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Coherent spontaneous emission of light by thermal sources
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The emission of light by a material at temperatlireas been shown recently to be coherent in the near field.
These properties were attributed to the thermal excitation of surface polaritons. We review the origin of this
phenomenon. We analyze the influence of the microstructure and temperature on the coherence properties and
show how to engineer thermoradiative properties of surfaces. We report the design of a quasi-isotropic source
and a very directional source of thermal light. We also report a measurement of the transverse coherence length
of a thermal source of light.
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[. INTRODUCTION scribed using a phenomenological theory. None of these
theories allows one to derive the emitted fields starting from
The tungsten filaments of light bulbs are certainly thethe basic principles of electrodynamics.
most widely used sources of light. The microscopic mecha- The basic idea of an electromagnetic treatment of thermal
nism of light generation is the spontaneous emission of aadiation is that each volume element of a body at tempera-
photon when an emitter thermally excited relaxes to a loweture T can be viewed as a random electric dipole. Indeed,
state. Such light sources are called thermal sources. They abecause of the random thermal motions of electrons and
usually almost isotropic sources of light with a broad specdons, there are random currents in the material. Therefore,
trum. This contrasts with a laser that produces very direceach volume element can be viewed as an electric dipole that
tional and monochromatic light. The narrow spectrum is agenerates an electric field. Next, we have to derive the field
measure of the temporal coherence of the source, wheregenerated by a dipole below an interface. This is a standard
the directivity is a measure of its spatial transverse coherproblem that was first solved by Sommerfeld. A detailed dis-
ence. Recently, it has been realiZetthat a thermal source cussion can be found in the monograph by Bahakhough
of light could be coherent in the near field, i.e., when anathe solution involves some integrals that may not be easy to
lyzing the light at distances of the surface much smaller tharvaluate analytically, the problem can be worked out
the peak wavelength of the spectrum. Further work has led taumerically® It is worthwhile to point out that all the optical
the construction of a coherent thermal source of Ifglthas  properties of the medium and all the resonances of the inter-
thus been shown that a source based on spontaneous enfizee are taken into account when computing the field emitted
sion may produce light that is partially coherent, both spaty a dipole below the interfacg.e., the Green tensor of the
tially and temporally. In this paper, we shall report a detailedproblem. Because the mean value of the current is null, the
study of this type of source and discuss the role of surfacenean value of the electric field is also null. The quantity that
waves in building coherent fields. We will report a measure-is then needed is the correlation function of the current den-
ment of the coherence length of the field along the sourcesity which is given by the fluctuation-dissipation theorem
We will also carefully study the role of the temperature onderived in 1952° The full treatment was first given by Ry-
the emission. We will finally report measurements on a typeov et all! It was applied by these authors mostly to radio
of source that produces an isotropic emission of light. waves emission problems, but the framework is valid for any
The emission of light by hot bodies is usually discussed infrequency. For instance, this approach allows one to derive
the context of energy transfer or thermodynamics using phergorously the emissivity for a flat surface and thus to re-
nomenological concepts such as absorptivity, emissivity, anttieve the usual phenomenological result. Furthermore it
specific intensity:® However, it is possible to address this yields the field in the vicinity of the interface because surface
problem in the framework of classical electrodynamics. Thismodes are fully taken into account. When surface waves can
approach was first used by Lorehtaut, at that time, the exist, the field is completely dominated by these thermally
statistical properties of the random currents were not knownexcited surface waves. They produce unexpected results.
so that it was impossible to obtain the Planck function fol-First of all, the spectrum of the energy density becomes al-
lowing this route. This is why this type of approach has beermost monochromatit.lts Fourier transform yields the first
abandoned in textbooks. Indeed, radiation in a vacuum, i.eqrder (i.e., amplitude correlation function according to the
blackbody radiation, is usually derived using the Bose-Wiener-Khinchin theorem. It appears that the field has a long
Einstein statistics for photons. This approach can be usedoherence time. Second, the density of energy increases by
only if the electromagnetic states of the system are knowmseveral orders of magnitudé.Third, the field can be shown
and at thermodynamic equilibrium. Nonequilibrium phenom-to be spatially coherent over distances much larger than the
ena such as emission by a specific material are usually devavelength along the interfa¢€. These facts contradict the
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widely accepted point of view that a thermal source of lighttion is that the emission of the atoms excited a surface mode
is incoherent. All these effects cannot be detected in the fathat was subsequently diffracted by the gratifidt is inter-
field because they are due to surface waves which decagsting to compare the two emission phenomena because they
exponentially away from the interface. Yet, roughness carhave the same basic mechanism. The spontaneous emission
couple surface waves to propagating waves, and thus transfef light by a metallic grating can be viewed as follows)
the coherence properties into the far fiéldote that we do  nonradiative decay of a thermally excited electron or phonon
not claim that a thermal source produces a laserlike fieldinto a surface phonon polariton, aril) diffraction of the
First of all, the mean occupancy number of each state is stikurface phonon polariton by the grating. Other authors have
given by the Bose-Einstein law. Second, the intensity statistised this idea more recently. Let us mention the enhanced
tics are very different for a laser and a thermal source. Howfluorescence of emitters (Etj) located in close proximity to
ever, surface waves do produce a significant time and spatial metallic grating surfa¢é and the extraction of light emit-
second order coherence of the field in the near-field. Thised by an active source located inside a modulated
coherence can be used to modify significantly the radiativestructure'®
properties of surfaces. Later on, Hesketh and Zemel measured thermal emission
To proceed, one can modify the surface profile. It hasat 400 °C of doped silicon gratings. They observed reso-
been known for a long time that microroughness modifiesnances in the emission amplitude in tpeolarization and
radiative properties. In particular, the influence of a gratingdifferent spectra when varying the grating pertdd**As we
on the absorption properties has been studied in greatill see, the phenomenon reported by Hesketh and Zemel
detail’> A spectacular effect was predicted and verifiedwas related to the presence of surface plasmon polaritons and
experimentally® in 1976: ruling a shallow sinusoidal grating not to organ pipe modes, as first thought. Many other authors
on a gold surface may lead to a total absorption of visiblehave experimentally explored the role of texture on emissiv-
light for a particular polarization. This behavior has beenity. We will not mention here the works done on gratings
associated with the resonant excitation of a surface mode: &ith a period larger than the wavelength so that the geomet-
surface plasmon polariton. Due to its resonant character, thigc optics apply. In 1995, Auslander and Hava studied
absorption takes place for a particular angle once the freanomalous reflectance in doped silicon lamellar gratings due
guency is fixed. to the surface profile of a grating. Yet, they worked sn
Absorption is not the only radiative property that dependspolarization?? so that these effects were not related to sur-
on the surface profile. According to Kirchhoff's law, the face wave excitation. Nevertheless they noticed in 1998 an
emissivity of a surface is equal to the absorptivity for theantireflective behavior in the polarization for V-grooved
same frequency, same direction, and same polarization. Isslicon grating with a Si@ mask layef® Saiet al. also made
validity has been a subject of debate for some time but thealculations and measurements on a three-dimensional
question was finally settl@dvhen a proof was derived from V-grooved silicon grating with an SiOmask layer and in-
the reciprocity theorem that follows from Maxwell's equa- terpreted their observation in terms of resonance between the
tions. Based on this argument, it is thus expected to obsenield and the grating? Le Gall et al?® showed that the emis-
a manifestation of surface waves on the emission of light bysivity of SiC could be increased by ruling a grating. Finally,
surfaces. This has indeed been observed recently by Kreitégt us mention a recent attempt to use a photonic crystal
et al}* on a gold surface heated at 700 °C. Because of thetructure of tungsten to modify the radiative properffes.
range of temperature needed, it is easier to observe these In this paper, we will report a detailed study of the ther-
effects in the infrared. Although surface plasmon polaritonanal emission due to the thermal excitation of surface phonon
may exist for highly doped semiconductors, it is easier topolaritons. Recent papérshave shown that the presence of
observe these phenomena by taking advantage of a differeatirface waves on a plane interface enhance the temporal and
type of surface waves. They are called surface phonon papatial coherence close to the interfdae distances smaller
laritons. They can be viewed schematically as phonons in athan the typical wavelength given by the Wien displacement
ionic crystal. The mechanical vibration of the ions generatesaw, 10 um at 300 K, for example This yields insight into
a charge oscillation and therefore an electromagnetic wavethe mechanism of light emission. We will first review these
In the early 1980s, Zhizhiat al. studied thermal emission ideas. We will then study the interplay between the disorder
of materials supporting surface phonon polaritthhey  of the microstructure of a material and the spatial coherence
worked with a ZnSe crystal sample including periodic inho-of the field by comparing amorphous and crystalline silica.
mogeneities on its surface. The sample was heated at 150 WWe will then describe an experimental setup designed to en-
in order to excite surface waves. Coupling these waves witthance the angular and spectral resolution of emission mea-
the periodic profile, they observed emissivity spectra inghe surements. We will report a detailed experimental study of
polarization changing with the direction of observation. Thatthe emission of a grating. We will, in particular, examine
observation was a signature of the excitation of a surfacearefully the role of temperature in the results. We will also
wave. It is worth mentioning that the emission assisted byshow that it is possible to engineer the radiative properties of
the excitation of a surface wave has been used in a differerst surface by a proper design of the grating profile using a
context. In the late 1980s, Gruhlke, Holland, and Hall ob-rigorous coupled wave analysiRCWA) algorithm?’ Two
served the luminescence by atoms placed in a film with ahermal sources have been realized. The first source radiates
grating on top of it. They observed that the presence of th@lmost isotropically but with an emissivity enhanced by
grating modified significantly the emission. The interpreta-more than an order of magnitude. The second source has an
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FIG. 1. Energy density above a vacuum-silica interface in the p/A

near field. Note the shift of the peak frequency depending on the

microscopic structure. FIG. 2. Cross-spectral density of taeomponent of the electric

field above a vacuum-glass interface. Note that the coherence length

of the amorphous silica is smaller than for the crystalline form.
emission pattern that displays two narrow lobes like an an-

tenna. Finally, we will show how the coherence length alon
the source can be recovered from our far field emission me
surements and discuss qualitatively the origin of the spatia
coherence.

atively understood. Indeedi) amorphous glass is a more

qilsordered system so that surface phonon polariton are ex-
pected to be strongly damped, afiid the local environment

of each cell varies from one cell to the other so that a broad-

ening of the spectrum is expected.

Il. COHERENCE IN THE NEAR FIELD

A. Temporal coherence in the near field B. Spatial coherence

In this section we consider the emission of light by a half  Since we have seen that the electromagnetic field is tem-
space containing silica, either amorphofgdass or cris-  porally coherent in the near field, it is natural to revisit its
talline (quarta. The upper half space is a vacuum. We plotspatial coherence properties. It is also of interest to investi-
the density of electromagnetic energy as a function of fregate the role of the structure of the material on the spatial
guency in the near field in Fig. 1. We see that the spectrum isoherence. To this end, we show in Fig. 2 the cross-spectral
no longer a broad spectrum with an envelope given by theensity of thez-component of the electric field along the
Planck function; instead, the spectrum has a narrow pealnterface at a distance af20 for crystalline and amorphous
This is a signature of the temporal coherence of the electrcsilica. It has been calculated following the procedure out-
magnetic field close to the interface. A striking property islined in Ref. 1. At a frequency that coincides with the peaks
the numerical value of the density of energy. It is roughlyof the density of energy, there are many wave vectors excited
larger than the density in vacuum by four orders of magni-so that the spatial spectrum is very broad. Accordingly, the
tude. Similar results for SiC were first reported in Ref. 2.correlation function has a very small range. In contrast, when
These surprising results can be understood as follows. Thieoking at the cross-spectral density for a lower frequency,
energy density is proportional to the local density of electro-we observe a long range correlation of the electromagnetic
magnetic states. Close to an interface, there are not onffield along the interface. Similar results were obtained previ-
plane waves, which are the solutions of Maxwell equationusly for SiC and metafsNot surprisingly, we observe that
in a vacuum, but also surface waves. These additional solidhe coherence length of the amorphous glass is smaller than
tions produce a peak of the density of states at a particulahe coherence length for the crystalline quartz. Yet, it is seen
frequency, as seen in the dispersion relation of Appendix Athat there exists a non-zero correlation over distances as
In the case of ionic crystals, the origin of this peak is easy tdarge as four wavelength@.e., 88 um) for the amorphous
understand. It is the frequency of the optical phonons whictglass, indicating that there is still some order on this scale
is basically the mechanical eigenfrequency of the atoms in &ngth. The origin of the long-range coherence of a thermal
primitive cell. Since the atoms carry a partial charge, theysource that support a surface wave can be viewed as follows.
produce an electromagnetic field. With this picture in mind, The random electric dipole associated with each volume el-
it is easy to understand why the density of energy increasemsment of the medium excites a surface wave. Since the sur-
when approaching the interface. Each primitive cell isface wave is a delocalized mode, the oscillations produced
equivalent to an oscillating dipole. As the distance is re-along the surface are coherent within a distance which is
duced, the electrostatic contributions in the dipole radiatiorgiven by the decay length of the surface wave. In other
become the dominating terms. words, each volume element is dressed by a surface wave

When comparing the two curves in Fig. 1, it is seen thatthat oscillates coherently over an area determined by the de-
the effect of the desorder of the amorphous glass is t@ay length of the surface wave along the interface. Thus each
broaden and to shift the resonance peak. This can be quakiementary source has an effective spatial extension along
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)\ grating B. Experimental procedure
JOA
F For each angle, we took several measurements of the
emission of the sample, of a reference blackbody and of the

M polarizer ambiant radiation. For frequencies below 1500 ¢mthe
C%f ..... ﬂ ............................. % "D Sagheson ambiant radiation reflected on the sample cannot be ne-
e TR FTIR glected. The emissivity spectru8) is obtained by subtract-

s %\ """""""""""""" |77 Az | spectiometer ing the background signal. The details of the procedure are

1 given in Appendix B.
% In order to obtain the emissivity spectrum, we need to
s blackbody know the exact value of the sample temperature. This is

achieved by taking advantage of the Christiansen wave-
FIG. 3. Experimental setup used for measuring emissivityjength. At this point, the emissivity, of the SiC surface is
spectra. equal to 1. The Christiansen frequency depends neither on
the temperature nor on the roughness. We have the following
the planar source which may be much larger than the wave€lation:
length in vacuum. In what follows, we will use these coher-
ence properties to design sources with specific properties. IA,T=8>\|§),T, 1)
Depending on the coherence properties, it is possible to de- ] o . o .
sign either a highly directional or a quasi isotropic source. Invherel, 1 is the specific intensity of the radiation emitted by
Sec. II, we describe the experimental setup that was built ihe surface at wavelength and temperaturd, and|? r is

order to measure the emission with high angular and spectrf€ blackbody specific intensity in the same conditions. At
resolution. the wavelength\, we can define a temperatufg such that

I r=1%7 - Whene, =1, we have

_10 _ 0
Ill. EXPERIMENTAL SETUP ==, 2

A. Optical system . .
i.e.,, T=T, . We can thus determine the exact temperature of

The optical system is schematically shown in Fig. 3.the sample. For Si® chyistianser= 10-034um. We found that
PointsA; andA, are conjugatedi; represents the grating or the temperature of the sample in our experiment Was
the blackbody and\, is the point which is conjugated with =770 K.
the detector through the spectrometer. Thus, the image of the
detector determines the area of the sample which is observed.
This allows to choose an isothermal area.

A diaphragm (diameter ®) was placed in the Fourier
plane of the spherical mirror. In this position, it makes an In this section, we show how to enhance the emissivity of
angular selection of the directions of emission which are obthe sample in all directions by taking advantage of the ther-
served. In other terms, we control the solid angle of obsermal excitation of the surface wave. To this end, we rule a
vation by varying the diameter of the diaphragm. In ourgdrating on the surface so that the surface wave can be
setup,f=300 mm andP =3 mm, so that the solid angle of coupled to propagating waves. In order to be able to couple
detection isQ gerecior=8X 1075 sr. It is smaller than the light to any Q|rect|(_)n, it is necessary to work ata frequency
solid angle of the natural emission of the grating due to avhere the dispersion relation is flaee Appendix A For
surface phonon polaritofSPR Qe 7(M/L)2, where fabrication reasons, it is easier to work with a lamellar grat-

. . : ing (i.e., with a rectangular surface profil@he characteris-
L<1 mm is the typical propagating length of the SPP on th ing (e, wi . : L
plane interface. One sees thAg, o> 3.10 % s1. etlcs of such a grating are the peridd the filling factorF,

o . . . and the depthh. We optimized the grating parameters in
The grating is heated by eight thermal electric resistances. 4o o maE(imise thepemissivity us?ng agrigporous coupled

and its temperature is controlled by a regulator WEST4200, .. algorithn?” For SiC, we found the following charac-

In the e>_<periment_, Fhe target temperature for the grating i?eristics:A=3,u,m, F=0.4, andh=0.35um.
773 K with a precision better than 1 K. In Fig. 4a@), we show two experimental curves, obtained
We used an infrared Fourier transform spectrometer DA§p, the conditions described in Sec. Ill. We represent emissiv-
BOMEM. The SpeCtral I‘eSO|uti0n Of th|S Spectrometer VarieSty Spectra for the grating and for the p|ane interfacq)in
between 0.01 and 4 ch. The measurements have beenpolarization in the normal direction of observation. One can
made with a spectral resolution of 0.5 Chwhich corre-  see that a peak appears in the presence of a grating. This
sponds to a precision of 5 nm &t=10 um. The detector is peak does not exist fog polarization[see Fig. 40)]. The
a HgCdTe detector cooled at 77 K. Each spectrum is ampolarization dependence suggests that the grating is not es-
average of 500 scans: the noise is thus considerably reduceskntial but serves to reveal an intrinsic property of the sur-
The beamsplitter of the spectrometer is made of KBr, whicHace. It indicates the role of the SPP in this phenomenon
is a transparent material in the working frequency range. since the SPP exists only fgrpolarization as discussed in

IV. A QUASIMONOCHROMATIC AND ISOTROPIC
THERMAL SOURCE
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FIG. 4. Emissivity spectra of a smooth gratidg=3.00um, FIG. 5. Emissivity spectra in the polarization of a smooth
F=0.4, andh=0.35.(a) Case ofp polarization.(b) Case ofs po- grating; A=3.00um, F=0.4, andh=0.35 for two direction of
larization. observationd=10° and 40°.(a) Theoretical spectratb) Experi-

mental spectra.

Appendix A. Further evidence of the role of the SPP willbe ] . ]
given in Sec. V. sivity in the infrared is low. The mechanism that we have

When the angle of observation changes, one can see gescribed _could be used to enhance its emissivity in ';he in-
Fig. 5 that a peak still exists at the same wavelength. Figurared, taking advantage of the surface plasmon polaritons.
5(a) presents the theoretical spectra and Fig) the experi-
mental one. The experimental peak is lower and wider than V. A DIRECTIONAL THERMAL SOURCE
the theoretical peak. It is also seen that the experimental peak
appears at a wavelengitr=11.1um, instead of 10.9um in
the calculation. We will explain this spectral shift and the
broadening of the peak in the following sections.

In Fig. 6, we plot the emissivity versus the anglet a
fixed wavelengthh =11.09u.m. We see that the emission at
this wavelength is almost isotropic and increases from a
value lower than 0.1 to a value larger than 0.8 at any angle.
One can understand this phenomenon by inspection of the
dispersion relatiorisee Appendix A As a matter of fact the
excited SPP lies on the asymptotic branch, characterized by
w=946 cm ! in the calculation. For a fixed wavelength,
there are many SPPs with different wave vectors, i.e., differ-
ent directionsd of emission. For all these directions the grat-
ing emits a quasimonochromatic radiation. Thus, using a SPP
thermal excitation, we have succeeded in designing a thermal
source which is both isotropic and quasimonochromatic. This
concept can be extended to different materials. Tungsten, for FIG. 6. Experimental emissivity diagram in polar coordinates of
instance, is a very good emitter in the visible but its emis-a smooth gratingA =3.00um, F=0.4, andh=0.35

In this section, we consider a grating designed to emit
light at a well-defined angle. In order to illustrate the role of
the surface wave, we have calculated the emissivity as a
function of angle of emission and frequency for a grating.
This grating was designed to have a maximum absorption for

0°

90°
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FIG. 7. Emissivity of a SiC grating as a function of frequency
and angle of emission. It is seen that the peaks of emission coincide
with the dispersion relation of the SPP in the,k) plane.
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11.36um. The result is displayed in Fig. 7. It is seen that the
peaks of emissivity closely follow the dispersion relation of

4
©

the SPP on a flat surface shown in Fig. 16. In this calculation, E 0.6 ,5

we see that the emissivity takes large values for any angle at é I

a particular frequency on the order of 946 chas already ® 04 .”,
discussed. Furthermore, we see that for lower values of the ' ® ;'i
frequency, the dispersion relation is no longer flat, so that for 02 i \l

a given frequency, emission takes place for a well-defined |

angle. In this part of the spectrum, we expect an angle- .
dependent spectrum. In other terms, in each direction the 9% 105 15 125
grating emits at a different wavelength. We optimized the wavelength (um)

following characteristics for the grating\=6.25um, F o . N
—05 agr]1dh=0.285,um. Such a grgting v%:s alrealgy studied F_IG. 9. Emissivity spectra in the polarization of_ a s_mooth
by Greffetet al? In this work we report measurements of the grating, A =6.25.m, F=0.5, andh=0.285 for three directions of

o Lo . bservationd=30°, 46°, and 60°(a) Theoretical spectrgb) Ex-
emission spectrum and a quantitative analysis of the data. vg?e

will show that we can deduce the coherence length of th rimental spectra. The theoretical curve was calculated with the
ielectric data af'=300 K, and a grating period of =6.28 um.
source from the emission data. We will also show that it is grating p a
possible to obtain a quantitative agreement of measurement _ - :
with theory at high temperature. tion system. The spectral resolution was also limited by sig-

We plot the measured emissivity versus the amgreFig. r)al_ to noise rgtio. In this: measurement, we are no longer
8 for A=11.36 and 11.8@m. It is seen that the emission at limited by the instrument in our measurement of the angular
a fixed wavelength is very directional: the heated grating"/dth- For instance, our measurement shows that the peaks
behaves like an infrared antenna. This is a signature of th re narrower v_vhen the ar?gl%lncrea_ses as pred|_cted by_the
spatial coherence of the source. In previously reported medn€0y- This will be fully discussed in the following section.
surements, the angular resolution was limited by our signal W& now show the comparison between three theoretical

to noise ratio. We had to increase the aperture of the dete@d €xperimental spectra in Figgapand 9b), respectively,
or the anglesy=30°, 46°, and 60°. As we have seen in Sec.

IV, the experimental emissivity is not equal to 1 at the peak
wavelength and the peak wavelength is shifted by about 0.1
pm. As in Sec. IV, the experimental peak is wider than the
theoretical one. However, the agreement between theory and
experiment for reflectivity is excellent as shown in Ref. 4.
Thus, we find that theory agrees with reflectivity data but not
with emissivity data.

We are now going to analyze the origin of this discrep-
ancy. A possible mechanism is that the grating period varies
with the temperaturd due to the thermal expansion of SiC
as its temperature increases. We measured the period of the

FIG. 8. Experimental emissivity diagram in polar coordinates ofgrating at 300 and 770 K using a diffraction method. We
a smooth gratingA =6.25um, F=0.5, andh=0.285 at two dif- obtainedA =6.26 and 6.28um, respectively, with a preci-
ferent wavelengtha =11.36 and 11.8Qum. sion better than 1%. This variation does not affect signifi-
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10.0 11.0 12.0 13.0 14.0
wavelength (um)
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8(in°) FIG. 11. Experimental and theoretical emissivity spectra. Calcu-

. o o ~lations have been made with two different dielectric constai$
FIG. 10. Experimental emissivity vs the direction of observation gt temperature¥ =300 and 770 K.

6 (A=11.36um).
o ] on T through the parametdr. We made experiments at dif-
cantly the position of the peak. In Fig. 10 we show the the+erent temperatures between 450 and 770 K. In Fig. 12 we

oretical and experimental emissivity versus the angle opqy the dependence of the coefficighwith the tempera-
observations for a SiC grating with a period =6.28um at  {re in this range.

A=11.36um. One can see that the thermal expansion of the
grating does not explain the experimental result.
Another possible mechanism is the variation of the optical V- MEASUREMENT OF THE COHERENCE LENGTH
index with temperature. The position of the peak is m_ainly We have seen in Sec. V that thermal emission by a SiC
related to the dependence of the real garof the dielectric g 41ing may become very directional at certain wavelengths.
constant with the temperatulie the width and the height aré  This can be interpreted in terms of spatial coherence: when a
related to the material absorption, i.e., to the imaginary par,rce is spatially coherent the radiation emitted by two dif-
€ i ) ) i ferent points of the source can interfere constructively in a
In order to find the dielectric constant at high temperaturegiven direction and destructively in the others producing an-

we measured the emissivity of a flat surface at normal inCiqar |obes. The goal of this section is to use the far field data
dence. We then used a model for the dielectric constant wit recover the coherence length of the field in a plane placed

adjustable parameters. This calculation was made using jist above the planar source.

Lorentz model by varying.., w,_, wr, andl’ so as to mini- We are interested here in tipepolarized emissivity, and
mize the difference between theoretical and experimentghe plane of detection is perpendicular to the grating lines.
emissivity ¢ (or reflectivity) as a function ofw. This is  Thys the problem can be fully treated in terms of the scalar
achieved by minimizing the following quantity: magnetic field at a given wavelength(r,\)=H,(r,\)e, .

In this case, we can characterize the spatial coherence with a

N
coherence length calculated via the scalar cross-spectral den-
=2, [eexfw) ~en(w)]’, &) g P
whereN is the number of experimental points. The number | ]
of experimental points wall =59, taken betweeh =9 and +
13 um. We obtained €,=6.8, »,=959cm !, o 2y +
=779 cm !, and'=11.7 cm . One can see that the varia- wk . +

tions are not very importardower than 2% except forl’,
which has been multiplied by about 2.5. This is not surpris-
ing. The main source of losses is phonon scattering. It obvi- § o
ously increases witfi. Here we retrieve the increase of the ot
absorption, which can explain the width and the height of the +
experimental peak.
Finally, we have used the new values of the oscillators of
parameters.., o, , o, andI to derive the emission spec-
trum. In Fig. 11 we show the experimental spectrumdat
=46° with the theoretical spectra at both ambiant and high £ 0 0 ‘mié‘o“m w0 700 w0
temperature. It is seen that there is a very good agreement
between the experiment and the calculation when the proper FIG. 12. Variation of the coefficierIf in the dielectric constant
optical data are used. This confirms that the results dependgth the temperature.

sk
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FIG. 13. Spectral degree of spatial coherence for a SiC grating; FIG. 14. Determination of the spatial coherence length.
A=6.25um, F=0.5, andh=0.285 heated af =300 K.

over distanceg of the order of several wavelengths. It is
sity function in the near-fieldW(r,,r,,\) defined by possible to show that the cross-spectral density function de-
W(rl,rz,7\)60\—)\’)=<ﬁ;*(r1,)\)ﬁ/(r2,)\’)) wherefI-T; is  creases exponentially. We define the coherence length as the
the spectral Fourier transform &f, .° value of p when the spectral degree of coherence is divided

The emissivity diagram yields the radiant intensity in thePY € In Fig. 14 we plot the neperian logarithm of the enve-
far-field J(s,\), wheres=k/k andk is the wave vector of lope of the last curve: it is clearly seen that there is a linear

the incident wave on the detector. It can be showrfthat ~ decay betweep=A and 20.. The slope yields the coher-
ence length: we obtain on this particular calSgperence

. = ry) o ~T7\. To our knowledge, this is the first measurement of the
W(Fl,fz,k)“f J(shexp i2ms —— d°s. (49  coherence length of a thermal source. We made the same
analysis for the grating at=300 K, using numerical simu-

W(ry,r,,\) appears as a spatial Fourier transform oflations for the emissivity data. We obtainegynerence® 11\
J(s,\) with respect to the variable {—r;)\. One must take Another calculation was made in Ref. 1 for a plane interface
care that the radiant intensity is defined in the far-field so tha®f SIC, where the coherence length Jat11.36um was
we only have access to part of the spectrum of the cross36A. We see that the presence of the grating reduces the
spectral density. More precisely, the field near the grating agoherence length by a factor of 3 approximately because of

a given wavelength can be split into four contributions: the introduction of radiative losses. Another mechanism that
reduces the coherence length is the increase of the damping
H=H,_t+Hswnr+Hswrt+Hpw, (5)  of the surface phonon polariton due to the increase of the

) ) o term I" of the dielectric constant, as seen in Sec. V. This is
whereH,_ is the very near-fieldquasistatit component of que to the increase of the phonon-phonon collision as the
H, Hsw-nr is the field associated with the part of the SPPtemperature is increased.

which is not radiatedpart of the dispersion relation lying
below the light cong Hg,,_, is the field associated to the
part of the SPP which is radiated by the grating &fyg, is
the propagating wave contribution. The latter is the only con- In this paper, the coherence properties of thermal near
tribution that is emitted in the far field by a flat surface. Only fields have been reviewed. The modification of the coherence
the last two components contribute to the signal received byroperties of the electromagnetic field can be attributed to
the detector. These contributions are decorrelated and thte presence of surface waves. We have discussed the influ-
cross-spectral density function can be splitted into four partence of the microstructure of the material on the temporal
which are associated with the quasistatic near field, the raand spatial coherence properties. We have shown how the
diative and nonradiative SPPs, and the natural emission afear-field properties can be used to engineer the emission
the sample. The cross-spectral density function reconstructeghd absorption properties of surfaces. Taking advantage of
from the far-field data is thusVc,cuiated™ Wsw—r + Wow - the flat dispersion relation of the surface wave in a given
Note that a flat surface would yield essentialli,, . spectral range, it is possible to produce a source of high
In Fig. 13 we plot the reconstructed cross-spectral densitgmissivity which is almost isotropic and quasimonochro-
function at the wavelength=11.36m versus the quantity matic. In contrast, when working in the region where the
p/\, wherep=|r,—r,|. As discussed above, it contains all coherence length is large, it is possible to realize a very
the information on the radiated surface wave. This functiordirectional source of light that behaves as an infrared antenna
is normalized by its value gi=0. Note that this normaliza- with well-defined lobes. Experimental and theoretical results
tion amounts to plotting the spectral degree of spatial cohethave been reported showing an agreement better than 2%
ence. One can see that the SPP is correlated in the near fieMhen proper temperature optical dependent data are used.

VIl. CONCLUSION

155412-8
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From these measurements, we were able to obtain a quanti-
tative value of the coherence length of the thermal sources.

This study has highlighted the role of surface waves in the
process of light emission by thermal sources. A simple
mechanism can be proposed: the first step is excitation of
surface waves by thermally excited random dipoles, the sec-
ond step is the diffraction of the surface waves by a grating. §
This analysis can have a large impact on the design of light s
sources. Indeed, the mechanism and the same concepts can 8500 |
be applied to design novel light sources using any physical

process that excite surface waves. An advantage of this type

of light source is the possibility of engineering the dispersion 800.0 . . .
relation by modifying the surface profile. This allows one to '800.0 1600.0 24000 3200.0
produce either directional or isotropic sources. It also allows k, (cm™)

one to shift the emission frequency. Finally, we stress that the
modification of the dispersion relation amounts to modify the
local density of electromagnetic states and therefore, 8
modify the radiative decay of any type of excitation.

950.0 b

900.0 | —— Dispersion relation

----- Light line

FIG. 15. Dispersion relation of a surface-phonon polariton on a
lane surface.

surface phonon polariton is half a phonon and half a photon.
More precisely, the ratio of mechanical energy to the elec-
ACKNOWLEDGMENTS tromagnetic energy changes continuously as the frequency

We acknowledge support from Ministere de la recherchevaries. The horizontal part of the dispersion relation is the

contract Action Concertee Incitative Nanostructures N76-01Phononlike part. In the case of SiC, surface waves are sur-
face phonon polaritons. Other polar materials such as oxydes

(e.g. SiQ) or 1I-VI and 1ll-V semiconductors for example
can also support SPP’s. An important property to keep in
mind is that surface waves are modes of the interface. There-
1. Surface waves at an afimaterial interface fore, they can be excited resonantly. It is also important to
iote that these waves exist only fprpolarization, namely

APPENDIX A: SURFACE PHONON POLARITONS
ON A PLANE INTERFACE

In this appendix, we briefly review some characteristics o lectric fields in the ol
the surface waves which may propagate on a flat material/afP" €l€ctric fields in the planex,2).

interface. A surface wave has an exponential decay awa ]n this paper, we study in' dej[ail sili_con carbide. This ma-
from the interface and propagates along the interface. It igénal has interesting properties in the infrared range. Besides,

thus a wave that has the forms its optical propertieg(w) can be described by a simple Lor-

entz mode
z>0, E(x,z)=Eqexdi(kx+y12)], (A1) s
e(w)=€,| 1+ —&} (A3)
z<0, E(x,2)=Egexdi(kx—y,2)]. (A2) 17 of—0*+ilTe)

where €,=6.7, 0, =969cm !, wr=793cm?, and I'

It can be showi3! that such a solution exists at a - _ : ;
vacuum/material interface for materials that have a dieIectri(f_4:76 cni=. The dispersion relation of the SPP has thel g
owing dispersion relation for a flat air/material interf&ce:

constant whose real part is smaller thati. This happens
when the material structure has a resonant behavior. For met-
als, it corresponds to the plasma oscillation which is a col- o € o)
lective oscillation of the electrori:*! For dielectrics, it oc- kzg(m
curs for frequencies that are in the range of the optical
phonons. In both cases, the excitations are delocalizewherek, is the wave vector of the surface mode.
damped modes. Solving this equation is not trivial. Indeed(w) is com-
The surface electromagnetic waves are actually chargplex, so in a general cadg and » are also complex. Al-
density waves. Surface plasmon polaritons are due to atough at first glance, the general choice is to have both
acoustic type of oscillation of the electron gas. This mechaniguantities complex, it turns out that this is of no use for most
cal wave of charged particles generates an electric field. Theases. The possible choices are either kgand complexw
term polariton means that the wave is half an acoustic vibraer vice versa. One can shéuthat, for this type of measure-
tion and half an electromagnetic vibration. In the case ofment, the dispersion relation is well described by assuming
polar dielectrics, the surface waves are called surface phondhat the wave vector is real and the frequency is complex. In
polaritons. The underlying microscopic origin is a mechani-Fig. 15 we plot the dispersion relation for HRe(w)
cal vibration of the atoms or phonon. If the phonon takes<947 cm ! which corresponds to Rew)]<—1. It is seen
place in a medium where the atoms carry a partial chargéhat there are two different domains: on the one hand, a
(polar materigl, the mechanical oscillation is associated with linear branchk,~ w/c, and on the other hand an asymptotic
an electromagnetic vibration. Thus, roughly speaking, théranch forw~947 cni'* which corresponds te(w)~—1.

112
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be used to emit light efficiently. This is the basic mechanism
used to produce efficient and coherent thermal sources.

One can interpret EQA5) in terms of dispersion relation.
Here we consider that the grating is a smooth perturbation of
the flat interface: relatiofA4) is still valid. Nevertheless, the
dispersion relation can be plotted in a reduced-zone scheme,
limited by zero ands/A. This reduced-zone scheme depends
on the period of the grating. We plot this relation for two
different periods\ =3 and 6.25um in Figs. 16a) and 16b),
respectively. It is seen that some parts of the dispersion rela-
tion lie in the light cone. These parts are leaky modes (

, , = w/c sin §,w) which are radiated in the directiof
1000.0 1500.0 2000.0 In the first casg¢Fig. 16a)], the upper asymptotic branch
k,(cm ) lies in the light cone. For eack,, only one frequency is
possible w~947 cm'1. We can expect an emission at a
single wavelength in each direction. In the second ¢E&g
16(b)], for a greater period, the linear branch of the disper-
sion relation lies in the light cone. We can expect a very
directional emission at each frequency between793 and

950.0 |

g-- -~y

~—— Dispersion relati
----- Light line

§
z (a)

850.0 -

800.0 .
0.0 500.0

940.0
947 cm'L,
Here we retrieve a feature of the Wolf efféét3the spec-

tral content is linked to the direction of observation. The
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APPENDIX B: EXPERIMENTAL EMISSIVITY SPECTRUM

In this appendix, we describe the procedure used to obtain
the emissivity spectrum from the emission measurements.

790.0 L + L
0.0 200.0 400.0 600.0 800.0 1000.0
k, (cm™)

FIG. 16. Dispersion relation of a surface-phonon polariton on aWe denote SSP(\,To the experimental spectrum of the
sample at temperatufBs. It can be cast in the forffi

smooth grating(a) Period A =3.00um. (b) PeriodA =6.25um.

SEPIN, T =RM[e(M)P(A, Tg)+B(N) +p(MP(N, Tr)],
(B1)

The curve is under the light line representedksyw/c. This
means that the solutions are evanescent waves.
where R(\) is the instrument response functios(\) the
directional emissivity,P(\,Tg) the Planck function at the

2. Role of a smooth grating
%emperaturél’s, B(\) the background radiation reaching the
detector directly, ang(\)P(\,Tg) the ambiant radiation at

As we have seen, the surface wave lies below the ligh
line. All the propagappg waves I|e.above the light line. Smcethe temperatureT, reflected by the samplep())=1
the continuity conditions at the interface demand the fre- . R L . ! /
quency and the parallel wave vector to be equal, there Cannots()\) is the directional reflectivity. Using this relation, we
' can write

be excitation of a surface wave by a propagating plane wave.

A well known solution to couple a propagating wave with a

SPP is to use a periodic surface. The modes are then Bloch SZPUN, T =R(\){e(M)[P(N,Te)—P(\, TR) ]+ B(N)
+P(\,TR)}. (B2)

modes whose wave vector is given by

(A5) When we remove the sample, we measure the spectrum of
the room radiation denote8§®(\,T). Eq. (B2) becomes

© Gin =k +m o
Esm =K mx,
(B3)

where @ is the angle of propagation is the grating period exp _

and m is the diffraction order. The coupling of an incident SRP TR =ROIBO) + P Tr)].

propagating wave with a surface mode through the grating

can produce up to total absorptibfiThe reciprocal situation We have

is also possible. If a given grating can couple very efficiently

the incident light into a surface wave, it can also coupleSg®(\,Tg)—SP(N, Tr)=R(\)e(M[P(X,T9)—P(\,TR)].

efficiently a surface wave into a propagating mode. This can (B4)
155412-10
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The same procedure for a blackbody at temperafigre Finally, we can obtain the directional emissivity spectrum
yields a signal denoted

\) = STPIN, T9) = SFPIN, TR) [ P(N, Tg) — P(\, TR)
saxpkx,TB>—SEX"‘(x,TR>=R<>\>[P<x,TB>—P(A,TFJ(]' ) ¢ = S200x Tp) — STP00, Tr) || POV To)— POV TR)
B5 (B6)
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