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Abstra
t

By exploiting experimentally measured opti
al properties of Sili
on Carbide (SiC) at

di�erent temperatures, we re
ently showed based on a numeri
al analysis, that when SiC

grating is heated, the position of its emissivity peak shifts towards higher wavelength val-

ues and its amplitude de
reases. This proved the ne
essity to adapt the parameters of the

grating to the temperature of measurements. In this previous arti
le, we performed only

numeri
al simulations for ideal devi
es. In order to 
he
k the validity of these results, we

need some veri�
ations from both the experimental and numeri
al points of view. In the

herein study, we milled gratings on the same type of SiC for whi
h the opti
al properties

measurements were 
ondu
ted. Then, we performed re�e
tivity measurements as a fun
-

tion of wavelength and temperature, in order to experimentally show the peak shift and to

validate our optimized gratings. Hereby, this work provides guidelines for the design of op-

timized 
oherent thermal sour
es for di�erent temperatures based on a 
ombined numeri
al

and experimental analysis.

Keywords� Thermal radiation, Coherent thermal sour
e, SiC, Nanostru
tures

1 Introdu
tion

The development of surfa
e mi
rostru
turation te
hniques has allowed signi�
ant progress for the study

of mi
ros
ale gratings and 
onsequently of 
oherent thermal sour
es. Indeed, it was shown that milling

a grating on top of a polar material, supporting surfa
e phonon-polaritons (SPhP), makes a thermal

sour
e, typi
ally in
oherent, spatially and temporally 
oherent. We have then a mono
hromati
 and

dire
tional thermal sour
e.

The last two de
ades have witnessed many studies on su
h 
oherent thermal sour
es. Usually, the

obje
tive is to tune the surfa
e emissivity by designing a grating on polar materials [1�5℄ or metals

[6�9℄ in order to obtain a mono
hromati
 and dire
tional emission peak. Simple 1-dimensional (1D)

gratings were thus designed on bulk materials supporting SPhP or surfa
e plasmon-polaritons (SPP)

[2, 3, 6, 10�13℄ or on doped materials [14�17℄ . Some of these gratings were extended to 2 dimensions

[4, 18, 19℄. These 2-dimensional (2D) gratings produ
e 
oherent thermal emission for both dire
tions of
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polarization: transverse ele
tri
 (TE) and transverse magneti
 (TM), whi
h is more e�
ient for potential

appli
ations. More 
omplex 1D gratings [16, 17, 20�22℄ were also developed as 
oherent thermal sour
es;

these in
lude gratings with a mix of polar and metalli
 materials [23�25℄. Similar to simple 1D gratings,

2D 
omplex gratings were also designed and studied [23, 24, 26, 27℄. In addition, opti
al 
avities [28, 29℄,

nanotube antenna [30℄ or photoni
 stru
tures [31�36℄ 
an also behave as 
oherent thermal sour
es. It is

worth mentioning that gratings 
an also be used in 
omplement to di�erent periodi
 stru
tures su
h as

multilayer stru
tures [37�40℄ and waveguides [41℄ or in asso
iation and 
ombination with graphene [42℄.

Coherent thermal sour
es 
onstitute potential 
andidates for a variety of appli
ations, su
h as thermal

re
ti�
ation or thermal management. For example, gratings 
ould be used in asso
iation with a multilayer

stru
ture in radiative 
ooling devi
es [43, 44℄. Coherent thermal sour
es 
an also a
t as a sour
e for

thermophotovoltai
 
onverters [38℄, be used as bio
hemi
al sensors [45, 46℄ or as 
amou�age [13℄.

Some of these appli
ations are used at room temperature, other at higher temperatures. Further-

more, emissivity measurements, to test the design and evaluate the emissivity peak, usually require

high temperatures to get enough signal to pro
ess. Apart from a few ex
eptions [27℄, in most of the

studies [1, 2, 47℄, the grating design is optimized for room temperature appli
ation with material opti
al

properties related to this temperature.

In a previous study [48℄, by exploiting the experimentally measured opti
al properties of Sili
on

Carbide (SiC) at di�erent temperatures, we showed numeri
ally that the emission peak of a SiC based


oherent thermal sour
e shifts towards higher wavelengths, when the temperature in
reases. This showed

the ne
essity to take into a

ount the temperature of measurements in the 
hoi
e of the grating parame-

ters. Considering a SiC ideal surfa
e, we designed several gratings presenting a 
oherent thermal antenna

behavior at di�erent temperatures. To 
he
k the validity and 
onsisten
y of the results of this �rst fully

numeri
al study, we need further experimental veri�
ations supported by a �ner numeri
al analysis

mainly to take into a

ount any possible non-idealities (imperfe
tions) in the geometri
al shape and/or


omposition of the grating. In the present work, we perform re�e
tivity measurements in order to 
he
k

our predi
tions, and then we adjust the theoreti
al model by taking into a

ount all possible experi-

mental 
onstraints. We take into a

ounts the real geometry of the stru
tures that 
an be a
hieved and

fabri
ated in our lab. The analysis allows us to a
hieve a better mat
h between the theoreti
al model and

the experimental results. It is also shown how sensitive the result 
ould be to a number of experimental

fa
tors.

In the next se
tions, we �rst present a brief review of 
oherent thermal sour
es and their theoreti
al

behavior with temperature. Se
ond, we des
ribe our fabri
ation pro
edure and measurements setup.

Then we perform a 
omparison between our measured data and the theoreti
al model. Finally, we show

how imperfe
tions in the grating geometry 
ould in�uen
e its emissivity and how it 
ould explain the

small dis
repan
ies that appear between the 
omputed and the measured results.

2 Behavior of SiC grating emissivity with temperature

2.1 Coherent thermal sour
es

Thermal sour
es are usually typi
ally in
oherent [1℄. In our study, we 
onsider SiC, whi
h is a polar

material that supports surfa
e waves, 
alled surfa
e phonon-polaritons (SPhP). The SPhP are evanes
ent

waves that propagate along the material surfa
e and exist only in the near-�eld. These waves fade out

exponentially far from the material surfa
e and as su
h do not 
ontribute to the thermal emissivity


onventionally and generally measured in the far-�eld dominated by the propagative waves [49℄.

By milling a grating on a surfa
e of SiC material, the SPhP undergo a di�ra
tion pro
ess whi
h

leads to 
oupling them to the far-�eld propagative waves. This 
onstitutes the main me
hanism that

is responsible of 
reating a 
oherent thermal sour
e in this 
on�guration[48℄. Coherent thermal sour
es

o

ur usually only for TM polarization in the 
ase of 1D gratings and for both polarizations in the 
ase

of 2D gratings. In the rest of the study, we often 
onsider only TM polarization for the 1D grating.
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Figure 1 shows the geometry of our 1D grating with all its parameters.

d

h

F.d

Figure 1: S
heme of the grating geometry with its parameters: period d, �lling fa
tor F and

depth h (d and F are in both axis for a 2D grating).

Theoreti
al modeling uses the Rigorous Coupled Wave Analysis (RCWA) method to 
al
ulate the

emissivity of the designed gratings as a fun
tion of wavelength and in
iden
e angle. Cal
ulations were per-

formed with the RETICOLO 
ode developed by J.P Hugonin and P. Lalanne from "Institut d'optique".

Further details and referen
es about RCWA and RETICOLO 
an be found in [48℄.

2.2 In�uen
e of temperature

We reported in �gure 4 of our previous arti
le [48℄, the measured temperature behaviors of both the real

and imaginary parts of the diele
tri
 permittivity of SiC for di�erent temperatures. The resonan
e peak

of the SiC diele
tri
 permittivity (for both real and imaginary parts) shifts towards higher wavelengths

(smaller wavenumbers) and its amplitude de
reases as the temperature in
reases.

This behavior has a dire
t in�uen
e on the grating emissivity, whi
h also shifts towards higher

wavelengths and de
reases in amplitude when the temperature in
reases. We showed this feature on

Figure 5 of our previous arti
le [48℄ that illustrates the behavior of the emissivity as a fun
tion of

wavelength for di�erent temperatures in TM polarization for a SiC 1D grating of parameters d=6.25

µm, F=0.5 and h=0.285 µm.

We previously showed that it was possible to obtain an emissivity peak with a maximum 
lose to 1 for

ea
h temperature by adapting the grating parameters d,F and h [48℄. Therefore, it is possible to adapt

the grating parameters to the temperature at whi
h the emissivity measurements are 
ondu
ted. We

also showed that it was possible to �nd a grating's set of parameters that allowed an optimum emissivity

peak, not only for a single temperature, but also for all temperatures [48℄.

3 Fabri
ation pro
edure and measurements setup

3.1 Fo
used Ion Beam te
hnique

For the fabri
ation of the samples, we used the Fo
used Ion Beam (FIB) te
hnique. This te
hnique

exploits the fo
using of an ion beam on a sample surfa
e su
h that surfa
e atoms are sputtered away under

the 
ollision for
e of the high energy ions. The FIB instrument, also known as dual-beam mi
ros
ope,

generally 
onsists of two beam sour
es: an ele
tron beam and an ion beam, whi
h are dire
ted and fo
used

through separate 
olumns. The ele
tron beam is used for imaging via s
anning ele
tron mi
ros
opy

(SEM), and the ion beam is used for milling. For the preparation of our 1D and 2D gratings, we used

the Helios NanoLab G3 CX FIB instrument from Thermo�sher equipped with a Ga+ ion sour
e. With

the help of the �nanobuilder� software, we were able to 
ustomize an automated stru
ture milling with a


hosen periodi
ity, depth and size. Due to the large surfa
e of the gratings ( 500µm x 500µm for the 1D

stru
tures and 400 µm x 400 µm for the 2D stru
tures), a preliminary study was performed to �nd the

best 
ompromise between milling time and a

ura
y of the grating geometry. The resulting operating

parameters, used for both 1D and 2D stru
tures are: an ion beam a

elerating voltage of 30kV, a beam


urrent of 2.5nA and a dose of 0.15 µm3
/nC. In su
h 
onditions, the milling of a full size grating is about
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18 hours. The ion beam s
anning dire
tion was 
hosen to be parallel to the length of the milled 
hannels

in order to optimize the quality of the edges.

3.2 Gratings design

In order to 
ompare the theoreti
al response with measurements, we have fabri
ated two gratings: a

1D grating and a 2D grating. We milled them on the same type of SiC material that was used for

measurements of the opti
al properties. We �rst numeri
ally designed some gratings that 
ould easily

be fabri
ated and whi
h presented some interesting qualities. For the 1D grating, we designed a grating

that has an optimal emissivity for all temperatures with parameters d=6.25 µm, F=0.41 and h=0.65

µm. Figure 2 (a) illustrates its numeri
ally predi
ted emissivity as a fun
tion of wavelength for di�erent

temperatures. For 
larity of the �gures, we 
hoose only four temperatures (whi
h 
orrespond to the tem-

peratures for whi
h we have opti
al properties data) for the numeri
al simulation to show the evolution

of the emissivity peak as a fun
tion of temperature. The maximum of the emissivity peak is above 0.85

for ea
h temperature and rea
hes the bla
kbody limit for T=686K. For the 2D grating, we designed a

grating that is optimal for T=295K, but with a fairly high emissivity for the other temperatures as well.

For example, for T=1460K, we have an emissivity peak maximum of 0.8 (Figure 2(b)). The parameters

of the 2D gratings are the following dx=dy=6 µm, Fx=Fy=0.9 and h=0.6 µm.
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Figure 2: Evolution of the emissivity as a fun
tion of wavelength for di�erent temperatures of

the optimized 1D SiC grating (a) (d=6.25 µm, F=0.41 and h=0.65 µm) and 2D SiC grating

(b)(dx=dy=6 µm, Fx=Fy=0.9 and h=0.6 µm).

The resulting gratings, obtained experimentally with the FIB, are presented in Figure 3. In order

to view the pro�le 
ontour of the stru
tures, and in order to measure their depth, we 
reated a small


ross-se
tion 
ut at the bottom of the stru
tures by using the �
leaning 
ross-se
tion� (CCS) ion milling

method. This method is ideal for 
reating 
lean (without redeposition of material) 
ut inside the sample.

With the help of the �tilt 
orre
tion� option that transforms the y-axis into axis of depth, we were able

to measure a

urately the depth of the milled stru
tures.

3.3 Re�e
tivity measurements

Re�e
tivity measurements have been performed with a Hyperion 3000 mi
ros
ope equipped with 15x

Cassegrain obje
tive and 
oupled to a Vertex 80v infrared spe
trometer working under va
uum. The

opti
al 
on�guration sele
ted for the signal a
quisition in
luded a globar sour
e, a DLaTGS/KBr beam-

splitter and a MCT dete
tor 
ooled with liquid nitrogen. The spe
tra were a
quired between 2 and 20µm

with an instrumental resolution of 4 cm−1
using a gold mirror as a referen
e. Polarized measurements
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(a) (b)

Figure 3: Images of the milled 1D SiC grating (a) and 2D SiC grating(b).

were also performed by introdu
ing a mid-infrared polarizer in the opti
al path. A Linkam Sienti�


THMS600 heating and freezing mi
ros
ope stage was used to heat and 
ontrol the temperature of the

samples. In the spe
tral range and for the sample thi
kness investigated in the paper, the samples are

opaque. Negle
ting light s
attering, the emissivity of the samples is simply the 
omplement to one of

the re�e
tivity, in virtue of the Kir
hho�'s law.

4 Comparison between measurements and theory

We �rst performed re�e
tivity measurements at room temperature for both gratings and both polar-

izations. Then, we re
orded the re�e
tivity spe
tra at di�erent temperatures in TM polarization up to

610K for the 1D grating, and with no polarization and up to 400K for the 2D grating.

As the analyzed SiC samples are su�
iently thi
k to be opaque, in the long wavelength range there

is no transmission, so it is possible to plot the emissivity dire
tly from the re�e
tivity measurements to

fa
ilitate the 
omparison. Due to the large numeri
al aperture of the mi
ros
ope obje
tive (NA=0.4),

the measurement setup does not allow to make pure dire
tional measurements; the signal is 
olle
ted

for angles varying between 0 and 24 degrees. Nevertheless, it is worth mentioning that the designed two

gratings are isotropi
 in this angle range, i.e. they have an emissivity peak at the same wavelength for

all angles.

4.1 Room temperature

Figure 4 reports a 
omparison at room temperature between the 
omputed emissivity peak in red and

the measured one in blue for the 1D grating in TM polarization. The theoreti
al peak lies within

approximately 0.1µm of the experimental one. In addition, the measured peak appears to be larger

than expe
ted. There, it is ne
essarily to pre
ise that the way we measured the re�e
tivity peak of our

gratings is very pre
ise for the wavelength of our peaks but less pre
ise for the amplitude of the peak.

Furthermore, the di�eren
e between the experimental results and the numeri
al results 
ould also be

explained by the fa
t that the numeri
al results were obtained with a 1D grating 
onsidered as ideal.

The 
onsideration of the di�erent non-idealities or imperfe
tions of the stru
tures allow us indeed to

explain the widening of the experimentally observed peak.

On the other hand, for the 2D grating, emissivity peaks appear for both polarizations. We plot in

Figure 5 the 
omputed and measured emissivities of the 2D grating as fun
tions of the wavelength in

TE (red), TM (blue) and both (bla
k) polarizations. We 
an make the same observations as for the 1D

grating: the measured and 
omputed peaks are lo
ated at almost the same wavelength but with a shift

5
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Figure 4: Computed (red) and measured (blue) room temperature emissivities of the 1D SiC

grating in TM polarization as fun
tion of wavelength.

of 0.1 µm and the measured peaks appear to be larger. We 
an also observe that theoreti
ally, the peaks

in TE and TM polarizations are at the same wavelength, hen
e they superimpose with the 
omputed

peak in the 
ase of no polarization. However, the measured ones are not lo
ated exa
tly at the same

wavelength. We will see later that this 
ould be explained by an asymmetry in the grating geometry.

Besides, the amplitude of the 
omputed peaks is almost twi
e that of the measured ones. Here also and

as we shall see later, the di�erent imperfe
tions of the fabri
ated gratings 
ould explain the di�eren
es

between the �rst numeri
al and experimental results.
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Figure 5: Computed and measured room temperature emissivities of the 2D SiC grating as

fun
tions of wavelength in TM (blue), TE (red) and both (bla
k) polarizations.

4.2 Di�erent temperatures

We heated the two gratings to observe their behaviors with temperature. We report on Figures 6(a) and

6(b) the behavior of the measured emissivity as a fun
tion of wavelength for di�erent temperatures, of

the 1D grating in TM polarization and of the 2D grating with no polarization, respe
tively. As predi
ted
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for both designs, when the temperature of the grating in
reases, the emissivity peak shifts to higher

wavelengths. This is 
learly visible in �gure 6(a) for the 1D grating. For the 2D grating, the shift is

less pronoun
ed, but this is mainly due to a smaller interval of temperature measurement (�gure 6(b)).
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Figure 6: Measured behaviors of the emissivity as a fun
tion of wavelength at di�erent temper-

atures for the designed and tested 1D (a) and 2D (b) SiC gratings.

To 
on�rm this, a 
omparison of the temperature dependen
es of the measured emissivity peak posi-

tion and 
omputed one are displayed in Figures 7(a) and 7(b) for the 1D and 2D gratings, respe
tively.

For the two gratings, measured and 
omputed evolutions exhibit similar in
reasing linear trends versus

temperatures. Theoreti
al slopes and experimental ones are 
lose but the 
urves do not overlap, a gap of

about 0.1µm is also observed for instan
e for the 1D grating as we pointed out earlier. Su
h deviations


annot only be explained by experimental un
ertainties, we need thus to question the validity of the

geometri
al shape and of the material nature used in the theoreti
al evaluation of the opti
al response

of the gratings.
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Figure 7: Comparison of the 
omputed (red) and measured (blue) positions of the maximum of

the grating emissivity peak as a fun
tion of temperature for the designed and tested 1D (a) and

2D (b) SiC gratings.

7



5 Adjustments to the real nature and geometry of the milled

gratings

In this se
tion, we explore all di�erent possibilities that 
ould and would explain the dis
repan
y between

the measurements results and the theoreti
al predi
tions. In parti
ular, we study the in�uen
e of the

real geometry of our milled gratings, the e�e
t of heating, the presen
e of an azimuthal angle as well as

the impa
t of a possible amorphous layer.

5.1 Ideal versus real geometry

After we milled the gratings with the FIB te
hnique, we a
quired SEM images and performed measure-

ments of their geometri
al parameters. We show on Figure 8(a) the pro�le of a 
ross-se
tion of the 1D

grating. It is obvious in this image that the edges of the grating are not exa
tly verti
al as expe
ted.

They are more trapezoidal than re
tangular in shape. This is mainly due to the 
oni
al shape of the ion

beam of the FIB. This type of tapered edges 
an also o

ur with traditional way of grating fabri
ation.

On Figure 8(b), we show a s
hemati
 representation of the trapezoidal shape of our 1D grating, with

averaged values for the top and bottom widths of the grating. The taper is somehow small, but there

still is a di�eren
e of 135 nm between the top and the bottom of the grating.

(a) (b)

Figure 8: Pro�le image of the 1D SiC grating (a) and its s
hemati
 representation (b).

We adapted our grating model to in
lude these new geometry and parameters. We plot on Figure 9

the new behavior of the emissivity as a fun
tion of wavelength at 295K for a TM polarization. A


omparison between the measured emissivity in blue and the 
omputed one with the ideal re
tangular

shape in red and with the non-ideal trapezoidal shape in bla
k is also reported.

The peak of the bla
k 
urve is shifted by about 0.1µm by 
omparison to the red one and is now


entered on that of the measured response. It is obvious that a 
hange in the geometry a�e
ts dire
tly

the wavelength position of the emissivity peak. A signi�
ant 
ontribution to the observed shift between

theory and measurement is now understood, but this still does not explain why the measured peak has

a larger shape.

5.2 E�e
t of heating

The thermal expansion 
oe�
ient of SiC is about 4.10

−6
K

−1
[50℄. Hen
e, within the temperature interval

used in our experiments, this e�e
t should not in�uen
e signi�
antly the SiC geometry and the position

of the predi
ted emissivity peak 
omputed at the di�erent temperatures above the room one.
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Figure 9: Comparison of the measured (blue) and 
omputed emissivity behaviors of the 1D SiC

grating in the TM polarization as fun
tions of wavelength with an ideal re
tangular pro�le(red)

and non-ideal trapezoidal pro�le (bla
k).

In order to dete
t defaults or in
lusions that 
ould melt at high temperatures, we a
quired images

of the grating before and after heating. No hange in the grating was dete
ted between the two stages.

Thus, we 
ould assume that the in�uen
e of the temperature on the grating geometry is negligible.

5.3 Asymmetry and azimuthal angle

The asymmetry aspe
t and the azimuthal angle are two 
hara
teristi
 features of the 2D grating. By

measuring our 2D grating, we observed that the studs don't have the same size on both axes. It is about

5.342µm on the x-axis and 5.531µm on the y-axis, whi
h makes a di�eren
e of 189 nm between the

two axes. Thus, we have a period of 6µm for both axes, but a �lling fa
tor Fx=0.883 in the x-axis and

Fy=0.915 in the y-axis. This small variation 
ould explain the di�eren
e we have between the TE and TM

polarizations in the measurement of the 2D grating emissivity as shown in Figure 5. We introdu
ed this

asymmetry aspe
t in the 
omputations and the results are reported on Figure 10. On Figure 5, the TE

and TM emissivity peaks with no asymmetry 
onsidered, were theoreti
ally superimposed. Nevertheless,

in Figure 10, we 
learly see that the TE and TM peaks depart from ea
h other and are not lo
ated at the

same wavelength. This di�eren
e is the same feature that is manifested by both theory and measurements

in the TE and TM emissivity peaks. It is important to note that there still is a shift between experiment

and theory be
ause we did not in
lude in these 
omputations the trapezoidal shaped geometry in order

to study the impa
t of ea
h phenomenon independently.

In the next step, 
omputations for the same asymmetry on the 2D grating were performed, but with

gradual hange of the azimuthal angle. Figure 11 reports the results of the behavior of the emissivity as a

fun
tion of wavelength at T=295K for azimuthal angles of 0, 15, 30 and 90 degrees with TE polarization

in plain line and TM polarization in dotted line. Up to 30 degrees, the azimuthal angle seems to have a

small e�e
t on the general trend. On the other hand, on
e the azimuthal angle gets higher, its in�uen
e

grows gradually until this angle rea
hes 90 degrees where we have an ex
hange of the two peaks in TM

and TE polarizations.

5.4 Impa
t of the amorphous layer

Milling gratings by FIB te
hnique 
an also have some stru
tural 
onsequen
es; the major one is the

gradual evolution of the grating's top layer from a 
rystalline state to an amorphous state. This e�e
t


ould potentially explain the in
reased width of the measured emissivity peaks as 
ompared to the
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Figure 10: Computed and measured emissivities of the 2D SiC asymmetri
al grating as fun
tions

of wavelength in TM (blue), TE (red) and both (bla
k) polarizations.
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Figure 11: Computed emissivity of the 2D SiC grating as a fun
tion of wavelength at T=295K

for di�erent azimuthal angles in TM and TE polarizations.
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theoriti
al predi
tion based on a full 
rystalline stru
ture. Indeed, this amorphous layer 
ould somehow

alter the expe
ted signal.

Figure 12: S
hemati
 representation of the SiC grating 
oated with an amorphous layer (yellow).

In order to verify whether we have a
tually an amorphous layer on top of our SiC gratings, we

extra
ted a lamella from our 1D grating sample. To avoid further damage or pollution of our grating,

we deposited a platinum layer on the top before the extra
tion. However, due to the thinness of the

amorphous layer,whi
h should be a few nanometers thi
k and its inhomogeneous nature on the entire

surfa
e, it was not 
learly visible on the extra
ted lamella. Furthermore, the thi
kness of this amorphous

layer tends to vary gradually whi
h makes it very di�
ult to model exa
tly. We tried to model this

layer in our 
omputations as shown in the s
hemati
 representation of Figure 12. The 
rystalline SiC

grating is represented in dark blue and the amorphous layer is shown in yellow. We did not have the

exa
t opti
al properties of the amorphous SiC, thus we 
onsidered generi
 amorphous SiC data in [51℄,

as the main aim is to 
he
k whether the amorphous layer in�uen
es the width of the emissivity peak

shape and not spe
i�
ally to rea
h an exa
t mat
h.
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Figure 13: Comparison of the 1D SiC grating measured emissivity as a fun
tion of wavelength

in TM polarization at T=295K to the theoreti
al one with a 10nm thi
k (dotted red line) and

without (plain red line) amorphous layer.
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We plot on �gure 13 the behavior of the emissivity as a fun
tion of the wavelength for the 1D

SiC grating at T=295K in TM polarization; the measured 
urve (blue), the 
omputed one without the

amorphous layer (plain red line) and with a 10nm thi
k amorphous layer (dotted red line). We also


onsidered the taper in the grating edges for this 
omputation. By 
omparing the dotted and plain red


urves, we 
an 
learly see that the presen
e of an amorphous layer has a real and 
ru
ial in�uen
e on

the width of the emissivity peak. Indeed, the 
omputed emissivity peak be
omes larger and tends to

reprodu
e fairly well the measured one.

5.5 Sensitivity

Our 
omputations have shown that the emissivity of the 1D SiC grating tends to be very sensitive to

the taper size and the presen
e of the amorphous layer.

The size X of the taper, as represented on Figure 14(a), in�uen
es signi�
antly the position of the

grating emissivity peak. We plot on Figure 14(b) the behavior of the emissivity as a fun
tion of the

wavelength for the 1D grating at T=295K, in TM polarization. We vary the taper size X from 0 to

500nm. We 
an see that even 10 nm of the taper indu
es a small shift in the emissivity peak position.

When X in
reases, the emissivity peak shifts further towards smaller wavelengths. For X=500nm, the

shift rea
hes up to 250nm 
ompared to the one without the taper (X=0).
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Figure 14: S
hemati
 representation of the pro�le of the 1D SiC grating with the size X of the

taper (a) and the 
omputed behavior of its emissivity as a fun
tion of wavelength for di�erent

values of X (b).

As shown earlier, the amorphous SiC layer on top of the grating is mainly responsible of the enlarge-

ment or widening of the measured emissivity peak. The size of this amorphous layer 
an also in�uen
e

the position of the emissivity peak and de
rease its amplitude. We plot on Figure 15 the behavior of

the emissivity as a fun
tion of the wavelength for the TM polarization of 1D grating with a taper at

T=295K, for a 10nm- (blue) and a 50nm- (red) thi
k amorphous layer. For both sizes, we 
an see a

widening of the emissivity peak, 
on�rming that the existen
e of an amorphous layer 
an 
onstitute a

fa
tor responsible of the observed larger shape. We also see that the amplitude of the emissivity peak

de
reases when the amorphous layer gets thi
ker, as the thi
ker layer tends to attenuate the resonan
e

from the 
rystalline SiC grating. Another possibility that 
ould explain a widening and su
h kind of dis-

tortion of the emissivity spe
tra may be the presen
e of non-stoi
hiometry in a thin layer at the sample

surfa
e [52℄.
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Figure 15: Computed behavior of the 1D SiC grating TM polarization emissivity as a fun
tion

of wavelength at T=295K and for two di�erent thi
knesses of the top amorphous SiC layer.

6 Con
lusion

We performed re�e
tivity measurements at di�erent temperatures on 1D and 2D gratings milled on the

same type of SiC, on whi
h opti
al properties measurements at di�erent temperatures were 
ondu
ted.

We found ba
k and therefore 
on�rmed, the theoreti
ally predi
ted shift of the emissivity peak towards

higher wavelengths, when the temperature in
reases. We also showed that :

- a non-ideal grating geometry 
an in�uen
e the position of its emissivity peak.

- an asymmetry of the grating 
an lead to di�erent positions of the emissivity peak for TM and TE

polarizations.

- an azimuthal angle has little in�uen
e on the emissivity behavior of the grating, when the angle is

small.

- the method 
hosen to fabri
ate the grating and the probable presen
e of a top amorphous or

non-stoi
hiometri
 layer 
ould impa
t signi�
antly both the position and width of the emissivity peak.

These results shall therefore serve as guidelines for the design of optimized 
oherent thermal sour
es

at di�erent temperatures by arefully 
onsidering the impa
ts of the di�erent geometri
al and stru
tural

parameters.
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e ANR-11-LABX-0017-01)
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e : P-2016-BAFE-94/95)

13



Referen
es

Referen
es

[1℄ J-J. Gre�et, R. Carminati, K. Joulain, J-P. Mulet, S. Mainguy, and Y. Chen. Coherent emission of

light by thermal sour
es. Nature, 416(6876):61�64, Mar
h 2002.

[2℄ F. Marquier, K. Joulain, J.-P. Mulet, R. Carminati, J.-J. Gre�et, and Y. Chen. Coherent sponta-

neous emission of light by thermal sour
es. Physi
al Review B, 69(15):155412, April 2004.

[3℄ S. Vassant, F. Marquier, J. J. Gre�et, F. Pardo, and J. L. Pelouard. Tailoring GaAs terahertz ra-

diative properties with surfa
e phonons polaritons. Applied Physi
s Letters, 97(16):161101, O
tober

2010.

[4℄ C. Arnold, F. Marquier, M. Garin, F. Pardo, S. Collin, N. Bardou, J-L. Pelouard, and J-J. Gre�et.

Coherent thermal infrared emission by two-dimensional sili
on 
arbide gratings. Physi
al Review B,

86(3):035316, July 2012.

[5℄ W. Streyer et al. Engineering absorption and bla
kbody radiation in the far-infrared with surfa
e

phonon polaritons on gallium phosphide. Applied Physi
s Letters, 2014.

[6℄ M. Laro
he, C. Arnold, F. Marquier, R. Carminati, J.-J. Gre�et, S. Collin, N. Bardou, and J.-L.

Pelouard. Highly dire
tional radiation generated by a tungsten thermal sour
e. Opti
s Letters,

30(19):2623, 2005.

[7℄ J. T. K. Wan. Tunable thermal emission at infrared frequen
ies via tungsten gratings. Opti
s

Communi
ations, 282(8):1671�1675, April 2009.

[8℄ Jingjing Liu et al. Quasi-
oherent thermal emitter based on refra
tory plasmoni
 materials. Opti
al

material express, 5(12), August 2015.

[9℄ Zhiyu Wang et al. Plasmoni
 nano
hannel stru
ture for narrow-band sele
tive thermal emitter.

Appl. Phys. Lett., 110(251102), 2017.

[10℄ N. Dahan, A. Nivi, G. Biener, V. Kleiner, and E. Hasman. Spa
e-variant polarization manipula-

tion of a thermal emission by a SiO2 subwavelength grating supporting surfa
e phonon-polaritons.

Applied Physi
s Letters, 86(19):191102, May 2005.

[11℄ N. Dahan, A. Niv, G. Biener, Y. Gorodetski, V. Kleiner, and E. Hasman. Extraordinary Coher-

ent Thermal Emission From SiC Due to Coupled Resonant Cavities. Journal of Heat Transfer,

130(11):112401�112401, September 2008.

[12℄ V. Janonis et al. Investigation of n-type gallium nitride grating for appli
ations in 
oherent thermal

sour
es. Applied Physi
s Letters, 116(112103), 2020.

[13℄ J. Song et al. Radiative metasurfa
e for thermal 
amou�age, illusion and messaging. Opti
s Express,

28(2):875�885, 2020.

[14℄ F Marquier, K Joulain, J. P Mulet, R Carminati, and J. J Gre�et. Engineering infrared emission

properties of sili
on in the near �eld and the far �eld. Opti
s Communi
ations, 237(4�6):379�388,

July 2004.

[15℄ M. Laro
he, F. Marquier, R. Carminati, and J. J. Gre�et. Tailoring sili
on radiative properties.

Opti
s Communi
ations, 250(4�6):316�320, June 2005.

[16℄ Y. B. Chen and Z. M. Zhang. Heavily doped sili
on 
omplex gratings as wavelength-sele
tive

absorbing surfa
es. Journal of Physi
s D: Applied Physi
s, 41(9):095406, May 2008.

14



[17℄ Q. Cheng, P. Li, J. Lu, X. Yu, and H. Zhou. Sili
on 
omplex grating with di�erent groove depths as

an absorber for solar 
ells. Journal of Quantitative Spe
tros
opy and Radiative Transfer, 132:70�79,

January 2014.

[18℄ H. Sai, Y. Kanamori, and H. Yugami. High-temperature resistive surfa
e grating for spe
tral 
ontrol

of thermal radiation. Applied Physi
s Letters, 82(11):1685�1687, Mar
h 2003.

[19℄ H. Sai and Y. Kanamori. Spe
trally Sele
tive Thermal Radiators and Absorbers with Periodi
 Mi-


rostru
tured Surfa
e for High-Temperature Appli
ations. Mi
ros
ale Thermophysi
al Engineering,

7(2):101�115, January 2003.

[20℄ N. P. Sergeant, M. Agrawal, and P. Peumans. High performan
e solar-sele
tive absorbers using


oated sub-wavelength gratings. Opti
s Express, 18(6):5525, Mar
h 2010.

[21℄ K. Ito, T. Matsui, and H. Iizuka. Thermal emission 
ontrol by evanes
ent wave 
oupling between

guided mode of resonant grating and surfa
e phonon polariton on sili
on 
arbide plate. Applied

Physi
s Letters, 104(5):051127, February 2014.

[22℄ S. A. Dyakov et al. Magneti
 ?eld-free 
ir
ularly polarized thermal emission from 
hiral metasurfa
e.

2019.

[23℄ B. Zhao, L. Wang, Y. Shuai, and Z. M. Zhang. Thermophotovoltai
 emitters based on a two-

dimensional grating/thin-�lm nanostru
ture. International Journal of Heat and Mass Transfer,

67:637�645, De
ember 2013.

[24℄ S. Han and B.J. Lee. Control of thermal radiative properties using two-dimensional 
omplex grat-

ings. International Journal of Heat and Mass Transfer, 84:713�721, May 2015.

[25℄ Sergei Glu
hko et al. Thermal ex
itation of broadband and long-range surfa
e waves on sio2 sub-

mi
ron �lms. Applied Physi
s Letters, 2017.

[26℄ L. P. Wang and Z. M. Zhang. Wavelength-sele
tive and di�use emitter enhan
ed by magneti


polaritons for thermophotovoltai
s. Applied Physi
s Letters, 100(6):063902, February 2012.

[27℄ Ryan Starko-Bowes et al. Dual-band quasi-
oherent radiative thermal sour
e. Journal of Quantita-

tive Spe
tros
opy and Radiative Transfer, 216:99�104, May 2018.

[28℄ I. Celanovi
, D. Perreault, and J. Kassakian. Resonant-
avity enhan
ed thermal emission. Physi
al

Review B, 72(7):075127, August 2005.

[29℄ B. Zhao and Z. M. Zhang. Study of magneti
 polaritons in deep gratings for thermal emission


ontrol. Journal of Quantitative Spe
tros
opy and Radiative Transfer, 135:81�89, Mar
h 2014.

[30℄ Ryan Starko-Bowes et al. High-temperature polaritons in 
erami
 nanotube antenna. Nanoletters,

19(12):8565�8571, O
tober 2019.

[31℄ G. Biener, N. Dahan, A. Niv, V. Kleiner, and E. B. Hasman. Highly 
oherent thermal emission

obtained by plasmoni
 bandgap stru
tures. Applied Physi
s Letters, 92(8):081913, February 2008.

[32℄ Y. Gong, X. Liu, K. Li, J. Huang, J. J. Martinez, D. Rees-Whippey, S. Carver, L. Wang, W. Zhang,

T. Duan, and N. Copner. Coherent emission of light using sta
ked gratings. Physi
al Review B,

87(20):205121, May 2013.

[33℄ P. Ben-Abdallah, H. Benisty, and M. Besbes. Mi
rose
ond swit
hable thermal antenna. Journal of

Applied Physi
s, 116(3):034306, July 2014.

[34℄ W. Wang, C. Fu, and W. Tan. Thermal radiative properties of a photoni
 
rystal stru
ture sand-

wi
hed by SiC gratings. Journal of Quantitative Spe
tros
opy and Radiative Transfer, 132:36�42,

January 2014.

15



[35℄ W. Wang, C. Fu, and W. Tan. Thermal Radiative Properties of a SiC Grating on a Photoni


Crystal. Journal of Heat Transfer, 135(9):091504�091504, July 2013.

[36℄ Hodjat Hajian et al. Nearly perfe
t resonant absorption and 
oherent thermal emission by hbn-based

photoni
 
rystals. Opti
s express, 25(25):31970, De
ember 2017.

[37℄ J. Drevillon, K. Joulain, P. Ben-Abdallah, and E. Nefzaoui. Far �eld 
oherent thermal emission

from a bilayer stru
ture. Journal of Applied Physi
s, 109(3):034315, February 2011.

[38℄ E. Nefzaoui, J. Drevillon, and K. Joulain. Sele
tive emitters design and optimization for thermopho-

tovoltai
 appli
ations. Journal of Applied Physi
s, 111(8):084316, April 2012.

[39℄ C. Granier, F. Afzal, S. Lorenzo, Mario Reyes Jr, J. Dowling, and G. Veronis. Optimized ape-

riodi
 multilayer stru
tures for use as narrow-angular absorbers. Journal of Applied Physi
s,

116(24):243101, De
ember 2014.

[40℄ A. P. Raman, M. A. Anoma, L. Zhu, E. Rephaeli, and S. Fan. Passive radiative 
ooling below

ambient air temperature under dire
t sunlight. Nature, 515(7528):540�544, November 2014.

[41℄ K. Joulain and A. Loizeau. Coherent thermal emission by mi
rostru
tured waveguides. Journal of

Quantitative Spe
tros
opy and Radiative Transfer, 104(2):208�216, Mar
h 2007.

[42℄ Sandeep Inampudi and Hossein Mosallaei. Tunable wideband-dire
tive thermal emission from si


surfa
e using bundled graphene sheets. Physi
al Review B, 96:125407, September 2017.

[43℄ A. Herve et al. Radiative 
ooling by tailoring surfa
es with mi
rostru
tures: Asso
iation of a

grating and a multi-layer stru
ture. Journal of Quantitative Spe
tros
opy and Radiative Transfer,

221:155�163, De
ember 2018.

[44℄ Y. Dai et al. Radiative 
ooling with multilayered periodi
 grating under sunlight. Opti
s Commu-

ni
ations, 475(126231), November 2020.

[45℄ Maria Cristina Lar
iprete et al. Sele
tive and tunable thermal emission in metamaterials 
omposed

of oriented polar in
lusions. Journal of the Opti
al So
iety of Ameri
a B, 2017.

[46℄ Franziska Barho. Surfa
e-enhan
ed thermal emission spe
tros
opy with perfe
t absorber metasur-

fa
es. ACS Photoni
s, 2019.

[47℄ J. Le Gall, M. Olivier, and J.-J. Gre�et. Experimental and theoreti
al study of re�e
tion and


oherent thermal emissionby a SiC grating supporting a surfa
e-phonon polariton. Physi
al Review

B, 55(15):10105�10114, April 1997.

[48℄ A. Herve et al. Temperature dependen
e of a mi
rostru
tured si
 
oherent thermal sour
e. Journal

of Quantitative Spe
tros
opy and Radiative Transfer, 180:29�38, September 2016.

[49℄ K.Joulain et al. Surfa
e ele
tromagneti
 waves thermally ex
ited - radiative heat transfer, 
oheren
e

properties and 
asimir for
es revisited in the near �eld. Surfa
e S
ien
e Reports, 57:59�112, April

2005.

[50℄ Si
 properties, matprop.ru.

[51℄ J. Larruquert et al. Self-
onsistent opti
al 
onstants of si
 thin �lms. Journal of Opti
al So
iety of

Ameri
a A, 28(11):2340�2345, November 2011.

[52℄ C. Santos et al. Terahertz and mid-infrared re�e
tan
e of epitaxial graphene. Nature S
ienti�


Reports, 6(24301), April 2016.

16




