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Abstract: We investigate the photonic bandgaps in graphene-pair arrays. Graphene sheets are
installed in a bulk substrate to form periodical graphene photonic crystal. The compound system
approves a photonic band structure as a light impinges on it. Multiple stopbands are induced by
changing the incident frequency of light. The stopbands widths and their central frequencies could
be modulated through the graphene chemical potential. The number of stopbands decreases with
the increase in the spatial period of graphene pairs. Otherwise, two full passbands are realized in
the parameter space composed of the incident angle and the light frequency. This investigation has
potentials applied in tunable multi-stopbands filters.
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1. Introduction

Bragg gratings, which are formed by modulating the refractive indices of materials or
spatial structures of systems periodically, are extensively utilized for optical filters [1,2],
fiber lasers [3] and optical reflectors [4,5]. Two identical Bragg gratings are assigned on
both sides of a bulk dielectric to form the distributed feedback Bragg gratings, which
are usually applied to realize wavelength selectors [6]. The periodical refractive index in
Bragg gratings can be formed with a photosensory mask of which the host material in
Bragg gratings, such as photosensitive glass, is covered by the photosensory mask, which
has periodical transmittable fringes distributed in space. Then, by illuminating with an
ultraviolet light, the periodical refractive index is formed [7]. Furthermore, the gratings
of refractive index can also be achieved through irradiating directly the photosensitive
glass with an ultraviolet light. Two lights interfere and further form interferometric fringes,
which are utilized to inscribe the Bragg gratings. Such gratings are generally called fiber
Bragg gratings [8].

Moreover, two materials with different refractive indexes are arranged alternately
along the horizontal coordinate to form a periodic structure, which can be called general
Bragg gratings, also known as the one-dimensional periodic photonic crystal [9]. Photonic
crystals can induce a photonic band structure, being similar to the energy band of electrons
in semiconductors. There are plenty of discrete photonic bandgaps in wave-vector space
and each of them locates between two adjacent transmission photonic bands [10]. Lights
with a wavelength in these photonic bandgaps cannot transmit the photonic crystals, and
the light may be totally reflected back. So, the photonic bandgaps act as the stopbands of
light waves and can be utilized for photonic filters immediately [11,12]. However, once
the filters based on photonic crystals are synthesized, the stopbands widths and the center
frequencies of stopbands are determined permanently and cannot be adjusted conveniently
in some specific application scenarios.

Graphene is a two-dimensional ultra-thin material that has emerged in recent years,
and it has excellent electrical conductivity and many fascinating optical properties [13]. A
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Bragg grating can be formed by inserting a series of graphene monolayers into a bulk di-
electric to form periodic graphene arrays in space. The photonic crystals based on graphene
arrays have been extensively studied so far [14], such as solitons [15-17], supermodes [18],
optical bistability [19], Rabi oscillations [20,21], etc. The works in the literature about the
research progress on graphene arrays are listed in Table 1. In particular, graphene has
unique advantages, as it is utilized for exciting surface plasmon polariton [22-24]. There-
fore, these unique periodic structures constructed by graphene arrays can be viewed as
photonic crystals as well. In addition, the optical characteristic quantities are a function of
the graphene surface conductivity, which can be modulated through the chemical potential
of graphene. In practice, one can change the graphene chemical potential by loading an
external gate voltage on graphene or by chemical doping [13], so the characteristics induced
in the graphene-based photonic crystals can be flexibly regulated by the chemical potential
of graphene.

Table 1. Research progress on graphene arrays.

Structures Authors Optical Effects Refs.
Graphene arrays Wang, Z. et al. Spatial solitons [15]
Graphene arrays Zhao, X. et al. Optical bistability [19]

Graphene multilayers Wang, F. et al. Plasmonic supermodes [18]
Graphene multilayers Wang, F. et al. Rabi oscillations [20]
Semi-infinite graphene arrays Wang, Z. et al. Surface solitons [16]
Graphene-pair arrays Wang, F. et al. Rabi oscillations [21]
Graphene-pair arrays Wang, Z. et al. Vector solitons [17]

Photonic crystals based on graphene arrays are formed by arranging a monolayer
of graphene periodically in the horizontal direction [25]. Of them, the photonic bandgap
structure exists in the wave vector space as well. Compared with monolayer graphene,
the photonic crystals composed of graphene pairs have a stronger resonance of light
waves [21], that is, a more powerful reflection light may be induced in the stopbands, so
the falling and rising edges of the bandgaps become steeper, and the extinction effect at
the bandgap edge is better. Furthermore, in the graphene-based photonic crystals, the
widths of photonic stopbands can be flexibly regulated by changing the chemical potential
of graphene. Compared with the single-layer graphene photonic crystals, the regulation
on photonic bandgap in the graphene-pair complex structure is further enhanced [17].
Therefore, it would be desirable to investigate the photonic bandgap properties and their
optical tunability in graphene-pair photonic crystals.

The photonic crystals based on graphene pairs are constructed here. Graphene pairs
are inserted in a bulk dielectric to form periodic graphene-pair arrays. The photonic
bands in transmission and reflection spectra of light are investigated, and the optical
tunabilities of stopbands by the chemical potential graphene are discussed as well. Then,
we demonstrate the linear transmittance varying with the spatial period of graphene-pair
arrays. The dependency of transmission bandgaps on the phenomenological relaxation
time of electrons in graphene is further illustrated. Finally, we also show the full passbands
in this graphene-pair photonic crystal by changing the incident angle and light frequency
simultaneously. This work could be utilized for multiple stopbands photonic filters.

2. Graphene-Pair Arrays

The graphene pairs are inserted in a bulk dielectric to form the graphene-pair arrays
as shown in Figure 1. Here, the bulk dielectric is silicon dioxide (SiO;) with a refractive
index of ny. Silicon dioxide is the substrate to install graphene pairs. The substrate material
of silicon dioxide is homogeneous and presents isotropy in the THz band. The interval of
the two graphene sheets in a graphene pair is denoted by d; and here, is set as d; = 10 nm.
The spatial distance between two adjacent graphene pairs is d, = 10 um. The parameters
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satisfy the condition d; >> d;. On the whole, the structure is periodic, and the spatial period
of graphene pairs can be viewed as d = dj + d,.
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Figure 1. Schematic of graphene-pair arrays. The synthesized arrays are constructed by graphene
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sheets and dielectrics. The spatial period of graphene pairs is given by d = d; + d5.

Graphene is an ultrathin two-dimensional nanomaterial and is generally treated as
an equivalent dielectric with a considerable thickness of d;. This equivalent method for
graphene is reasonable under the condition of d; < 1 nm, which has been verified by
numerous experimental and simulating results [16,17].

The equivalent permittivity of graphene can be expressed as

1o (1)

=1
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Here, the equivalent thickness of graphene is set as d¢ = 0.33 nm. The symbol i is the
imaginary unit. The parameter kj represents the wave number of incident wave in vacuum
and the vacuum resistivity parameter is denoted by 7. Other parameters are given as the
following: the period number of graphene-pair arrays is N = 40 and the permittivity of
Si0; is provided with a fixed value of ¢; = (ny)* =2.1.

The conductivity of graphene is governed by the Kubo formula [19-21] and the
complete expression is given by
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where f; = 1/(1 + exp[(¢ — u)/(kgTy)]) is the Fermi-Dirac distribution function, 7 is the
reduced Planck’s constant, kp is the Boltzmann’s constant, ¢ is the electron energy, u is the
chemical potential of graphene, Ty is the environment temperature, —e is the charge of an
electron, i is the imaginary unit, w is the angular frequency, and 7 is the phenomenological
relaxation time of electrons. The environment temperature is set as T =300 K. The
integration for the first term of Equation (2) can be rewritten by

.eszTg U 12
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which dominates the scattering process of intraband electron—photon in graphene.

The excited motions of electrons in graphene not only include intraband transitions,
but also the interband transitions. The second term of Equation (2) represents the interband
scattering. For fiw, | p| > kpTg, the interband scattering term can be simplified as

el n 2lp| — A(w + it 1)

. - 4
Finter = 12 1 2u| + A(w + it 1)’ @

The interband and intraband transitions items both involve y and w, that is to say, the
surface conductivity of graphene is a function of the chemical potential and the incident
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frequency of light. In THz wave band, the interband transitions are dominant, as the
excited photon energy fiw is lower than 2 and the optical performance of graphene is
similar to that of metals. In this case, the surface conductivity of graphene can be reduced
to a Drude model.

The one-dimensional periodic photonic crystal based on graphene pairs arranges
along the Z-axis. A light normally impinges on the structure from the left and transmits
from the right. By ignoring the nonlinear effects of light, we give the linear transmission
and reflection spectra of the periodic systems with the forward transmission matrix method
(FIMM) [26].

The chemical potential of graphene is the Femi level, so the chemical potential can
be controlled by chemical doping or an external gate voltage on graphene. As a positive
value of voltage loads on graphene, the chemical potential of graphene increases, while
the chemical potential of graphene decreases for a negative voltage biasing on graphene.
Therefore, one can modulate the surface conductivity of graphene flexibly by a bias voltage
on graphene.

3. Photonic Bandgaps

For a transverse magnetic (TM) wave, as it normally impinges on the periodic struc-
tures composed of graphene pairs from the left, Figure 2a gives the transmittance versus
the frequency of light. The relaxation time is set as T = 0.5 ps, and the graphene chemical
potential is given by y = 0.4 eV. The Bragg period number is N = 40. There are four photonic
bandgaps in the spectrum in our given interval of frequency, and they are respectively
defined as the first, the second, the third and the fourth bandgap in turn from left to right.
The bandgap width declines as the frequency increases. The widths of the first ~ fourth
bandgaps are 1.44, 0.74, 0.48 and 0.36 THz in order, and their corresponding center fre-
quencies are 11.05, 21.04, 31.24 and 41.51 THz, respectively. On both sides of each bandgap,
there are two passbands as well. Otherwise, the average transmittance of light in each
transmission band can be elevated by increasing the incident frequency. The photonic
bandgap is analogous to the energy band structure of electrons in semiconductors. The
bandgaps in transmission spectra can naturally be utilized for band-stop filters [11], while
the edge states at the bandgaps can greatly localize the electric field, which has extensively
been applied to realize optical solitons [16,17], topological boundary states [27,28] and low
threshold optical bistabilities [29-31]. The corresponding working wave of the filters is in
the range of [6um, 37.5um], which locates at the middle-infrared band.

(a) A (um)

10 20 30 40 50
f(THz)

Figure 2. (a,b) Transmission and reflection spectra for the normally incident light waves from the
left, respectively. The spatial intervals are set as d; = 10 nm and dp = 10 um, respectively.

As the TM polarized light wave is incident on the graphene-pair arrays from the left,
keeping the parameters above unchanged, the homologous reflection spectrum is provided
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in Figure 2b. There are four reflection pulses, viz. high reflectance sections, in the reflection
curve as the frequency of light wave changes. The four frequency bands of high reflection
exactly agree with the stopbands in the transmission spectrum, respectively. Otherwise,
in the high reflection frequency bands, the reflectance is close to 1 at the rising edge of
each reflection pulse and slightly lowers as the frequency increases. However, the value of
reflection drops abruptly at the falling edge of each reflectance pulse.

Since the chemical potential is one of the parameters which can affect the surface
conductivity of graphene, the equivalent permittivity of graphene is a function of the
chemical potential p. Subsequently, one can modulate the transmission performance of
the periodic structure by the graphene chemical potential flexibly. For different values of
chemical potential, Figure 3a provides the transmittance varying with the frequency of light
wave around the first stopband. As a TM-polarized light is normally left incident on the
arrays, the falling edge position of the first band always stays unchanged as the chemical
potential increases. The transmittance is equal to zero at the first bandgap, which means
that there is no light that can transmit this periodic structure as an incident light wavelength
locates at the stopband. By increasing the frequency of light, there is an inflection point
at the right of each transmission stopband, and then the transmittance increases as the
frequency passes the inflection point. We define the interval between the falling edge and
the inflection point as the stopband width.
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Figure 3. (a) Transmittance around the first bandgap for different values of graphene chemical
potential. (b) The first stopband gapwidth varying with the chemical potential. (c) Transmittance
around the second bandgap for different values of chemical potential. (d) Gapwidth of the second
stopband varying with the chemical potential.

The inflection point at each stopband is moving to the right by modulating the chemi-
cal potential to a larger value. In other words, the bandgap width enlarges as the chemical
potential increases. On the right of each bandgap, the transmittance is not zero and it
increases with the increase in light frequency. Meanwhile, for a non-zero transmittance
at the right rising edge of stopband, the transmittance decreases with the increase in the
chemical potential for a fixed incident wavelength.

Figure 3b gives the relationship between the stopband width of light and the chemical
potential of graphene. The gap width is equal to the deviation between the upper and lower
boundaries of stopband. One can see that the lower boundary of bandgap is unchanged as
the graphene chemical potential increases, while the upper boundary increases with the
increase in the chemical potential. Hence, the gap width can be modulated by changing
the value of the graphene chemical potential.
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Compared with the first stopband, the gap width of the second stopband is narrower
for the same value of graphene chemical potential as shown in Figure 3c. Similarly, the
right transmittance from the graphene-pair arrays is zero for the light wave that locates in
the bandgap, which forms a stopband of light waves. On both sides of the stopband, the
transmittance is relatively lower for a larger value of chemical potential. The left boundary
(trailing edge) of the bandgap stays the same position for different values of the chemical
potential, while on the right boundary (rising edge) of the bandgap, the curve gets steeper
for a lower value in chemical potential. Otherwise, in comparison with the first bandgap,
the extinction ratio at the rising edge of the second bandgap is better.

Similar to the first bandgap, the inflection point on the right boundary of the second
bandgap moves rightwards as the chemical potential increases. Specifically, the width
of the second bandgap is proportional to the chemical potential as shown in Figure 3d.
Therefore, one can modulate the second stopband gap width by changing the chemical
potential, but the starting position of the second bandgap always remains unchanged.

Figure 4a gives the real part of graphene surface conductivity Re(o) for different values
of chemical potential. For three given values of # = 0.3, 0.4 and 0.5 eV, there are three curves,
correspondingly, of Re(o) as the light frequency changes. The real part of graphene surface
conductivity decreases with the frequency of light increasing for a fixed value of graphene
chemical potential. On the other hand, a larger value of Re(o) can be obtained by tuning
the chemical potential up to a bigger value, as the incident wavelength is determined.
The parameter Re(0) is the counterpart of the imaginary part of the graphene equivalent
dielectric constant Im(gg), which represents the optical loss in graphene. Therefore, for a
larger Re(o) of graphene, it means that the corresponding optical loss is greater in systems.
With the increase in light frequency, the loss gradually decreases as well. This approves the
phenomenon of each passband transmittance in sequence increasing with the frequency of
incident light as shown in Figure 2a.

(a)g 3

ol

10

. 40

: - : 0-50 6100 7°
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Figure 4. (a,c) Real part and imaginary part of graphene surface conductivity varying with the light
frequency for different values of chemical potential, respectively. (b,d) Real part and imaginary part
of graphene surface conductivity by modulating simultaneously the light frequency and chemical
potential, respectively.

Figure 4b demonstrates Re(o) variation in the parameter space composed of the
chemical potential and light frequency. One can see that, except for the corner of the
parameter space on the left, the value of Re(o) increases by raising the graphene chemical
potential or turning down the light frequency. Since Re(0) governs the loss in graphene
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of light, changing the graphene chemical potential or modulating the light frequency
are important measures in manipulating light propagation in the graphene-pair arrays.
Around the parameters of u = 0.2 eV and f = 100 THz, there is an abrupt change in Re(o). It
results from the transformation of electrons intraband transition to interband transition
in graphene.

Figure 4c gives the imaginary part of surface conductivity Im(c) changing with the
light frequency. For different values of u = 0.3, 0.4 and 0.5 eV, it shows that Im(o) decreases
with the increase in light frequency in each of the three corresponding curves. Similarly, for
a given incident wavelength, a larger chemical potential induces a bigger value in Im(o).
The imaginary part of surface conductivity determines the real part of ;. Moreover, Im(o)
is a function of the chemical potential y. Therefore, we can modulate the stopband width
by changing the structure parameter through an external gate voltage on graphene as
shown in Figure 3c.

Figure 4d describes Im(0) changing with the chemical potential and light frequency in
the parameter space. It shows that Im(o) increases with the raise of the graphene chemical
potential and decrease in the light frequency. The parameter of Im(c) determines the real
part of graphene equivalent permittivity and Im(c) can be changed by 1, so we can regulate
the transmittance by the graphene chemical potential flexibly.

The interval between two adjacent graphene pairs is d, and the spatial period of
graphene-pair arrays is d; + dp. The parameter d; can also affect the transmission spectrum
of light and the stopband width and the position in the transmission spectrum. For different
values of dp, Figure 5 gives the transmittance by changing the frequency of the light wave.
As alight impinges on the arrays from the left, it demonstrates that there are four stopbands
in the frequency range of [10, 50] THz as the spatial distance is d = 10 pm, and the stopband
number respectively increases to 6 and 8 for d, = 15 and 20 pm. Therefore, one can regulate
the stopband number by tuning the value of dj.

1 T
——d,= 10pm
d,= 15um
———d,= 20pm
05

1

10 20 30 40 50
f (THz)

Figure 5. Transmittance varying with the frequency of light wave for different spatial intervals of

two adjacent graphene pairs. The graphene chemical potential is 4 = 0.4 eV, and the relaxation time
issetas T = 0.5 ps.

As mentioned in Equation (2), the surface conductivity of graphene is a function of
the parameter of 7, which is defined as the phenomenological relaxation time of electrons
in graphene. Figure 6a gives the transmission spectra for different values of 7. One can
see that all of the bandgap positions in the spectra hold still as the parameter T varies
arbitrarily. However, on the whole, the photonic passbands in the transmission spectra are
elevated with the value increases in 7. That is because the optical loss in graphene reduces
as the phenomenological relaxation time rises. The phenomenological relaxation time
only governs the surface conductivity of graphene but does not determine the geometric
parameters of the structure composed of graphene-pair arrays. Therefore, the stopband
gap positions in the transmission spectra are unaffected by .



Appl. Sci. 2021, 11, 11557

8of11

(a) 1 T T T T
- =-1=0.3ps
08 - - —1=04ps /
06+ T = 0.5ps I
- ’ |
04 / ] ;
y |
02f 77l | |
0 /'14 P 1 1‘ il !
10 20 30 40 50
f (THz)
b)? 5 - C)T 10 ;

( )S_’ [\ - —1=0.3ps ( )S_’ - = 1=03ps
_x4n - - -1=04ps — 8'\\ T=0.4ps
0 Ll T = 0.5ps %) N T =0.5ps
~ 3 A ~— 6 I \,
ey AN — N
b2 \\\. o 4} e
o) o = e
o 1 NSY .. E 2} s

0 . P s TN 0 . X .
10 20 30 40 50 10 20 30 40 50
f(THz) f(THz)

Figure 6. (a) Dependence of the transmission spectra on the phenomenological relaxation time 7.
(b,c) Real part and imaginary part of graphene surface conductivity varying with 7, respectively. The
graphene chemical potential is set as u = 0.4 eV for (a—c).

The graphene surface conductivity o is also a function of the phenomenological
relaxation time 7. Figure 6b gives the real surface conductivity Re(o) for different values of
7. For three given values of T = 0.3, 0.4 and 0.5 ps, the value of Re(0) in each corresponding
curve changes with the light frequency. As mentioned above, the real part Re(c) decides
the optical loss in graphene. Since Re(0) decreases with the increase in the light frequency
for a given value of 7, the transmittance increases by turning up the frequency of light
as shown in Figure 6a. Otherwise, it also shows that, by fixing the incident frequency, a
lower value of T corresponds to a bigger Re(o), which means that a larger optical loss may
be induced.

However, the imaginary part of surface conductivity Im(o) is not affected by T as
shown in Figure 6¢. The value of Im(o) decreases with the increase in the light frequency
for different values of T, but the three surface conductivity curves almost coincide with
each other for T = 0.3, 0.4 and 0.5 ps. The parameter of Im(o) governs the real equivalent
permittivity of graphene, so one cannot affect the stopbands in the transmission spectrum
by modulating the phenomenological relaxation time.

Figure 7a demonstrates the transmittance in the parameter space. The parameter
space is composed of the incident angle and the light frequency. For the left incident light,
the fringes of brighter color in transmission space represent the photonic bandgaps of light,
i.e., the stopbands. For a sharp contrast, we have taken the logarithm of transmittance.
The gap widths of these fringes decrease from the left to the right as the light frequency
increases. For each stopband, the fringe profile in transmission moves toward higher
frequency by promoting the incident angle. There is a full transmission band between the
first stopband and the second stopband. We have denoted the full passband by passband
I, which is sandwiched by two dotted lines. It means that, no mater how the incident
angle changes, the incident light waves can transmit this structure as a light frequency
locates in passband I. Furthermore, there is also another full transmission band labeled
by passband II. Passband Il is local between the second stopband and the third stopband.
The width of passband II is narrower than that of passband I. There are two passbands
in the transmission parameter space and as the frequency increases, there is no new full
transmission band that arises.



Appl. Sci. 2021, 11, 11557

90f11

1

Pas:sband | Pa;sband Il
I

1
1
1
1
1
1
1
1 |
f
1
[

0.2 -//
0 1“ ! 1 1
10 20 30 40 50
f (THz)

Figure 7. (a) Transmittance in the parameter space composed of the incident angle and the light
frequency. (b) Transmission spectra for different fixed incident angles. The spatial distance is
dp = 10 pum, the graphene chemical potential is s = 0.4 eV, and the relaxation time is set as T = 0.5 ps.

For four given incident angles, Figure 7b provides the corresponding transmission
spectra of light wave. It shows that the spectrum profile moves rightwards on the whole by
increasing the incident angle. The bandgaps widths of the same ordinal stay unchanged.
Therefore, the stopband position of light frequency in the transmission spectrum can be
modulated by changing the incident angle as well. For a fixed wavelength, the Z-axis
component of the corresponding wave vector is minished by turning up the incident angle,
so the bandgap position moves towards a shorter wavelength.

The system is a one-dimensional periodic structure along the Z-axis, and the XY-plane
is infinite. In experiments, as long as the sizes of the device in the X and Y directions are
two orders of magnitude larger than the incident wavelength, the design conditions can be
satisfied. Large areas and high-quality monolayers of graphene and dielectric layers can be
stacked layer by layer by chemical vapor deposition [32,33]. This is a common and well-
established technique that has been widely used in the manufacture of integrated circuits.
Otherwise, graphene arrays have been utilized for the electron acceptors experimentally
as well [34,35]. Therefore, it would be desirable to realize the stopband filters based on
graphene-pair arrays in laboratory. As a light beam composed of plenty of wavelengths
impinges on the periodic structure, the light waves locating at the stopband may be
reflected by the system and the other wavelengths of light can be transmitted.

Considering the loss in the substrate dielectric SiO, in THz band, the refractive index
of material can be denoted by n; = ny, + ing;, where ny, and ny; are the real and imaginary
parts, respectively. The symbol of ny; is also called the extinction coefficient, representing
the optical loss of materials. In the THz band, the optical loss in SiO, is considerable
and there are two peaks around 3.96 THz and 7.94 THz in the absorption spectrum [36].
Furthermore, the value of the extinction coefficient decreases with the increases in the
temperature. In our concerned wave band, the average value of the extinction coefficient of
SiO; here is approximately equal to ny ~ 0.001. Compared with the lossless case of 14 = 0,
the transmittance in the passbands and the reflectance in the stopband both decrease.
Otherwise, with the increase in the light wave, the transmission and reflection of light beam
decrease as well. However, the bandgap number and each position of the bandgaps are
unchanged in the spectra for 1, = 0 and 0.001. Therefore, the loss on substrate may affect
the transmission and reflection in the passbands or stopbands, but it is not the physical
mechanism in the formation of stopbands, which are induced by the periodic graphene-pair
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arrays. Of course, we can also choose a material with a uniform refractive index and low
loss coefficient as the substrate.

4. Conclusions

In conclusion, multiple photonic bandgaps and their regulations were investigated
in a complex system composed of a bulk dielectric and graphene pairs. Graphene pairs
arrange in the substrate material to form periodic graphene arrays. Series of bandgaps
are induced in transmission spectra and the central bandgap frequencies and widths can
be tuned by the graphene chemical potential. The interval between to adjacent bandgaps
is inversely proportional to the spatial period of the graphene pair. The transmittance of
passbands between the bandgaps is a function of the phenomenological relaxation time as
well. Furthermore, by scanning the incident angle and light frequency, two full passbands
can be achieved around the first and second bandgaps. The study could provide a feasible
scheme for photonic stopband filters.
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