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Experimental and theoretical study of reflection and coherent thermal emission
by a SiC grating supporting a surface-phonon polariton

y J. Le Galf and M, Olivier
Commissariat d'E nergie Atomique, CESTA, BeiPostale 2, 33114 Le Barp, France

) J.-J. Greffet )
Laboratoire d’Energdique Moleulaire et Macroscopique: Combustiongdle Centrale Paris,
Centre National de la Recherche Scientifique, Grande Voie des Vignes, 92285&hdalabry Cedex, France
(Received 7 October 1996

Polarized directional reflectivity and emissivity of a SiC one-dimensional grating are studied. Measurements
and calculations are performed between 10 and Lirbwhere the real part of the permittivity of SiC is
negative. Pronounced dips due to surface-phonon polariton excitations are observed in the reflectivity spectra
in p polarization. Thermal emission displays peaks in the same directions and at the same particular frequen-
cies. A comparison between theory and experiments shows a good agreement for both cases. The dispersion
relation is obtained theoretically and experimentally. Finally, we discuss the spatial coherence of the mono-
chromatic thermal emission. Indeed, it is shown that the existence of peaks of the emitted-monochromatic
radiation, in particular angular directions, implies that, due to surface waves, the thermally excited field is
partially spatially coherent along the interfa¢80163-182807)06915-4

[. INTRODUCTION tions, there have been comparatively few experimental re-
sults reported on thermal emission. Vinogradov has given an
It is well known that the radiative properties of a surfaceoverview of this topic. Most of the results were obtained by
are related to the surface profile. This can be used to modifusing prisms to couple the thermally emitted surface waves
the radiative properties such as reflectivity and emissivityto propagating waves. More recently, in a series of papers,
The presence of microcavities can increase the absorptivitthe group at University of Pennsylvania has reported the first
of a surface. This can be understood on the basis of ge@mission spectra obtained with a silicon grating. They have
metrical optics for grooves that are large compared to théound very interesting angular and spectral behavior for both
wavelength(see Refs. 1 and)2In this paper, we shall focus doped and undoped sampfes? Yet, to our knowledge, a
on the analysis of the radiative properties of a silicon carbidejuantitative analysis of the results remains to be done.
(SiC) grating. This material is very interesting since its di- The analysis of optical properties of surfaces with sub-
electric constant has a negative real part for wavelengthwavelength structures is a rather difficult problem. A good
close to 10um. Thus, it can support a surface wave knownaccount of theoretical techniques can be found in Ref. 12.
as surface phonon polaritg8PB. The interplay between the Since Ref. 12 was published, the numerical techniques have
surface profile and the surface wave introduces large modbeen improved and lamellar metallic gratings with deep
fications of the radiative properties. A striking effect is thatgrooves can be handled with different techniqésse Ref.
thermal emission displays peaks in well-defined directiondl3—15. It is worth mentioning that most of the reported
and particular frequencies. This effect has been first observedork deals with the study of reflectivity. Although there is a
by Hesketh, Zemel, and Gebh#adn a silicon grating sup- simple link between emission and absorption given by
porting a surface-plasmon polariton. Up to now a quantitaKirchhoff's law, there is still a lack of detailed analysis of
tive description of this effect has not been given due to theéhe emission processes in the framework of electromagnetic
difficulties of modeling the behavior of a surface wave on atheory. It is also of interest to note that the theoretical studies
deep grating. In this work we investigate in detail the thermalof the dispersion relation of surface wave propagating on
emission of such a grating and we fully discuss the cohergratings or rough surfaces have been done within the frame-
ence of the thermally emitted radiation. To this aim, it iswork of perturbation theofy or using the Raleigh
necessary to analyze the behavior of the surface-phonon pbypothesis.’ Hence they were limited to slightly rough sur-
lariton on a grating using a numerical technique that allowdaces. An attempt to use the rigorous coupled wave theory to
one to model such a problem. interpret the data obtained for deep lamellar gratings has suc-
The physics of surface polaritons has been widely studiedeeded in providing a qualitative analysis of the emission
in the literature and several reviews are availdbfeThe  peaks:®
main experimental tool used for these applications has been The issue of thermal emission by gratings supporting sur-
attenuated total internal reflectioATR). From experimental face waves is still a challenging problem. More specifically,
data it is possible to measure the dispersion relations of th@) the dispersion relation of the surface wave has to be con-
surface waves. The effect of the surface topography has beetructed in order to fully understand the emission spetna,
studied both for gratings and random rough surfaces. Yet quantitative comparison with a numerical technique is still
despite the large amount of work on these collective excitalacking, (iii) the coherence of the emission and its link with
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the presence of a surface wave remains an open problem. 1200
In this paper we shall report an investigation of the radia-

tive properties of a SiC grating. The next section is devoted

to a summary of surface-phonon polariton properties. The 1100

dispersion relation on a grating will be described and the

effect of losses will be discussed. The fabrication and char-

acterization of the sample is described in Sec. Ill. We present g 1000 ]
in Sec. IV an experimental study of the sample. We have £
measured the monochromatic absorptivity at fixed wave- &
length as a function of the angle of incidence. We have also 900 ]
studied the reflectivity and emission spectra at fixed angle.
From these results, we are able to construct the dispersion
relation. The results are compared to theoretical results ob- . . .
tained by means of a volume integral equation. Finally, we 800 1000 2000 3000 4000
discuss the issue of coherence for thermally emitted radia- ku(em™
tion.
1200 . — . .
Il. SURFACE POLARITONS ON A PLANE SURFACE (b) ;’l
A. Surface waves at a crystal-air interface 1100 | e .
j —Light line

The aim of this section is to introduce the basic concepts /
that are necessary to interpret the resonances observed in the ¢ /
H
!

emission, absorption, and reflection spectra. The remarkable 21000
features of the spectra are due to the excitation of surface <
waves. We shall first deal with the dispersion relation of a

surface-phonon polariton along a flat interface separating air 900 | ]
from a lossy crystal. Then we shall present the modifications
introduced by the presence of a grating. Finally, we shall

H H H H H 800 1 1 1 1
discuss the use of the dispersion relation to interpret the 0 500 000 1500 2000 3500
spectral measurements. k(e

In this paper we are interested in SiC. This is a lossy,
linear, isotropic material that can be fully characterized by its £ 1. pispersion relation of a surface-phonon polariton on a
complex dielectric constani(w). It can be _ShOWHg'lg thal  plane surface(a) Case where, is assumed to be realb) Case
the dispersion relation of a SPP propagating on a flat interyhere is assumed to be real.
face can be written in the form

2

® case of a measurement made at constant angle of incidence
2

k?=— L) (2.1 and varying the frequencye.g., an ATR spectrum or an
¢ letl emission spectrujnlf a surface mode is excited, a peak may

wherek, is the wave vector of the surface mode. The form of@Ppear for a given frequency and with a given width. It tums

the dielectric constant for a crystal obtained by using an osPut that the position of the frequency gives the real part of
the mode frequency whereas the width of the peak provides

the imaginary part of the frequency. The incident angle
wf—w$ yields the(rea) wave vector. Thus it appears that such a
I+ ——5——~+| (2.2 frequency spectrum can be well described by assuming that
woi—w+ile ; .
the frequency is complex and the wave vector is real. For
where g, is the permittivity for high frequenciesp; the  many years this has been the standard way of interpreting
frequency of the transverse optical phonen,the frequency ATR spectra. The dispersion relation is depicted in Fig).1
of the longitudinal optical phonon, adtithe damping. For a One can see two distinct branches. In fact, the upper branch
monocrystal of SiC, Spitzer, Kleinman, and W&fShave does not describe a guided mode since it lies in the light
fitted the experimental data with this expression. They haveone. The lower branch is always below the light line and
found w, =969 cm !, w;=793 cm'!, '=4.76 cm?, and  describes a true surface mode. Note that the frequency tends
£,=6.7. asymptotically tows,, for large values of the wave vector
Using Egs(2.1) and(2.2), it is straightforward to find the ~where o, is defined by
dispersion relation for a nonlossy material. The problem is
not so obvious when dealing with a lossy material. Indeed,
no solution of Eq.(2.1) can be found if bothk, and w are @Wsup—

assumed to be real. Conversely, if b&jtandw are assumed
to be complex, there are four unknowns and only two equain the case of a diatomic crystal when the damping is ne-

tions. Thus some furthea priori information has to be used glected(i.e.,  andk; are real.?
when solving Eq(2.1). This is based on the analysis of the  An alternative choice could have been used when solving

physical situation that is considered. Let us first consider thé&g. (2.1). It is possible to choose a real frequency and a

cillator model is

e(w)=¢g,

12

80+ 1

gt+1
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: 2mrm/a is shown. The period of the grating is equal to 4.41
if pm. The portions of the dispersion relation that lie within the
i light cones correspond to surface-phonon polaritons that are
able to radiate upon interaction with the periodic profile. The
radiative portions of the curve are denoted by bold portions
of the curve.

It is well known that the dispersion relation can be repre-
‘ sented in an extended-zone scheme as in Hg. & in a
: reduced-zone scheme as in Figh)2 The large values of the
i wave vector that appear in the extended zone scheme Fig.
2(a) correspond to the upper branch of the dispersion relation
in the reduced zone scheme as seen in Hig). 2Vhen look-
ing at Fig. Za), it appears that some portions of the disper-
3000 4000 sion relation lie in the light cones. These portions of the
kn(cm™) dispersion relation lie in the light cone in the reduced zone

scheme[see Fig. ?)]. Therefore, the corresponding SPP

i can be radiated by the grating. Conversely, an incident beam
that necessarily lies in the light cone can excite these por-
tions of the branch of the SPP. The portions of the dispersion
: ] relation that lie out of the light cone in the reduced zone
i scheme are true surface modes fully bound to the surface as
! discussed by Laks, Mills, and MaradudfhThey cannot be
|
|
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1000 ] studied using a grating.

In order to illustrate how a grating can be used to study
SPP, we performed a calculation of the reflected efficiency
1 by a shallow sinusoidal grating, defined by h sin(27x/a)

with a half amplitudéh=0.19 um and a period=4.41 um.
This calculation was based on the Rayleigh hypoth&sis.
The spectral reflectivity is obtained at a fixed angle of inci-
dence as a function af. As discussed in Sec. Il A, this kind
of experimentfixed angle of incidengeshould be consistent
with a dispersion relation of the type of Fig(l2. We have
3used the numerical experiment to build the dispersion rela-
tion in the following way. A reflectivity spectrum has pro-
nounced dips when a SPP is excited. Thus the dips yield the
frequencyw,,. The wave vector of the corresponding SPP
Satisfies

o (cm

900

800 L L L
-1500  -1000 -500 0 500 1000 1500
ki(em™)

FIG. 2. Dispersion relation of a surface-phonon polariton on
smooth grating.(a) Extended zone scheméb) Reduced zone
scheme.

complex wave vector. This choice leads to a very differen
dispersion relation, shown in Fig(). It is seen that a back-
bending of the curve appears in the frequency region where

no modes were obtained with the alternative choice. H&levi Kk _%m sing: + 2_77 m (2.4

has discussed the modes corresponding to a region where the e 'a '

real parte’ of the permittivity satisfieg’>—1. This result

was first considered as a mathematical curiosity until Ar-whereg; is the angle of incidence.

akawa reported experimental data obtained with a fixed fre- In the reduced-zone schenme;s the label of the different
quency and varying the angle of inciderféawith this ex- branches, and the points have the coordinates
perimental procedure, the experimental dispersion relatiohwm/C Sind;,wy,). This yields a point of the dispersion rela-
also shows a back-bending. This alternative chédcenplex  tion. Each fixed angle of incidence yields a point for all the
wave vector and real frequencig natural when a reflection branches and one wave vector. By varying the angle of inci-
spectrum is presented as a function of the wave vector. Th@ence, it is possible to obtain the dispersion relation. We
peak position provides the real part of the wave vectohave plotteddiamonds in Fig. 2b) the dispersion relation
whereas its width provides its imaginary part. The reader ca@s obtained with a shallow grating and the dispersion relation

find further discussion of this point by Kliewer and Fuths for a flat surface given by Eq2.1) obtained by assuming a
and Halevi?? complexw and a reak; . Good agreement between the theo-

retical dispersion relation for a flat surfagalain line) and

for the numerically obtained dispersion relation for the shal-

low grating (diamond$ is observed. Thus, the grating does
As shown in Fig. 1a), surface polaritons are nonradiative not perturb significantly the dispersion relation for this par-

modes; i.e., they cannot be radiated as photons and canntitular case. The result is also in agreement with the disper-

couple with light in conventional experiments. In the pres-sion relation given by Pauliék for a SPP on a shallow grat-

ence of a grating, surface polaritons will become radiativeng (not shown herg

due to their interaction with the periodic profile. In FidaR Dips of reflectivity are observed when the excitation con-

a set of curves corresponding to the light cone translated bglition (2.6) is satisfied. Emission peaks also appear when this

B. Excitation of surface polaritons by a grating
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FIG. 3. Spectral reflectivity of SiC measured at near normal
incidence(6°).

condition is satisfied. In what follows, we will present theo-
retical and experimental results of reflectivity and emissivity
of a SiC lamellar grating.

Ill. CHARACTERIZATION OF THE SiC GRATING

A. Optical index s ‘0 5 4,

In all the experiments, the SiC sample used for the mea- i 5. surface profile of the SiC grating measured by atomic
surements is polycrystalline. We have checked that the polyyrce microscopy.
crystal has the same behavior as a monocrystal with a dielec-
tric constant given by Eq2.2). The spectral reflectivity of a ) N )
sample of SiC with a flat surface was measured at an incienhanced chemical vapor deposition. Then a resist layer was
dence of 6°(see Fig. 3 The amplitude of the reflectivity SPin deposited on the SjGand patterned with an electron-

r(w) can be written as beam pattern generator. After development and stripping off
of the resist, the exposed Si@reas were etched in a CEHF
r(w)=p(ow)exdibd(w)]. (3.D O,Fg argon plasma. The resulting Si®Gnask was used to

pattern the SiC surface. A distributed electron cyclotron
Using the Kramers-Knaig relations we deducé(w) from  resonance plasma source was employed to etch the SiC ar-
p(w).? In Fig. 4, the computed optical indexes are presente@as. This permits anisotropic and uniform etching of the ma-
as a function of the wave number. Our results agree withirterial. Finally the remaining Si©mask was removed in a HF
+1% with the oscillator model of Eq2.2) using the data immersion. Figure 5 presents the measurement of the SiC

published by Spitzer, Kleinman, and Waféh. grating surface profile using an atomic force microscope. We
have obtained the following values for the depth and the
B. Realization width d: h=0.7 um anda=4.4 um.

The grating was fabricated on SiC by a combination of
electron-beam lithography and plasma etching. A polished
SiC substrate was coated with 600 nm of Sify plasma-

IV. EXPERIMENTAL STUDY
OF THE RADIATIVE PROPERTIES

A. Description of the geometry

Throughout this study, the plane of incidence defined by
[ the normal to the interface and the direction of propagation
of the incident wave is perpendicular to the lines of the grat-
ing. The electric field is depicted in Fig. 6 fprpolarization.
For s polarization, the electric field is perpendicular to the
plane of incidence.

Optical Index

B. Directional absorptivity measured by mirage effect

. 1. Description of the experimental setup

600 '800 1000 1200 1400 For measuring directional absorptivity, we use a photo-
Frequency (C11. 1) thermal technique at variable pump andlesrage effect A
more detailed description of the setup was presented by Le
FIG. 4. Optical indexes obtained from the reflectivity data usingGall et al?® Figure 7 is a schematic view of the experimental
the Kramers-Kronig relations. setup. The pump beam is a g@ser, at 10.um. The inci-
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FIG. 8. Directional absorptivity measured on the SiC grating

FIG. 6. Scheme of the studied system. (A\=10.6 zm).

dent anglef can vary between-80° and+80°. By a com-

bination of waves plates, the incident pump beam has a con-
trolled polarization when impinging on the sample. Then by 1. Description of the experimental setup
a two-quadrant position sensor, the photothermal deflection

D(6) of the probe beam is measured. This detector is Conderﬁnahnflr:rv?/gssgeg::rigggl(l) to(;git;g aélgvt\gngh:r;’?t';?gf tlr?gl;e—
nected to a lock-in amplifier in order to improve the signal- 9 P Y P

to-noise ratio. The absorptivith,e.g{6) of a rough surface flectivity of the grating. Infrared monochromatic light comes

such as a grating is measured by comparing the photothermfrPrn a globar coupled to a grating monochromator. The

; : . Beam is then polarized by means of a grid polarizer. The
deflectionsD oug6) andDmoqi{ 0) respectively obtained on sample is placed on a rotating stage. The incident angle on

the rough surface and on a smooth _surface. The absorptivit%e sample can be varied from 6° to 80°. Detection is ensured
of & rough surfacéoug) can be written as by a photovoltaic HJCdTe unit. The detector is connected to

C. Measurement of spectral reflectivity

D youctl 6) a lock-in amplifier in order to improve the signal-to-noise
Avough 0) = Apresnd 6) =— 1, (4.1) ratio. The experimental setup is sketched in Fig. 9. By a
D smoot 0) combination of lenses and diaphragms, one can obtain an
With Apesnd0)=1—Reresnel ) Where Reresndl6), the Fresnel angular resglution of the incident beam on the sample about
reflectivity, can be evaluated from the optical index. 1.2°. The slits of the monochromator are opened in order to

obtain a spectral resolution equal to 3.5¢m

2. Experimental results

. . . . 2. Experimental results
Figure 8 shows the directional absorptivity at 1Qufn P

(943 cmi'Y) for the grating and for a plane surface for both ~ Figure 10 presents the spectral reflectivitypirpolariza-
polarizations. The measurements are performed)farary- tion measured on the SiC grating and on a flat surface at 6°
ing from 0° up to 80°. The directional absorptivity is larger of incidence. The reflectivity is drastically modified when
for the grating than for the flat surface. The difference iscompared to the reflectivity of the flat surface. Three dips
important forp polarization. The increase of absorption for appear between 833 and 1000 timThe more pronounced
polarization remains low. This effect can be interpreted as an
absorption due to the excitation of the SPP. Yet, it is seen
that the absorption is enhanced for a wide band of angles of
incidence. This can be qualitatively understood upon exami-
nation of the dispersion relation in Fig(t. The frequency
used(943 cni'Y) lies in a region where the dispersion rela-
tion is almost constant. Thus, the SPP is excited for any
value ofk; in the first Brillouin zone.

Pump
beam 9

Probe
beam //@

FIG. 7. Principle of the measurement of the directional absorp- FIG. 9. Experimental setup used for measuring the spectral re-
tivity. The detectoD measures the angular deviation of the probeflectivity. 1: IR source; 2: monochromator; 3: polarizer; 4,6: con-
beam(HeNe laser. The pump beam is a GQaser(A=10.6 um). vergent lens; 5: sample, 7: IR detector.



10 110 J. Le GALL, M. OLIVIER, AND J.-J. GREFFET 55

1 T T T T T T T T
e . grating — 1k P-polarization - - -
plane surface - -- S-polarization —
0.8 i
0.8
2 2
06 1 206}
o 2
() o
5504 . =
L 04 F
~ m
0.2 B 02k
0 ) ) ) |. e 0 MM M M 1 1
900 920 940 9691 980 1000 900 920 940 9691 980 1000
Frequency (CM 7) Frequency (CT10 7)

FIG. 10. Spectral reflectivity of the grating and of the plane  FIG. 11. Emissivity of the SiC grating for both polarizations at
surface forp polarization at near normal incidencé, €6°). near normal incidence=6°).

one is located at 917 cm. Another one occurs at 962 ¢t gency spectrum of the light thermally emitted at a fixed
and the third, which is less visible, corresponds to a wavegsaryation angle. The experimental setup described in Fig.
length of about 947 c. To interpret these data, we can g is ysed. In the emission configuration, the sample is the
relate them to the dispersion relation presented on R@. 1 jignt source. Therefore, the positions of the MCT detector
for a flat surface. It is seen that at a fixkd two branches ;.4 the lamp are reversed. We use a halogen lamp to warm
appear providing two resonant frequencies. It is obvious thaﬁp the sample in order to increase the emitted fiuxThe

for the grating used in the experiment, the dispersion relation . ¢ (6, \, polar, T,) emitted by a reference samplaore

is significantly modified. To interpret these data, a theory,¢ | nown emissivity is measured under the same conditions.
that goes beyond the perturbation theory is necessary. This 4§, temperatures of both samplds, T,, respectively, are

the subject of Sec. V. also characterized by means of an infrared camera, which
allows one to control the homogeneity of the surface tem-
D. Measurement of spectral emission perature. A number of measurements were carried out in the
- ) range 95T, ,<110 °C. The background emission of the
1. Description of the experimental setup instrumentl ,(6, \, polar, T,) was measured,, denotes the

We have used a third technique to study the radiativébackground temperature. By combination of these processes,
properties of the SiC grating. We have measured the frethe absolute emission of the sample can be determined by

[(To)—1(Ty,) Pg(6,N,polar,Tg)—Dy(6,\,polar,Ty)
(T —1(Ty) D.(6,\,polarT,)—Py(6,\,polarTy)’

e4(0,\,polan=g,(0,\,polan 4.2

wherel g, o(Ts ap) is the specific intensity of the sample, the Figs. 10 and 11, respectively. Since the grating has only

standard, and the background, respectively,gjtéd,\,polap  reflected ordefzero ordey, we haveR+A=1. Kirchhoff's

is the emission of the standard. law?®0 establishes that=A, thus we haves=1—R. For
The angular resolution of the collected beam is equal tahis reason, Figs. 10 and 11 look similar. Yet the measure-

6°. The angle of the flux collection can vary from O up to ments for the reflectivity and the emission were done at dif-

60°. This is limited by the mechanical environment. ferent temperature of the sample.

2. Experimental results
Th in Fig. 11 h . f the SIC V. EXPERIMENTAL AND THEORETICAL ANALYSIS
€ curve In Fig. presents the emission of the Si OF THE DISPERSION RELATION

grating measured for both polarizations. Light is collected at

an angle of 6° from the normal to the grating. The dips The analysis of the spectra presented above has clearly

observed in Fig. 10 appear in this last curve as peaks at 916hown that the presence of dips can be explained using the

961, and 945 cm! for p polarization. dispersion relation. In order to fully characterize the radiative
The peaks observed on the emission measurements appgeaoperties of the grating, it is therefore necessary to obtain

nearly at the same position as the dips observed on the réhe exact dispersion relation of the surface excitation. We

flectivity measurement. Fa polarization, no similar effect will report the experimental dispersion relation obtained by

was observed. The peaks of emissivity can be attributed tthe different techniques that we have used.

the emission of light due to the SPP thermally excited. Note The theoretical description of such a system is a challeng-

the correlation of the positions of the dips and the peaks ifing problem. The grating is beyond the capabilities of the
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FIG. 12. Comparison between the measured and the calculated FIG. 13. Dispersion relation of the surface-phonon polariton on
spectral reflectivity of the SiC grating at 6° of incidence. a SiC grating obtained from reflectivity data.

techniques that have been traditionally used to investigate C. Dispersion relation

the dispersion relation of SPP along gratitgg., perturba- The procedure to determine experimentally the dispersion
tion theory and techniques based on the Rayleighelation has been sketched in Sec. Il. From a frequency spec-
assumption®**'®Wang and Zeme? have used the coupled trum (e.g., Figs. 8, 10, and 1ive obtain the resonance fre-
wave method and have obtained only qualitative agreemenjuencies, and the corresponding wave vector in the reduced
with experimental data of emission by Si grating. A differentzone scheme is given hy/c sin ¢; . By varying the angle of
technique will be used in this section to analyze this scatterincidence, we are able to scan the dispersion relation. Since

ing problem. our experimental setup is limited to angles lower than 60°,
Finally, we will discuss the specific problem of the ther- we have used an ellipsometéto obtain data at 75° and 85°.
mal emission spectra in terms of coherence. The dispersion relation obtained from the reflectivity data is

shown in Fig. 13. The points are localized in the first Bril-
louin zone. We have also reported the theoretical data ob-
tained with a similar procedur@.e., from simulated reflec-

We have considered the scattering of a plane wave by #&vity spectra. There is a good agreement: the difference
grating. We can simulate the reflectivity measurements of théetween theory and experiment does not exceed 0.1%.
absorption measurements since they are related by the con- The dispersion relation obtained by the numerical compu-
servation of energy relatioe=A=1—R. To simulate a tation was also compared to the points deduced from the
scattering spectrum, we have used a volume integral equéhermal emission measuremeilgee Fig. 14 The measure-
tion of the Lippman-Schwinger type solved using a momentments are more difficult than for a reflectivity spectrum. The
method as described in Ref. 15. This formalism is well suitecbeak around 947 cnt is less visible and its spectral peak
to the present problem since it can handle deep gratings. Iposition is not easy to determine. Nevertheless, the differ-
particular, the method is numerically stable in the case otnce between the measurements and the theory does not ex-
negative dielectric constant andpolarization. Another ad- ceed 0.3%. A slight shift of the main peak is noticed. Indeed,
vantage of this technique is that it is well suited to a lamellar
grating.

A. Numerical simulation

1000 T T T ¥ T T
< Measurements
. O Theory
B. Comparison between the mgasured 980 —-—-- First Brillouin zone
and the calculated reflectivity | Light line
The experimental data obtained for polarization are 960 h—&r B 58— o @_@_@g _

compared in Fig. 12 to the reflectivity obtained by the nu- : i
merical simulation. The positions of the three dips agree with & El_Jg_g_ﬁ—Jg-——Q/’oA> |
the experimental results. A fair agreement is obtained be- & 940
tween the measurements and the theory. To improve the i

comparison, we have S|mu]ated the I|m|t§d angular re;olu- 20k tm = om0 MD"

tion of the data by convoluting the theoretical results with a e v
rectangle function. When we account for this effect, the three |
peaks’ values are in good agreement with the data. Yet the 00 o 00 200 600 800 1000 1200
theory does not reproduce the data in the region around 935 Ky (et

cm . We have checked that this could not be attributed to

small errors in the grating parameters. We have not been able FIG. 14. Dispersion relation of the surface-phonon polariton on
to explain the difference. a SiC grating obtained from emissivity data at 100°.
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the resonance occurs at 918 ¢hat normal incidence and it where the brackets denote the ensemble average ahd
is greater than 917 cnf, whatever the angular value. Yet, complex conjugate. The above correlation function is known
good agreement with theory should not be expected since was the mutual coherence function. In Ef.1) we have as-
have used the values of the index at 300 K whereas theumed that the fields are well described by a stationary ran-
sample is heated at roughly 100 °C. Nevertheless, the oldlom process so that the correlation function does depend
served shifts and the evaluation of the error is still includedonly ont,—t;. A difference can be made between spatial
in the spectral resolution of our experimental sef®b and temporal coherence. In simple terms, the temporal co-
cm ). We attribute the discrepancy to the variation of theherence characterizes the correlation of a field at a given
intrinsic properties. Similar behavior was reported by Vino-point and different times. It is given by the “equal point”
gradov, Zhizhin, and Yudsoh. correlation functionI'(r,r,t;—t,). The spatial coherence
To summarize this section, we emphasize that all theharacterizes the correlation of the field at different points
spectra observed are well described by the knowledge of thend at the same time and is measuredfiy ,r,,0).
dispersion relation of the surface-phonon polariton. The gen- An important property of the temporal coherence is its
eral shape of the dispersion relation corresponds to the digonnection with the spectral content of the field. This is
persion relation for a flat surface. Yet, due to the interactiorgiven by the Wiener-Khinchin theorem. It states that the time
with the grating, the experimental dispersion relation showgorrelation functionl'(r,r,t; —t,) is the Fourier transform of
branches unexpected from a simple folding of the flat surfac¢éhe power spectral density of the field. Thus, the width of the
dispersion relation. A numerical simulation of the dispersionspectrum of the field is inversely proportional to the coher-
relation based on a volume integral equation that fully ac-ence time. In this respect, a blackbody appears to be a source
counts for the grating structure agrees within 0.1%. The disproducing a field with a very low temporal coherence. Con-
persion relation obtained from the emission spectra iversely, alaser has a narrow frequency bandwidth so that the
slightly different from the simulation. The discrepancy is at- correlation time is large.
tributed to the variation of the optical index with temperature The simple idea to retain from this short discussion is that

that was not accounted for in the calculation. a source with a narrow peak in its frequency spectrum has
some relatively long temporal coherence. A similar property
D. Coherence of the thermal emission exists for spatial coherence. Let us focus on the spatial prop-

rties of monochromatic fields by introducing the cross spec-
al densityW(r,r,,v), which is the Fourier transform of the
futual coherence functidr(r,,r,,t) with respect to the vari-
let. W(rq,r,,v) is useful to measure the spatial correlation

In their paper on thermal emission by a grating, Wang ancﬁ
Zemel have shown that there is fair agreement between
numerical simulation of the absorptivity of a plane wave and

exper!mental thermal. emission spectra. They have argu€Lt 2 monochromatic field. It has been shown recently that the
that since the absorptivity was computed for a coherent |nC|-rPeCifiC intensityl ((r,+1,)/2,u,) (or radiance at the point

. s
dent Wa"g’ there m_us_t be Some coherence in the ”‘?”“‘E‘ 1+15)/2 and in the direction specified by the unit vector
emissiont® In our opinion, this argument does not provide is the Fourier transform oN(r.r,,») (Refs. 33 and 34with
any further information than Kirchhoff's law, which states respect to the space variablélrz’ '

that the directional monochromatic absorptivity is equal to 2

the directional monochromatic emissivity. Yet the thermal , ,

emission of a grating can be partially spatially coherent. In I(r,u,v)= l) coa9f jw(p_ P p+ p_ ,,)

the following, we discuss in more detail the issue of coher- Y A 27 27

ence in the context of thermal emission by a material sup-

porting a surface wave. Xexr{ —ij % Up’)dp’. (5.2)

1. Spatial coherence
First of all, it is necessary to recall the basic concepts of This relation provides a theoretical foundation for the spe-

coherence theory. Coherence is a property of a given e|e(’c_ific intensity, a concept th{a\t was introduced. in the frame-
tromagnetic field denoted H5(r ; t,) (scalar approximation work of the phenomenologpal theory qf radiometry. Note
It can be measured quantitatively using the concept of a mJ1€ parallel between the Wiener-Khichin theorem and the
tual coherence function, which is essentially a correlatiorf?0V€ expression. In both cases, we deal with the Fourier
function of the field at two different points and two different tfansform of th? mutual coherence functlon: The time Fou-
times. This concept is useful for a random field. If the field is"e" transform gives the power spectral density and the space

a microwave beam emitted by a well-controlled oscillator, itSFour.ler transform yle.lds the specific mtens[ty..

phase is deterministic. Its spatial coherence length is given SINCe We are dealing with monochromatic light propagat-
by its spatial extension and its spatial coherence time is thi'd In vacuum, the wave vector can be written as'qu
emission time duration. Hence, the correlation function is nof'heréu is the unit vector along the propagation direction.
very useful in this context. The concept of coherence is moré{ms result is essentla_ll to discuss the directivity (_)f a partially
interesting when dealing with waves produced by source§°he,rem source. In simple words, if the correlgtlon length of
with some degree of randomness such as a hot body. In th{3€ field along a plane close to the source just above the
case the correlation functidi(r f,,t;—t,) has to be evalu- SOUrce is large, the energy is emitted in a narrow cone. The

ated in the sense of an average over an ensemble of realidirectivity of the source increases with its spatial coherence.
tions of the field: Experimental evidence of the property has been demon-

strated by a number of group.3Let us apply this result to
L(rq,ro,to—t)=(E(r{,t)E*(r,,1,)), (5.1)  the case of a thermal source. It is usually assumed that dif-
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ferent points of a thermal source are not correlated. The cahe Wiener-Khinchin theorem, a time correlation function
herence length is null and it turns out that such a sourceould be deduced.
emits light in all directions. Let us conclude this section by discussing the difference
The two simple rules of thumb that we have to keep inbetween the results obtained in this paper and the results
mind are(i) a peak in the frequency spectrum of the sourcereported by Wang and Zemel. The thermal emission at a
implies the presence of some temporal coherence(iahd  fixed frequency displays angular peaks in their results
peak in a well-defined spatial direction implies the presencevhereas we have not observed a peak with our SiC grating
of some spatial coherence in the source. (see Fig. 8 for the directional absorptivity. The reason for
this apparent discrepancy is due to the shape of the disper-
2. Surface waves and partially spatially coherent emission  sion relationdw/dk. For a given detection bandwidthw,
Let us now analyze the thermal emission at an interface i€ _SPatial bandwidth is given byw(dk/dw)=Ak. If the
the presence of a surface wave. We assume that we detect tﬂlgpersmn relation has a !arge slape/dk, it turns out 'ghat ,
light emitted at a well-defined frequency by means of an@ harrow part of the SPP is selected. The corresponding field

interferential filter, for instance. The surface waves propagat'—S therefore spatially coherent. By contrast, if the sloagf

ing along the interface are thermally excited with a We"_dktends to zerdas it does for our SiC grating in the spectral

defined wave-vector modulus. Therefore, due to these suf$9'o" studied, see F|gs. 13. and)14 large parik of '_[he .
face waves, the field along the interface is spatiaIIySpeCtrum of the SPP is excited and the corresponding field
correlated. The surface wave yields a periodic contribution t(yas a low coherence length.
the cross spectral density. Therefore the specific intensity _— . .
which is its Fourier transform, has a peak at some angle. Thi53' An alternative picture of spatially coherent thermal emission
behavior was not observed in our experiments because we Let us now provide a naive but useful picture of the ther-
have worked in a frequency region where the dispersion remal emission that also allows one to account for the coher-
lation is almost flat §w/dk,=0). However, such a peak has ence effects. Let us start by reasoning with a monochromatic
been observed by Hesketh, Zemel, and GeBheto studied plane wave that impinges on a flat interface separating a
the thermal emission by a grating on doped silicon. A peakracuum from a semi-infinite absorbing medium. In the
has also been observed for thermal emission by ZnSe bffamework of physical optics, one defines the reflectivity and
Vinogradov, Zhizhin, and YudsohThese peaks in the an- the transmittivity by the Fresnel formulas. It turns out that
gular behavior of the emissivity are a clear signature of thehe transmitted light will be absorbed so that the transmittiv-
spatial coherence of the field along the interface that is inity of optical physics is the absorptivity of heat transfer
duced by the propagation of the surface wave. We may wortheory. Invoking Kirchhoff's law(i.e., directional spectral
der how a thermal source can produce a field with spatiaémissivity and absorptivity are equalt appears that the
coherence. For the usual surfaces, the thermally excited fielemissivity is the Fresnel transmittivity. This makes sense
is often considered a8 correlated® To answer this ques- since one can interpret the emission by a surface as being a
tion, it is necessary to go back to the physics of the surfacetransmission process. Indeed, let us assume that the body is
phonon polariton. A phonon is a collective excitation of thein equilibrium and that the radiation is well described by
atoms of the material. This is the root of the coherence. APlanck’s law within the material, then tlenittedradiation is
surface-phonon polariton is a phonon coupled to an electrathe equilibrium radiatiortransmittedby the interface.
magnetic wave. To some extent, one can say that the elec- At this point, one can remark that if a surface wave exists,
tromagnetic field receives the phonon coherence. The pre¢here is a pole in the transmission factor. Therefore, there
ence of angular peaks in the thermal emission can bwvill be peaks of transmittivity for some particular directions
understood as the result of interferences between the ligleind for particular frequencies corresponding to this pole.
scattered by different ridges illuminated by the same surfaceFhus, the transmission increases the coherence. We are back
phonon polariton propagating along the interface. to the issue of the modification of the radiation coherence
A similar analysis can be done for the temporal coher-due to either transmission or reflection. This has been fully
ence. The presence of peaks in the frequency spectrum isdiscussed recently in the case of reflection by a dielectric
signature of the temporal coherence of the field on the interslab by Wang, Simon, and Wdif. This picture also leads to
face. This coherence time is essentially the lifetime of thehe conclusion of the previous section. Any interface sup-
collective excitation. porting a surface wave has a pole in its transmission factor.
To conclude this analysis, we put forward that the propaTherefore, it produces thermally emitted fields that are par-
gation of a monochromatic surface wave along the interfacéally spatially coherent.
produces a partial spatial coherence of the electromagnetic
field along the interface. This spatial coherence manifests
itself in the directivity of the emitted intensity. This effect is
a consequence of the presence of a surface wave that can beMonochromatic thermal emission by a grating supporting
coupled if there is a grating. Thus it could also be observedurface wave has unusual features. The field emitted in a
in p polarization for an interface supporting a surface-given direction presents peaks at well-defined frequencies.
plasmon polariton. It could also be seen for both polariza-Conversely, the field emitted at a fixed frequency may have
tions in the case of guided waves in a dielectric film depospeaks for some angles of emission. These effects are the
ited on an opaque substrate. Conversely, for a given angleponsequence of the interplay between the periodicity of the
the emission spectrum displays some narrow peaks that aseirface and the presence of a thermally excited surface wave.
the signature of the surface modes. Therefore, by applyindhus a complete analysis of the phenomenon requires a good

VI. SUMMARY AND CONCLUDING REMARKS
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modeling of the propagation of a surface wave along a gratbetter than 0.3%. It is a major result of this paper showing
ing. Since the experimental pioneering work of Hesketh, Zethat today existing tools allow one to quantitatively describe
mel, and Gebhart,some progress has been made in thethese phenomena.

physics of surface waves and more recently on the issue of Finally, we have discussed the fundamental issue of co-
the propagation of surface waves along deep gratings. IRerence of the thermally emitted radiation. We have used the
order to fully account for the presence of the peaks, it isconcepts of the coherence theory to provide a general frame-
necessary to know the dispersion relation of the surfacq,ork that allows one to fully interpret the experimental re-
wave. We have studied experimentally the dispersion relag jis. |n particular, we have shown that the existence of

tion of a surfaCE-phof?on. polariton using both thke emIiSSiorbeaks in some angular directions implies that the field is
spectrum and the reflectivity spectrum. To our knowledge . ia|ly coherent along the interface. We have discussed the

:{ST,:ffaﬁet-hi(::(ilt’] m;:fi%ﬁrgg:: Oaf ara(iilrS]peurzilr?n tg?rtr'](;rre?;is_ole of the surface wave in this respect. From this discussion,
sion P P g9ag 9 9 it appears that any system supporting a surface wave such as

. . . . . . a surface-plasmon polariton or a guided mode can emit par-
Our numerical simulation matches the dispersion relation. P P 9 P

obtained from the reflectivity spectrum with an agreemen lally spatially coherent light.
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