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Abstract: In this paper, we explore the linear response of one dimensional
quasiperiodic structure based on Fibonacci sequence composed of silicon dioxide,
polystyrene and graphene materials. Here, a graphene monolayer is sandwiched
between two adjacent layers. The numerical results are obtained by using the standard
transfer matrix method. Due to the presence of graphene sheet in each structure, in the
initial range of THz, an additional gap GPBG is induced which is absent in the case of
without graphene. The amplitude of absorption peaks at the upper edge of the GPBG
significantly enhances, when damping factor increases. The height of the absorption
peak at the GPBG edge goes up as the temperature increases. At the GPBG edge, with
increasing the thickness of graphene, the absorption peak rises and shifts to the lower
frequencies. Moreover, we have realized that the amplitude of absorption peaks at the
upper edge of the GPBG significantly enhance by increasing damping factor.
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1. INTRODUCTION

Periodic structures have inherent potentials that have been subject of
important theoretical developments in both solid state physics and photonics
engineering. Photonic crystals (PCs) are structures that have periodic refractive-
index modulation, long-range translational order and rotational point symmetry.
Analogous to electrons in a crystal, electromagnetic waves propagating in PCs
are organized into photonic bands that are separated by gaps where propagating
states are forbidden [1-4].

On the other hand, the physical properties of a new class of artificial crystal,
the so-called quasiperiodic structures, have also attracted a lot of attention in the
last two decades. These quasicrystals are formed by the superposition of two (or
more) incommensurate periods, so that they can be defined as intermediate
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systems between a periodic crystal and the random amorphous solids. Photonic
Quasicrystals may exhibit PBG that are more isotropic than in conventional
photonic crystals, permitting the existence of forbidden frequency ranges even
in materials possessing very low dielectric contrast. Among the various
quasiperiodic structures, the Fibonacci binary quasiperiodic structure has been
the subject of extensive efforts in the last two decades [5]. Macia used transfer
matrix method (TMM) to study Fibonacci dielectric multilayers, numerically
[6]. Omni-directional band gaps, using Fibonacci quasiperiodic structures, were
also reported by Lusk. [7]. Peng have observed resonant transmission of light in
symmetric Fibonacci multilayers, characterized by many perfect transmission
peaks, useful for narrow band multi-wavelength optical filtering applications
[8]. Studies of some other various aspects of wave propagation in the Fibonacci
quasiperiodic structures carried out in refs. [9] have considerably improved our
understanding of wave transport in the Fibonacci structures.

Recently, PCs composed of graphene and dielectric materials have started to
attract research interest [10-14]. As a type of gapless semiconductor, graphene
consists of two-dimensional (2D) honeycomb lattice with monolayer of carbon
atom thickness, and was widely used in physics, chemistry, materials science
and other fields [15]. Because of a variety of peculiar optical, mechanical and
electronic properties like having zero band gap, high mobility at normal
temperature, tunable conductivity and special optical properties, graphene
attracts more attention in optoelectronic devices such as ultra fast optical
modulator [16], graphene photodetectors [17], tunable optical sensor [18],
graphene metamaterials [19], graphene plasmonics [20], terahertz absorber [21].

In this paper, by using the standard transfer matrix method (TMM), we
explore the linear response of a 1D QP structure based on Fibonacci sequence
composed of silicon dioxide (SiOy), polystyrene and graphene materials. Here, a
graphene monolayer is sandwiched between the two adjacent layers.

2. THEORETICAL MODEL

In this paper, we take a certain level of 1D Fibonacci qusiperiodic structure
to calculate the transmission spectra of this deterministic disorder multilayer.
The Fibonacci sequence is the chief example of long-range order without
periodicity [18], and can be constructed from juxtaposing two building blocks A
and B, according to the following deterministic generation rule: Sn+1= {Sn-1Sn}
for N > 1, with So={B} and S:={A}, and the generation rule is repeatedly
applied to obtain: S;={AB}, S;={ABA}, S.={ABAAB}, etc. This structure can
be also generated by the following inflation rule;: A—AB, B—AA. The number
of layers is given by Fn, where Fy is the Fibonacci number obtained from
recursive relation Fy = Fn-1+Fn-2, with Fo=F=1.
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The transmission spectra of a layered system can be calculated by using
transfer matrix method. For this purpose, we assume that a wave be incident
from air with angle 6 onto the supposed multilayer structure. For the transverse
electric (TE) wave, the electric field E is assumed in the x direction (the
dielectric layers are in the x-y plane), and the z direction is normal to the
interface of each layer. When such an electromagnetic wave propagates through
this multilayer structure, the incident, reflected and transmitted electric fields
are connected via a transfer matrix M [1-4] as

cos(kjaz)  jlq, sin(ijAz)J

M, (Az,0)= @

jo;sin(k)az  cos(k]Az)
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transmission coefficient can be expressed as
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Here mi(i,j=1;2) are the matrix elements of X (@)= H M (d;,®) which

represents the total transfer matrix connecting the fields at the incidence and
exit ends. The treatment for TM wave is similar to that for TE wave.

Graphene is a one-atom-thick layer of carbon atoms arranged in a two
dimensional hexagonal lattice, which has recently attracted enormous interest
for its abundant potential applications. The relative permittivity of graphene is
given by €g=1+(iogno)/(kedg), where ko=27/A is the incidence wave number in
vacuum, 10=377€ is the vacuum impedance, oq is the surface conductivity and
A is the incident wavelength. According to the Kubo formula [22], surface
conductivity o4 of graphene is obtained by intraband and interband terms as

O-g = Ointra + Ointer (3)
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Where e is the charge of electron, % =h/2x is the reduced Plank’s constant, kg is
the Boltzmann constant, T (300K) is the absolute temperature of environment,
y=1/z is the damping constant, z is the transport relaxation time and xc is the
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chemical potential. Despite, the intraband conductivity is larger than the
interband in the THz band; here both terms are taken into account for the
calculation of the surface conductivity. The intraband term of the conductivity is
a reasonable approximation in the frequency range below 8 THz [22].

3. RESULTS AND DISCUSSION

Here, we present some numerical results to illustrate the transmission and
absorption spectra of 1D Fibonacci QP structure with generation F8 (with 34
slabs). The supposed structures are constituted by SiO, (layer A) and
polystyrene (layer B) dielectrics where graphene monolayer (layer G) is located
between two adjacent layers. For this study, all layers are assumed to be linear,
homogenous and nonmagnetic. The diagrams of supposed multilayers are
presented in Fig. 1. The permittivity, permeability and the thickness of layers of

A and B are as follows: ea=5 [23], €5=2.5 [24], ua=pe=1, da=dg=10pum. Also,

the values of chemical potential, damping constant and temperature of graphene
sheet are assumed to be p=0.2ev, y=0 and T=300K, respectively. Our
numerical results are presented in the THz region.

_Fibonacci

Air A Air

c
9

Fig. 1. Diagram of the supposed 1D Fibonacci quasiperiodic multilayer.

Firstly, by using Egs. (4) and (5), the normalized surface conductivity o/oo of
graphene as function of frequency is depicted in Fig. 2 for y = 0 and (see Fig.
2a) and y=1 THz (see Fig. 2b). Here, we use u.=0.2ev and T=300K. The oy is the
universal conductance of graphene.
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Fig. 2. Normalized surface conductivity /oo of graphene as function of frequency for
y=0 (a) and y=1THz (b). We set x=0.2ev and T=300K. gy is the universal conductance
of graphene sheet. Solid lines are for the real parts dashed lines are for the imaginary
parts.

From Fig. 2, the imaginary (solid line) and real (dashed line) parts depend on
the frequency, uc and y. For a certain frequency, the conductivity of graphene
increases with the increase of uc. As a result, the impact of graphene on the
propagation characteristics of wave through the stack will be enhanced. For a
certain uc, when the frequency increases the conductivity of graphene decreases
quickly. About y which is related to the absorption loss, we can say that the
higher y is, the larger the real part of the conductivity and then stronger the
absorption, vice versa. In y=0, the real part of the conductivity compared to the
imaginary part is very negligible (see Fig. 1a). Also, in the case of y A0 the real
part of conductivity increases while the imaginary part decreases (see Fig. 2b).
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Fig. 3. TE transmission spectra of Fg structure as function of frequency and incident
angle. (a) without graphene, (b) with graphene. Here, for graphene layer, we set
T=300K, y=0 and pc=0.2ev. The other parameters are the same as those in Fig. 1.
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The spectral analysis in this section begins with the investigation of the
transmission spectra in the supposed Fs structure as a function of incident angle
and frequency in the linear regime associated with TE mode in two situations:
(i) without graphene, (ii) with graphene. It is seen from Fig. 3b that due to the
presence of graphene sheet inside each structure, in the initial range of THz, an
additional perfect gap is induced in the transmission spectra which is absent in
the case of without graphene (see Fig. 3a). So, the first gap cab be called
graphene photonic band gap (GPBG). In addition to the GPBG, between 2 to 6
THz, some Bragg gaps are observed in the transmission spectra which are
sensitive to the incident angle, frequency, structure parameters and polarization.
For all selected structures, it is illustrated in Fig. 3 that when the incident angle
varies, the upper and lower band edges of Bragg gaps experience a blue shift
(tilt to the right) in accordance with the Bragg-Snell law. The transmission
spectra of F8 are simple and well-set. The similar figures can be presented for
TM mode.
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Fig. 4. 2D line plot of TE transmission spectra (same as Fig. 3b) at two incident angles
as 0- (dashed line) and 60- (solid line). The other parameters are kept constants as in
Fig. 3.

In order to gain deeper insight into the GPBG, we focus on the first PBG in
the transmission spectra nearly below 1.5 THz for TE wave. In Fig. 4, two
angles of incidence 0- (dashed line) and 60- (solid line) are selected. The other
parameters are kept constants as in Fig. 3. In Fg arrangement, it is found that
moving away from normal incidence to oblique incidence shows that the upper
band edge of the GPBG shifts to higher frequencies. That is to say, by
increasing the incident angle the bandwidth (Av) of the GPBG is obviously

enlarged.
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Fig. 5. TE absorption spectra of Fg structure as a function of frequency and x for
T=300K and y=0. (a) X-Y view of 3D illustration, (b) 2D line plot at two chemical
potentials as u=0.1ev (dashed line) and uc=0.2ev (solid line). The other parameters are
the same as those in Fig. 1.

Then, at normal incident angle and y=0, we turn to study the absorption
spectra of Fg structure as a function of frequency and chemical potential sc. It is
noticed that the amount of frequency dependent absorption is determined
according to A(v)=1-T(v)—R(v) where T(v) and R(v) denote the transmittance
and reflectance at frequency v, respectively. According to Fig. 5a, one can
conclude that as uc increases the upper band edge of the GPBG moves to the
higher frequencies, i.e., the GPBG becomes larger. The reason for this treatment
is that for a certain frequency, the conductivity of graphene a4 increases with the
increase of uc, thus the impact of graphene on the propagation characteristics of
wave will be enhanced. Meanwhile, the band edges and widths of the Bragg gap
are slightly affected by changing of uc, since the conductivity of graphene
changes more slowly in the high-frequency range (see Fig. 2). In Fig. 5b, which
is a 2D line plot of Fig. 5a, two chemical potential are assumed as uc.=0.1lev
(dashed line) and uc=0.2ev (solid line). From Fig. 5b, it is found that the
percentage of absorption peak at the edge of the GPBG lies within the range of
about 16-18% for F8 structure. The similar results can be found for TM mode.

In the above calculations, we have considered an idealized situation in which
the role of damping factor y, related to the absorption loss, has been neglected.
As we know, the higher the y is, the larger the real part of o4 and then the
stronger the absorption, vice versa. It is worth remembering that in the
frequency ranges 0-10 THz, the losses of A and B layers can be neglected. In
Fig. 6a, we show the TE absorption spectra of F8 arrangement versus frequency
and y at normal incident angle.
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Fig. 6. TE absorption spectra of Fg structure as a function of frequency and damping
factor y for T=300K and uc=0.2ev. (a) X-Y view of 3D illustration, (b) 2D line plot at
y=0 (dashed line) and y=1THz (solid line).

It can be seen from Fig. 6a that with the increase of y, the GPBG in all
structures will disappear gradually. Also, the spectral positions of the Bragg
gaps remain unchanged. In the form of 2D line-plot, the effect of damping
factor on the absorption peak at the edge of the GPBG is clearly demonstrated
for y=0 (solid line) and y=1THz (dashed line), shown in Fig. 6b. From this
figure, we realize that the amplitude of absorption peaks at the upper edge of the
GPBG significantly enhance by increasing y.

As it is clear from Eqgs. 4 and 5, the conductivity of graphene depends not
only on frequency, uc and y but also on temperature. Here, uc and y are fixed at
0.2ev and 0, respectively. In Fig. 7, at room temperature T=300K (solid line)
and T=310K (dashed line), the effect of the temperature on the TE absorption
spectra of chosen structure is plotted at normal incidence. It is found that the
absorption spectra of F8 structure are approximately insensitive to the working
temperature. Despite this slight and poor effect, we can say that the height of the
absorption peak at the upper edge of the GPBG goes up as the temperature
increases (see inset in Fig. 7). The similar results are obtained for TM wave.
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Fig. 7. 2D line plot of TE absorption spectra of Fg structure at two temperatures
T=300K (solid line) and T=310K (dashed line) for u.=0.2ev and y=0. The other
parameters are the same as those in Fig. 1.

In Sect. 2. 4, it was said that the permittivity of graphene layer is expressed in

terms of the conductivity as =1+ (i og)/ (w€odg), Where the dg is the thickness

of graphene layer. Various groups have reported different thicknesses for single
layer graphene with ranging from 0.35 to 1.7 nm [25]. With this in mind, in Fig.
8, we simulate the influence of two supposed graphene thickness as dg=1nm
(solid line) and dg=100nm (dashed line) on the TE absorption spectra at normal
incident angle. As shown in Fig. 8, in each structure the upper band edge of
GPBG, which we focus on, is minor affected by dyq. As a matter of fact, due to
the very thin thickness of monolayer graphene (about 1nm), the absorption
effect can be limited. Nevertheless, by carefully looking at the insets of Fig. 8,
at the upper ban edge of the GPBG two results obtain with increasing dg as: (i)
the absorption peak is downward to the lower frequencies, (ii) the height of the
absorption peak rises. The similar behavior is repeated for TM mode.
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Fig. 8. 2D line plot of TE absorption spectra of F8 structure at two graphene thickness
as dg=1nm (solid line) and dg=100nm (dashed line) for x=0.2ev, y=0 and T=300K. The
other parameters are the same as those in Fig. 1.

Finally, in order to know how the electromagnetic wave propagates in Fs 1D
multilayer, at the edge frequency (fesge) and inside frequency (finsice) Of the
GPBG, the distribution of electric field intensity as a function of structure depth
(2) is plotted at normal incident angle (see Fig. 9). The electric field intensity is
calculated calculated by the TMM knowing the parameters of structure and
solving Maxwell equations with the boundary conditions appropriate. Here, the
total thickness of all structures is about 0.3 mm. From all insets in Fig. 9, one
can say that the electric field in each supposed structure are continuous at two
side of the interface between two adjacent layers. At the band edge frequencies
the mode is propagating, while at the frequencies inside the gap the mode is
evanescent, i.e., the electromagnetic waves are completely reflected by
structure.
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Fig. 9. The electric field intensity profile (the square of electric field) as a function of
structure depth (z) in Fg multilayer at the edge frequency (feage) and inside frequency
(finsige) Of the GPBG for normal incident angle. Again, we choose uc=0.2ev, y=0,
T=300K and dg=1nm. The other parameters are the same as those in Fig. 1.

4. CONCLUSION

By employing the transfer matrix method, we have reported the terahertz
spectral properties of graphene induced photonic band gap in four types of
common one-dimensional quasiperiodic structures based on Fibonacci
sequence. In this paper, a graphene monolayer is sandwiched between two
adjacent dielectric slabs. It is found that due to the presence of graphene in each
structure, an additional gap (GPBG) is emerged. The upper band edge of GPBG
moves to the higher frequencies and gets enlarged, as the chemical potential and
incident angle increase. Also, the height of the absorption peak at the GPBG
edge goes up as the temperature increases. At the GPBG edge, with increasing
the thickness of graphene, the absorption peak rises and shifts to the lower
frequencies. Moreover, we have realized that the amplitude of absorption peaks
at the upper edge of the GPBG significantly enhance by increasing y.
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