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Thermal emission control with one-dimensional metallodielectric photonic crystals
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We have analyzed thermal emission from one-dimensional metallodielectric periodic structures using a
Green’s function technique together with the fluctuation-dissipation theorem. We show that such simple struc-
tures exhibit excellent selective emission characteristics with a controllable transition frequency in the infrared
and even visible range. Such simple structures should be easy to fabricate and have applications in thermo-
photovoltaics and potentially in incandescent bulbs.
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The performance of thermophotovolta{d@PV) energy Thermal radiation in PCs has been treated only indirectly
conversion systems is greatly affected by the radiation chaly calculating absorptivity and invoking Kirchoff's lat.
acteristics of the thermal emitter. Only photons with energyAlthough the framework established long ago is applicable
larger than the band gap of the photovoltaic material can b PCs;? direct simulation has been used infrequently to ana-
converted to electrical power whereas those below the bankize thermal radiation? Direct thermal emission modeling
gap add to the energy loss. Ideally, one would want an emithas been increasingly used in recent years to study, for ex-
ter with high emissivity above the band gap and low emis-ample, thermal emission and radiative transfer due to surface
sivity below the band gap. Recently, it has been shown thavaves!*~*’ Although tedious, direct emission calculation is
three-dimensiona3D) photonic crystal§PC) made of tung- advantageous because it can also be used to analyze emission
sten can tailor the emissivity of the structure appropriatelyfrom a part of the whole emitter structure. In addition Kir-
resulting in improved performanéé. The 3D PC, however, choff's law can be obtained as a consequence of the direct
is an intricate structure that is difficult to fabricate and scalemethod. Direct emission calculation is based on determining
up. Two-dimensional periodic structures microfabricated orthe dyadic Green’s functiotGF)'® of Maxwell's equations
metallic films also show control over emissivity due to sur-and characterizing the thermally fluctuating current sources
face plasmon polariton effecté.In this paper, we present a using the fluctuation-dissipatiotFD) theorem:* We will
simple one-dimensionallD) PC structure, requiring very first present the details of the method. Then we will apply the
little microfabrication, to control the emissivity. The results method to analyze emission from a half-plane and a thin film
of our analysis indicate that this control can be easily ex©f silver, and 1D PCs of silver/air and tungsten/dielectric
tended from the IR to the visible. This kind of control over combinations.
thermal emissivity could have implications not only for TPV~ The 1D periodic structure we have analyzed is shown in
conversion but also for other applications, including incan-Fig. 1. The structure is a stack of emitters separated by a
descent light bulb technology. layer of nonemitting medium, either vacuum or a low-loss

Propagation of electromagnetic waves through PCs hagielectric (we consider only nonmagnetic materjal3he
been studied extensively over the last two decades. Metallg¥hole structure is bound between a half-plane of vacuum at
dielectric PCSYMDPCs have been investigated for applica- one end and a half-plane of nonemitting medium at the other.
tions in the long wavelengtt>25 um) regime, where met- The Fourier components of the electrical and magnetic fields
als act as near-perfect reflectdfsIn the near IR to UV  can be expressed in terms of the dyadic GF as follows:
regions, metals tend to become very dissipative and do not o
seem to be good candidates for PCs. Contrary to the above Thermal radigtion
logic, it was shown that ultrathin films of metals like Ag or
Au can be used to design optimal reflectors because of their
large photonic band gags? More recently, low-absorbing

into vacuum

metallic inclu_sions in PCs_have been used to achieve com- Emitter (silver/tungsten)
plete photonic band gaps in the near IR, which are not pos- . - :

. . . . . Non emitter (vacuum/dielectric)
sible with dielectric structure alori8.In this paper, we ana- de%:_
lyze thermal emission from ID PCs made @) thin silver
films and(2) thin tungsten films. Since silver is a low-loss Substrate (vacuum/dielectric)

material, analysis of emission from PCs made of silver yields

great insight into the effects of the photonic structure on the

resulting radiation. We then analyze emission from 1D PCs g 1. schematic of 1D PC. Each unit cell is a combination of
made of tungsten, which surprisingly, exhibit propertiesemitter and adjacent nonemitter. The structure is bound between a
similar to that of the more intricate 3D PC. Such 1D phOtO-ha|f.p|ane of vacuum on one side and a substrhgdf-plane of

nic structures have not been investigated as potential candbssless dielectric or vacuymat the otherd, andd, are the thick-
dates for selective emitters for TPV applications. ness of the emitter and nonemitter layers, respectively.
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where G_Q(r ,r’ ,w) and G_h(r ,r’;w), the electric and mag- Whel’ek”:kxéx+kyéy is the in-plane wave VeCtOk;(K) is the
netic dyadic GF due to a delta sourceratare related by ~Wave vector with a component along the ¢-2) direction;
Gi(r,r'; @)=V, XGq(r,r’;w); J(r';w) is the Fourier com- k= k2K’ such th_at l_me)ZO; X is @ unit vector that de-
ponent of the current due to thermal fluctuations; agds ~ P€Nds on the polarization of the walfesubscript (s) refers
the magnetic permeability of free space. To compute the ral© thelth (source layer; and subscripp refers to the polar-
diative transfer, we need to determine the Poynting vector d¢ation (TE or TM) in consideration. For those layers that
any location. In Cartesian coordinates, the Poynting vectofONntain the§ source, the GF for a particular polarizatipris
depends on products of the tyfigH; ,EjH;, wherei and | modified to:
denote the Cartesian axes ar#j. Since the source in this o o )
case is stochastic, the quantity of interest(&H;), the G, (r,rr):G_H(r,rr)Jr'_Jf dkdk
brackets denote a statistical ensemble averaging. Specifically, SP Sp g Kzs
the Poynting vector in the direction depends on the term ik (r=1")g s /
(EHy~E,H)). Using Eq.(1), we expressEH;) as _el ’ , XXl 2=2,
el (- k9k(— k9 2<7,

H(r;w)zfc;:h(r,r’;w)-J(r';w)dSr',

(5

where superscripH indicates that the GF is the homoge-

neous part; andf”sp(r ,r'") is of the form as in Eq(4). The
corresponding magnetic field GF can be determined using

<Ei(f1;w)H;(r1:w)>=iwuof dsrf d3r’
\Y \%

><{Ge”(rl,r:w)GI;j(fl,r’:w) the relation between electric and magnetic GF. With the
., above expressions, the coefficier{s B;, C;, and D, of the
X (r;@)dn(r'; )}, 2

GF for a stack of layers bounded by semi-infinite media can
be determined using the transfer matrix method.

To analyze thermal emission, the dielectric function of

wherel, m=1,2,3, andepeated indices refer to summation gj\er is assumed to be 5.17+9.013/(w(w+i0.018). Be-
over all possible combinations; the superscripand* refer

' _ low the plasma frequency, thick metal films are generally
to transpose and complex conjugate, respectively. To chara

Gery good reflectors and bad emitters. As the thickness of the

terize the spectral power density of the thermal source i is reduced to the order of the skin depth, interference
thermodynamic equilibrium at temperatureve make use of effects can increase the emissivity of the films. Figure 2

the FD theorem, which expresses the correlations of the mig, o\« the spectral hemispherical emissiigf a half-plane

croscopic fluctuations of current in terms of a macroscopiGy gjjer as well as a film of thickness 10 nm, both emitting
parameter, the imaginary part of the dielectric function

421417 'into vacuum. All emissivities have been calculated using the
aso direct emission calculation discussed earlier. We can see
from the figure that emissivity of the thin film is higher than
60t (@)0®(0,T) that of the half-plane for a significant portion of the fre-
0 ’

3(r:w)I(r'; ) 5.80 =1"), (3) quency spectrum in consideration due to interference effects.
1 m 1 1

0.20
where g, is the electric permittivity of free space’(w) is 0.15 ]
the imaginary part of the dielectric function of the source; '
andO(w,T)=fw/(exphw/kgT)—1), where 277 andkg are .*E’O 10 J '
Planck’s constant and Boltzmann’s constant, respectively. @[y Siverhalfplane ]
With expressions for the dyadic GF and K8), the expres- = silver 10 nm film
sion for(EiHJ-*> in Eq. (2) can be computed numerically. The w0.05 |
problem of determining the radiative transfer is thus con- T 7
verted to a problem of determining the GF for the given case. 0-0% R 1 2
For the case of layered media, the GF technique has been ' '

. ¢ Wavelength (um)
used extensivel} The GF for layers that do not contain the

delta source, which we shall call the homogeneous part, is FIG. 2. Spectral hemispherical emissivity of a half-plane and a
given by thin film of silver.
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FIG. 3. Spectral hemispherical emissivity of an 11 layer 1D PC  FIG. 5. Emissivity of tungsten/alumina PC. Curves marked
stack. The fifth film has five films on either side while the tenth film 10/60 and 10/300 refer to ID PCs with 10 nm of tungsten and
has one film above and nine films below it. 60 nm or 300 nm of alumina. In both cases, the PCs have 10 unit

cells with the metal layer deposited on the substrate. The dots refer

In order to analyze thermal emission from a PC structurel® experimental data from a 3D R®ef. 2. The lines connecting
it would be helpful to understand the effect of the PC struc-the dots are only representative of the experimental curve.

ture on the emission from a thin film. That can be done bysgjitary thin film of equal size would, resulting in the overall
simply analyzing the emission from only one of the thinjncrease as seen in Fig. 1. We also note that by varying the
films in Flg 1, without the rest of the structure participating vacuum gap, we could achieve high emissivity for silver in
in the emission. In Fig. 3 the results of the analysis of thethe visible and higher frequencies, while keeping it low in
spectral hemispherical emissivity of a PC of 11 unit cellsthe IR. While silver itself, with its relatively low melting
with d.=10 nm,d,=150 nm, and only one of the thin films point (~1213 K), cannot be used for incandescent bulbs, it
participating in the emission are plotted. The rest of the filmgoints towards a simple structure that could potentially
just act as filters. We see that below a cutoff frequency ofyreatly improve the luminous efficiency of incandescent light
about 1.7 eM730 nm), the emissivity of the PC structure is bulbs. Of course, the right material is the key.
reduced by more than two orders of magnitude, even for the Metals are used as emitters for TPV applications because
emission from a film just one layer below the top-most one.of their inherently low emissivity in the mid- and far-IR. As
A comparison with the spectral hemispherical emissivity of aseen from their usage in incandescent bulbs, tungsten has a
bare 10 nm silver film clearly indicates the effect of the pho-relatively good emissivity in the opticalight) as well as
tonic structure. The position of the cutoff frequency can benear IR (hea) regimes compared to far IR. While the high
shifted to higher frequencies by decreasing the vacuum gagmissivity in the near IR is a disadvantage for lighting appli-
between the thin films of silver. Figure 4 shows the spectratations, it is very good for TPV applications with low band
hemispherical emissivity of the whole 1D PC with all the gap semiconductors like GaSh. In fact, the emissivity of
thin films acting as emitters as well as filters. It is clear thattungsten-based emitters is increased by the appropriate use of
the effect of the photonic structure is to enhance the emisantireflective coating® 1D and 2D surface-relief gratings,
sivity compared to the emissivity of a half-plane of silver, and 3D PCgZ.Having seen that 1D PCs can achieve appro-
though not equally, in all regions of the spectrum in consid-priate tailoring of emissivity in the case of silver, we proceed
eration. This enhancement can be attributed to the top-mosb analyze a similar structure made of tungsten thin films and
emitter. Since the radiation from the top-most emitter ob-present another way of tailoring the emissivity. The 1D PC
serves the effect of the photonic structure to a much lessestructure itself consists of 10 unit cells, each unit cell com-
extent than the films below, it behaves much the same way posed of a 10 nm film of tungstéemitten and a 60 nm film
of alumina. Instead of assuming a Drude-type dielectric

0.7 — function, as in the case of silver, we have used measured
0.6 M values of optical constants for tungsten from the literatdire.
0.5\ ™ 10nmsiver/ 150 nm vacuum | We have used a damped oscillator model for the dielectric

' A function of alumina with values taken from the literatéfe.
0.4+ 10w/er/ 300 nm vacuurm In order to simulate more closely a practical situation, this

Emissivity

0.3+t . PC structure is assumed to be on a dielectric substrate with
021 i the metal touching the substrate. The substrate is assumed to
0.1 K silver half plane ] have a constant relative electrical permeability of 12. Al-
e though alumina could also act as an emitter, the emission
0-% 7] 07 1 2 from the alumina layers is negligible<1%) compared to the
' .Wavelength (um) emission from tungsten. Hence we have plotted only the

emission from the tungsten layers.
FIG. 4. Spectral hemispherical emissivity of entire PC of 10 unit  The spectral hemispherical emissivity of the 1D PC de-
cells for 10 nm Ag films and two values of nonemitter vacuum scribed above is plotted in Fig. 5 along with that for a bare
layer thickness. tungsten half-plane and experimental data from the 3[F PC.
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Compared to the emissivity of bare tungsten, the 1D Pxhibit photonic effects which can be used to tailor the spec-
shows increased emissivity at all wavelengths in the rangéral emissivity of the PC structure. Generally, this results in
considered. In particular, the emissivity in the near IR andan increase in emissivity in the frequency spectrum in con-
optical regimes is around 0.85 while it remains comparasideration. With the right material, the 1D PC offers a simple
tively lower in the far IR regime. By varying the dielectric Structure that could have great implications for incandescent
thickness, the frequency around which the transition fronfulb technology.(2) One reason the emissivity increases
low emissivity (~0.1) to high emissivity(~0.7) occurs can OVer a br.oad spectrum could be the effect of theT top-most
be controlled. Unfortunately the dielectric function of tung- filM- Making structural changes to the top-most film could
sten, unlike that of silver, is such that with a simple 1D PC jgresult in the desired reductlop qf emlss[\/l@) A ID PC
seems unlikely that the transition frequency can be decreasey Ucture made of tungsten thin films exhibits enhancements

In emissivity remarkably similar to a more complicated 3D
b?'OW 2.0um. Nonetheless, the 1D PC compares very We”PC. The advantage of the ID PC is that it can be fabricated
with the 3D PC and could be a more practical alternative a:

an emitter technology for TPV applications. Fuch more easily compared to the 3D PC.

In summary, the following can be said about thermal The work is supported by a DOD/ONR MURGrant No.
emission from 1D MDPCsg1) Metallic films with thickness  N00014-01-1-0808 on Electromagnetic Metamaterials
of the order of the skin depth, when arranged as a 1D PGhrough UCLA.
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