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Experimental and theoretical study of reflection and coherent thermal emission
by a SiC grating supporting a surface-phonon polariton
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Polarized directional reflectivity and emissivity of a SiC one-dimensional grating are studied. Measurements
and calculations are performed between 10 and 11.5mm where 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 interface.@S0163-1829~97!06915-4#
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I. INTRODUCTION

It is well known that the radiative properties of a surfa
are related to the surface profile. This can be used to mo
the radiative properties such as reflectivity and emissiv
The presence of microcavities can increase the absorpt
of a surface. This can be understood on the basis of g
metrical optics for grooves that are large compared to
wavelength~see Refs. 1 and 2!. In this paper, we shall focu
on the analysis of the radiative properties of a silicon carb
~SiC! grating. This material is very interesting since its d
electric constant has a negative real part for waveleng
close to 10mm. Thus, it can support a surface wave know
as surface phonon polariton~SPP!. The interplay between the
surface profile and the surface wave introduces large m
fications of the radiative properties. A striking effect is th
thermal emission displays peaks in well-defined directio
and particular frequencies. This effect has been first obse
by Hesketh, Zemel, and Gebhart3 on a silicon grating sup-
porting a surface-plasmon polariton. Up to now a quant
tive description of this effect has not been given due to
difficulties of modeling the behavior of a surface wave on
deep grating. In this work we investigate in detail the therm
emission of such a grating and we fully discuss the coh
ence of the thermally emitted radiation. To this aim, it
necessary to analyze the behavior of the surface-phonon
lariton on a grating using a numerical technique that allo
one to model such a problem.

The physics of surface polaritons has been widely stud
in the literature and several reviews are available.4–6 The
main experimental tool used for these applications has b
attenuated total internal reflection~ATR!. From experimental
data it is possible to measure the dispersion relations of
surface waves. The effect of the surface topography has b
studied both for gratings and random rough surfaces. Y
despite the large amount of work on these collective exc
550163-1829/97/55~15!/10105~10!/$10.00
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tions, there have been comparatively few experimental
sults reported on thermal emission. Vinogradov has given
overview of this topic.7 Most of the results were obtained b
using prisms to couple the thermally emitted surface wa
to propagating waves. More recently, in a series of pap
the group at University of Pennsylvania has reported the
emission spectra obtained with a silicon grating. They ha
found very interesting angular and spectral behavior for b
doped and undoped samples.8–11 Yet, to our knowledge, a
quantitative analysis of the results remains to be done.

The analysis of optical properties of surfaces with su
wavelength structures is a rather difficult problem. A go
account of theoretical techniques can be found in Ref.
Since Ref. 12 was published, the numerical techniques h
been improved and lamellar metallic gratings with de
grooves can be handled with different techniques~see Ref.
13–15!. It is worth mentioning that most of the reporte
work deals with the study of reflectivity. Although there is
simple link between emission and absorption given
Kirchhoff’s law, there is still a lack of detailed analysis o
the emission processes in the framework of electromagn
theory. It is also of interest to note that the theoretical stud
of the dispersion relation of surface wave propagating
gratings or rough surfaces have been done within the fra
work of perturbation theory16 or using the Raleigh
hypothesis.17 Hence they were limited to slightly rough su
faces. An attempt to use the rigorous coupled wave theor
interpret the data obtained for deep lamellar gratings has
ceeded in providing a qualitative analysis of the emiss
peaks.10

The issue of thermal emission by gratings supporting s
face waves is still a challenging problem. More specifica
~i! the dispersion relation of the surface wave has to be c
structed in order to fully understand the emission spectra,~ii !
a quantitative comparison with a numerical technique is s
lacking, ~iii ! the coherence of the emission and its link wi
10 105 © 1997 The American Physical Society
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the presence of a surface wave remains an open proble
In this paper we shall report an investigation of the rad

tive properties of a SiC grating. The next section is devo
to a summary of surface-phonon polariton properties. T
dispersion relation on a grating will be described and
effect of losses will be discussed. The fabrication and ch
acterization of the sample is described in Sec. III. We pres
in Sec. IV an experimental study of the sample. We ha
measured the monochromatic absorptivity at fixed wa
length as a function of the angle of incidence. We have a
studied the reflectivity and emission spectra at fixed an
From these results, we are able to construct the disper
relation. The results are compared to theoretical results
tained by means of a volume integral equation. Finally,
discuss the issue of coherence for thermally emitted ra
tion.

II. SURFACE POLARITONS ON A PLANE SURFACE

A. Surface waves at a crystal-air interface

The aim of this section is to introduce the basic conce
that are necessary to interpret the resonances observed
emission, absorption, and reflection spectra. The remark
features of the spectra are due to the excitation of sur
waves. We shall first deal with the dispersion relation o
surface-phonon polariton along a flat interface separating
from a lossy crystal. Then we shall present the modificati
introduced by the presence of a grating. Finally, we sh
discuss the use of the dispersion relation to interpret
spectral measurements.

In this paper we are interested in SiC. This is a los
linear, isotropic material that can be fully characterized by
complex dielectric constant«~v!. It can be shown18,19 that
the dispersion relation of a SPP propagating on a flat in
face can be written in the form

ki
25

v2

c2 S «

«11D , ~2.1!

whereki is the wave vector of the surface mode. The form
the dielectric constant for a crystal obtained by using an
cillator model is

«~v!5«`F11
vL
22vT

2

vT
22v21 iGvG , ~2.2!

where «` is the permittivity for high frequencies,vT the
frequency of the transverse optical phonon,vL the frequency
of the longitudinal optical phonon, andG the damping. For a
monocrystal of SiC, Spitzer, Kleinman, and Walsh20 have
fitted the experimental data with this expression. They h
found vL5969 cm21, vT5793 cm21, G54.76 cm21, and
«`56.7.

Using Eqs.~2.1! and~2.2!, it is straightforward to find the
dispersion relation for a nonlossy material. The problem
not so obvious when dealing with a lossy material. Inde
no solution of Eq.~2.1! can be found if bothki andv are
assumed to be real. Conversely, if bothki andv are assumed
to be complex, there are four unknowns and only two eq
tions. Thus some furthera priori information has to be use
when solving Eq.~2.1!. This is based on the analysis of th
physical situation that is considered. Let us first consider
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case of a measurement made at constant angle of incid
and varying the frequency~e.g., an ATR spectrum or an
emission spectrum!. If a surface mode is excited, a peak m
appear for a given frequency and with a given width. It tur
out that the position of the frequency gives the real part
the mode frequency whereas the width of the peak provi
the imaginary part of the frequency. The incident ang
yields the ~real! wave vector. Thus it appears that such
frequency spectrum can be well described by assuming
the frequency is complex and the wave vector is real.
many years this has been the standard way of interpre
ATR spectra. The dispersion relation is depicted in Fig. 1~a!.
One can see two distinct branches. In fact, the upper bra
does not describe a guided mode since it lies in the li
cone. The lower branch is always below the light line a
describes a true surface mode. Note that the frequency t
asymptotically tovsup for large values of the wave vecto
wherevsup is defined by

vsup5S «011

«`11D
1/2

vT ~2.3!

in the case of a diatomic crystal when the damping is
glected~i.e.,v andki are real!.21

An alternative choice could have been used when solv
Eq. ~2.1!. It is possible to choose a real frequency and

FIG. 1. Dispersion relation of a surface-phonon polariton on
plane surface.~a! Case whereki is assumed to be real.~b! Case
wherev is assumed to be real.
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complex wave vector. This choice leads to a very differ
dispersion relation, shown in Fig. 1~b!. It is seen that a back
bending of the curve appears in the frequency region wh
no modes were obtained with the alternative choice. Hale22

has discussed the modes corresponding to a region wher
real part«8 of the permittivity satisfies«8.21. This result
was first considered as a mathematical curiosity until
akawa reported experimental data obtained with a fixed
quency and varying the angle of incidence.23 With this ex-
perimental procedure, the experimental dispersion rela
also shows a back-bending. This alternative choice~complex
wave vector and real frequency! is natural when a reflection
spectrum is presented as a function of the wave vector.
peak position provides the real part of the wave vec
whereas its width provides its imaginary part. The reader
find further discussion of this point by Kliewer and Fuchs24

and Halevi.22

B. Excitation of surface polaritons by a grating

As shown in Fig. 1~a!, surface polaritons are nonradiativ
modes; i.e., they cannot be radiated as photons and ca
couple with light in conventional experiments. In the pre
ence of a grating, surface polaritons will become radiat
due to their interaction with the periodic profile. In Fig. 2~a!,
a set of curves corresponding to the light cone translated

FIG. 2. Dispersion relation of a surface-phonon polariton o
smooth grating.~a! Extended zone scheme.~b! Reduced zone
scheme.
t
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2pm/a is shown. The period of the grating is equal to 4.
mm. The portions of the dispersion relation that lie within t
light cones correspond to surface-phonon polaritons that
able to radiate upon interaction with the periodic profile. T
radiative portions of the curve are denoted by bold portio
of the curve.

It is well known that the dispersion relation can be rep
sented in an extended-zone scheme as in Fig. 2~a! or in a
reduced-zone scheme as in Fig. 2~b!. The large values of the
wave vector that appear in the extended zone scheme
2~a! correspond to the upper branch of the dispersion rela
in the reduced zone scheme as seen in Fig. 2~b!. When look-
ing at Fig. 2~a!, it appears that some portions of the dispe
sion relation lie in the light cones. These portions of t
dispersion relation lie in the light cone in the reduced zo
scheme@see Fig. 2~b!#. Therefore, the corresponding SP
can be radiated by the grating. Conversely, an incident be
that necessarily lies in the light cone can excite these p
tions of the branch of the SPP. The portions of the dispers
relation that lie out of the light cone in the reduced zo
scheme are true surface modes fully bound to the surfac
discussed by Laks, Mills, and Maradudin.16 They cannot be
studied using a grating.

In order to illustrate how a grating can be used to stu
SPP, we performed a calculation of the reflected efficien
by a shallow sinusoidal grating, defined byz5h sin(2px/a)
with a half amplitudeh50.19mm and a perioda54.41mm.
This calculation was based on the Rayleigh hypothesi27

The spectral reflectivity is obtained at a fixed angle of in
dence as a function ofv. As discussed in Sec. II A, this kind
of experiment~fixed angle of incidence! should be consisten
with a dispersion relation of the type of Fig. 2~b!. We have
used the numerical experiment to build the dispersion re
tion in the following way. A reflectivity spectrum has pro
nounced dips when a SPP is excited. Thus the dips yield
frequencyvm . The wave vector of the corresponding SP
satisfies

ki5
vm

c
sinu i1

2p

a
m, ~2.4!

whereu i is the angle of incidence.
In the reduced-zone scheme,m is the label of the different

branches, and the points have the coordina
~vm/c sinu i ,vm!. This yields a point of the dispersion rela
tion. Each fixed angle of incidence yields a point for all t
branches and one wave vector. By varying the angle of in
dence, it is possible to obtain the dispersion relation.
have plotted~diamonds! in Fig. 2~b! the dispersion relation
as obtained with a shallow grating and the dispersion rela
for a flat surface given by Eq.~2.1! obtained by assuming a
complexv and a realki . Good agreement between the the
retical dispersion relation for a flat surface~plain line! and
for the numerically obtained dispersion relation for the sh
low grating ~diamonds! is observed. Thus, the grating doe
not perturb significantly the dispersion relation for this pa
ticular case. The result is also in agreement with the disp
sion relation given by Paulick25 for a SPP on a shallow grat
ing ~not shown here!.

Dips of reflectivity are observed when the excitation co
dition ~2.6! is satisfied. Emission peaks also appear when

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

III. CHARACTERIZATION OF THE SiC GRATING

A. Optical index

In all the experiments, the SiC sample used for the m
surements is polycrystalline. We have checked that the p
crystal has the same behavior as a monocrystal with a die
tric constant given by Eq.~2.2!. The spectral reflectivity of a
sample of SiC with a flat surface was measured at an i
dence of 6°~see Fig. 3!. The amplitude of the reflectivity
r (v) can be written as

r ~v!5r~v!exp@ iu~v!#. ~3.1!

Using the Kramers-Kro¨nig relations we deduceu~v! from
r~v!.26 In Fig. 4, the computed optical indexes are presen
as a function of the wave number. Our results agree wit
61% with the oscillator model of Eq.~2.2! using the data
published by Spitzer, Kleinman, and Walsh.20

B. Realization

The grating was fabricated on SiC by a combination
electron-beam lithography and plasma etching. A polish
SiC substrate was coated with 600 nm of SiO2 by plasma-

FIG. 3. Spectral reflectivity of SiC measured at near norm
incidence~6°!.

FIG. 4. Optical indexes obtained from the reflectivity data us
the Kramers-Kronig relations.
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enhanced chemical vapor deposition. Then a resist layer
spin deposited on the SiO2 and patterned with an electron
beam pattern generator. After development and stripping
of the resist, the exposed SiO2 areas were etched in a CHF3,
O2F6 argon plasma. The resulting SiO2 mask was used to
pattern the SiC surface. A distributed electron cyclotr
resonance plasma source was employed to etch the SiC
eas. This permits anisotropic and uniform etching of the m
terial. Finally the remaining SiO2 mask was removed in a HF
immersion. Figure 5 presents the measurement of the
grating surface profile using an atomic force microscope. W
have obtained the following values for the depth and t
width d: h50.7mm anda54.4mm.

IV. EXPERIMENTAL STUDY
OF THE RADIATIVE PROPERTIES

A. Description of the geometry

Throughout this study, the plane of incidence defined
the normal to the interface and the direction of propagati
of the incident wave is perpendicular to the lines of the gr
ing. The electric field is depicted in Fig. 6 forp polarization.
For s polarization, the electric field is perpendicular to th
plane of incidence.

B. Directional absorptivity measured by mirage effect

1. Description of the experimental setup

For measuring directional absorptivity, we use a pho
thermal technique at variable pump angles~mirage effect!. A
more detailed description of the setup was presented by
Gall et al.28 Figure 7 is a schematic view of the experiment
setup. The pump beam is a CO2 laser, at 10.6mm. The inci-

l

FIG. 5. Surface profile of the SiC grating measured by atom
force microscopy.
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55 10 109EXPERIMENTAL AND THEORETICAL STUDY OF . . .
dent angleu can vary between280° and180°. By a com-
bination of waves plates, the incident pump beam has a c
trolled polarization when impinging on the sample. Then
a two-quadrant position sensor, the photothermal deflec
D(u) of the probe beam is measured. This detector is c
nected to a lock-in amplifier in order to improve the signa
to-noise ratio. The absorptivityArough~u! of a rough surface
such as a grating is measured by comparing the photother
deflectionsD rough~u! andDsmooth~u! respectively obtained on
the rough surface and on a smooth surface. The absorpt
of a rough surfaceArough~u! can be written as

Arough~u!5AFresnel~u!
D rough~u!

Dsmooth~u!
, ~4.1!

with AFresnel~u!512RFresnel~u! whereRFresnel~u!, the Fresnel
reflectivity, can be evaluated from the optical index.

2. Experimental results

Figure 8 shows the directional absorptivity at 10.6mm
~943 cm21! for the grating and for a plane surface for bo
polarizations. The measurements are performed foru i vary-
ing from 0° up to 80°. The directional absorptivity is large
for the grating than for the flat surface. The difference
important forp polarization. The increase of absorption fors
polarization remains low. This effect can be interpreted as
absorption due to the excitation of the SPP. Yet, it is se
that the absorption is enhanced for a wide band of angle
incidence. This can be qualitatively understood upon exa
nation of the dispersion relation in Fig. 2~b!. The frequency
used~943 cm21! lies in a region where the dispersion rela
tion is almost constant. Thus, the SPP is excited for a
value ofki in the first Brillouin zone.

FIG. 6. Scheme of the studied system.

FIG. 7. Principle of the measurement of the directional abso
tivity. The detectorD measures the angular deviation of the pro
beam~HeNe laser!. The pump beam is a CO2 laser~l510.6mm!.
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C. Measurement of spectral reflectivity

1. Description of the experimental setup

An infrared spectrophotometer allowing a variable in
dent angle was specifically developed to characterize the
flectivity of the grating. Infrared monochromatic light come
from a globar coupled to a grating monochromator. T
beam is then polarized by means of a grid polarizer. T
sample is placed on a rotating stage. The incident angle
the sample can be varied from 6° to 80°. Detection is ensu
by a photovoltaic HgCdTe unit. The detector is connected
a lock-in amplifier in order to improve the signal-to-nois
ratio. The experimental setup is sketched in Fig. 9. By
combination of lenses and diaphragms, one can obtain
angular resolution of the incident beam on the sample ab
1.2°. The slits of the monochromator are opened in orde
obtain a spectral resolution equal to 3.5 cm21.

2. Experimental results

Figure 10 presents the spectral reflectivity inp polariza-
tion measured on the SiC grating and on a flat surface a
of incidence. The reflectivity is drastically modified whe
compared to the reflectivity of the flat surface. Three d
appear between 833 and 1000 cm21. The more pronounced

-

FIG. 8. Directional absorptivity measured on the SiC grati
~l510.6mm!.

FIG. 9. Experimental setup used for measuring the spectra
flectivity. 1: IR source; 2: monochromator; 3: polarizer; 4,6: co
vergent lens; 5: sample, 7: IR detector.
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10 110 55J. Le GALL, M. OLIVIER, AND J.-J. GREFFET
one is located at 917 cm21. Another one occurs at 962 cm21

and the third, which is less visible, corresponds to a wa
length of about 947 cm21. To interpret these data, we ca
relate them to the dispersion relation presented on Fig.~a!
for a flat surface. It is seen that at a fixedki , two branches
appear providing two resonant frequencies. It is obvious
for the grating used in the experiment, the dispersion rela
is significantly modified. To interpret these data, a the
that goes beyond the perturbation theory is necessary. Th
the subject of Sec. V.

D. Measurement of spectral emission

1. Description of the experimental setup

We have used a third technique to study the radia
properties of the SiC grating. We have measured the

FIG. 10. Spectral reflectivity of the grating and of the pla
surface forp polarization at near normal incidence (u i56°).
e
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quency spectrum of the light thermally emitted at a fix
observation angle. The experimental setup described in
9 is used. In the emission configuration, the sample is
light source. Therefore, the positions of the MCT detec
and the lamp are reversed. We use a halogen lamp to w
up the sample in order to increase the emitted fluxF. The
flux Fa~u, l, polar,Ta! emitted by a reference sample~bore!
of known emissivity is measured under the same conditio
The temperatures of both samples,Ts , Ta , respectively, are
also characterized by means of an infrared camera, wh
allows one to control the homogeneity of the surface te
perature. A number of measurements were carried out in
range 95°<Ts,a<110 °C. The background emission of th
instrumentI b~u, l, polar,Tb! was measured.Tb denotes the
background temperature. By combination of these proces
the absolute emission of the sample can be determined

FIG. 11. Emissivity of the SiC grating for both polarizations
near normal incidence (u i56°).
«s~u,l,polar!5«a~u,l,polar!
I ~Ta!2I ~Tb!

I ~Ts!2I ~Tb!

Fs~u,l,polar,Ts!2Fb~u,l,polar,Tb!

Fa~u,l,polar,Ta!2Fb~u,l,polar,Tb!
, ~4.2!
nly

re-
dif-

arly
the
ive
tain
We
by

ng-
he
whereI s,a,b(Ts,a,b) is the specific intensity of the sample, th
standard, and the background, respectively, and«a~u,l,polar!
is the emission of the standard.

The angular resolution of the collected beam is equa
6°. The angle of the flux collection can vary from 0 up
60°. This is limited by the mechanical environment.

2. Experimental results

The curve in Fig. 11 presents the emission of the S
grating measured for both polarizations. Light is collected
an angle of 6° from the normal to the grating. The di
observed in Fig. 10 appear in this last curve as peaks at
961, and 945 cm21 for p polarization.

The peaks observed on the emission measurements a
nearly at the same position as the dips observed on the
flectivity measurement. Fors polarization, no similar effect
was observed. The peaks of emissivity can be attribute
the emission of light due to the SPP thermally excited. N
the correlation of the positions of the dips and the peaks
o

t

6,

ear
re-

to
e
in

Figs. 10 and 11, respectively. Since the grating has o
reflected order~zero order!, we haveR1A51. Kirchhoff’s
law29,30 establishes that«5A, thus we have«512R. For
this reason, Figs. 10 and 11 look similar. Yet the measu
ments for the reflectivity and the emission were done at
ferent temperature of the sample.

V. EXPERIMENTAL AND THEORETICAL ANALYSIS
OF THE DISPERSION RELATION

The analysis of the spectra presented above has cle
shown that the presence of dips can be explained using
dispersion relation. In order to fully characterize the radiat
properties of the grating, it is therefore necessary to ob
the exact dispersion relation of the surface excitation.
will report the experimental dispersion relation obtained
the different techniques that we have used.

The theoretical description of such a system is a challe
ing problem. The grating is beyond the capabilities of t
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techniques that have been traditionally used to investig
the dispersion relation of SPP along gratings~e.g., perturba-
tion theory and techniques based on the Rayle
assumption!.31,21,16Wang and Zemel10 have used the couple
wave method and have obtained only qualitative agreem
with experimental data of emission by Si grating. A differe
technique will be used in this section to analyze this scat
ing problem.

Finally, we will discuss the specific problem of the the
mal emission spectra in terms of coherence.

A. Numerical simulation

We have considered the scattering of a plane wave b
grating. We can simulate the reflectivity measurements of
absorption measurements since they are related by the
servation of energy relation«5A512R. To simulate a
scattering spectrum, we have used a volume integral e
tion of the Lippman-Schwinger type solved using a mom
method as described in Ref. 15. This formalism is well sui
to the present problem since it can handle deep gratings
particular, the method is numerically stable in the case
negative dielectric constant andp polarization. Another ad-
vantage of this technique is that it is well suited to a lame
grating.

B. Comparison between the measured
and the calculated reflectivity

The experimental data obtained forp polarization are
compared in Fig. 12 to the reflectivity obtained by the n
merical simulation. The positions of the three dips agree w
the experimental results. A fair agreement is obtained
tween the measurements and the theory. To improve
comparison, we have simulated the limited angular reso
tion of the data by convoluting the theoretical results with
rectangle function. When we account for this effect, the th
peaks’ values are in good agreement with the data. Yet
theory does not reproduce the data in the region around
cm21. We have checked that this could not be attributed
small errors in the grating parameters. We have not been
to explain the difference.

FIG. 12. Comparison between the measured and the calcu
spectral reflectivity of the SiC grating at 6° of incidence.
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C. Dispersion relation

The procedure to determine experimentally the dispers
relation has been sketched in Sec. II. From a frequency s
trum ~e.g., Figs. 8, 10, and 11! we obtain the resonance fre
quencies, and the corresponding wave vector in the redu
zone scheme is given byv/c sinu i . By varying the angle of
incidence, we are able to scan the dispersion relation. S
our experimental setup is limited to angles lower than 6
we have used an ellipsometer32 to obtain data at 75° and 85°
The dispersion relation obtained from the reflectivity data
shown in Fig. 13. The points are localized in the first Br
louin zone. We have also reported the theoretical data
tained with a similar procedure~i.e., from simulated reflec-
tivity spectra!. There is a good agreement: the differen
between theory and experiment does not exceed 0.1%.

The dispersion relation obtained by the numerical com
tation was also compared to the points deduced from
thermal emission measurements~see Fig. 14!. The measure-
ments are more difficult than for a reflectivity spectrum. T
peak around 947 cm21 is less visible and its spectral pea
position is not easy to determine. Nevertheless, the dif
ence between the measurements and the theory does no
ceed 0.3%. A slight shift of the main peak is noticed. Inde

ed FIG. 13. Dispersion relation of the surface-phonon polariton
a SiC grating obtained from reflectivity data.

FIG. 14. Dispersion relation of the surface-phonon polariton
a SiC grating obtained from emissivity data at 100°.
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the resonance occurs at 918 cm21 at normal incidence and i
is greater than 917 cm21, whatever the angular value. Ye
good agreement with theory should not be expected since
have used the values of the index at 300 K whereas
sample is heated at roughly 100 °C. Nevertheless, the
served shifts and the evaluation of the error is still includ
in the spectral resolution of our experimental setup~3.5
cm21!. We attribute the discrepancy to the variation of t
intrinsic properties. Similar behavior was reported by Vin
gradov, Zhizhin, and Yudson.7

To summarize this section, we emphasize that all
spectra observed are well described by the knowledge of
dispersion relation of the surface-phonon polariton. The g
eral shape of the dispersion relation corresponds to the
persion relation for a flat surface. Yet, due to the interact
with the grating, the experimental dispersion relation sho
branches unexpected from a simple folding of the flat surf
dispersion relation. A numerical simulation of the dispers
relation based on a volume integral equation that fully
counts for the grating structure agrees within 0.1%. The
persion relation obtained from the emission spectra
slightly different from the simulation. The discrepancy is a
tributed to the variation of the optical index with temperatu
that was not accounted for in the calculation.

D. Coherence of the thermal emission

In their paper on thermal emission by a grating, Wang a
Zemel have shown that there is fair agreement betwee
numerical simulation of the absorptivity of a plane wave a
experimental thermal emission spectra. They have arg
that since the absorptivity was computed for a coherent i
dent wave, there must be some coherence in the the
emission.10 In our opinion, this argument does not provid
any further information than Kirchhoff’s law, which state
that the directional monochromatic absorptivity is equal
the directional monochromatic emissivity. Yet the therm
emission of a grating can be partially spatially coherent.
the following, we discuss in more detail the issue of coh
ence in the context of thermal emission by a material s
porting a surface wave.

1. Spatial coherence

First of all, it is necessary to recall the basic concepts
coherence theory. Coherence is a property of a given e
tromagnetic field denoted byE~r1,t1! ~scalar approximation!.
It can be measured quantitatively using the concept of a
tual coherence function, which is essentially a correlat
function of the field at two different points and two differe
times. This concept is useful for a random field. If the field
a microwave beam emitted by a well-controlled oscillator,
phase is deterministic. Its spatial coherence length is gi
by its spatial extension and its spatial coherence time is
emission time duration. Hence, the correlation function is
very useful in this context. The concept of coherence is m
interesting when dealing with waves produced by sour
with some degree of randomness such as a hot body. In
case the correlation functionG~r1,r2,t12t2! has to be evalu-
ated in the sense of an average over an ensemble of rea
tions of the field:

G~r1 ,r2 ,t22t1!5^E~r1 ,t1!E* ~r2 ,t2!&, ~5.1!
e
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where the brackets denote the ensemble average and* the
complex conjugate. The above correlation function is kno
as the mutual coherence function. In Eq.~5.1! we have as-
sumed that the fields are well described by a stationary
dom process so that the correlation function does dep
only on t22t1 . A difference can be made between spat
and temporal coherence. In simple terms, the temporal
herence characterizes the correlation of a field at a gi
point and different times. It is given by the ‘‘equal point
correlation functionG~r ,r ,t12t2!. The spatial coherence
characterizes the correlation of the field at different poi
and at the same time and is measured byG~r1,r2,0!.

An important property of the temporal coherence is
connection with the spectral content of the field. This
given by the Wiener-Khinchin theorem. It states that the ti
correlation functionG~r ,r ,t12t2! is the Fourier transform of
the power spectral density of the field. Thus, the width of
spectrum of the field is inversely proportional to the coh
ence time. In this respect, a blackbody appears to be a so
producing a field with a very low temporal coherence. Co
versely, a laser has a narrow frequency bandwidth so tha
correlation time is large.

The simple idea to retain from this short discussion is t
a source with a narrow peak in its frequency spectrum
some relatively long temporal coherence. A similar prope
exists for spatial coherence. Let us focus on the spatial p
erties of monochromatic fields by introducing the cross sp
tral densityW~r1,r2,n!, which is the Fourier transform of the
mutual coherence functionG~r1,r2,t! with respect to the vari-
ablet.W~r1,r2,n! is useful to measure the spatial correlati
of a monochromatic field. It has been shown recently that
specific intensityI „~r11r2!/2,u,n… ~or radiance! at the point
~r11r2!/2 and in the direction specified by the unit vectoru
is the Fourier transform ofW~r1,r2,n! ~Refs. 33 and 34! with
respect to the space variabler12r2.

I ~r ,u,n!5S 1l D cosuE E WS r2
r8

2
,r1

r8

2
,n D

3expS 2 i
v

c
ur8Ddr8. ~5.2!

This relation provides a theoretical foundation for the sp
cific intensity, a concept that was introduced in the fram
work of the phenomenological theory of radiometry. No
the parallel between the Wiener-Khichin theorem and
above expression. In both cases, we deal with the Fou
transform of the mutual coherence function. The time Fo
rier transform gives the power spectral density and the sp
Fourier transform yields the specific intensity.

Since we are dealing with monochromatic light propag
ing in vacuum, the wave vector can be written as (v/c)u
whereu is the unit vector along the propagation directio
This result is essential to discuss the directivity of a partia
coherent source. In simple words, if the correlation length
the field along a plane close to the source just above
source is large, the energy is emitted in a narrow cone.
directivity of the source increases with its spatial coheren
Experimental evidence of the property has been dem
strated by a number of groups.35–38Let us apply this result to
the case of a thermal source. It is usually assumed that
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ferent points of a thermal source are not correlated. The
herence length is null and it turns out that such a sou
emits light in all directions.

The two simple rules of thumb that we have to keep
mind are~i! a peak in the frequency spectrum of the sou
implies the presence of some temporal coherence and~ii ! a
peak in a well-defined spatial direction implies the prese
of some spatial coherence in the source.

2. Surface waves and partially spatially coherent emission

Let us now analyze the thermal emission at an interfac
the presence of a surface wave. We assume that we dete
light emitted at a well-defined frequency by means of
interferential filter, for instance. The surface waves propag
ing along the interface are thermally excited with a we
defined wave-vector modulus. Therefore, due to these
face waves, the field along the interface is spatia
correlated. The surface wave yields a periodic contribution
the cross spectral density. Therefore the specific inten
which is its Fourier transform, has a peak at some angle. T
behavior was not observed in our experiments because
have worked in a frequency region where the dispersion
lation is almost flat (dv/dki50). However, such a peak ha
been observed by Hesketh, Zemel, and Gebhart9 who studied
the thermal emission by a grating on doped silicon. A pe
has also been observed for thermal emission by ZnSe
Vinogradov, Zhizhin, and Yudson.7 These peaks in the an
gular behavior of the emissivity are a clear signature of
spatial coherence of the field along the interface that is
duced by the propagation of the surface wave. We may w
der how a thermal source can produce a field with spa
coherence. For the usual surfaces, the thermally excited
is often considered asd correlated.39 To answer this ques
tion, it is necessary to go back to the physics of the surfa
phonon polariton. A phonon is a collective excitation of t
atoms of the material. This is the root of the coherence
surface-phonon polariton is a phonon coupled to an elec
magnetic wave. To some extent, one can say that the e
tromagnetic field receives the phonon coherence. The p
ence of angular peaks in the thermal emission can
understood as the result of interferences between the
scattered by different ridges illuminated by the same surfa
phonon polariton propagating along the interface.

A similar analysis can be done for the temporal coh
ence. The presence of peaks in the frequency spectrum
signature of the temporal coherence of the field on the in
face. This coherence time is essentially the lifetime of
collective excitation.

To conclude this analysis, we put forward that the pro
gation of a monochromatic surface wave along the interf
produces a partial spatial coherence of the electromagn
field along the interface. This spatial coherence manife
itself in the directivity of the emitted intensity. This effect
a consequence of the presence of a surface wave that ca
coupled if there is a grating. Thus it could also be obser
in p polarization for an interface supporting a surfac
plasmon polariton. It could also be seen for both polari
tions in the case of guided waves in a dielectric film dep
ited on an opaque substrate. Conversely, for a given an
the emission spectrum displays some narrow peaks tha
the signature of the surface modes. Therefore, by apply
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the Wiener-Khinchin theorem, a time correlation functio
could be deduced.

Let us conclude this section by discussing the differen
between the results obtained in this paper and the res
reported by Wang and Zemel. The thermal emission a
fixed frequency displays angular peaks in their resu
whereas we have not observed a peak with our SiC gra
~see Fig. 8! for the directional absorptivity. The reason fo
this apparent discrepancy is due to the shape of the dis
sion relationdv/dk. For a given detection bandwidthDv,
the spatial bandwidth is given byDv(dk/dv)5Dk. If the
dispersion relation has a large slopedv/dk, it turns out that
a narrow part of the SPP is selected. The corresponding
is therefore spatially coherent. By contrast, if the slopedv/
dk tends to zero~as it does for our SiC grating in the spectr
region studied, see Figs. 13 and 14!, a large partDk of the
spectrum of the SPP is excited and the corresponding fi
has a low coherence length.

3. An alternative picture of spatially coherent thermal emission

Let us now provide a naive but useful picture of the th
mal emission that also allows one to account for the coh
ence effects. Let us start by reasoning with a monochrom
plane wave that impinges on a flat interface separatin
vacuum from a semi-infinite absorbing medium. In t
framework of physical optics, one defines the reflectivity a
the transmittivity by the Fresnel formulas. It turns out th
the transmitted light will be absorbed so that the transmit
ity of optical physics is the absorptivity of heat transf
theory. Invoking Kirchhoff’s law~i.e., directional spectra
emissivity and absorptivity are equal!, it appears that the
emissivity is the Fresnel transmittivity. This makes sen
since one can interpret the emission by a surface as bei
transmission process. Indeed, let us assume that the bo
in equilibrium and that the radiation is well described
Planck’s law within the material, then theemittedradiation is
the equilibrium radiationtransmittedby the interface.

At this point, one can remark that if a surface wave exis
there is a pole in the transmission factor. Therefore, th
will be peaks of transmittivity for some particular direction
and for particular frequencies corresponding to this po
Thus, the transmission increases the coherence. We are
to the issue of the modification of the radiation coheren
due to either transmission or reflection. This has been fu
discussed recently in the case of reflection by a dielec
slab by Wang, Simon, and Wolf.40 This picture also leads to
the conclusion of the previous section. Any interface su
porting a surface wave has a pole in its transmission fac
Therefore, it produces thermally emitted fields that are p
tially spatially coherent.

VI. SUMMARY AND CONCLUDING REMARKS

Monochromatic thermal emission by a grating support
surface wave has unusual features. The field emitted
given direction presents peaks at well-defined frequenc
Conversely, the field emitted at a fixed frequency may ha
peaks for some angles of emission. These effects are
consequence of the interplay between the periodicity of
surface and the presence of a thermally excited surface w
Thus a complete analysis of the phenomenon requires a g
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modeling of the propagation of a surface wave along a g
ing. Since the experimental pioneering work of Hesketh,
mel, and Gebhart,3 some progress has been made in
physics of surface waves and more recently on the issu
the propagation of surface waves along deep gratings
order to fully account for the presence of the peaks, it
necessary to know the dispersion relation of the surf
wave. We have studied experimentally the dispersion r
tion of a surface-phonon polariton using both the emiss
spectrum and the reflectivity spectrum. To our knowled
this is the first measurement of a dispersion relation o
surface-phonon polariton along a grating using thermal em
sion.

Our numerical simulation matches the dispersion relat
obtained from the reflectivity spectrum with an agreem
er

c

t-
-
e
of
In
s
e
a-
n
,
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better than 0.3%. It is a major result of this paper show
that today existing tools allow one to quantitatively descr
these phenomena.

Finally, we have discussed the fundamental issue of
herence of the thermally emitted radiation. We have used
concepts of the coherence theory to provide a general fra
work that allows one to fully interpret the experimental r
sults. In particular, we have shown that the existence
peaks in some angular directions implies that the field
partially coherent along the interface. We have discussed
role of the surface wave in this respect. From this discuss
it appears that any system supporting a surface wave suc
a surface-plasmon polariton or a guided mode can emit
tially spatially coherent light.
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