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Recent years, there has been an increased interest in the conception of micro/nanostructures with
unusual radiative properties, far away from those of blackbody, especially thermal sources with
temporal and/or spatial coherent emission. Such structures are indeed extremely interesting for
energy conversion systems, radiative cooling devices, etc. The present study numerically
investigates temporal coherent emission from a very simple structure composed of one layer of
germanium and one of silicon carbide. Our investigation shows that, for well-defined thicknesses,
this two-layer structure is able to emit in narrow spectral peak. © 2011 American Institute of

Physics. [doi:10.1063/1.3544359]

I. INTRODUCTION

Enhancement of thermal emission and/or control of its
direction is undoubtedly one of the major objectives in im-
proving the efficiency of numerous nowadays technologies
such as thermophotovoltaic conversion devices, radiative
cooling systems, and radiation detectors. Until recently, ther-
mal sources were considered as objects that were able to emit
light only over a broad band of the infrared spectrum. Today
we know this paradigm is Wrongl'2 and several partially co-
herent thermal sources have been already fabricated.> The
origin of these unusual behaviors comes from the micro or
nanostructuration of the materials used to fabricate these
sources.®™® Coherent emission is associated with sharp spec-
tral peaks (temporal coherence) and/or narrow angular lobes
in well-defined directions (spatial coherence). Coherent ther-
mal emission has been demonstrated using gratings,**° by
excitation and diffraction in the far field of surface polari-
tons. However these effects are based on optical mechanisms
which strongly limit their applications in the field of thermal
emission.

Left-handed material™ which are engineered from one-
dimensional (1D) periodic metallic structures and which
have a refractive index much less than unit have also been
developed as coherent thermal sources but experimental
demonstration was only realized in the microwave domain.
Recently, negative-index metamaterials have been achieved
in the near-infrared region12 and with the recent advances in
the metamaterials conception, theorical studies to tailor the
thermal emission based on metamaterials were realized.®

The use of photonic crystals** (PCs) has allowed to
make a breakthrough in the design of coherent thermal
sources. At sufficient refractive index contrast, PCs forbid
photons to propagate through them at certain wavelengths,
irrespective to propagation direction in space and polariza-
tion. Coupled with frequency selective surfaces, PC s have
recently allowed the construction of narrow bands IR
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emitters.® These past years’ promising results have opened
prospects for the fabrication of temporally coherent infrared
sources where a structural defect is introduced into a PC.**™
Such defects act like waveguides with a confinement
achieved by means of the photonic band gap and not by total
internal reflection as in traditional waveguides. It was also
demonstrated recently that a polar material coupled with a
semi-infinite PC could act as a partially coherent thermal
source.’®?° These structures exhibit highly directional and
narrow band emission patterns for both TM and TE polariza-
tion states of the thermal light. Similar antennalike emission
patterns also have been achieved with completely different
physical mechanisms using simple thin films* and more re-
cently resonant cavities coupled with metallic Iayers.22 The
coupling of a surface grating with a waveguide also permits,
theoretically, to obtain a temporal and spatial coherent ther-
mal source.”® More recently a general method for the ab
initio design of coherent thermal sources by using only the
first principles of optics was developed.24 Numerical experi-
mentations, based on a genetic algorithm, demonstrated that
it is possible to predict the inner structure of nanolayered
thermal sources in order to control both emission, reflection,
and transmission properties. However, thermal sources de-
signed until now has an internal structure that remains rather
complex for a large scale production, considering existing
nanofabrication techniques.

II. THE BILAYER STRUCTURE

The present study investigates spectral coherent emis-
sion in midinfrared of a 1D structure composed of two layers
only (Fig. 1). The first layer is made of germanium (Ge) and
the second layer is made of silicon carbide (SiC). In the
infrared wavelength range under investigation ([8 um,
14.5 um]), Ge is a nonemitting (transparent) material and its
dielectric permittivity can be approximated25 by a constant
value eg.=16. As for the SiC, it is the only dissipative ma-
terial and its dielectric function is correctly described by the
simple oscillating Lorentz model as follows:® e(w)=e¢,[1

© 2011 American Institute of Physics
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FIG. 1. (Color online) Quasimonochromatic thermal source made with ger-
manium (thickness of 735 nm) and silicon carbide (thickness of 65 nm). In
the region of infrared spectrum under investigation Germanium is a non-
emitting (transparent) material (eg,=16). As for the SiC, it is the only dis-
sipative material and its dielectric function is correctly described by the
simple oscillating Lorentz model.

+(wf—w$/w%—w2—ifw)], where o, =18.253 X 103 rad s7?,
wr=14.937 X 108 rad s7%, I'=89.66x 10%° rad s, and e,
=6.7, denote the longitudinal and transversal optical phonon
pulsation, the damping factor, and the high frequency dielec-
tric constant, respectively. All materials involved here are
nonmagnetic in this wavelength range.

We remind hereafter the basic principles for the calcula-
tion of the spectral and directional emissivity e(\, 6), reflec-
tivity p(\, 6), and transmittivity t(\,6) of this structure.
These radiative properties are calculated from the transfer
matrix J(0,L) of the whole structure for both polarization
states. True optical signature of the structure, the matrix
3(0,L) connects incoming electric field E(E]", E;"") on the
left-hand side of the structure to emerging field Ex(ER, ER")
on its right-hand side by a relation of the form

= J(O,L)( ) )
EEU( E%Ut

This matrix relation is perfectly well adapted to the com-
position of elementary networks corresponding to a piling up
process. Thus, the transfer matrix of the whole structure is
the result of product J(0,L) :Hf’:ljsub(i) of elementary trans-
fer matrix Jg,,(i), which describes either the crossing of an

interface between two media

1(1 rij)
Teross = — 2
Cross t|] (rij 1 ( )
or the phase shift in field across a layer

N L

Jprog = 0 eiti)

Here, t; and ri% are the transmission and reflection
Fresnel coefficients,” respectively, at the interface between
the medium i and the medium j and ¢; stands for the phase
shift in waves across the layer j. It follows that the spectral

and directional transmittivity t(\, ) and reflectivity p(\, 6)
of a structure are given in terms of transfer matrix compo-

@)
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nents by t=[(ER")/(E"[?=[1/(31)I?> and p=|(EM)/(E)?
=|(J,1)/(311)|?. Moreover, from Kirchhoff’s law, we know
that the directional and spectral emissivity e(\, 6) is given by
e=a=1-p-t, where « denotes the absorptivity of the struc-
ture.

For our bilayer structure, 3, can be expressed as follows

g (720t v3d3) g g
Jiu= " [1 - o€ 2% — rgpr 30 79%
12t23t34
— 1y 38 202 58], (4)
I1l. RESULTS

In Fig. 2, we present the spectral and directional emis-
sivity and reflectivity for both polarizations of this bilayer
structure. We can observe a very sharp emissivity peak cen-
tered around \*=12.61 wm, the wavelength of upper edge
of the phonons absorption band in SiC and with a maximum
of emissivity e;,,,,=0.95. As for the reflexion spectrum we
remark the presence, on both sides of \*, of large and qua-
sicomplete (omnidirectional) photonic band gaps (except at
oblique incidences), one between [12.7 um,14.5 um] and
the other between [8 um,12.5 um]. So far, such omnidi-
rectional photonic band gaps had been observed only for
rather complex structures such as multilayered media identi-
fied by inverse design,?* in periodic materials,** PCs with
defect,®! and quasicrystals.?’~*° This band gap is clearly de-
sirable in the perspective of using this nanostructure as coat-
ing material.

Consequently, we succeed in the design of a quasi-
isotropic temporal coherent thermal source composed simply
of two layers and thus easier to fabricate with techniques of
thin film deposition. We now take a look at the emission
spectrum sensitivity to the thickness of the two layers. In
Fig. 3 is presented the emissivity at normal incidence (6
=0°) versus the Ge layer thickness. It may be noted that the
amplitude of the emission peak strongly depends on the ger-
manium thickness, with a maximum (at \*=12.61 um) for
dge=735 nm. The amplitude remains above 0.8 for thick-
nesses between 640 and 840 nm. Thus, we can tolerate a Ge
thickness variation of 200 nm around the optimum without
the spectral coherence of the thermal emission being ques-
tioned. This tolerance for Ge thickness on the emissivity
properties will thus allow a margin error in the fabrication
process of the structure. We also observe that emittance and
reflectance oscillate (in opposite phase) and that others peaks
appear for dg.~(2N+1)x735 nm, N=0,1,2,.... Conse-
quently, it will be possible to conceive coherent thermal bi-
layer sources with greater thicknesses if necessary.

These observations under normal incidence are also
valid for the other incidence angles. Indeed, due to refraction
laws, the incident rays penetrate the structure with a maxi-
mum angle 6., =arcsin(1/nge) =14°. Consequently, the pho-
tons interact with the SiC layer near normal incidence.

Let us now look at the influence of SiC thickness. We
can observe in Fig. 4(a) that, at normal incidence, it has little
influence on the emissivity amplitude, except for low thick-
nesses (dsic<200 nm). We can also observe in the Fig. 4,
particularly for low thicknesses, that the highest emissivity
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FIG. 2. (Color online) Spectral and directional emissivity for (a) TM and (b) TE polarization, and reflectivity for (c) TM and (d) TE polarization of a
quasimonochromatic thermal source made of one layer of germanium and one layer of silicon carbide.

resonance according to SiC thickness depends on the wave-
length. For example, at \*=12.61 um, dsjc=65 nm is the
best SiC thickness but at A*=12.63 um, the maximum am-
plitude of emissivity is reached for thicknesses greater than
250 nm. Indeed, if we look at the Fig. 4(b) we can see that
the emission peak shifts slightly according to dg;c. Further-
more, the emission spectrum coherence decreases when the
SiC thickness increases, particularly for dg;c greater than 200
nm. Finally, as shown in Fig. 5, increasing the size of the SiC
layer causes a loss of coherence whatever the angle of emis-
sion. That is why we have chosen dg,=735 nm and dgic
=65 nm as best achievable bilayer structure, but it is impor-
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FIG. 3. Emissivity (dashed), reflectivity (dotted), and transmittivity (dashed-
dotted) of the bilayer structure at the wavelength \*=12.61 wm and under
normal incidence (#=0°) vs the thickness of germanium layer.

tant to note that until dg;c=200 nm, the bilayer structure
remains a very good coherent thermal source.

IV. ANALYSIS

The coherent emission of the bilayer structure and the
large dependence with the Germanium thickness appears to
be due to antireflection effect’®*® and can recall the Salys-
bury screen properties,®**? even if the underlying physics is
not the same. Indeed, if we consider the simple case of a
coating on a substrate immerged in air and assume radiation
is incident at normal incidence, the reflectivity is given by
the following:

2

: (5)

—2iy,d
My +y3€ <72
2i7,d

r—

1 - I’21r23e_

where ri;=(nj—n;)/(nj+n;) are the Fresnel reflexion coeffi-
cients for normal incidence, d the coating thickness and vy,
the wave vector normal component in medium 2. Plotting the
variation in R} versus d, we can observe that reflectivity
oscillates with the coating thickness with a period Ad
=N/ (2Xny). If n;<n,<ng, the reflectivity reaches a mini-
mum at d=N(2N+1)/(4Xn,), N=0,1,2,.... Furthermore,
if nzszna, the reflectivity minimum becomes zero.
Taking ny=n,;=1, n,=ng.=4 and considering nNz= ng;c,
the real part of SiC refractive index (at A\=12.61 um, ng;c
~16), the two conditions ng ;<ng.,<ngc and nNge
=\nyNg;c are respected. In the simple case of a Ge slab on a
substrate, the first optimal thickness for which we have a
minimum reflectivity is dge=N\/(4 X nNng)=790 nm. How-
ever this optimal thickness is valid when we consider no
absorption for SiC and a semi-infinite material. Due to the
absorption of SiC in our case, the optimal thickness shifts
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FIG. 4. Emissivity of the bilayer structure under normal incidence vs the thickness of silicon carbide layer (a) and vs the wavelength (b).

slightly and we observe a minimum reflectivity (and so a
maximum emissivity) for dg,=735 nm. The SiC thickness
influence on the emissivity resonance is weaker than that of
germanium. To understand this different behavior, we must
look at the penetration depth of electromagnetics waves in
the material. The penetration depth is 8,=\/(27Ngc) (Ngic is
the imaginary part of refractive index). For wavelengths be-
tween 12.6 and 12.64 wm, absorption is very important and
ngc varies greatly. Therefore &, varies between 50 and 200
nm. That is why, for SiC layers greater than 200 nm, the

d g, =100 nm

thickness does not affect much the results. On the other hand,
for dg;c order of &,, the emissivity resonance can be slightly
modified, but the peak amplitude remains very high anyway.
It is also important to note that, as seen in Fig. 6, the SiC
absorption decreases extremely rapidly and consequently the
penetration depth increase also rapidly (at A=12.61 um,
Ngic=16, and &6,=125 nm whereas at A=13 um, ngc
=0.36 and &,=5.7 um). Thus, when dgic increases, the
number of resonant modes increases like in a Fabry—Perot
resonator. Each of these guide modes participate to the bi-

A (pun)

A (pum)

FIG. 5. (Color online) Spectral and directional emissivity in polarization TM of the bilayer structure made with one layer of germanium and one layer of

silicon carbide with four different thichkness dg;c.
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FIG. 6. Penetration depth (solid line) in SiC layer and SiC refractive index
imaginary part (dashed line) vs the wavelength.

layer emission. The SiC film also behaves as a waveguide.
Higher thicknesses allow more modes to propagate and leads
to a coherence loss. To corroborate this interpretation, we
have calculated the dispersion relations of propagatives reso-
nants modes of the whole structure and we can effectively
seen in Fig. 7 that the number of these modes increases with
the SiC thickness like in a Fabry—Perot resonator.

This interpretation is finally confirmed by the magnitude
of the inner electric field under external unit excitation. The

J. Appl. Phys. 109, 034315 (2011)

Ge SiC

—

14

A (um)

0 0.2 04 0.6 08
Z (pm)

FIG. 8. (Color online) Modulus of the electric field polarization inside the
bilayer structure (Ge/SiC) when it is highlighted by an incoming field of unit
magnitude and under an angle of 0°.

lighted up by an incoming field of unit amplitude is calcu-
lated using the reflectivity coefficient r of the whole structure
and the partial transfer matrix J(0,z) from the highlighted
side at z=0 and the current point. The local electric field is
then given by

T+ T30 = r(N,0)(Ty, +T12)

. o . L E(z,\,0) = .~ . (6)
electric field distribution within the structure when it is det[TJ]

4r 14pr

13 L]
T RN | i i \
512:_____ J_:] _512: _______________ Lt

"I dg =500 b !

sic =200 nm dg;c =700 nm
L ® 105 ;T % ®
& 8
ap 14

FIG. 7. Dispersion relations of propagative resonant modes in TE polarization with dg.=735 nm. In dotted line is plotted the real part of the equation J,

=0 while in solid line is represented its imaginary part.
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FIG. 9. (Color online) Spectral and directional emissivity of the bilayer structure (Ge/SiC) on a NaCl substrate. NaCl is transparent (real refractive index

n=1.5) in the range of wavelength considered.

The result displayed in Fig. 8 shows that the intensity of
the electric field inside the structure becomes locally much
larger than one at the incidence angles and wavelengths
where the emissivity spectrum is maximum. As we can see in
this figure, this is due to internal resonances. Indeed, if we
pay attention to the case where an incident wave of wave-
length A*=12.61 um impinges the structure under an angle
of 0°, we observe that the field amplitude at the interface
between the SiC and Ge layers at z=0.735 um is enhanced.
Such a resonance, localized on the interface Ge/SiC, reveals
the presence of modes that are able to couple with the inci-
dent wave. Thus, the energy of this propagative wave is ab-
sorbed by the SiC layer. Therefore, this coupling directly
contributes to the strong emission of the structure at A*. In
contrast, for all other wavelengths in the domain
[8 um,14.5 um], there is no significant enhancement of the
electric field in the structure and very few energy is absorbed
by the SiC layer. Consequently, according to Kirchoff’s law,
the thermal emission of the structure is very small.

V. INFLUENCE OF A SUBSTRATE

In order to be able to achieve this thermal source in the
near future, we are also interested in the possible impact on
the peak emissivity observed numerically when this structure
is deposited on a substrate. Therefore, we calculate the radia-
tive properties of the bilayer structure located in the vacuum
on the side of germanium and on the other side, on a sub-
strate of sodium chloride (NaCl) (Fig. 9 inset). This material
is transparent (real refractive index ny,c;=1.5) in the range
of wavelength under investigation. The thickness of the sub-
strate is considered very large compared to the size of the
structure and was modeled as a semi-infinite media. We may
then observe (Fig. 9) the directional spectral emissivity of
the bilayer structure (for both TE and TM polarization) has
changed a little but the emission peak is always extremely
narrow with a very high amplitude. However it is important
to note that for substrates with greater refractive index, the
radiative properties of the bilayer seem to deteriorate point-
edly. A substrate with a relatively low dielectric permittivity
is therefore preferred to maintain the temporal coherence of
this quasimonochromatic thermal source.

VI. CONCLUSION

We have shown numerically that it is possible to design
an extremely spectrally coherent thermal source by choosing
wisely to stack two different materials, one emitting in the
wavelength range under investigation, the other lossless in
that range. This very simple internal structure could be ex-
tremely attractive in terms of manufacture with techniques
for thin film deposition. It was further revealed that the thick-
ness influence on the narrow peak of emission was suffi-
ciently low to satisfy the constraints of nanofabrication tech-
niques. The prospects to this work are, as a first step, the
design of the coherent thermal source presented here to cor-
roborate the numerical results but also the development of
other coherent thermal “bilayer” sources emitting in other
frequency domains. To do this, a new inverse design tool is
under development and should enable the conception of sev-
eral coherent thermal sources with extremely simple inner
structuration.
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