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ABSTRACT Investigation of the spectral response of graphene-dielectric (SiO2)-based periodic structure
was made in the far-infrared (IR) to the mid-IR frequency range, and the effects of different parametric
and operational conditions on the transmission characteristics were explored. The presence of stop-bands,
followed by Bragg reflection harmonics, in the low-frequency regime was observed exploiting the bilayer
graphene (BLG) sheets. The width of stop-bands could be tuned by altering the number of periods as well as
the chemical potential of BLG. The formation of a stop-band (with a transmission dip positioned at∼16 THz)
having a span of ∼3 THz was noticed, which is possibly a very large stop-bandwidth reported so far. The
structure was also analyzed upon introducing a defect layer of MgF2 having a thickness smaller than the
dielectric medium. This results in shifting the position of stop-bands of the structure. The characteristics
of transmission spectra were found to be greatly depending on the chemical potential (of BLG) and other
operating conditions – the feature that triggers the usefulness of the proposed structure in the design of optical
modulators, tunable narrow-band filters, broad-band reflectors and biosensing applications.

INDEX TERMS THz filters, complex mediums, multilayered structures, defect mediums.

I. INTRODUCTION
The propagation of electromagnetic waves through periodic
structures have been of great importance as these exhibit
photonic band-gaps where photons of particular frequencies
cannot propagate – the feature that can be harnessed for
multifarious technological applications, such as designing
optical sensors, narrow-band optical sources, optical filters,
one-dimensional (1D) photonic crystals, etc. [1]–[8]. Some
other applications would include storage devices, solar cells,
resonators, optical buffers and time-division multiplexers
[10]–[13]. Within the context, the investigation of spectral
characteristics of such periodic mediums remains important,
that essentially includes the studies of transmission, reflection
and absorption properties.

These periodic structures have been studied incorporat-
ing varieties of mediums as the properties of those can be
exploited, along with the operating conditions, to exhibit
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the desired spectral features. Certain designs of these may
even exhibit negative effective index [7], [14]. In this stream,
graphene, being a gapless semiconductor, yields adjustable
surface conductivity, high carrier mobility, thermal sensitivity
and environmental stability, and therefore, it is widely used in
designing nanocomposites [15]. In the context of photonics
technology, graphene behaves extraordinarily, which makes
it to be promising optical material [16]. For instance, the sur-
face plasmons excited in graphene are confined much more
strongly than those in noble metals, and can be coupled with
electrons, photons or phonons [17]. Furthermore, the tunabil-
ity of plasmons in graphene-based structures may be achieved
with better ease because the charge carriers can be easily
controlled by electrical gating and doping with low amount of
loss [18]. These exotic characteristics allow graphene-based
structures to be useful in designing metamaterials to realize
varieties of optical components and/or devices [19]–[22].

The optical properties of engineered periodic mediums
can be used for different photonic applications [23]–[26].
It has been reported before that graphene has the property
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to enhance the absorption of light waves [27], [28]. Also,
graphene-based nanostructured slab waveguides can sustain
slow-light, and can be used to suppress the propagating
modes [29]. Both these phenomena have great importance
in photonics technology, as evidenced from [30], [31]. The
incorporation of graphene in certain engineered metamateri-
als would increase plasmon-induced transparency [32].

Wide-bandwidth structures have been useful in many
applications, such as multiplexers, absorbers, filters etc.
[6], [14], [33]–[35]. Researchers have been involved in
designing composite mediums and/or engineered structures
that can exhibit wide-band features. Within the context,
diverse avenues for electromagnetic research have emerged
in the terahertz (THz) spectral regime. These include appli-
cations in sensing [36], [37], modulation [38], [39], signal
processing [40], switching [41], antenna technology [44],
spectroscopy [43], imaging [44], medical diagnostics [45],
etc. Apart from these, THz metasurfaces are useful in
designing absorbers [46] and filters [47].

The use of graphene in THz devices has been greatly
interesting. In line with this, varieties of graphene-based
THz absorbers have been reported in the literature
[48]–[50]. In this communication, we investigate certain
graphene-embedded periodic structures in respect of the
transmission properties. In particular, we use periodic
dielectric-graphene type of medium with the incorporation of
bilayer graphene (BLG) and SiO2 dielectric mediums.Within
the context, the use of SiO2 in the THz regime is common,
not only for easy fabrication process, but also for its fairly
low-loss property in the THz regime. The SiO2 dielectric
medium not only provides stable interaction with graphene
sheets, but also exhibits relatively small tangent loss at THz
frequencies [51], [52]. Exploiting the transfer-matrix method
(TMM), we determine the transmission characteristics, which
exhibit stop-bands in the low-frequency regime, as obtained
under different parametric and operating conditions. In the
later part of study, we deduce the transmission spectra in
the situation when the periodic structure has a nanolayer of
magnesium fluoride (MgF2) as a defect medium, and observe
the effect on the spectral features. It must be pointed out here
that we use MgF2 because of its being a low refractive index
medium, and also, having a broad band transmission at THz
frequencies [53]. The results reveal the presence of relatively
wide stop-bands – the property that can be used in many pho-
tonic applications, such as wide-band filters, absorbers and
biosensors. Within the context, graphene-based multilayer
structures have potentials in designing modulators [54], [55].
Apart from this, the proposed dielectric-graphene kind of
periodic multilayered structure can be considered as a 1D
photonic crystal. Thus, the structure inherits the applications
of such materials, as [56], [57] determine.

II. ANALYTICAL TREATMENT
We consider a periodic stack of SiO2 dielectric and BLG
sheets in which the topmost layer is a BLGmedium, as shown
in fig. 1. The unit cell of the periodic structure is comprised

FIGURE 1. Schematic of the periodic structure comprised of BLG and SiO2
mediums.

of a SiO2 layer loaded with two graphene sheets. The SiO2
medium has the relative permittivity εr and thickness dA.
Thus, the overall structure is the organization of (N + 1)BLG
sheets sandwiching N number of SiO2 layers.
The optical property of graphene greatly depends on

the conductivity, which is a complex quantity of the form
σ (ω,µc) = σ ′ + jσ ′′, wherein ω and µc are, respectively,
the frequency and chemical potential. In the absence of
magnetic bias and spatial dispersion, the conductivity σ of
monolayer graphene is determined by the Kubo formula [29]:

σ (ω,µc) =
2e2kBT
π}2

{
−j

(ω − jγ )

}
ln
{
2 cosh

(
µc

2kBT

)}
−
je2

4π}
ln
{
2µc − } (ω − jγ )
2µc + } (ω − jγ )

}
(1)

where } (= h
/
2π ) is the reduced Planck’s constant, kB is

Boltzmann’s constant, T is the absolute temperature, e is the
electronic charge, and γ is the rate of scattering, which is
inversely proportional to the electron relaxation time [58].
The two terms in eq. (1) relate to the intra- and inter-band
transitions of charge carriers. The inter-band transition of
electrons mainly happens at frequencies above the Pauli
Blocking frequency (i.e., ω > 2µc/}) [59], in the vicinity
of which the real part (of the inter-band term) increases,
and attains the universal value of conductivity σ0 = e2/4}.
It is noteworthy that the inter-band transitions dominate in
the visible frequency range. On the other hand, the intra-
band transitions significantly exceed the inter-band form in
the frequency range of far-IR to the mid-IR – the frequency
regime of prime focus of this paper. The contribution of the
inter-band term in the 3–100 THz spectral range is always
weak, which allows one to neglect this.

While analyzing the structure comprised of BLG layers,
it is noteworthy that it can exist in two different forms,
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namely the AA and AB. In the case of AA type, the lay-
ers are exactly aligned [60], whereas in the AB type, half
of the atoms lie directly over the center of a hexagon in
the lower graphene layer, and the remaining half (of the
atoms) lie over an atom [61]. Lin et al. [62] showed the
N -layer AA-stacked graphene sheets to have a band structure
consisting of N Dirac bands which are shifted in energy.
Consequently, the optical conductivity of an AA-stacked
graphene in the THz region can be determined as

σAA (ω)

=
2e2kBT
π}2N

{
−j

(ω − jγ )

}
∑N

m=1
ln

[
2 cosh

(
µc + 2α1 cosmπ

/
N + 1

2kBT

)]
(2)

with N as the number of graphene layers and α1 as the
interaction energy of misoriented (or AA-stacked) graphene
layers. The value of α1 is determined to be 217meV, while the
separation distance (of the AA-stacked layers) as 3.6Å [62].
The authors demonstrated that the results derived using this
formula remains in good agreement with the experimentally
obtained values.

The electromagnetic behavior of the proposed structure
can be analyzed upon evaluating the relative permittiv-
ity characteristics. For this purpose, the effective medium
approximation (EMA) can be applied to the unit cell
(comprised of graphene-dielectric periodic mediums) of the
structure of fig. 1. The use of EMA models the structure
as a homogeneous uniaxial anisotropic medium having the
effective permittivity tensor εeff , given as

εeff = εt
(
x̂x̂ + ŷŷ

)
+ ε⊥ẑẑ (3)

In the analyses, we consider the normal component of
permittivity ε⊥ = εr owing to the thickness of graphene
sheets being significantly less than that of the dielectric layer.
As such, the normal component of electric field cannot excite
electrical current. On the other hand, the transverse compo-
nent of permittivity, parallel to the graphene layers, can be
calculated as [63]

εt = ε
′
t − jεt

′′
= εr − j

σ (ω,µc)
ωε0dA

(4)

where εr and dA are, respectively, the relative permittivity
and thickness of dielectric medium; the meanings of other
symbols are as stated above. As can be seen, the imaginary
part of εt bears the surface conductivity of graphene σ (ω,µc).
To study the propagation of electromagnetic waves through

the proposed structure, varieties of methods have been
employed. These include the theory of plane wave expan-
sion [64], finite difference time/frequency domain [65],
TMM [66], [67] and Green function method [16], [17].
Among these, the TMM has been exploited in most of the
investigations owing to its simplicity and flexibility. Inter-
estingly, the TMM can be used in isotropic as well as
anisotropic mediums including disordered configurations,

wherein the defect modes can be introduced with less
complexity [68], [69].

We consider the incidence plane wave as comprised of the
TE-polarization with E = (0,Ey, 0), H = (Hx , 0,Hz), and
the TM-polarization with E = (Ex , 0,Ez), H = (0,Hy, 0)
having different wave numbers [70], i.e.,

k2ix + k
2
iz = εi,tk

2
0 (for TE-polarized incidence) (5)

k2ix
εi,⊥
+

k2iz
εi,t
= k20 (for TM-polarized incidence) (6)

In these equations, the subscript i represents the layer of the
component mediums (i.e., G|A or defect), k0 is the free-space
wavenumber, kiz is the wavenumber of the normal compo-
nents, kix = k0 sin θ (θ being the angle of incidence), and
the subscripts t , ⊥, respectively, represent the transverse and
perpendicular permittivity components.

Now, the incidence wave must follow the Maxwell’s
equations, and satisfies the boundary conditions at each layer.
As such, for nonmagnetic mediums, two wave equations can
be defined for each layer. The propagation of wave through
the layer of thickness of di can be determined using a 2 × 2
matrix, i.e., the transfer matrixMi. In line with this, we define
Mi for each layer including the BLG sheet and dielectric
medium, corresponding to the TE- and TM-polarizations,
as follows [65]:

Mi =

 cos (kizdi) −
j
pi

sin (kizdi)

−jpi sin (kizdi) cos (kizdi)

 (7)

In eq. (7), di is the thickness of each layer, and pi is deter-
mined by the wave polarization. It must be noted that the
factors

(
kiz
/
ωµ0

)
and

(
kiz
/
ωµ0ε0εi

)
stand in the cases of

TE- and TM-polarizations, respectively; µ0, ε0, being the
respective free-space permittivity and permeability, εi being
the ith layer permittivity. Since the thickness of BLG (i.e., dg)
is extremely small, the transfer matrix components for the last
BLG layer for both the polarizations is put as

Mg =

[
1 0
−σ q1

]
(8)

The total transfer matrix (Mtotal) of the structure (of fig. 1) is
evaluated as

Mtotal = MN
G|AMg =

[
m11 m12
m21 m22

]
(9)

where N is the total number of alternating G|A layers, mij
are the transfer matrix components, and Mg and MG|A are,
respectively, the transfer matrix for the BLG and dielectric
layers. Moreover, the total transfer matrix for a single-defect
structure can be evaluated as

Mtotal = MN
G|AMgMdfM

N
G|AMg =

[
m11 m12
m21 m22

]
(10)

In eq. (10), N is the number of periods of G|A layers on
both sides of the defect layer, andMdf represents the transfer
matrix for a defect layer.
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FIGURE 2. Frequency-dependence of effective permittivity; (a) real part
and (b) imaginary part.

By exploiting the total transfer matrix in hand, we can
evaluate the coefficients of reflection R and transmission T
corresponding to the cases of TE- and TM-polarized inci-
dence excitations. The expressions of these can be determined
as [67]

R

= |r|2 =

∣∣∣∣ (m11 + m12pN+1) p0 − m21 − m22pN+1
(m11 + m12pN+1) p0 + m21 + m22pN+1

∣∣∣∣2 (11)

T

=


∣∣∣∣ 2p0
(m11+m12pN+1) p0+m21+m22pN+1

∣∣∣∣2 (forTE)

p0
pN+1

∣∣∣∣ 2p0
(m11+m12pN+1) p0+m21+m22pN+1

∣∣∣∣2 (forTM)

(12)

In eqs. (11) and (12), p0 =
√
ε0
/
µ0 cos θ0 and pN+1 =√

εN+1
/
µN+1 cos θN+1 in the case of

TE-polarization, whereas corresponding to the TM-polarized
incidence, we have p0 =

(√
ε0
/
µ0
)
/ cos θ0 and pN+1 =(√

εN+1
/
µN+1

)
/ cos θN+1. Here the subscripts N + 1 and 0

represent the input and output layers, respectively. Also, εN+1
and µN+1 are the relative permittivity and relative perme-
ability values, respectively, and θN+1 is the angle formed at
the output layer. As to the absorption of incidence radiation,
it happens when the light impinges on the top surface.
However, some portion of light, in general, is transmitted
and/or reflected. This allows the absorption coefficient to be
stated in the formA (λ) = 1−[T (λ)+ R (λ)]; T (λ) andR (λ)
being the wavelength-dependent transmission and reflection
coefficients, respectively. Exploiting eqs. (11) and (12), one
may evaluate the spectral characteristics of the proposed
structure.

III. RESULTS AND DISCUSSION
The electromagnetic behavior of BLG deposited over a
dielectric medium can be understood by studying the
frequency-dependence of relative permittivity. To observe
this, we assume the SiO2 dielectric layer to have the rel-
ative permittivity and thickness values as εr = 2.25 and
dA = 6.9 µm, respectively. As shown in fig. 1, the dielec-
tric layers are sandwiched between two BLG sheets having
the thickness dg = 0.9 nm. Figures 2a and 2b, respec-
tively, illustrate the frequency dependence of the real (ε′) and
imaginary (ε′′) parts of transverse permittivity εt for a BLG

sheet deposited over the aforementioned kind of dielectric
layer, as deduced upon exploiting the EMA. These plots are
obtained for the frequency span of 0–50 THz, and using the
different values of chemical potentialµc of graphene, namely
1.0 eV, 1.25 eV and 1.5 eV. We also use the other operational
values as γ = 1.32 meV and T = 300 K.
At this point, it is worth to mention that Rodrigo et al. [71]

reported before that multilayer graphene sheets with a sepa-
ration distance (among the used monolayer sheets) of 1 nm
provide broader tunability than a monolayer graphene sheet.
The separation was chosen to be less than 1 nm, in order
to neglect the interlayer interactions. They experimentally
proved that the biasing in multilayer graphene is more effec-
tive than inmonolayer graphene. Further, the Fermi energyEf
of monolayer graphene can be tuned from 0.2 eV to 1.2 eV
[72]. It was proved that, in a BLG structure, a two-fold carrier
density ns can be obtained using the same amount of biasing
as used in the case of monolayer sheet. Recalling the relation
Ef ≈

√
ns, the same Fermi energy, as in monolayer graphene,

can be obtained in BLG with a considerably low bias [71].
We observe in fig. 2 that the real part ε′ exhibits the

positive and negative dependence on the operating frequency
(fig. 2a), whereas the imaginary part ε′′ is positive-valued
only (fig. 2b). The characteristics of effective permittivity
greatly depend on the value of µc – the feature which is rela-
tively more prominent for ε′ (fig. 2a). We notice that ε′ shows
sharp increase (from negative values) for a small change in
frequency from 0–6 THz, and above 6 THz, it becomes small
positive-valued with nerly saturation in the frequency span of
∼30–50 THz.We clearly observe in fig. 2a that the increase in
µc results in ε′ to be negative-valued over a relatively larger
frequency range. For instance, corresponding to µc = 1.0
eV, ε′ becomes negative at ∼5.5 THz, whereas the use of
µc = 1.5 eV increases this frequency value to ∼8.0 THz.
The values of ε′′, however, show sharp decrease in the
low-frequency regime, and become almost vanishing above
30 THz.

When the BLG sheet has a sufficiently negative suscep-
tance (i.e., σ ′′ < −ωεoεrdA), the extraordinary waves are
only allowed to propagate through the structure. In that
case, εt has a negative real part, but the normal component
of relative permittivity is positive (i.e., ε⊥ > 0). In this
condition, the TE-polarized waves are mainly evanescent,
whereas the TM-polarized ones are allowed to propagate
with the transverse wavenumber kt >

√
ωεoεr , though those

are evanescent in free-space. Moreover, the zero-crossing
frequency of ε′t occurs when σ

′′
= −ωεoεrdA, which depends

on µc as well. We observe in fig. 2 that the zero-crossing
frequencies occur at nearly 5.7 THz, 6.7 THz, and 7.7 THz
corresponding to the values of µc as 1.0 eV, 1.25 eV and
1.5 eV, respectively. Beyond these values of frequency, and
upon reaching the Pauli blocking frequencies at ω = 2µc

/
},

waves can propagate through the structure with low loss.
Finally, the real part of transverse permittivity ε′t approaches
the dielectric permittivity at high frequencies due to a lower
contribution of the BLG conductivity compared to εr .
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FIGURE 3. Effective permittivity vs. chemical potential plots for different
values of dielectric layer thickness dA; (a) real part and (b) imaginary part.

Indeed, the thickness dA (of dielectric medium) and chem-
ical potential µc (of BLG medium) will essentially affect the
effective permittivity values. To determine this, we plot ε′

and ε′′ against µc for three illustrative values of dA, namely
6.5 µm, 6.9 µm and 7.3 µm; fig. 3 shows the obtained
results. From this figure, we observe the relationships to be
nearly of the forms ε′ ∝ µ−1c and ε′′ ∝ µc, which hold for
µc = 0.2 eV and above. Further, the increase in dA makes
ε′ to increase a little, whereas ε′′ is slightly decreased; the
difference remains more for larger values of µc.

We now attempt to observe the effect of BLG sheets on
the transmission characteristics of the proposed multilayer
structure. For this purpose, we compare the results obtained
in the case when graphene sheets are not incorporated in the
configuration. This makes the structure to assume the form
as if the SiO2 dielectric slabs are standing in the free-space
at a periodic distance. Considering the related parametric
values as εr = 2.2 and dA= 6.9 µm, fig. 4a shows the
frequency-dependence of transmission (T ), reflection (R) and
absorption (A) of the structure in the absence of BLG sheets.
Figure 4b exhibits these plots when the free-space is occupied
with the BLG medium, considering µc to be 1.0 eV. The unit
cell structure is shown in fig. 1., which is of the (G |A)N G
kind. In both the situations, we choose the operating fre-
quency range to be 0–50 THz, and the incidence happens at
θ = 0◦ (i.e., the case of normal incidence).
Upon exploiting the TMM with the chosen design

parameters, we observe in fig. 4a the absorption to be
nearly vanishing throughout the used frequency range. Also,
the transmission and reflection spectra are periodic in nature,
which is very much expected due to Bragg reflections from
a band-gap medium. The amount of transmission remains
large, whereas the reflection is small, and the transmission
maxima corresponds to the reflection minima.

The spectral characteristics are drastically altered upon
incorporating BLG layers in the structure (replacing the free-
space), as can be seen in fig. 4b. We now clearly observe
the presence of a stop-band at low frequency regime, where
graphene can be considered to behave as ultrathin metal-
lic sheet in the unit cell. This is very much justified due
to certain amount absorption happening at low frequen-
cies. At higher frequencies, however, Bragg reflections occur
with the peak transmission exhibiting slow increase with

FIGURE 4. Frequency-dependence of transmission, reflection and
absorption without (a) and with (b) the presence of BLG sheets in
multilayer configuration.

FIGURE 5. Frequency-dependence of transmission by the
(
G |A

)N G
structure corresponding to the values of N = 4, N = 12.

increasing frequency. The reflection and transmission spec-
tra complement each other. We also notice that the spec-
tral characteristics remain unaltered for both the TM- and
TE-polarized incidence excitations.

To further investigate the presence of stop-bands,
we deduce the transmission properties for different number
of periods N in the (G |A)N G configuration, taking into
account the normal incidence of waves andµc = 1.0 eV. Fig-
ure 5 shows the transmission spectra in the 0–50 THz range,
considering N = 4 and N = 12, and also, dA= 6.9 µm. It is
worth to mention at this point that the process of chemical
vapor deposition (CVD) is generally deployed in synthesis,
in order to realize multilayer graphene-dielectric kind of
structure. This has been comprehensively explained in [62].

The obtained plots in fig. 5 determine small enhancements
in the width as well as the number of stop-bands with the

VOLUME 8, 2020 137389



M. Pourmand, P. K. Choudhury: Wideband THz Filtering by Graphene-Over-Dielectric Periodic Structures

FIGURE 6. Frequency-dependence of transmission by the
(
G |A

)N G
structure corresponding to the µc -values as 1.0 eV, 1.25 eV and 1.50 eV,
and N= 12.

increase in the number of periods used in multilayer con-
figuration. The band-gaps basically appear at the low fre-
quency regime; the increase in frequency results in partial
Bragg reflections followed by harmonics. Also, the number
of transmission peaks is determined by the periodN ; themore
the value of N is, the more becomes the transmission peaks.
We also notice that the level of transmission is considerably
lower, as compared to the case of without using BLG, and
these are mostly determined by the number of periods. This
is attributed to the phenomenon that BLG behaves like a
metallic sheet in the region between the first and second
stop-bands with the surface impedance of Zs = 1/σ . The
greater the number of periods is, the less is the transmission
level.

In order to observe the effect of chemical potential on
the transmission characteristics, we use three different values
of µc, namely 1.0 eV, 1.25 eV and 1.50 eV, and plot the
transmission spectra considering the normal incidence and
N= 12. The other geometrical parameters are kept the same;
fig. 6 depicts the obtained results. This figure makes it clear
that the increase in µc results in increase in the stop-band
width, thereby allowing the structure to attain tunability char-
acteristic. In this process, for each stop-band, the position of
low-frequency edge remains unchanged, whereas that of the
higher frequency edge increases.

To be more explicit, fig. 6 shows that the case of
µc = 1.0 eV yields the width of the first stop-band to be
about 4.5 THz, which increases to ∼6 THz corresponding to
µc = 1.5 eV. Similarly, for the second stop-band, the choice
of µc = 1.0 eV gives the width to be ∼2 THz, which
increases to about 3 THz when µc = 1.5 eV. Such a size of
stop-band is relatively broad among those reported in recent
investigations. However, the value of chemical potential µc
can be adjusted to the extent of empirical limitations of
applying the electrostatic potential to the dielectric layer in
the structure.

The afore discussed results are all obtained for normal
incidence of waves. We now look at the angular dependence
of transmission spectra. In this stream, fig. 7 depicts the
spectral patterns corresponding to the incidence angles θ as 0◦

(normal incidence), 20◦, 40◦ and 60◦ in the frequency range

FIGURE 7. Transmission spectra for different values of incidence angle,
viz. 0◦, 20◦, 40◦ and 60◦.

FIGURE 8. Transmission spectra for different values of incidence angle
considering the TE-(left-panel) and TM-polarized (right-panel) incidence
excitations.

of 0–30 THz. We keep the value of µc to be 1.0 eV, and
the other design parameters are left unchanged. We notice
in this figure that the change in obliquity has two-fold
impact – altering the position as well as the width of
stop-band. Figure 7 exhibits explicitly that the increase
in incidence angle causes blue-shifts in the position of
stop-band. Also, the increase in θ from 0◦ to 60◦ introduces
enhancement of about 1 THz in the width of stop-band.

In order to have deeper insight into the spectral charac-
teristics of transmission in terms of its dependence on the
incidence angle, we plot the same by sweeping θ in the
range of 0◦ to 90◦; fig. 8 depicts the obtained spectrum
corresponding to the TE- and TM-polarized incidence exci-
tations, keeping the parametric and operational conditions
unchanged. We clearly notice that the transmission spectra
for both the polarizations react similarly to the alterations in
the angle of incidence. In this figure, the dark areas represent
the forbidden frequencies. As can be seen in fig. 8, the stop-
bands move slightly toward higher frequencies (i.e., undergo
blue-shifts) as the incidence angle approaches nearly graz-
ing condition. As such, the stop-band of (G |A)N G kind of
structure can be tuned by altering the obliquity of incidence.
However, the transmissions in both the polarizations become
suppressed for angles larger than 65◦.
We discussed so far the transmission properties of

(G |A)N G kind of structure under certain parametric and
operational conditions so that wide stop-bands can be
achieved. The next step is to study the transmission properties
of a defective structure. That is, we deliberately introduce a
defect layer of certain thickness dD and relative permittivity
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FIGURE 9. Schematic of multilayer graphene-dielectric structure with a
defect layer of MgF2 at the mid-point.

εd at the mid-point of the total number of (G |A) periods used
in the configuration, as shown in fig. 9. This will essentially
originate the defect mode as the periodicity of structure is per-
turbed [73]. Indeed, the characteristics of defect modes can
be used to tune the transmission properties of the structure.
According to Bloch theory, the defect modes, which satisfy
Bloch condition cos (KdD) > 1 (K being the wavenumber),
can propagate in band-gaps. Since KdD is intrinsically peri-
odic, upon increasing the defect layer thickness dD to that
of the dielectric layer dA, the defect mode would disappear.
However, for dD > dA, it will be generated again. We now
simulate the effect of variations in defect layer in the first
allowed band of transmission.

As a defect layer, we use MgF2 having thickness
dD = 5.8 µm and dielectric constant εd = 1.9. Thus,
the structure now assumes the form of (G |A)N GD (G |A)N G,
which we analyze considering N = 6. As such, with ref-
erence to fig. 9, the structure has 13 layers altogether, and
the defect layer is introduced at the mid-point. Since dD
essentially increases the device length, we first investigate the
effect of variations in dD on the spectral properties of defect
modes, exploiting the TMM, and considering the normal
incidence of TM-polarized waves (fig. 9). Figure 10 illus-
trates the obtained results, wherein we plot the defect mode
central frequency and transmission peak against the thickness
dD of defect layer, which we vary from 2 µm to 7 µm.
Also, we keep the chemical potential µc = 1.0 eV. In this
figure, the blue error bars show the full-width half-maximum
(FWHM) of the central frequency of defect mode.

We observe in fig. 10 that the defect mode frequency
decreases with the increase in dD. This demonstrates that
the modes with constant KdD are allowed to propagate.
We also see in fig. 10 that the FWHM and maximum trans-
mission peak of the defect mode follow the same high and
low changes. The defect modes propagating at the center
of stop-band exhibit the least values of FWHM as well as
transmission peak levels compared to those propagate at the

FIGURE 10. Spectral properties of defect mode for different values of
defect layer thickness dD.

FIGURE 11. Frequency-dependence of transmission corresponding to the
µc -values as 1.0 eV, 1.25 eV and 1.50 eV using N = 6.

edge of stop-band.We choose the defect layer thickness dD =
5.8 µm, which corresponds to the central frequency of defect
mode to be fD = 15.02 THz and the FWHM to be 0.228 THz;
we use these parametric and operational conditions in further
analyses.

We now examine the tunability of the proposed structure
by altering the chemical potentialµc. Figure 11 demonstrates
the transmittance spectra of defect modes for three different
values of µc, viz. 1.0 eV, 1.25 eV and 1.50 eV. Similar to
what observed before in fig. 6, we find that the increase in
µc results in larger width of the stop-band, and the posi-
tion of defect mode moves toward higher frequencies. Also,
the peaks are suppressed due to high reflections as thesemove
near the center of stop-band. We clearly notice in fig. 11 that
the use of µc = 1.5 eV yields the stop-band to be of over
3 THz width.

Figure 12 makes the effect of chemical potential on the
transmission characteristics of defect modes more explicit.
In this figure, we plot the central frequency and peak trans-
mission of defect modes against µc, and the blue error
bars indicate the FWHM of the defect mode central fre-
quency. We see that the stop-band is continuously sketching
toward high frequencies with the higher values of µc. On the
other hand, the defect mode frequency and FWHM tend to
decrease, and the transmission peak level gets smaller values.
This is attributed to the fact that the increase in µc makes
the imaginary part of σ (ω) to be larger, thereby making the
defect mode peak transmission to be reduced. This property
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FIGURE 12. Defect mode central frequency and peak transmission for
different values of µc ranging from 0.2 eV to 1.5 eV.

FIGURE 13. Transmission spectra of defect mode for different values of
incidence obliquity.

FIGURE 14. Transmission spectra of defect modes for different values of
incidence angle considering the TE- (left panel) and TM-polarized (right
panel) incidence excitations.

can be used in designing tunable filters in the THz regime of
the electromagnetic spectrum.

Lastly, we focus on the effect of incidence obliquity on the
transmission spectra of defect modes. Figure 13 illustrates
such plots for the incidence angle θ having the discrete
values 0◦, 20◦, 40◦ and 60◦ under the circumstance when
µc = 1.0 eV. We see that the increase in angle shifts the
position of stop-bands toward the higher frequency end, i.e.,
the transmission minima undergo blue-shifts for increased
obliquity.

To get a deeper insight into the angular dependence of the
proposed MgF2 defect-based structure, we plot the transmis-
sion spectra corresponding to both the TE- and TM-polarized
incidence excitations for different values of obliquity ranging
from 0◦ to 90◦, while keeping the other parametric and oper-
ational conditions unchanged; fig. 14 depicts the obtained

results (for the cases of TE- and TM-polarizations on the
left- and right-panels, respectively). This figure clearly shows
that, as the angle of incidence increases, the transmission
spectra undergo small shifts toward higher frequencies. The
defect mode exists upon reaching the angle larger than 65◦

for both the kinds of polarization. However, the defect mode
disappears as the other propagating modes enter the band gap
of the structure. Figure 14 shows that the defect mode is more
resilience to the incidence angle in the case of TM-polarized
excitation. The study essentially yields that the defect mode
and its characteristics can be tuned by changing the incidence
obliquity, which adds more tunability property to the pro-
posed structure, apart from the use of chemical potential of
BLG used in the design.

IV. CONCLUSION
From the above discussed results, it can be inferred that the
optical response of periodic arrangement of dielectric and
BLG sheets exhibits almost similar spectral features for the
TE- and TM-polarized incidence excitations. The use of BLG
medium in the structure results in the presence of stop-band at
low frequency regime followed by Bragg reflection harmon-
ics. The width and position of stop-bands can be governed
by suitably controlling the chemical potential (of graphene)
and incidence obliquity. Apart from these, the number of
periods in the structure also affects the spectral perfor-
mance; the higher number of periods yields relatively wider
stop-bandwidth. The results demonstrate that using 12 peri-
ods of BLG-over-dielectric mediums and the chemical poten-
tial of 1.0 eV can provide a stop-band (with a transmission dip
at∼16 THz) with a span of∼3 THz, which is fairly large. The
obtained spectral response in the case of incorporating defect
mode, as created by placing a layer of MgF2 (of thickness
smaller than that of the dielectric layer) in the middle of
periodic arrangement, shows alterations in the transmission
characteristics. This essentially depends on the presence of
defect mode, and can be governed by the external operating
conditions, such as the graphene Fermi energy and incidence
obliquity. The increase in chemical potential results in rel-
atively wider stop-band. The obtained results indicate the
usefulness of the structure in various photonic applications,
such as tunable wide-band filters, absorbers and biosensors.
Apart from these, multilayer graphene-based structures can
be used in designing optical modulators [54], [55] as well.
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