radius constant ats0and vary the thickness of the slab. Here, we
use arrows to indicate the peaks produced by diffraction.
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holes such that the field profile within the metal is of the fosfma hyperbolic sine/cosine
curve (a combination of a decaying and growing exponentigipending on parity. We can see
immediately that as we increase the radius of such a holgrtfae relaxes in the-direction

in such a way as to make the hump wider. This leads to a larfgatiee x-wavelength for the
mode, and thus a lower frequency cut-off. (The wavelengthéry-direction is unaffected by
the radius of the hole, sindg, is not required to be continuous in thalirection.)

Diffraction peaks occur when we consider the slab systenmat@oscopic level, in terms of
incoming and outgoing radiation modes. This effect is nagua to metallic PhCs, and can be
observed in non-metallic PhCs as well. In terms of absamptiee incident light, being normal,
can couple into outgoing radiation modes (in transmissiaeftection) that conserve the wave
vector up to a reciprocal lattice vector in a direction ofdéte periodicity. Because the incident
light has Nokransverse COMpoNenNt, it can couple into outgoing modes Withhsverse €qual to an
integer multiple of 2r/a (i.e. 1 in our units). This means that as we increase the émgyuof
the incoming radiation, a new diffraction direction will beupled into ato = 1,v/2,2,v/5...,
corresponding tdky, ky) = (1,0),(1,1),(2,0),(2,1)... At the threshold frequency for a new
diffraction mode, the wave vector has kacomponent, and sois parallel to the surface of the
slab. Such ‘grazing’ modes have maximum interaction withgtab because they travel close
to the surface of the metal, and as such are strongly absbybtb@ material. These absorption
peaks translate into emission peaks, via Kirchhoff's laawve would expect to see emission
peaks for modes correspondingao= k| = 1,v/2,2,1/5...

Figure 2(b) shows how emittance and transmittance chantpetig thickness of the metal
slab. First, we notice that transmittance is greater forthiener slab, as one would expect.
Second, we see the emergence of diffraction peaks\&2,2 and+/5 (we indicate these with
red and black arrows). Not only do they occur at preciselg¢hivequencies that correspond
to the root of the sum of two squares (their wave vectors bpergutations of (1, 0), (1, 1),
(2, 0) and (2, 1), respectively), they are also the same ftir black and red curves, lending
further weight to the argument that they are diffractionksed heir magnitudes are clearly
quite variable; indeed, they wash out at higher frequen&8ash diffraction peaks can be seen
in Fig. 2(a), too.

What happens if we take the same metal slab, but do not driéishiol the slab that go all
the way through? What happens if, instead of having circutded) we have circuladips?
We present emittance and transmittance for this structuFég. 3 as a function of dip radius.
Again, we see peaks below 1.0 which correspond to cut-offsep in this case they are not
waveguide cut-offs but a kind of ‘cavity’ cut-off, whekg is such that there is approximately
half a wavelength in the-direction. We see diffraction peaks at/42, 2 and+/5. Abovew, =
V10~ 3.16, the plasmon frequency of the metal, transmittance besaignificant, because
above that frequency, the metal becomes transparent dricclg pass through it as though it
were a dielectric material (while still being subject to soabsorptive loss).

4. Hybrid structures

Let us now turn our attention to hybrid structures which Imedboth metal and dielectric. We
consider a metal slab with a circular dielectric puck on s puck is intended to be a small
perturbation to the system that introduces discrete pieitgdn both thex- andy-directions by
means of a piece of dielectric. We observe emitted light atnabincidence and polarized in
they-direction.

Figure 4(a) shows how emittance and transmittance vary thiétdielectric constant of the
perturbation £). First, we observe many peaks in the emittance spectrayanbte that the
positions of some these peaks (particularly the ones atiémgies less than 2.0) decrease with
increasinge. Second, we see zero transmittance in the system for fregsebeloww, ~
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Fig. 3. (Color) We show emittance (solid lines) and transmittance (dotted Bpestra for

a 2D-periodic metal slab of thicknes®a with circular dips, observed at normal incidence
andy-polarization. The dips have a depth 068. The Drude parameters used axe=1,

wp =0, y=0.3(2mc/a) andw, = v/10(2mc/a). We show spectra for two different radii of
dips, keeping the slab thickness constant.

3.16, as we expect, because the metal is opaque at frequertiss the plasmon frequency.
Third, we see also an entire series of diffraction peaksieguiencies 1,/2, 2,1/5, 2v/2 and
3, corresponding to modes with wave vectors (1, 0), (1, 1)0§2(2, 1) and permutations
thereof. These are especially clearly seen on the blackecd¥e know they are diffraction
peaks because they not only fit the above sequence, but alectte same frequencies on
the red and green curves. (Diffraction peaks do not chantfethw dielectric constants of the
structure.) Fourth, we demonstrate that most of the entiétpeaks with frequencies below 2.0
that we see in Fig. 4(a) are in fact produced by surface plasmo

Surface plasmons (SPs) are excitations that exist on tedant between a plane-metal and
a dielectric. They are confined to the surface, but can piapdceely within that surface. They
have a relatively simple dispersion relation that is appnately linear at low wave vectors and
bends over toward a flat cut-off at higher wave vectaog/(/€ + 1 is the cut-off frequency,
wherewy is the plasmon frequency ardis the dielectric constant). If the direction of prop-
agation isx (i.e. k is in the x-direction), then the SP will have field componefgs E; and
Hy (the z-direction is normal to the interface). The SP is unusuahat tt has an electric field
component in the direction of propagation. Normally incitlBght (for which kiransverse = 0)
cannot couple into SP modes with non-zkimecause of conservation of wave vector; however,
it can couple into such modes if the wave vector of the SP is alongeztilbn of discrete trans-
lational symmetry, because in such a direction, wave vastoonserved only up to an integer
multiple of the reciprocal lattice vector. These corresptnk = (m,n)(2r7/a) wheremandn
are integers.

To show that the emittance peaks with frequencies belowr2.thdeed SPs, we record the
frequencies of the peaks (up tay,/v/€+ 1, the SP cut-off) for each curve in Fig. 4(a), and
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Fig. 4. (Color) Panel (a) shows emittance (solid lines) and transmittaotted lines) spec-
tra for a 2D-periodic metal slab of thicknes®4 with circular dielectric pucks for normal
incidence and light polarized in tlyedirection. The pucks have a radius ofl@and a thick-
ness of @a. The Drude parameters used for the metaleare- 1, wp = 0, y = 0.3(271C/4a)
andwyp = v/10(2mc/a). We show spectra for three different dielectric constants for the cir-
cular puck. In Panel (b), we took the peaks labeled by arrows in Raneind plotted them
on a dispersion curve. (Note that the third red peak in Panel (a) cogwiile a diffrac-
tion peak at frequency/2 ~ 1.41.) We see that the dispersion of the peaks (lines with
circles) lies between the metal-air dispersion and the metal-dielectric dmpefsr the
corresponding dielectric constant. Therefore, it is quite plausible ths¢ theaks are pro-
duced by surface plasmon modes. In Panel (c), we show the themiggion spectrum for
the same metal slab with pucks of dielectric constaats at temperature 1000K (we call it
“PhC (model)”). We also show the blackbody spectrum at that temperitucomparison.
The lattice constant was chosen tode 2.94um. Panel (d) shows the thermal emission
spectrum for the same system except that the “model” metal has h@aoae by tungsten.
We modeled tungsten with Drude parametersg8¥ 1, wy = 0, y/(2rc) = 487cm ! and
wp/(2mc) = 5170@m 1, and we chose = 2.94um. We show the emission spectra for a
uniform tungsten slab of thicknesgwithout pucks) and a blackbody for comparison.
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plot them as circles in Fig. 4(b) against wave vector magieifunaking the assumption that
the first peak has a wave vector of (0, 1), the second a wavervet(l, 1), and the third a
wave vector of (0, 2) (all in units of72/a). We make this assumption because this sequence
of (ke, ky) = (m,n) produces a sequence of frequencies in ascending orderditiad we plot
SP dispersion curves for metal-air and metal-dielectriecstires where both media are semi-
infinite in extent (dotted lines). SP modes in the structureéen consideration would therefore
be expected to have a dispersion relation that lies betweemeétal-air and the metal-dielectric
dispersions, since the average dielectric constant ofitieatric strip/air lies between that of
the air and the dielectric. Thus, we would expect the blacheas to lie between the dotted black
and blue curves, the red circles to lie between the dottedmddlue curves, and so on. Indeed,
this is exactly what we see. Furthermore, the fact that tfedes, when joined together by solid
lines, form a dispersion relation that clearly bends ovesatral a cut-off, gives us confidence in
identifying these modes as SPs.

We can obtain the emissive power of these structures bydakia emittance spectra that
we have calculated and multiplying them by the blackbodyssion spectrum (which is also
known as the Planck distribution). This is what we did in F¢g). We chose = 2.94umand
plotted thermal emission of the PhC slab as a function of leaggth. We show the emission
spectrum of a blackbody for comparison. We can immediatsyes emission peak neargm
that has as high emission as a blackbody; this peak corrdsporhe first SP peak in Fig. 4(a).
The two emission peaks at approximatelyi/2m and 32um are diffraction and SP peaks,
respectively.

In Fig. 4(d), we consider the same structure except that tin@del” metal slab is now re-
placed by a tungsten slab. We did this by doing the calculatging the Drude parameters of
tungsten. We also plot the equivalent tungsten slab emgtésiashed red curve) for compari-
son. In keeping with Kirchhoff’s law, at no point does the ssion of the PhC structure exceed
that of a blackbody. The qualitative similarities betwelgis €mission spectrum and that shown
in Fig. 4(c) can be traced quite easily: the three major peaksin; the tall central peak and the
peak to its right are SPs, while the sharp peak to the lefua@um) comes from diffraction
into (1, 1) modes. Overall, the background emission of thgsten PhC slab is lower than that
for the “model” metal that we have hitherto been studyingduse the background emittance
of a slab[15] goes asyZw, (in regimey < w < wyp), andwy is much higher for tungsten than
for the Drude metal in Fig. 4(c). Notice that the PhC tungstem has higher emission alt
frequencies than the uniform tungsten slab. Thus, we hasellext enhancement of emissive
power through the use of a PhC.

As we have already remarked, the dominant feature of thes@misharacteristics of this
structure is the central peak aD8um, which achieves 80% of the emission of a blackbody.
As we will show in Fig. 5, it is possible to shift this peak byattying the lattice constant
of the structure. By so doing, we can place a strong emissi@ak pt whatever frequency we
choose. If we combine copies of this structure with différattice constants, we can place
strong emission peaks at multiple frequencies. This is gginming of thermal design using
2D-periodic metallic PhC slabs.

5. Thermal design

In order to facilitate our discussion of thermal design in2&iodic metallic photonic crystals,
we turn our attention to another variation on the theme oftaibystructure, and show how the
emission spectrum of this structure can be tailored to oedseWe study a tungsten slab on
top of which sits a dielectric slab with circular holes. Oraa ¢hink of the dielectric portion
of this structure as being the ‘inverse’ of the circular puskich a structure exhibits discrete
periodicity in both thex- andy-directions.
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Fig. 5. (Color) Here we show the thermal emission spectrum for a hy&idigheriodic
structure consisting of a tungsten slab and a dielectric slab with holes. Tiaé stab is
1.0a thick while the dielectric slabg(= 5) is 0.2a thick with holes of radius @a. We
show emission of light polarized in tlyedirection. In Panel (a), we display emission at two
different temperatures. We chose a lattice constaat-6f2.00um. In Panel (b), we show
how the emissive power changes with lattice constant. In both panels,omeeshission
spectra for a uniform tungsten slab of thicknassithout dielectric, and a blackbody, for
comparison.
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We show the emission spectrum for such a structure in Figh Bahel (a), we choose=
2.00um and vary the temperature of operation. We plot thermal earis®r the PhC slab,
the unadorned tungsten slab, and a blackbody. Again, theeRti€sion far exceeds that of a
uniform tungsten slab. We see three prominent groups ofyéaé smallest of which has fairly
complicated substructure. First, we notice that the pmsstiof the peaks do not change with
temperature. Second, increasing temperature increasssi@matall wavelengths. Emissive
power goes a3 * (Stefan’s law), so that, going from 1000K to 1200K, emissimreases by
a factor of (1.2)* ~ 2.07 (provided the weighting does not change significantly)ird; the
relative weighting given to different wavelengths changéh temperature, because the peak
of the Planck distribution shifts toward lower wavelengtyith increasing temperature. In our
case, the group of small peaks between 1 gnoh&vere insignificant features at 1000K, but
became more prominent at 1200K, because the blackbodyrgpeshifted in such a way as
to give those peaks much more weight than before (thus, tleeg enhanced by more than
a factor of 2.07). Fourth, the emission of the PhC slab exx#eat of the uniform slab at all
wavelengths and at all temperatures. In fact, the enhantdemenpressive: we see a 20-fold
increase in emissive power (over that of a slab) at the ma&ak at around .2um. Of course,
emissivity never exceeds unity, because that would vidtet&econd Law of Thermodynamics
(the large peak in question attains 66% emissivity). Theairtgnt lesson we learn from this
is that we can emphasize different parts of the emissiontspemf a PhC by changing the
temperature at which we operate the thermal structure.

In Fig. 5(b), instead of changing the temperature, we keappégature fixed and vary the
lattice constant of the PhC. The blackbody envelope andrtisséon spectrum of a uniform
slab of this same metal are shown for comparison. We seerttiaasing the lattice constant
shifts the emission peaks in the PhC towards a higher wagtlelm our case, foa = 2.00um,
the large peak is already close to the point of maximum bladiemission, so that increasing
the lattice constant ta= 3.23umonly served to decrease the total emission from that elmitat
(incidentally, it is a surface plasmon). However, the cleaimg also brought some small peaks
from the lower wavelengths into the picture. The point of #xercise is to illustrate the degree
of control we have over the position of the peaks, and by tisé@sple techniques, we can
shift emissive power around to different parts of the speutrit is useful to note that for both
choices ofa, there is significant enhancement of emission over that afifanm slab because
the breaking of continuous translational symmetry allovesenwave vector modes to be excited
and coupled into.

The two hybrid structures we considered in this and the prevsections would be suitable
candidates for applications that require narrow band @amss one or more frequencies. Both
structures have a dominant peak that can be shifted in waythldoy changing the lattice con-
stant. If we want three emission bands separated byr-2he structure in Fig. 5 would be a
good choice. There are two different ways to amplify an eioispeak relative to background
emission. We can choose to operate the structure at diffeseperatures, or we could change
the lattice constant. These are simply two different waysnaking the emission peak co-
incide with the wavelength of maximum blackbody emissiop.cBmbining many such hybrid
structures, each with its own lattice constant, we can @aoag emission peaks at whichever
wavelengths we choose. We therefore have a means of tgjlivérthermal emission properties
of a hybrid structure to our needs.

6. Conclusion

We presented a physical and intuitive framework within vahiee can understand some of
the physical phenomena that drive thermal emission in 2ibgie metallic photonic crystal
slabs. We performed detailed numerical calculations fes¢hsystems, and found that period-
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icity played a key role in determining the types of physicaépomena that can be excited.
In particular, we saw how periodicity gave rise to waveguideoffs, waveguide resonances,
diffraction peaks and surface plasmon modes. Using hyhmicttsires composed of metal and
dielectric components, we obtained sharp emission enhatsover and above that of a metal
slab. In the case of tungsten, we created strong emissids path 80% and 66% emissivity,
far exceeding that of a uniform tungsten slab, which plated@bout 3-4%. These peaks could
be shifted at will by changing the lattice constant of theaure or by changing the tempera-
ture at which the structure is operated. We can design raégevith multiple emission peaks
by combining hybrid structures, each with its own latticestant. Thus, we have a powerful
set of tools with which to develop physical intuition and ergtanding for thermal design.
The ability to design thermal emission could well find usethgrmophotovoltaic systems and
defense applications, where many targeting systems rethi@detection of thermal emission
from projectiles.
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