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a b s t r a c t

In this work we investigate the thermal power spectra of the electromagnetic radiation through one-
dimensional stacks of dielectric layers, with graphene at their interfaces, arranged according to a
quasiperiodic structure obeying the Fibonacci (FB), Thue-Morse (TM) and double-period (DP) sequences.
The thermal radiation power spectra are determined by means of a theoretical model based on a transfer
matrix formalism for both normal and oblique incidence geometries, considering the Kirchhoff's law of
thermal radiation. A systematic study of the consequences of the graphene layers in the thermal emit-
tance spectra is presented and discussed. We studied also the radiation spectra considering the case
where the chemical potential is changed in order to tune the omnidirectional photonic band gap.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The search for optical materials exhibiting peculiar specific
thermal emission properties has been driven on by the necessity of
obtaining high-performance devices for light harvesting and ther-
mal energy control. Therefore, devices displaying either very low or
very high emissivity values over relatively broad frequency ranges
are generally required. Unfortunately, there is no one natural ma-
terial that is able to exhibit these properties and, hence, it is
necessary to fabricate artificial ones for this purpose, a material
engineering task.

One of the way to do this task consists in setting up a photonic
crystal composed by an array of dielectric multilayers, where the
resulting optical properties are not shared by their constituents.
Photonic crystal is an artificial composite that affects the motion of
photons in much the sameway that ionic lattices affect electrons in
solids. It exhibits the so-called photonic band gaps, ranges of fre-
quency in which light cannot propagate through the structure
irrespective of the propagation direction in space, in analogy with
the energy bands and gaps in regular semiconductors [1,2]. They
are created by spatial modulated dielectric functions in a periodic
. Vasconcelos).
fashion in insulators, in which an electromagnetic field can be
propagated with low loss, analogously to the periodic crystal po-
tential electrons experience in a crystal. Several schemes for their
fabrication have been proposed or realized so far, in which they
exhibit both electric and magnetic resonances that can be sepa-
rately tuned to occur frommegahertz to terahertz frequency bands,
and hopefully to the visible region of the electromagnetic spectrum
[3]. Conventional photonic band gaps came from Bragg scattering
in the photonic crystal, and can be modified by introducing
different mechanisms, like quasiperiodic multilayers [4].

On the other hand, quasiperiodic multilayers are structures that
can be classified as intermediate between ordered and disordered
systems. Among the examples of quasiperiodic systems are the
quasicrystals, which achieved prominence in 1984, following the
report by Schechtman et al. of metallic Al-Mn alloys, showing
amasing and interesting electron diffraction data [5]. For his dis-
covery, D. Schechtman received the Nobel Prize in Chemistry in
2011. A fascinating feature of these structures is that they exhibit
distinct physical properties, not found neither in periodic ar-
rangements, nor in their constituent parts, giving rise to a novel
description of disorder [6]. Quasicrystals, therefore, represent a
special class of deterministic aperiodic structures exhibiting prop-
erties of self-similarity in their spectra [7,8], with a distinct
appearance for each chain [9], even for different excitations
[10e12]. A more recent precise and updated definition of
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Fig. 1. The geometrical schematic representation of the multilayered photonic band
gap structure considered in this work. The layers A and B have thicknesses dA and dB ,
respectively, forming the building blocks of the whole quasiperiodic structure which
are repeated N times and are supported by an absorbing substrate of thickness dS . We
choose the incident and emergent media as vacuum, in which the total structure is
embedded.
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quasicrystals with dimensionality n (n ¼ 1, 2 or 3), is that in addi-
tion to their possible generation by a substitution process, they can
also be formed from a projection of an appropriate periodic
structure in a higher dimensional space mD, where m>n [13].

The quasiperiodic structures choosen here are of the type gener-
ally known as substitutional sequences. Their scientific importance
and significance can be measured by their investigation in several
areas of mathematics [14], computer science [15], cryptography [16]
and optics [17,18] to cite just a few. Besides, they are characterized
by the nature of their Fourier spectrum, which can be dense pure
points (as for the Fibonacci sequence) or singular continuous (as for
the Thue-Morse and Double-period sequences) [19,20].

Another possibility to modify conventional photonic band gap is
to intercalate a graphene layer between its interface [21e23].
Graphene is a flat monolayer of graphite with carbon atoms
structured in a honeycomb geometry [24]. It has been considered a
promising candidate material for the next generation of micro and
nano-electronics devices (for a review see Ref. [25]). It has unin-
tentionally been produced in small quantities for centuries through
the use of pencils and other similar graphite applications, until
being isolated and characterized by extracting single-atom-thick
crystallites from bulk graphite in a groundbreaking experiment in
2004 [24]. The cleavage technique led directly to its first observa-
tion of the anomalous quantum Hall effect, providing direct evi-
dence of graphene's theoretically predicted Berry's phase of
massless Dirac fermions [26,27]. It is ultra-light yet immensely
tough, being 200 times stronger than steel, although incredibly
flexible. It is the thinnest material possible, a superb heat and
electricity conductor and can act as a perfect barrier - not even
helium can pass through it. Another of its main characteristic is the
existence of Dirac cones in their electronic structure, resulting in
structural and electronic properties with great potential to nano-
electronics [28] and nanophotonics [29], besides an interesting
optical response [30]. Furthermore, its reflectance, transmittance
and absorbance are determined by fine-structure constant [31,32].
Despite of being only an atomic layer thickness with negligible
reflection, a single free graphene layer shows significant absor-
bance in a near infrared range of the visible spectra [33]. In the
infrared regime, the absorption of graphene can be tuned by
applying gate voltages [34], making it a good candidate for trans-
parent electrodes [35]. The absorption of broadband implies that
graphene has also potential as an active medium for use in
broadband photodetectors [36], ultra-fast lasers [37] and optical
modulation [38]. In a general way these works have reported an
unusual reflection, transmission and absorption spectra. In partic-
ular, a periodic stack of equally spaced parallel layers of graphene
has the properties of a 1D photonic crystal, with narrow stop bands
that are nearly periodic in frequency and a loss-independent den-
sity of optical states at the fixed lower-gap edges [39].

Until recently, no comprehensive analysis of these influences to
the thermal radiation distribution appeared in the literature. Earlier
works dealt with the alteration of stimulated emission rates due to
cavity-confined blackbody radiation, giving physical results that
differ from those in free space [40,41]. There are also few papers
dealing with the quantum field description of photonic crystals
related phenomena, such as the modification of spontaneous
emission and the super-radiance effect [42,43], as well as the
changes of the thermal radiationwhen it passed over a periodic and
quasiperiodic (Cantor) multilayer structure incorporating either
non-conventional (metamaterials) or conventional materials for
both s- and p-polarizations [44].

To push further this field, our aim in this work is the investi-
gation of the behavior of a light beam normally and obliquely
incident on a one-dimensional multilayer photonic structure,
composed of dielectric media with a graphene layer intercalated
among them, looking for new efficient thermal emission devices.
We consider the photonic structure arranged in a periodic as well as
quasiperiodic fashion, following the Fibonacci (FB), Thue-Morse
(TM), and double-period (DP) substitutional sequences (for an up
to date review of these quasiperiodic structures see Ref. [45]). The
main reason to study these structures, besides their scientific
importance already mentioned above, is that they are realizable
experimentally, so they are not mere academic examples of a
quasicrystal. Furthermore, we intend to tailor the photonic band
structures by considering the individual layers as quarter-wave
layers, for which the photonic band gaps is expected to be more
effective [46]. These quasiperiodic structures can be generated by
their inflation rules, as follows: A/AB, B/A (FB); A/AB, B/BA
(TM); A/AB, B/AA (DP), respectively. Here, A (thickness dA) and B
(thickness dB) are the building blocks modelling the SiO2 and TiO2

media, respectively. We use a theoretical model based on the
Kirchhoff's law of thermal radiation to calculate the emission
spectra of the thermal radiation in these multilayered structures,
together with a transfer matrix formalism, which simplify enor-
mously the algebra involved in the calculation.

The outline of this paper is as follows: in Sec. 2 we present the
theoretical model based on the transfer matrix method together
with the thermal radiation spectra in multilayered photonic
structures. The numerical results are discussed in Sec. 3, while the
conclusions are summarized in Sec. 4.
2. General theory

Consider the quasiperiodic multilayer structure, as depicted in
Fig. 1. Medium A (B), with thickness dA (dB), is fulfilled by SiO2 (TiO2)
and is characterized by the refractive index nA ¼ ffiffiffiffiffi

εA
p ¼ 1:45

(nB ¼ ffiffiffiffiffi
εB

p ¼ 2:3), with mA ¼ 1 (mB ¼ 1). The multilayer structure,
whose unit cell is repeated N times, is grown on an absorbing sub-
strate S. Theentire structure is surroundedbya transparentmediumC
(considered to be vacuum) with a constant refractive index nC ¼ 1.
The graphene layers, embedded between adjacent dielectric media,
present a frequency dependent conductivity sgðuÞ given by
Refs. [47,48]:

sgðuÞ ¼ sintrag ðuÞ þ sinterg ðuÞ; (1)

with sintrag (sinterg ) being the intraband (interband) conductivity
defined by:

sintrag ðuÞ ¼ i
e2kBT

pZðZuþ iGÞ
�
mc
kBT

þ 2ln
�
eð�mc=kBTÞ þ 1

��
; (2)

and
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sinterg ðuÞ ¼ i
e2

4pZ
ln
�
2jmcj � ðZuþ iGÞ
2jmcj þ ðZuþ iGÞ

�
: (3)

Here e is the electronic charge, Z ¼ h=2p is the reduced Planck's
constant, kB is the Boltzmann's constant, T is the absolute tem-
perature, G is the damping constant of graphene and mc is the
chemical potential, which can be controlled by a gate voltage.

To calculate the spectral properties of the one-dimensional
optical quasiperiodic structures, i.e., the Fibonacci, Thue-Morse
and double-period sequences, we can use a transfer matrix
method [49,50]. This method relates the amplitudes of the elec-
tromagnetic fields in a layer with those of the former one, by suc-
cessive applications of Maxwell's electromagnetic boundary
conditions at each interface along the multilayer system. Therefore,
the transfer matrix relates the electromagnetic incident field am-
plitudes (A0

1C and A0
2C) of one side of themultilayer system (at z<0),

with the transmitted amplitude AN
1C of the electromagnetic field in

the other side, at z>D, D being the size of the multilayer system
(see Fig. 1), by means of the product of the interface matrices Mab

(a, b being any A, B, S and C media) and the propagation matrices
Mg (g ¼ A, B and S), as following [22,51]:

 
A0
1C

A0
2C

!
¼ MCAMAMABMB/MBSMSMSC

�
AN
1C
0

�
; (4)

where

MTE
ab ¼

1
2

2
41þð1=kzaÞ

�
kzbþsgm0u

�
1�ð1=kzaÞ

�
kzb�sgm0u

�
1�ð1=kzaÞ

�
kzbþsgm0u

�
1þð1=kzaÞ

�
kzb�sgm0u

�
3
5;
(5)

for TE waves, and
MTM
ab ¼ 1

2

2
41þ

�
kzb
.
εb

��ðεa=kzaÞ þ 	sgε0u
� 1�
�
kzb
.
εb

��ðεa=kzaÞ þ 	sgε0u
�
1�

�
kzb
.
εb

��ðεa=kzaÞ � 	sgε0u
� 1þ
�
kzb
.
εb

��ðεa=kzaÞ � 	sgε0u
�
3
5; (6)
for TM waves, with

Mg ¼
�
exp

	�ikgdg



0
0 exp

	
ikgdg


 �: (7)

Here kg ¼ ngu=c, kx ¼ ðnCu=cÞsinq, kzg ¼ kgcosq ¼ ½ðngu=cÞ2�
k2x �1=2. Also, c is the speed of the light in the vacuum and q is the
angle of the incident wave.

The transmittance and the reflectance coefficients are simply
given, respectively, by

TðuÞ ¼
���� 1
M11

���2 and RðuÞ ¼
����M21

M11

���2; (8)

where Mij (i,j ¼ 1,2) are the elements of the optical transfer matrix
MðuÞ ¼ MCAMAMABMB/MBSMSMSC . The general recurrence rules
for the transfer matrix of the n-th generations of Fibonacci, Thue-
Morse and double-period quasiperiodic sequences can be found
in Ref. [17].

Few theories can describe directly the emissivity of a body,
except for black bodies using Planck's radiation law, and the
fundamental theory on spontaneous and induced emissions using
the Einstein's coefficients. To circumvent this difficulty, the emis-
sivity is usually calculated by an indirect argument that transforms
an emission problem into a reflection problem. If no absorbing
material is introduced in the multilayer system, i.e., if the refractive
indices are all real (lossless), then RðuÞ þ TðuÞ ¼ 1 by conservation
of energy. When we introduce a material with complex refractive
index, i.e., the absorption is present, RðuÞ and TðuÞ can be used to
define a real absorptance by AðuÞ ¼ 1� RðuÞ � TðuÞ, which is again
a statement of conservation of energy. However, from Kirchhoff's
law of thermal radiation, we know that the ratio of the thermal
emittance EðuÞ to the absorptance AðuÞ is a constant, independent
of the nature of the material, being the unity when the source is a
perfect blackbody [52]. Hence, EðuÞ ¼ AðuÞ and therefore

EðuÞ ¼ AðuÞ ¼ 1� RðuÞ � TðuÞ: (9)

Kirchhoff's law of thermal radiation has a long time controversy
related to its range of validity. However, it seems well established,
at least in the field of linear optics and in the case of elastic scat-
tering. This is true even for macroscopic complex systems in
nonthermal equilibrium with the surrounding radiation fields,
provided the body is considered at uniform temperature, constant
or varying very slowly. More precisely, provided the material
quantum states of this body obey the equilibrium distribution, and
the problems linked with the reflection reciprocity of the materials
are taken into account.

Once the emittance is obtained, it is multiplied by the Planck's
power spectrum rBBðu; TÞ to give the power spectrum of the
quasiperiodic photonic structure. In this way, the power spectrum
rðu; TÞ of the layered structure in terms of its emittance EðuÞ, can be
found to be

rðu; TÞ ¼ EðuÞrBBðu; TÞ; (10)
with

rBBðu; TÞ ¼ Zu3

p2c2
½expðZu=kBT � 1Þ��1; (11)

which is also known as Planck's law of blackbody radiation [53].
3. Numerical results

Considering the quasiperiodic multilayer structure in thermal
equilibrium with its surroundings at a given absolute temperature
T, we present now the numerical results for the spectral emissivity.
Fundamentally, we want to know how the characteristic curve of
the Planck's blackbody spectrum should be modified when we use
a multilayered photonic crystal filter to model our physical system.

Let us assume the case inwhich both the magnetic permeability
and the electric permittivity can be approximated by constants, for
the same frequency range of interest. Furthermore, we assume the
individual layers as quarter-wave layers, for which the quasiperi-
odicity is expected to be more effective, with the central
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wavelength l0 ¼ 700 nm [46]. These conditions yield the physical
thickness in each layer defined by the following optical relation:

nAdA ¼ nBdB ¼ l0=4: (12)

The phase shifts in the two layers are the same, i.e.,

dA ¼ ðp=2ÞU cosðqAÞ; (13)

dB ¼ ðp=2ÞU cosðqBÞ; (14)

where U ¼ u=u0 ¼ l0=l is the reduced frequency and the angles qA
and qB are the incidence angles that the light beam makes with the
normal of the layers (z-direction in Fig. 1). This multilayered pho-
tonic band gap stack is grown on an absorbing dielectric substrate
characterized by a complex refractive index nS ¼ 3:0þ i0:03, whose
thickness is given by dS ¼ 100l0=n0S, n

0
S being the real part of nS.

Fig. 2 presents the thermal radiation spectra (solid lines) for the
periodic and some generations of the Fibonacci quasiperiodic
structure, as a function of the reduced frequency U ¼ u=u0,
considering the normal incidence case with (red solid line) and
without (blue solid line) graphene intercalated at the interfaces. In
Fig. 2a we have the periodic case with 10 repetitions of the unit cell.
Fig. 2. The thermal radiation spectra (solid lines) as a function of the reduced frequency U
solid line) graphene. The normalized characteristic curves of Planck's thermal radiation are re
the spectra for an absorbing material with refractive index nS . In all cases we consider the c
follows: (a) a periodic structure, with N ¼ 10 repetitions; (b) third; (c) fourth; and (d) fift
repetitions, respectively. (For interpretation of the references to colour in this figure legend
Fig. 2b, c, d depict the quasiperiodic Fibonacci structure considering
its third, fourth and fifth generations with N ¼ 8, 6 and 5 repeti-
tions, respectively. The normalized characteristic curves of the
Planck's thermal radiation are represented by the dashed black line,
meaning the perfect blackbody, while the spectra for an absorbing
material with refractive index nS are represented by the dashed-
dotted gray line. The absolute temperature T is chosen so that the
blackbody peak is aligned with the midgap frequency u0 ¼ 2pc=l0,
which means a value approximately equal to 80 K. The main reason
to choose this temperature is because in this range the effect of the
so-called graphene-induced gap is better appreciated. At room
temperature (300 K), for instance, this effect is minimal (not shown
here). According to Ref. [54], the graphene sheets forming a
parallel-plate waveguide may be used in photonic applications
considering the chemical potential mc varying from 0 to 2 eV. For
our numerical purpose the chemical potential was considered to be
0.2 eV. Observe that the Planck's curve profile for a perfect black-
body substrate represents the highest limit of the thermal emission
of the multilayered sequences. In comparison with the curves
related to the thermal emission for a non-ideal absorbing substrate
(gray-body spectrum), the stacked thin-film photonic band gap
structures arranged in a quasiperiodic way strongly alter its power
¼ u=u0 considering the normal incidence case with (red solid line) and without (blue
presented by dashed lines (the perfect blackbody). The dashed-dotted gray lines depict
hemical potential mc ¼ 0:2 eV. The photonic multilayer structure is considered to be as
h generations of the Fibonacci quasiperiodic structure, with N ¼ 8; N ¼ 6; and N ¼ 5
, the reader is referred to the web version of this article.)
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spectrum, giving rise the so-called band gap structures (blue line
spectrum).

For the periodic case (Fig. 2a) the thermal radiation spectrum
presents a very soft behavior, without modulation, with higher
values for rðUÞ, when compared with the quasiperiodic cases.
Observe the large band-gap around U ¼ 1:0, a kind of important
signature of the periodic case with no counterpart in the quasipe-
riodic structures. If we move away from this band-gap region, the
curve adjusts gradually towards the radiation emission profile of
the gray-body spectrum.

Fig. 2b shows the thermal radiation spectrum for the third
sequence of the Fibonacci quasiperiodic structure (up to the 2nd
generation the spectrum is the same as in the periodic case). The
spectrum presents now three band-gaps around the resonance
frequencies U ¼ 0:7;1:3 and 2.6, respectively, not as large as the
one found around U ¼ 1:0, in the periodic case. Fig. 2c and d illus-
trate the effects on rðUÞ when one consider higher generations of
the Fibonacci sequences, namely the fourth and fifth ones. As ex-
pected, the number of band-gaps increase according to the higher
sequence chosen for the quasiperiodic structure (the same occurs
also in Figs. 3 and 4 for the other quasiperiodic sequences). The
reason for that is because when we increase the quasiperiodic
generation number, more andmore narrow localizedmodes appear
as a consequence of a higher fragmentation of their internal energy
Fig. 3. Same as in Fig. 2, but considering the following Thue-Morse quasiperiodic generations
N ¼ 1.
profiles, characterizing the so-called Lebesgue measure of the en-
ergy spectrum (for a review see Ref. [6]).

Whenwe intercalate a graphene layer among the interfaces (red
line spectrum), we note that there is an additional large band gap in
the lower frequency region 0 � U � 0:31 for the periodic and all
Fibonacci generations. The physical origin of this band gap is only
due to the existence of the graphene layers, giving rise to the so-
called graphene induced photonic band gap (GIPBG). More specif-
ically, using a transfer-matrix approach one can show that this
photonic band gap is opened up as a consequence of a synergistic
action of the Bragg scattering and the graphene conductance con-
tributions [39]. The width of this gap strongly depends on the
surface conductivity of the graphene and can be tuned via a gate
voltage, so it can be used in the designing of tunable far-IR filters or
switches. Of course, if the temperature is changed the quarter-wave
parameters are changed too and, consequently, the effect of the
graphene-induced gap is modified, be almost suppressed at the
room temperature. Other much narrow GIPBG will appear for
U ¼ 2, better appreciated when we vary the chemical potential mc
on the emittance spectra (see Fig. 6).

Another interesting effect is associated to the slight shift of the
localization of the band gaps due to the existence of a surface
current induced by the modification of the electromagnetic
boundary conditions caused by the presence of the graphene layers
: (a) second, with N ¼ 8; (b) third, with N ¼ 4; (c) fourth, with N ¼ 2; and (d) fifth, with



Fig. 4. Same as in Fig. 3, but considering the double period quasiperiodic sequence.
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at the interfaces. Therefore the emission spectra, corresponding to
the electromagnetic radiation emitted by the substrate S and the
thermal radiation spectrum, differ from the structure without
graphene. The same effect in the transmission, refraction and ab-
sorption spectra have been observed in periodic [22], and quasi-
periodic photonic crystals [23]. Furthermore, we observe that, for
U>2:5, the power spectra with and without the graphene layers
have the same profiles because the graphene conductivity is
stronger in a low frequency regime, which is an expected result
according to Eqs. (2) and (3).

Figs. 3 and 4 depict the thermal radiation spectra for some
generations of the Thue-Morse (TM) and double-period (DP)
quasiperiodic structures, namely (a) second generation, with
N ¼ 8; (b) third generation, with N ¼ 4; (c) fourth generation, with
N ¼ 2; (d) fifth generation with N ¼ 1. From these figures, besides
the presence of the graphene induced band gap at low frequencies
(0 � U � 0:31), we can observe the presence of more common
Bragg's gaps, making the power spectra richer regarding the pos-
sibilities to manipulate the light emission in theses systems. The
reason for that lies in the way the sequences are built. Furthermore,
for frequencies around the midgap, i.e., for Uy1, we always ob-
tained a Bragg band gap for the DP sequence, while for the TM case
the emission coefficient reaches its maximum value.

The oblique incidence case of the thermal radiation spectra for
periodic photonic crystal and third generations of Fibonacci, Thue-
Morse and double-period photonic one-dimensional quasicrystals
intercalated with graphene layers, are shown in Fig. 5, considering
again the chemical potential mc ¼ 0:2 eV. The left (right) plots
correspond to the TE (TM) polarization of the light beam. From this
figure, we observe that the GIPBGs at the frequency range 0 � U �
0:31 are omnidirectional photonic band gaps, i.e., a frequency re-
gion that light can not propagate through the multilayered
dielectric structures regardless of the incidence angle and/or the
light polarization (black rectangles). However, they have different
origins than the common omnidirectional Bragg's photonic bands
gap, which is observed only for the periodic case (highlighted by
the thin green rectangle; see Fig. 5a), since they are produced by
Bragg's reflections arising due to the presence of the graphene
layers at the interfaces. We also find that these GIPBGs are insen-
sitive to the periodic or quasiperiodic arrangement of the photonic
crystals.

Finally, we also investigate the influence of the chemical po-
tential mc on the emittance spectra of the photonic quasicrystals
studied here, depicted in Fig. 6 for normal incidence. From there
one can note that besides the low-frequency GIPBGs, there are also
a much narrow another one at U ¼ 2, both of them, as conjectured,
strongly dependent on the chemical potential, which can be tuned
by a gate voltage [55]. They are shifted toward higher frequencies
when the chemical potential increases, in a opposite way of the
conventional Bragg's ordinary photonic band gaps, highlighted by



Fig. 5. Emittance spectra as a function of the reduced frequency U ¼ u=u0 and the incident angle q for: (a) a periodic structure, with N ¼ 10; third generations of (b) Fibonacci
(N ¼ 8); (c) Thue-Morse (N ¼ 4); and (d) double-period (N ¼ 4) quasiperiodic sequences. The left- (right-) hand side is related to the TE (TM) polarization of the light beam.
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the blue rectangles, which are not affected as predictable. The
reason for that lies in the dependence on the chemical potential of
the graphene surface conductances (Eqs. (2) and (3)). As shown in
Ref. [58], an increasing of the chemical potential implies a shift to
high frequencies of the conductance curve.
4. Conclusions

Looking for alternatives to set up a specific thermal emission
device, we have investigated in this work the thermal behavior of
light waves considering periodic and quasiperiodic photonic
structures intercalated with graphene at their interfaces, namely
those obeying the recursion relation which defines the Fibonacci,
Thue-Morse and double-period sequences. Our results shows, in a
general way, that the thermal spectra can be used for the
enhancement, suppression or attenuation of the light in all or
certain directions, by changing either the density of modes (or
frequency), or the angle of incidence of the light, being important in
the design of filters for modification of Planck's blackbody
spectrum.

Our tailored photonic crystal can act either as a passive filter,
where the refractive indices of each layers are real (i.e., low loss
materials), or as an active emitter, where at least one of the layers in
the photonic crystal has an imaginary refraction index. In both
cases, the resulting thermal radiation spectrum of the photonic
structure was substantially modified as compared to those corre-
sponding to the original substrate alone, due to resonance effects
within the photonic crystal.

In fact, in periodic photonic crystal the system blocks heat ra-
diation emitted by the substrate at the frequencies corresponding
to the photonic crystal band gap, and the substrate's emission is
enhanced from the gray-body level all the way up to the perfect
blackbody rate at a number of frequencies corresponding to the
pass-band transmission resonances of the photonic crystal [56]. A
similar enhancement of the substrate's thermal emittance at
certain resonance frequencies, accompanied by a fragmented pass
and stop-bands, due to the fractal nature of their transmission
profiles [45], is observed in the Fibonacci quasiperiodic photonic
crystal [56]. An analogous result is observed also in the thermal
spectrum corresponding to the Thue-Morse quasiperiodic photonic
crystal, whereas those corresponding to the double-period
sequence is more similar to the periodic one around the midgap
(or the band gap in periodic photonic system) of the spectral range.
A very interesting fact is that these spiky thermal emission spectra
can be substantially smoothed (hence obtaining broader spectral
ranges with enhanced emittance) by using metamaterials in the
composition of their individual layers [44,57].

The presence of the graphene layers give rise also of the so-
called graphene induced photonic band gap (GIPBG), an addi-
tional chemical potential dependent narrow band gap in the lower
frequencies range, for all sequences studied here. Besides, the
localization of the band gaps are shifted toward higher frequencies,
when compared to the same structure without the graphene layers,
due to the existence of a surface current on the structure's in-
terfaces. Moreover, only in the periodic case the emittance spectra
have an ominidirectional band gap in the frequency region close to
U � 1.

So far, photonic band gap materials have already found a myriad
of applications to mold the flow of light, e.g., novel waveguides,
photonic crystal fibers, microcavities, photonic crystal lasers, to



Fig. 6. Same as in Fig. 5 but for emittance spectra as a function of the reduced frequency U ¼ u=u0 and the chemical potential mc .
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name just a few. On the other hand, thermal emission devices, as
those proposed here, are still exploiting their way as important
tools in the technological market. We hope our findings may help
future works in this direction.
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