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ABSTRACT We theoretically investigate the tunable dual- and multi-channel filter in one-dimensional
aperiodic photonic crystals (PCs) embedded with graphene. The dielectrics slabs arrayed alternately submit
to the Cantor sequence rule and graphene sheets are local at the interfaces of dielectrics layers. Cantor PCs are
fractal structures and support a series of discrete resonant channels in transmission spectra, viz. fractal states.
Consequently, dual- and multi-filtering channels could be achieved in the compound systems. The central
wavelength of each channel and its value of transmission could be modulating by the chemical potential of
grapheme and the incident angle as well. It shows that the dual-channel amplitude of transmission can be
varied by over 100% and the multiple channels could be switched on and off by the chemical potential of

graphene. This study will be very helpful in designing tunable optical filters.

INDEX TERMS Cantor sequence, graphene, optical fractal, photonic crystal, photonic filter.

I. INTRODUCTION

Photonic technology has greatly revolutionized the optical
communications in the past decades due to its tremendous
progresses made. High speed, low loss, high performance,
and reliable optical communication network has been realized
through the photonic technology. One of the key components
in optical communication systems is the optical filter, which
is responsible for choosing specific wavelength of optical
information to transmit or reflect.

Various schemes have so far been put forward for realizing
the optical filters, among which photonic crystals (PCs)
are the most popular ones. PCs [1], [2] are composed
of periodic dielectric structures and possess a complete
photonic band gap (PBG) in a certain frequency range.
Once the frequency falls into the PBG, the propagation
of light is strongly suppressed [3], [4]. Therefore, the
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filtering process can be easily realized, and the PBG can
also be reconfigured to obtain filters with different spec-
tral characteristics. In some applications, dynamic tunable
filters with ultra-narrow bandpass are highly desirable for
potential applications in high-precision optical sensing [5],
dense wavelength division multiplexing [6], and wavelength-
modulation spectroscopy [7]. On the other hand, quasi-
periodic PCs have higher transmission efficiency, smaller
band-width, and higher quality factor. Quasi-periodic PCs can
support more defect cavities than the conventional periodic
PCs [8], [9]. The defect cavities could induce the optical
fractal effect in the PBG region. The optical fractal states
are transmission modes of light waves. The transmission
mode has a peak value of transmittance and a very low
reflectivity in quasi-periodic PCs, which well meets the
design requirements of the narrowband filters [10], [11], [12].
The properties of quasi-periodic PCs can be changed
by certain deterministic rules, such as Fibonacci [13],
Octonacci [14], Thue-Morse [15], Rudin-Shapiro [16], and
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Cantor [17], [18], [19]. In addition, other studies conducted
in the literature are also briefly discussed to show the
importance of various quasi-periodic crystals [20], [21], [22].
However, once the photonic filter is constituted, the ampli-
tude and center frequency of the channel may be permanently
fixed, and cannot be conveniently and flexibly adjusted in
some specific application scenarios.

Graphene is a two-dimensional lattice with perfect honey-
comb structure, which has excellent conductivity and many
extraordinary optical properties [23], [24], particularly the
property of exciting surface polariton [25], [26]. The photonic
crystals based on graphene have been extensively studied
so far, such as oscillations [27], [28], supermodels [29],
optical bistabilities [30], and optical modulators [31], [32].
In addition, the optical characteristic quantity is governed
by the surface conductivity of graphene. The graphene
surface conductivity is a function of the chemical potential.
Generally, the chemical potential of graphene can be changed
by loading an external grid voltage on it or by chemical
doping [33]. This provides great convenience for graphene
to modulate the optical properties induced by the graphene-
based photonic crystals. Therefore, here we construct a
complex system consisting of a one-dimensional quasi-
periodic photonic crystal with graphene to realize a tunable
dual-channel optical filter.

Tunable dual- and multi-channel optical filters are studied
and numerically investigated in Cantor lattices embedded
with graphene. The Cantor lattices are formed by two
alternating dielectric slabs with different refractive indices
and graphene is imbedded at the interfaces of these
dielectric slabs. The discrete transmission channels and
extension of channels by increasing the sequence number are
demonstrated firstly. Subsequently, the tunability of filtering
channels of optical waves is explored by changing the
chemical potential of graphene and the incident angle of
lights. In order to explore the channel regulation mechanism,
the surface conductivity of graphene and the distribution of
electric field are given as well. This work could be utilized
for optical filters and optical modulators.

Il. COMPLEX CANTOR LATTICE AND GRAPHENE

The one-dimensional quasi-periodic multilayers abiding by
Cantor sequence are composed of two types of dielectrics A
and B. The Cantor sequence submits to the substitution rule:

So = A, S; = ABA, S, = ABABBBABA, S3 = $>(3B)%S;,
...... ,Sn =Sy_1GBBV ISy _1,......,where N (N =0, 1,
2,3,...... ) is the generation number. Figure 1 gives diagram

of Cantor dielectrics multilayers and graphene for different
generation number N . For example, the complex structure can
be expressed as ACBCACBCBCBCACBCA for N = 2.

The materials of A and B are represented as Si and SiO3,
respectively. The corresponding refractive indices are np =
3.53 and ng = 1.46. The quasi-periodic system is placed
in air and the refractive index of substrate surrounding is
set as ng = 1. The thicknesses of dielectric slabs are one
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FIGURE 1. Diagram of the Cantor dielectric multilayers and graphene for
N =1, 2, 3, respectively. The symbol of N is the generation number of the
Cantor sequence.

quarter of an optical wavelength, viz. dy = Ao/d/nya =
0.1098 um, dg = Ao/d/ng = 0.2654 um, where Ao =
1.55 um is the central wavelength. The graphene, denoted by
layer C, is embedded arbitrary two dielectrics. Graphene is
considered as a metal element in the near-infrared band, and
is usually regarded as an ultra-thin two-dimensional dielectric
with unique conductivity and equivalent thickness of d.

The equivalent dielectric constant of graphene is expressed
as

gg=1+i——. (1

Here, the symbol i denotes the imaginary unit, ko represents
the wave vector in vacuum, 79 is the vacuum resistivity
parameter in vacuum. The refractive index of graphene can
be characterized by its conductivity as ng ﬁg. The
conductivity of graphene can be obtained from the Kubo
formula [33], [34], which could be written as
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where f; = 1/(1 + expl(e — uc)/KpTp)) is the Fermi-Dirac
distribution function. &, u., @ represent the particle energy,
the chemical potential of graphene, the angular frequency,
respectively. e, Kp, h denote the electron element charge,
and the Boltzmann’s constant, the reduced Plank’s constant,
respectively. The environment temperature is set as 7 = 300
K and the relaxation time is set as T = 0.5 ps.

The first term and the second term of Equation (2) can be
simplified to
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respectively. Both interband and intraband transitions involve
e and . In other words, the surface conductivity of
graphene is a function of chemical potential and light
incidence frequency. In the THz band, the interband transition
is dominant because the excitation photon energy fw is less
than 2., and the optical property of graphene is analogue to
metals.

The one-dimensional photonic multi players embedded by
graphene arranges along the horizontal direction. Consid-
ering a light impinges on the structure from the left and
transmits from the right and ignoring the nonlinear effect of
light, we use the transmission matrix method, the transfer
matrix of dielectric sheet can be expressed as

[
_asmgj]’ (5)

COS Gj

M, = |: fcos S,

—inj sin gj
where ¢; = 2mn;djcosd;/A. nj, d; and 0; are the refractive
index, the dielectric thickness, and the incident angle respec-
tively. The modified admittance for a transverse magnetic
(TM) wave is given by 1; = (co&r)!/?/[(ostr)/*cos6;]. The
total transfer matrix of the complex structure is obtained
by M = My Ms...Mj= [my1, my2; my1, mp]. Therefore,
for a TM polarized wave polarized wave, the transmission
coefficients T can be obtained by transfer matrix

210 cos 01
(m11 + miann+1) no + (m21 + moann+1) cosOy41

(6)

The chemical potential of graphene is a Femi level, so the
chemical potential can be controlled by chemical doping
or the external grid voltage on graphene. As the voltage
load on graphene is positive, the chemical potential of
graphene increases, while the voltage load on graphene is
negative, the chemical potential decreases. Therefore, the
surface conductivity of graphene can be flexibly adjusted
by the bias voltage on graphene. Graphene is treated as a
thin film with an equivalent thickness. Equivalent refractive
index of dielectric is a function of the chemical potential of
graphene. Therefore, the refractive index of the equivalent
dielectric can be flexibly controlled by the chemical potential
of graphene. If graphene is embedded into the photonic
crystal, the existence of graphene will affect the overall
transmittance of the structure, and the surface conductivity
of graphene is a chemical potential function, which can
change the transmission spectrum of the entire composite
structure through the chemical potential of graphene, and
finally regulate the central frequency of resonant modes in
the structure.

The relation between the chemical potential . and the
applied gate voltage V, on graphene can be expressed as

litel = hvp\J7t |ag (Ve = V)|, ™

where the parameter ag is empirical constant and is given by
ap =9 x 1071 m, vp ~ 10° m/s is the Fermi velocity of
electrons in graphene, and Vp is the offset bias voltage and it
is generally set as Vp = 0 for intrinsic graphene.
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FIGURE 2. (a-d) Transmission spectra of light waves in Cantor PCs with or
without graphene for the generation number N = 1, 2, 3 and 4,
respectively. The red line represents the transmission spectra of the
structure. The blue line represents the transmission spectra of the
structure composed of graphene. (e) Distribution of optical fractal states
in the normalized frequency of the Cantor PCs with or without graphene
for the generation number N = 1, 2, 3 and 4, respectively. The graphene
chemical potential is uc = 0.5 eV.

IIl. NUMERICAL RESULTS AND DISCUSSIONS
For a TM wave, as it normally impinges on the quasi-periodic
photonic crystal multilayers abiding by Cantor sequence
and graphene from the left. Figure 2(a-d) respectively
give the light transmission spectra of Cantor photonic
multilayers with or without graphene for the generation
number N = 1, 2, 3 and 4. The graphene chemical potential
is given by u. = 0.5 eV. The horizontal coordinate is
the normalized frequency of the incidence (w — wp)/wgap.
Here, wg,p is the photonic bandgap expressed as wgap =
4wy arcsinl[Re(nB)—Re(nA)]/[Re(nA)+Re(nB)]|2/7t, wy =
27 c/Apis called as the central frequency of incidence. wg,p isa
typical important parameter to characterize photonic crystals.
The real term of the material refractive index determines
the propagation phase of the traveling wave, and ultimately
determines the resonant wavelength of the transmission
mode. In addition, the photonic band gap wg,p of photonic
crystals is also determined by the real term of the material
refractive index. Within the dotted line range marked in
Figure 2(a-d), one can see that there are 0, 2, 10, 26 resonant
states in red curves as the generation number increases
from 1 to 4. These resonances are symmetrically distributed
around the center and their peak values are all 1. The
number of transmission modes increases exponentially with
the generation number of dielectric sequence. As graphene
sheets are imbedded at the interfaces of slabs, the spectrum
on the left side of the center point shifts slightly to the right,
while the spectrum on the right side of the center point
shifts slightly to the left. In the first three generations of
the iterative sequence, the total number of resonance peaks
remains unchanged. Since the fourth generation, the total
number has changed.

As a light wave illuminates normally on the photonic
quasicrystals, defects in Cantor PCs can induce optical
fractal states. The optical fractal states correspond to a series
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of transmission modes. The bandgap in the transmission
spectrum can naturally be used as photonic filters by
analogy with the energy band structure of electrons in
semiconductors. Hence, dual- and multi-filtering channels
could be achieved for appropriate iteration sequence.

Figure 2(e) shows the positions of optical fractal resonant
states in the normalized frequency for different generation
number. As the generation number increases, it is observed
that the fractal states of the Cantor PCs with or without
graphene split and increase exponentially. The number of
optical fractal states in Cantor PCs embedded in graphene
is the same as that in the Cantor PCs for the generation
number N = 1, 2, 3. The position of the blue circle is offset
relative to the red dot. For N = 4, the total number of red
circles is 26, while the total number of blue circles is 29.
The optical fractal states (in blue circle) split to forms new
optical fractal states in the normalized frequency range of
(0 — wp)lwgep = [— 0.46, — 0.41] and (v — wo)wgzp =
[0.34, 0.41], and the optical fractal states severely degrade or
even disappear in the normalized frequency range of (v —
wo) wgap = [— 0.35, 0.35] and (w — wp)/wgap = [0.45, 0.54].
And apparently, the scalability of the filter channels can be
adjusted by controlling the generation number, the central
wavelength of each channel and its value of transmission
could be modulating by the chemical potential of graphene.
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FIGURE 3. (a) Transmission spectra varying with the frequency of the
incident light wave for different graphene chemical potentials.

(b), (d) Transmittance versus chemical potential for the two filter
channels. (c), (e) Central frequency of the two filter channels for different
chemical potential. Here, the generation number is N = 2 and the
incidence wavelength is » = 1.55 um.

Figure 3(a) provides the transmission spectra for p. = 0.3,
0.8 and 1.2 eV. One can see that there is a photonic band
gap in the transmission curve, of which two resonance peaks
are induced, and they correspond to two filter channels. With
the different chemical potential of graphene, the transmission
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peaks of the two resonance modes are different, and the center
frequencies of the resonance peak move slightly. For u, =
0.3 eV, the transmission peaks of these two channels are
0.501 and 0.4892, respectively. The corresponding horizontal
coordinates are — 0.423 and 0.4053. For . = 0.8 eV, the left
peak transmittance is 7 = 0.9965 at the normalized frequency
(0 — wo)lwgap = — 0.4065, the right peak transmittance is
T = 0.9981 at the normalized frequency (w — wp)/wgap =
0.4093. For u. = 1.2 eV, the parameters are T = 0.9951 at
(@ — wp)lwgap = — 0.4, and T = 0.9978 at (0 — wp)/wgap =
0.4143 respectively. Significantly, for u. = 0.8 and 1.2 eV,
the transmission values of the left and right peaks are close
to 1. For a dual channel filter, it is feasible to adjust the central
wavelengths and the resonant peak values of the channels
through the chemical potential of graphene.

In order to demonstrate how graphene sheets modulate
the transmission performance and the center frequency of
the filter channel, we sampled the channels where the
channels in the middle of the band gap are marked as 77,
T, and the corresponding central frequencies are wj, wy,
respectively. Figure 3(b-e) show the transmittance and the
normalized frequency of the channel versus the graphene
chemical potential for a center wavelength. One can see
that the chemical potential of graphene is less than or equal
to 0.3 eV, the transmittance 77 equals to 0.5, and while
it exceeds 0.35 eV, the value rapidly steps up to one as
shown in Figure 3(b). In Figure 3(c), as . is less than or
equal to 0.3 eV, the center frequency of the transmission
mode decreases with the increase of the chemical potential
of graphene. As p. exceeds 0.3 eV, the center frequency
of the transmission mode increases with the increase of the
chemical potential of graphene. The center frequency of the
transmission mode is the minimum at the chemical potential
of 0.3 eV. Similarly, this trend also exists for the other
channel. In Figure 3(d), by increasing the chemical potential
of graphene to 0.45 eV, the transmittance 7> remains 0.5, and
while it exceeds 0.5 eV, the value rapidly steps up to one. The
center frequency of the transmission mode decreases first and
then increases with the increase of graphene value as shown
in Figure 3(e). The central frequency of the transmission
mode is the minimum for pu, = 0.45 eV. It is not difficult
to find that a small change in the graphene value will
cause a change in the central frequency of the transmission
mode. In addition, the transmittance of the transmission mode
changes significantly if and only if the value of graphene
increases to a certain value, and the maximum transmittance
is close to 1. It shows that the dual-channel amplitude of
transmission can be varied by over 100%.

Figure 4(a) presents the real part of surface conductivity
Re(o) for different values of chemical potential. For three
given values of u. = 0.3, 0.4 and 0.5 eV, there are
three curves, correspondingly, of Re(o) as the normalized
frequency changes. For a fixed value of graphene chemical
potential, viz u. = 0.3 eV, the real part of the surface
conductivity of graphene is close to 0.6 x 107> S and keeps
constant as the normalized frequency (w — wp)/wgyp is in
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FIGURE 4. (a), (c) Real part and imaginary part of graphene surface
conductivity varying with the normalized frequency for different values of
chemical potential, respectively. (b), (d) Real part and imaginary part of
graphene surface conductivity by modulating simultaneously the incident
frequency and chemical potential, respectively.

the range of (— 0.418, 0.7). While in the range of (— 0.7,
—0.418), the value sharply jumps down to zero. As pc
increases to 0.4 eV and 0.5 eV, the curve shifts to the
right overall, the normalized frequency at the jump is (w —
wo)wgap = 0.067 and (v — wp)/wgap = 0.544 respectively,
and the corresponding Re(o) in each curve is 0.6 x107> S.
The parameter Re(o) is the counterpart of the imaginary part
of the graphene equivalent dielectric constant Im(gg), this
indicates the optical loss in graphene. Larger Re(o) means
greater loss and weaker transmitted intensity. As graphene
is adjusted to a certain range, the optical loss remains
unchanged, and the corresponding transmittance value could
not decay, close to 1. This approves the phenomenon that
the transmittance changes with the normalized frequency of
incident light for different chemical potential as shown in
Figure 3(a). Therefore, this characteristic can be used for
manipulating the channel frequency.

Figure 4(b) provides the real part of surface conductivity
Re(o) of the photonic lattice. The parameters space is
composed of u. and incident frequency w. One can see
that, the value of Re(o) remains constant by raising the
graphene chemical potential to a certain value, and keeping
on increasing the graphene chemical potential or turning
up the incident frequency. Since Re(o) dominates the loss
in graphene of light, changing . or modulating @ is an
important step to control the propagation of light in complex
multilayer. The jump of this turning point, that is, the abrupt
increase of Re(o') from zero to a certain value, is the result of
electron transition from intraband to interband in graphene.

Figure 4(c) gives the imaginary part of surface conductivity
Im(o) varying with .. The whole curve of Im(o) moves to
the right as the chemical potential increases. By increasing
the frequency of light, there is an inflection point of each
curve, on the left side of the inflection point, Im(c ') decreases,
and then increases smoothly to a constant value as the
frequency passes the inflection point. The parameter of Im(o)
determines the real part of graphene equivalent permittivity
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and Im(o') can be modulated by ¢, so we can flexibly adjust
the transmittance through the chemical potential of graphene.

We continuously adjust the graphene chemical potential
and depict the imaginary part of surface conductivity Im(c)
varying with the incident frequency in the parameter space
as shown in Figure 4(d). It demonstrates that Im(o') produces
an effect after the graphene chemical potential increases to
a certain value, and shows a trend of decreasing rapidly and
then increasing to a certain value in the incident frequency.
Im(o) determines the real part of graphene equivalent
permittivity, and graphene chemical potential can change the
value of Im(o), so we can flexibly adjust the transmittance
through the chemical potential of graphene.
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FIGURE 5. Transmittance of the channel versus chemical potential for the
generation number N = 3 and 4, respectively.

Figure 5 explores the regulatory effect of graphene on
channels in other sequences, viz. T3, T4, T5 and T (marked as
O in Figure 2). One can see that the transmittances of channel
are different for different u.. In Figure 5(a-b), the generation
number N is setas 3, as ;. < 0.35 eV, the transmittance 773 is
equal to 0.0007. While p. = 0.4 eV, the transmittance jumps
to 0.639. The transmittance reaches the maximum 0.8093 at
e = 0.6 eV. The transmittance decreases with the increase
of the chemical potential as u. > 0.6 eV. For the channel of
Ty, the transmittance T4 is close to 0.0007 as u. < 0.4 eV.
In the range of (0.45 eV, 0.8 eV), the transmission value of
light waves increases with the chemical potential of graphene.
The maximum transmittance is T, = 0.8428 for T4 around
e = 0.8 eV, and then the transmittance 74 decreases with
the increase in fic.

The transmittance of 75 changing with the chemical poten-
tial could be observed in Figure 5(c). In the chemical potential
range of (0.2 eV, 0.35 eV), the maximum transmittance of
Ts approximates to zero. There is abrupt step of channel
transmittance of Ts = 0.049 at u. = 0.4 eV and the value
of transmission rises to 0.4413. The maximum transmittance
of Ts is Ty = 0.685 at . = 0.6 eV. Compared with T3, the
value of T5 and its maximum are all decrease. In Figure 5(d),
obviously, the transmittance T is zero as u < 0.4 eV and
rapidly increases as i is in the range of (0.4 eV, 0.75 eV)
and the maximum transmittance rises to the value of 0.7233 at
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e = 0.75 eV. Therefore, the transmittance can be tuned by
the chemical potential in the application of photonic filters.
But if we want to get a dual-channel filter, and apply photonic
crystals with different sequence, the graphene should be
modulated in a compromise range. It shows that the multiple
channels could be switched on and off by the chemical
potential of graphene.

(a) 45 i
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FIGURE 6. (a) Transmittance in the parameter space composed of the
incident angle and the normalized frequency. (b) Transmission spectra for
different incident angles. Here, the generation number is N = 2 and the
graphene chemical potential is uc = 0.3 eV.

Figure 6(a) gives the transmittance in the parameter space.
The parameter space is composed of the incident angle and
the normalized frequency (@ — wp)/@gap. One can see that
there are two defect modes in the parameter space. With the
increase of frequency, no new defect modes appear. With the
change of the incident angle, the defect mode moves along
the dotted line in the parameter space. For each defect mode,
the transmittance increases slightly with the increase of the
incident angle, and the profile of the defect mode moves to a
higher central frequency.

Figure 6(b) presents the transmission spectra for four given
incident angles. One can see that the spectrum profile moves
rightwards overall by increasing the incident angle. The
normalized frequency of the resonant defect modes is higher
for a larger incident angle and the transmission values of the
peaks are higher relatively. Therefore, using the composite
structure as a dual-channel photonic filter, the transmittance
and center frequency of the filter channel can be flexibly
adjusted through the chemical potential of graphene and the
incident angle of light waves.

As mentioned above, there are two transmission peaks
(denoted by TiandT,) for N = 2. The corresponding
wavelengths are the values of A1 =1.999 and Ap = 1.273 um,
respectively. Here, we use the inverse transmission matrix
method (in blue curve) and the finite difference time domain
(in color bar) [33] method to simulate the electric field
distribution, and the results of the two methods are consistent.
For the light beams normally incident from the left, the
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Z-component of electric field intensity of 7 for the Cantor
lattices is given in Figure 7(a). One can see that the electric
field intensity is mainly localized at the center of the defect
B and attenuates from the center to the left and right. The
localization of electric field manifests that the transmission
peak is a resonant state. The electric field distribution at
the peak of 7, is given in Figure 7(b). The two largest
distributions of electric field appear in defect layers BBB.
This phenomenon also supports the characteristics of electric
field localization, which indicates that the transmission peak
is also a resonant mode. The above characteristic is necessary
to realize dual-filtering channels.

Z—axis (um)
(b) . . ; .

Z—axis (um)

FIGURE 7. Mode field distribution of the light incident wavelength

A1 = 1.999 and i, = 1.273 um, respectively. The generation number is

N = 2, the incident angle is 6 = 0° and the graphene chemical potential is
e = 0.3 el

The distributions of electric fields are simulated using the
software COMSOL and MATLAB as shown in Figure 7.
The other results are calculated by MATLAB programs. The
software of CoreDRAW is used to edit the figures.

Hyperbolic metamaterials composed by graphene and
dielectric multilayers can support a Fabry—Perot resonant
mode and the central wavelength of resonance could be
modulated by the chemical potential of graphene and the
thickness of dielectric [35]. Metamaterial terahertz filters
have been achieved by periodic metallic rings with gaps.
Graphene stripes are local at these gaps and the resonance
frequency of the system can be altered by 40% by tuning the
conductivity of graphene [36]. Graphene can also be utilized
for tuning the reflection of lightwaves and it shows that
the dual-band amplitude of reflection can be varied by over
15% and resonant positions can be shifted by over 90 cm™!
[37]. Furthermore, the composite structure of photonic crystal
and graphene can realize the optical regulation of terahertz
band [38], [39], [40]. We here investigate the dual- and
multi-channel filter of transmission based on optical fractal
resonances in quasi-periodic crystals, of which graphene is
embedded at the position of the strongest local electric field.
Therefore, the transmittance and the central wavelength of
resonance can be greatly modulated by the chemical potential
of graphene. It manifests that the dual-channel amplitude
of transmission can be modulated by over 100% and the
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multiple channels of filters could be switched on and off by
the chemical potential of graphene in our systems.

IV. CONCLUSION

In summary, tunable dual- and multi-channel filter are
investigated in one-dimensional aperiodic photonic crystals
(PCs) embedded with graphene. The aperiodic PCs composed
of two different dielectric slabs submit to the Cantor
sequence law. The Cantor PCs can support a series of
discrete resonant channels in transmission spectra, which
provides the condition to realize dual- and multi-filtering
channels. The central wavelength of each channel and its
value of transmission could be modulated by changing the
graphene chemical potential. The dual-channel amplitude of
transmission can be changed by over 100% and the multiple
channels could be turned on and off by the chemical potential
of graphene. Moreover, the value of transmission increases
and the central wavelength of the filter channel moves toward
the short-wave direction as the incident angle is turned up.
The study could provide a feasible scheme for tunable optical
filters.
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