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A dynamically tunable multiband plasmon-induced transparency (PIT) effect in a series of rectangle cavities coupled
with a graphene nanoribbon waveguide system is investigated theoretically and numerically by tuning the Fermi level of
the graphene rectangle cavity. A single-PIT effect is realized using two different methods: one is the direct destructive
interference between bright and dark modes, and the other is the indirect coupling through a graphene nanoribbon waveg-
uide. Moreover, dual-PIT effect is obtained by three rectangle cavities side-coupled with a graphene nanoribbon waveguide.
Results show that the magnitude of the dual-PIT window can be controlled between 0.21 and 0.74, and the corresponding
group index is controlled between 143.2 and 108.6. Furthermore, the triple-PIT effect is achieved by the combination of
bright—dark mode coupling and the cavities side-coupled with waveguide mechanism. Thus, sharp PIT windows can be
formed, a high transmission is maintained between 0.51 and 0.74, and the corresponding group index is controlled between
161.4 and 115.8. Compared with previously proposed graphene-based PIT effects, the size of the introduced structure is
less than 0.5 pm?. Particularly, the slow light effect is crucial in the current research. Therefore, a novel approach is intro-
duced toward the realization of optical sensors, optical filters, and slow light and light storage devices with ultra-compact,

multiband, and dynamic tunable.

Keywords: plasmon-induced transparency (PIT), graphene, group index, rectangle cavities
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1. Introduction

Electromagnetically  induced transparency (EIT)
effect,?! a quantum effect, which is caused by the destruc-
tive interference between the two different pathways excited
in the so-called three-level atomic systems,?! has shown var-
ious potential applications in fields, such as slowing light, 34!
light storage,’ and optical filtering.[®! However, effective
nonlinear materials and rigorous conditions are difficult to be
achieved, thereby significantly limiting the integrated appli-
cation in practical optical devices. However, the plasmon-
induced transparency (PIT) effect obtained by the cavity cou-
pled with a plasmonic waveguide systems has caused exten-
sive attention on account of simple realization. The devices
realizing the PIT effect can be fabricated with a small footprint
because surface plasmon polaritons (SPPs) can support deep
subwavelength scale modes and overcome classical diffrac-
tion limit.[7°1 At present, diversified structures of PIT effect
realization have been proposed. Moreover, the cavities side-
coupled with a waveguide and the bright-dark mode coupling
methods are of special guidance for generating a PIT window
in various structures;1%-131 these methods are beneficial to on-

chip integration plasmonic devices, thereby facilitating easy
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fabrication of an ultra-compact structure.

Thus far, many plasmonic devices for realizing PIT effect
have been investigated, and the cavities coupled with a metal-
dielectric-metal (MDM) plasmonic waveguide is particularly
prominent in highly integrated devices. Moreover, the cou-
pling of MDM waveguides with double U-cavity,['*] double-
stub cavities,[!>! and double-disk cavities!!®! have a great deal
of research in the area of integrated slow light devices. How-
ever, only structural parameters can be adjusted once the de-
vices are designed. Thus, obtaining dynamically tunable PIT
effects at a specific wavelength is difficult. Graphene, a
novel two-dimensional (2D) material for tunable optical de-
vices, comprises a single layer of carbon atoms; it has been
recently widely considered by researchers due to its advan-
tages of dynamic tunability, strong locality, and low loss.!!”]
The Fermi level of graphene can be flexibly controlled by ap-
plying varying applied voltage. Therefore, this feature pro-
vides graphene with an advantage for new tunable photonic
device materials. Thus, many PIT devices made of graphene
with excellent slow light properties and dynamic tunability,
such as plasmonic waveguide coupled with nanocavities, ['3:1%]
metamaterials,?*23] and metallic grating coupled with a di-
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electric waveguide layer (GCDWL) structures, have been pro-
posed due to these unique performance advantages. Among of
the various graphene structures, fabricating metamaterials and
GCDWL structures through the current fabrication process is
relatively complicated on accountof the limitation of the mi-
cro machining etching accuracy.?*! Furthermore, integrating
metamaterials and GCDWL structures into the plasmonic chip
is complicated. 226!

Compared with complicated metamaterials and GCDWL
structures, the graphene nanoribbon waveguide structure has
obtained widespread attention and achievements because of
its easy integration, ultranarrow bandwidth, high transmission,

n.[27-291 For instance, Lu et al.

and relatively simple fabricatio
have numerically and theoretically investigated the plasmonic
resonant effect and propagation characteristics by changing
physical parameters such as the chemical potential and width
of the graphene nanoribbon in a nanoscale graphene waveg-
uide system consisting of a monolayer graphene nanoribbon
coupled with two guided-wave graphene sheets, which provide
a new way toward the realization of nanoscale mid-infrared
spectral control and graphene plasmonic devices.! A dy-
namic tunable PIT effect is achieved in our structures inspired
by this research. Wang ef al. proposed tunable PIT effect
based on Fabry—Perot resonance in a system by using two
rectangle graphene cavities coupled with a graphene nanorib-
bon waveguide, which causes a relatively wide transmission
window.*!) Noual et al. designed a compact graphene-based
waveguide coupled to two rectangular cavity structures com-
prising graphene nanoribbons. In addition, the peak of the

1321 Zhao et al. re-

PIT window is less than 0.6 in this structure.
ported that graphene nanoribbon systems comprise a graphene
strip loaded with a complex structure of graphene stub and
ring cavity, thereby obtaining a considerably sharp PIT win-
dow. However, only a single-band PIT effect is acquired in the
system.[33] Therefore, a dynamic tunable multiband PIT effect
realized by graphene nanoribbon waveguide structure in the
THz band remains relatively challenging.

For the fabrication of the graphene nanoribbon waveg-
uide, it should be noticed that lithographic patterning lacks
atomic resolution, which causes a mixture of armchair edges,
zigzag edges, and dangling bonds; results in high line-
edge roughness; and functionalizes the graphene nanoribbon
edges.>* Such inhomogeneities and disorder lead to severely
degraded carrier mobility and thermal conductivity, coulomb
blockade, and high off-currents-with effects that become in-
creasingly detrimental with decreasing the graphene nanorib-
bon width.[** Due to the fabrication defects of graphene res-
onators and nanoribbon waveguides, radiation loss and so
on, the measured Q value and group index are usually much
smaller in real experiments. Obviously, it is necessary to con-
trol the defects formation and the width edge roughness of the

graphene nanoribbons in the nano-patterning process. There-
fore, some important progresses have been reported. Wang et
al. devised a gas phase chemical approach to etch graphene
from the edges without damaging its basal plane. The re-
action involved high temperature oxidation of graphene in a
slightly reducing environment in the presence of ammonia to
afford controlled etch rate (< 1 nm/min). 20 nm-30 nm wide
graphene nanoribbon waveguides are fabricated lithographi-
cally, and used the gas phase etching chemistry to narrow the
ribbons down to < 10 nm."33! Wang et al. showed that two
kinds of experimental techniques consisting of electron—beam
sculpting and Joule heating were adopted and about 10-nm
wide graphene nanoribbon waveguide was obtained.[3®! The
thinnest graphene nanoribbon structure obtained is about 1.6-
nm wide with an estimated transport gap of about 400 meV. 3!

Inspired by this basic research, a dynamically tunable
multiband PIT effect based on the graphene rectangle cavities
coupled with a graphene nanoribbon waveguide is proposed by
tuning the Fermi level of the graphene rectangle cavity. Two
methods based on different physical mechanisms are used to
realize a single-PIT effect; one is the bright and dark mode
couplings through direct destructive interference, and the other
is the cavity coupled with a graphene nanoribbon waveguide
through indirect destructive interference. Moreover, dual- and
triple-PIT effects are predicted in this ultra-compact structure,
whereas the corresponding group indexes are controlled from
143.2 to 108.6 and 161.4 to 115.8. The problems on the PIT
window with low transmission, single band, and untunabil-
ity in plasmonic waveguide devices applied to integration can
be worked out particularly well, thereby demonstrating a new
door for the dynamic tuning of slow light and dynamically tun-
able multichannel light storage devices.

2. System model design and theoretical analysis

Figure 1 shows four types of models, which comprise re-
markable graphene rectangle cavities and a graphene nanorib-
bon waveguide. The width of the graphene nanoribbon waveg-
uide is only 10 nm in the PIT system because only the edge
mode of the SPPs on the graphene nanoribbon is consid-
ered. In order to compensate for the difference between SPPs
and vacuum wave vectors, the light source is coupled to the
graphene nanoribbon waveguide through a grating or prism.
In practical applications, a diffraction grating can be etched
in the front of the waveguide to couple the light source into
the graphene nanoribbon waveguide. In our paper, the edge
modes are achieved by the transverse magnetic (TM) polar-
ized SPPs modes placed in the x direction of the PIT system
in Fig. 1. The incident light wave is restricted to travel for-
ward in the waveguide when the incident light is injected and
travels in the waveguide. SPPs are coupled into the graphene
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rectangle cavity as the SPP wave passes through the cavity—
waveguide coupling region due to the near-field coupling. The
graphene nanoribbon waveguide and rectangle cavities are
placed on a 200-nm thick sapphire substrate to avoid substrate
loss in the mid-infrared band. Only propagation loss as low
as 1.9 dB/cm at 5.18 um are caused in silicon-on-sapphire
(SOS) waveguide.*7l Al,03 is selected as the substrate mate-
rial mainly because of the low loss of SPPs that traveled on the
sapphire in the THz band.” The refractive index of Al,O3
and Si are set as 1.59 and 3.95 used in the simulations, respec-
tively. Here, the transmission spectrum of four types of mod-
els are simulated by using the finite-difference time domain
(FDTD) method, and the calculated boundaries for structures
are employed by the perfectly matched layer.

The length of the rectangle cavity is w, = wp = we =wq =
140 nm, and the width of the rectangle cavity isd, =d, =d. =
dg = 20 nm.'""! In addition, the coupling distance between
the rectangle cavities and the graphene nanoribbon waveguide
islyy =15 nm, Iy =l = 15 nm, I,y = lp = I3 = 15 nm,
lq1 = l43 = 15 nm, and that between the bright and dark modes
is Iy = lyp = lga = 20 nm."'7 The simulation results reveal
that the Fermi level of the graphene nanoribbon waveguide
is constantly maintained at 0.40 eV, and the Fermi level of
the graphene rectangle cavity is tuned by changing the applied
voltages.

Al,O;m Si @ Graphene

Fig. 1. The schematic diagram of the proposed two-cavity-coupled system
[(a) and (b)], three-cavity-coupled system (c), and four-cavity-coupled sys-
tem (d).

The conductivity of the single-layer graphene oy can be
expressed by Kubo formula, which represents the sum of the
interband and intraband contributions: Gy (®) = Ciner(®) +
Gintra(®). The specific expression is as follows: 38!
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where i, T, kg, e, T, and /i represent the imaginary unit,
the temperature, the Boltzmann constant, the electron charge,
the carrier relaxation time, and the Planck constant, respec-
tively. w is the angular frequency, EF is the Fermi level of the
graphene, and the main contributions of o, are from the intra-
band electron—photon scattering, whereas those of oy can be
negligible from the direct transitions of the interband electron.
Therefore, the conductivity o, of monolayer graphene can be

obtained as a Drude-like expression after simplification 331

G, — iezE]:
E a2 (w+it )’

@

The carrier relaxation time T = uoEr/(ev?), which is deter-
mined by the Fermi level of graphene Ef, the carrier mobility
of graphene (i, and the Fermi velocity v¢ (= 10° m/s). Here, it
should be noticed that graphene is anisotropic and the out-of-
plane permittivity is set as 2.5. In order to reduce the tremen-
dous computation time in FDTD simulations, the mesh size
inside the graphene layer is 0.2 nm, while non-uniform mesh
size is employed to represent the other regions.

The propagation constant § of the monolayer graphene
can be obtained using electromagnetic field boundary condi-

tions and Maxwell equations to analyze the graphene proper-
17]

2
B =k 1—(2) , 3)

Mo Gg

ties effectively.|

where ko and 79 are the wavenumber and the impedance in
the free space, respectively. Therefore, the effective refractive
index is expressed by ner = B/ko, and the intrinsic quality
factor is Qe = Re(nefr) /Tm(negr). 131 Figure 2 shows the re-
lationship of variation between the intrinsic quality factor and
wavelength at various Fermi levels of the graphene. The in-
trinsic quality factor decreases with the respective increase in
wavelength and the Fermi level of the graphene for the same
wavelength, as shown in Fig. 2.

155

—0.39 eV —0.40 eV
145} 0.41 eV —0.42 eV
—0.43 eV —0.44 eV

135}

125}

115}

Intrisic quality factor

105}

6000 6500 7000

Wavelength (nm)

95
5500 7500

Fig. 2. Relationship between the intrinsic quality factor and the wavelength
for various Fermi levels of the graphene Er = 0.39, 0.40, 0.41, 0.42, 0.43,
and 0.44 eV.
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Graphene has an unparalleled advantage compared with
noble metals due to its dynamic tunability. It is very easy to
realize the Fermi level tuning via gate voltage, as described by

the following formula: 38!

V)/ @

sub€

Er = th<

where dgy, is the length between the graphene rectangle cav-
ity and the substrate of Si, &y is the vacuum permittivity, & is
the relative permittivity of dielectric silicon, and V; is the ap-
plied bias voltage. This equation shows that the Fermi level of
the monolayer graphene can be dynamically tuned by the bias
voltage.

The Fermi level of the graphene rectangle cavity is tuned
from 0.39 eV to 0.44 eV to obtain dynamically tunable and
multiband PIT effect and multichannel slow light. The reso-
nant wavelength of the graphene rectangle cavity can be ex-

pressed as follows: 17!

A =2Re(nei)W/(m—o/7), (5)

where W is the coupling length between the graphene nanorib-
bon waveguide and the rectangle cavities, ¢ is the phase shift
due to the reflection of the incident light in the cavity, and m is
an integer.

3. Simulation results and discussion of single-
PIT effect in bright and dark mode coupling
systems

Figure 1(a) shows that the two-cavity-coupled system
comprises rectangle cavity 1, rectangle cavity 2, and the
graphene nanoribbon waveguide. The Fermi level of graphene
rectangle cavities 1 and 2 is initially set as 0.40 eV and 0.42 eV,
respectively. The bright mode can be directly activated by
the SPPs wave, whereas the dark mode can be indirectly ex-
cited by the bright mode. In addition, the light can be cou-
pled back to the bright mode, which results in the higher
coupling strength between rectangle cavity 1 and graphene
nanoribbon waveguide than that between cavity 2 and the
waveguide. Therefore, cavities 1 and 2 behave as bright
and dark modes, respectively.[*?! Notably, the graphene-based
nanoribbon waveguide, the graphene rectangle cavity 1, and
the graphene rectangle cavity 2 can serve as the bare ele-
ment |1), the dipole-allowed element |2), and the metastable
element |3), respectively.[*!! Two optical pathways, namely,
|1) — |2) and |1) — |2) — |3) — |2), are observed in the pro-
posed bright and dark mode coupling system. The bright cav-
ity 1 and dark cavity 2 induce the transmission peaks because
of the destructive interference with each other.

Figure 3 shows a schematic of the realizing principle ac-
cording to the coupled mode theory (CMT) of the single-PIT

effect in bright and dark mode coupling systems. The coupling
mode equation is calculated, the single-PIT phenomena are an-
alyzed, and the transmission and coupling loss of light wave
are ignored. The dynamic equation of cavity mode amplitude
—jor

a; (i = 1,2) for the time-harmonic field e 7" is as follows: [4(]

da . .

T = 00— Kt — ko) @+ VRS, — e, (6)
da . .

5 = (00— Kiw2)ax — juar, %

where S(i) and S(i)

p,in p,out
waveguide mode amplitude of the input and output light

(i = 1,2) represent the transmitted

waves, respectively, and the subscript p = = represents prop-
agation directions of the positive and negative the light waves.
o is the intrinsic resonant frequency of the bright and dark
modes, Ky; = 1/Ty; = 0;/(2Qy,) is the attenuation ratio
on account of energy coupling to the graphene nanoribbon,
Kinti = 1/Tinc; = @i/(2Qinti) is the attenuation ratio on ac-
count of the intrinsic quality loss in the ith rectangle cavity,
and U = @y/(2Q.) is the coupling coefficient between the
bright and dark mode. Oy, Qin,i» and Q. are the waveguide
coupling loss, the cavity quality factors related to the intrin-
sic loss, and the direct coupling between two rectangle cav-
ities, respectively. FDTD simulation reveals the following:
Oin,1 = 113.2, Oinp = 122.5, O = 38.4, Oy, = 58.17, and
0. =16.7.

Fig. 3. The schematic diagram showing the realization of the principle of the
single-PIT effect in bright and dark mode coupling systems.

The conservation of energy indicates that the output wave
amplitude of each cavity can be expressed as follows: [!]

1
SO =85 —VKvai, 8)
S =800 — Viwar. ©)
The output spectral transmission of the system for the coupling
of bright and dark mode systems is as follows:4?]
2
1
2 Sgr,)oul
Ti=lal" =1
S+,in
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2

=|1- Kw

, (10)

. 3 uz
j(®— wp) + Kine,1 + K+ o) T ks

where f, is the transmission coefficient of bright and dark
mode coupling systems.

The transmission phase shift is (@) = arg(t,), and the
group delay of this system is 7, = d0(®)/d ®. The slow light
effect can be obtained by the group index ng, which is derived

by the following expression!??!

d0(w)
Jo ’

S =5 11
l

where c, vg, and [ are the vacuum velocity of incident light, the

group velocity, and the coupling length of monolayer graphene

nanoribbon waveguide system, respectively.

The transmission spectra of the single-PIT effect under
various graphene Fermi levels in bright and dark mode cou-
pling systems are shown in Figs. 4(al)—4(d1). The Fermi level
of cavity 1 is constantly maintained as Er; = 0.40 eV, while
that of cavity 2 is set at different values Er, = 0.39, 0.40, 0.41,
and 0.42 eV. The transmission peak has an evident blue shift
as the Fermi level of cavity 2 increases, and that of the PIT ef-
fect becomes slightly high, as shown in Figs. 4(al)-4(d1). The
data of the FDTD and CMT calculation are highly consistent.
Consequently, the single-PIT effect can be dynamically tuned
in this structure by tuning the Fermi level of cavity 2. Fig-
ures 4(al) and 4(d1) show that the transmission peaks of the
PIT effect are 58% and 66% when the Fermi level of cavity 2
is 0.39 eV and 0.42 eV, respectively. Therefore, the high trans-
mittance of the single-PIT effect is maintained when the Fermi
level of the graphene rectangle cavity is tuned from 0.39 eV to
0.42 eV. This finding indicates that the dynamically tunable
single-PIT effect can be obtained by adjusting the Fermi level
of the graphene rectangle cavity 2.

Figure 4(a2)-4(d2) show transmission phase shift re-
sponses and group index under various graphene Fermi levels
(from 0.39 eV to 0.42 eV) in bright and dark mode coupling
systems. Figures 4(a2)—4(d2) show that the phase shift is 2mm
at the peak wavelength because the dispersions are strong in
the transparent wavelength. The group index at the peak wave-
length and the transmission peak wavelength of the PIT effect
decrease with the increase of graphene Fermi level of cavity
2, as shown in Figs. 4(a2)-4(d2). Meanwhile, the intensity of
the PIT transparent peak slightly decreases as the group in-
dex increases. This trend may be due to the additional time
spent by the signal light in both rectangle cavities, thereby re-
sulting in increased light power loss by scattering due to the
resonance in the cavities. The group indexes of the peak wave-
length are 74.9, 71.7, 69.6, and 66.1 with the graphene Fermi
level of cavity 2 of 0.39, 0.40, 0.41, and 0.42 eV, respectively,
as shown in the black dots of Figs. 4(a2)—4(d2).

Figure 5 shows that the magnetic field simulation of |H,|?
is depicted at the transmission peak wavelength to further un-
derstand the bright and dark mode coupling mechanism of this
structure. This figure also reveals the magnetic field distribu-
tion at the peak wavelength of 6420 nm when the Fermi level
of cavities 1 and 2 are set to 0.40 eV and 0.42 eV, respectively,
and the corresponding transmission spectrum of the PIT ef-
fect is shown in Fig. 4(d1). The bright cavity is directly ex-
cited, whereas the dark cavity is activated by coupling with
the bright one. Hence, only the dark cavity is efficiently acti-
vated, whereas the bright cavity is evidently suppressed at the
transmission peak. Similar to the EIT effect in atom systems,
canceling of the bright cavity is attributed to the destructive
interference caused by two optical pathways from graphene
nanoribbon waveguide to the graphene rectangle cavity.

1.0

90 1
(a2

0.5} Coupled % 40
— mode 3

theory

, FDTD
method

5500 6500 7500 Y

T

[=2]
at
(=
(=)

7500

=

0

90 1

Ep=

=
&

05 40 0
3
s
5. B )
R il B < Ll | 1y
& 5500 6500 7500 g 5%00 6500 7500 E
B o 90 1 @
& s g
% &) (c2) E
a
<
= 40 W\?<O
0 il _ /\ H 1
5500 6500 7500 5%00 6500 7500
90 1
(d2)
40 0
0 ‘ ~10 L] —1
5500 6500 7500 5500 6500 7500

Wavelength (nm) Wavelength (nm)

Fig. 4. Single-PIT effect simulation analysis of bright and dark mode cou-
pling systems. (al)—(d1) Transmission spectra of single-PIT effect. (a2)—(d2)
Corresponding transmission phase shift responses and group index.

o . W
— e W e —

Ay =6420 nm

Fig. 5. |H,|*> magnetic field distributions of the single-PIT effect in bright
and dark mode coupling systems at the transparent wavelength.
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4. Simulation results and discussion of single-
PIT effect in two cavities side-coupled with
waveguide system

Figure 1(b) shows that the PIT system comprises rectan-
gle cavities 1 and 2 side-coupled with a graphene nanoribbon
waveguide. The Fermi levels of graphene rectangle cavities
1 and 2 are initially set to 0.40 eV and 0.44 eV, respectively.
Figure 6 reveals the analysis of the dynamic transmission fea-
tures for two cavities side-coupled with a graphene nanorib-
bon waveguide system using a temporal CMT. The normalized
amplitude g; for the time-harmonic field e 1’ of the ith cavity

(i = 1, 2) for the time-harmonic field e 3¢

[16]

is provided by the
following expressions

dar = (—jo; — K Kw.1)
dar ALY int, 1 w,1)a1
/RSt + RSt (12)
day .
ar = (—Jah—Kim,z—Kw,z)az

VK2 S+ /RS (13)

where @; (i = 1, 2) are the intrinsic resonant frequencies of
the two cavities, ky; (i = 1, 2) is the attenuation ratio due
to energy coupling into the plasmonic waveguide, and Kin;
(i =1, 2) is the attenuation ratio of the i-th rectangle cavity;
Ow1 =23.1, Qw2 =22.5, Qi1 = 127.7, Qinep = 132.2, and
0;=19.1.

Fig. 6. Schematic diagram showing the realization of the principle of the
single-PIT effect in two cavities side-coupled with a graphene nanoribbon
waveguide.

The current study assumes the presence of only the light

of the positive x direction (S(_z)-

in = 0), and the transmission

and reflection coefficients of a single cavity side-coupled with
a graphene nanoribbon waveguide system are expressed as fol-

lows:
(0 — @) + King,i
() = OO K (14)
(0 — @) + King + K
K .
ri(w) = —- i (15)

i(@; — ©) + Kingi + K
The output transmitted efficiency for the two graphene rectan-
gle cavities side-coupled with a graphene nanoribbon waveg-

uide system can be expressed as follows: (43
2
) 2
| n ((D)tz (1))
h= == = . 16
2 |b| S<1) l—rl(w)r2(a))6]¢ ) ( )

+,in
where #, is the transmission coefficient of two graphene rectan-
gle cavities side-coupled with a graphene nanoribbon waveg-
uide system, and ¢ is the phase shift between two rectangle
cavities.
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Fig. 7. Single-PIT effect simulation analysis of two cavities side-coupled
with a graphene nanoribbon waveguide system. (al)-(d1) Transmission
spectrum of the single-PIT effect. (a2)-(d2) Corresponding transmission
phase shift responses and group index.

Figure 7 shows the results of the transmission spectra,
corresponding transmission phase shift responses, and group
index under different graphene Fermi levels (from 0.41 eV
to 0.44 eV). The resonant wavelength of rectangle cavity 2
is blueshifted as the graphene Fermi level of cavity 2 in-
creases, and the wavelength detuning between the two cavi-
ties increases. The PIT peak wavelength blueshifts because
of the reduction in effective refractive index. The transmis-
sion spectrum shows a PIT peak because of the strong cou-
pling between two cavities and the phase shift value of 2mn
(where m is an integer). Figures 7(a2)-7(d2) show that the
transmission phase shift is O & at the peak wavelength due
to the Fabry—Perot resonance. Figures 7(al)-7(d1) reveal the
gradual increase in transparent peak as the wavelength detun-
ing increases, indicating an increase in coherent interference
between the two rectangle cavities. Figure 7(al) proves that
the bandwidth is ultranarrow when the graphene Fermi level
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of cavity 2 is 0.41 eV, and a low PIT peak is obtained. Fig-
ure 7(d1) shows that the bandwidth reaches a maximum when
the graphene Fermi level of cavity 2 is increased to 0.44 eV,
and the peak value of PIT reaches 62%. This result indicates
that strong destructive interference is achieved between the
two rectangle cavities.

The maximum delay of this PIT system is inversely pro-
portional to the bandwidth of transmission because of the prin-
ciple of the delay bandwidth product, resulting in a tradeoff
between the group index and wavelength detuning. Thus, the
group index decreases as the wavelength detuning increases at
the peak wavelength, as indicated in Figs. 7(a2)-7(d2). Mean-
while, the intensity of the PIT transparent peak decreases as
the group index increases. This phenomenon is due to the ad-
ditional time spent by the signal light in both rectangle cavi-
ties, resulting in increased light power loss by resonance in the
cavities. The group indexes of the peak wavelength are 79.2,
53.2,37.4, and 28.3 with the graphene Fermi levels of cavity 2
of 0.41, 0.42, 0.43, and 0.44 eV, respectively, as shown in the
black dots of Figs. 7(a2)-7(d2).

Figures 8(a)-8(c) show that the magnetic field simulation
of |H,|? is depicted at the transmission peak and the two dip
wavelengths to further understand the coupling mechanism of
this structure. Figure 8(a) demonstrates the magnetic field dis-
tribution at the resonance wavelength of cavity 1 at 6650 nm
when the Fermi levels of cavities 1 and 2 are set to 0.40 eV and
0.44 eV, respectively. Figure 8(b) shows the magnetic field dis-
tribution at the peak wavelength of the PIT effect at 6256 nm,
and the corresponding transmission spectrum of the PIT effect
is presented in Fig. 7(d1). Figure 8(c) shows the magnetic field

distribution at the resonant wavelength of cavity 2 at 5983 nm.
The results show that Fabry—Perot resonance exists between

the two rectangle cavities.

(# =6650 nm (b) Ao =6256 nm (c) A, = 5983 nmf]!
- :::::::2:_:&:::::;:;?:;“‘ 0
L» g7 ¥ .- I—1
Fig. 8. |H,|> magnetic field distributions of the single-PIT effect in two cavi-
ties side-coupled with a graphene nanoribbon waveguide system at the reso-
nance wavelength.

Table 1 shows the maximum transmission and group in-
dex of the single-PIT system under different Fermi levels of
graphene rectangle cavities at the peak wavelength of PIT. The
maximum transmission of the single-PIT effect of bright and
dark mode coupling systems is tuned from 58% to 71% due
to the changing Fermi level of the graphene rectangle cav-
ity 2 from 0.39 eV to 0.42 eV, and the group index is con-
trolled between 74.9 and 66.1. This condition indicates that a
fine-tuning method of the group index can be obtained in this
PIT system. Alternatively, the maximum transmission of the
single-PIT effect of two cavities side-coupled with a graphene
nanoribbon waveguide system is tuned from 10% to 62% due
to the changing Fermi level of the graphene rectangle cavity
2 from 0.41 eV to 0.44 eV, and the group index is controlled
between 79.2 and 28.3. This condition indicates that the group
index is tuned in a large tuning range by dynamically tuning
the Fermi level of the graphene rectangle cavity. These results
can be effectively applied to dynamically tunable light storage
and slow light devices.

Table 1. Maximum transmission and group index of the single-PIT system under different Fermi levels of graphene rectangle cavities at the peak

wavelength of PIT.

System model Fermi levels of graphene

Maximum transmission Maximum group index

rectangle cavities (eV) of PIT peak (%) of PIT system
Ep; =0.40, Erp =0.39 58 74.9
Single-PIT effect of bright and Eg =0.40, Egp = 0.40 64 71.7
dark mode coupling system Er; =0.40, Epy =0.41 67 69.6
Er) =0.40, Epp =042 71 66.1
Ep) =0.40, Epp = 0.41 10 79.2
Single-PIT effect of F1 =040, Epy )
- . Ep; =0.40, Epy =042 31 532
two cavities side-coupled with
. Ep; =0.40, Epp = 0.43 41 37.4
a waveguide system
Ep; =0.40, Epp = 0.44 62 28.3

5. Simulation results and discussion of dual-PIT
effect in triple cavities side-coupled with a
graphene nanoribbon waveguide system

Figure 1(c) shows that the dual PIT system comprises
rectangle cavity 1, cavity 2, cavity 3, and a graphene nanorib-
bon waveguide. The graphene rectangle cavity 1, cavity 2,
and cavity 3 have an initial Fermi level of 0.42, 0.43, and
0.44 eV, respectively. Figure 9 shows that the dynamic trans-

mission features for triple graphene rectangle cavities side-
coupled with a graphene nanoribbon waveguide system are
analyzed by a temporal CMT. The normalized amplitude a;
for the time-harmonic field e 3¢’ of the i-th cavity (i=1, 2, 3)
are analyzed by the following

da1

O (jor — King,1 — Kw,1) a1

/RS + RSt (17)
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da .
7dt2 = (jo — Kint2 — Kw2) @2
) .
+ Kw,2S+_’in+ KW,ZS,JH» ( 8)
da .
7dt3 = (jo3 — Kint3 — Kw3) a3
VRSO + EasSY) 19
+vKw3 +,in+ Kw,39 i (19)

where @; (i = 1, 2, 3) represents the intrinsic resonant fre-
quencies of the three cavities, Kin; (i = 1, 2, 3) is the attenu-
ation ratio of the i-th rectangle cavity, and &y ; (i = 1, 2, 3) is
the attenuation ratio due to energy coupling into the graphene
nanoribbon waveguide.

The conservation of energy indicates that the output wave

amplitude of each rectangle cavity can be analyzed (i = 1, 2),

as follows:
S = 802, (20)
SUa =5, &2, @1)

where ¢ is the transmission phase shift between cavities 1 and
2, and ¢, is the transmission phase shift between cavities 2 and
31 =0 =9).

The output transmitted efficiency for triple graphene
rectangle cavities side-coupled with a graphene nanoribbon
waveguide system can be analyzed as follows:

2
) (3)
+,out
Ty = |t = | =
<)
+,in
10003 |2

B |(051 + K, 1)(03 + Ky, 3) 00e1? — Ky 1 Ky 3006739 + (00 + Koy, 1) (Kiw 203630 + Koy 1 Ky 3610 — 1) — Ky, 1 K 2066+ Ky, 1 K 2 Ko 3 (€730 — 1)| ’

where ) = j(@0 — @1) + Kint,1, 02 = j(® — @) + Kint 2, 03 =
j(0 — @3) + Kin 3; £ is the transmission coefficient of triple
graphene rectangle cavities side-coupled with a graphene
nanoribbon waveguide system.

FDTD simulations revealed that the corresponding res-
onant wavelengths of rectangle cavities 1, 2, and 3 are [6815,
6625, and 6435 nm], [6650, 6460, and 6270 nm], [6483, 6293,
and 6103 nm], and [6324, 6134, and 5944 nm] when Fermi
levels of graphene rectangle cavities 1, 2, and 3 are [0.39,
0.40, and 0.41 eV], [0.40, 0.41, and 0.42 eV], [0.41, 0.42, and
0.43 eV], and [0.42, 0.43, and 0.44 eV]. The corresponding in-
trinsic quality factors are presented in Fig. 2. The total quality
factors are caused by the following two PIT transparent peaks.
The total quality factor Q; of the graphene rectangle cavity can
be calculated from Q; = A9/AA, where A and AA are the peak

(22)

wavelength and full width at half maximum of the reflection
spectrum, respectively. Therefore, the corresponding coupling
quality factors of rectangle cavities 1, 2, and 3 can be obtained
in accordance with Qy = QinOt/(Qint — Ot), as shown in Ta-
ble 2.

[{/.
int,1 ooooe

Fig. 9. Schematic diagram showing the realization of the principle of the
dual-PIT effect in triple cavities side-coupled with a waveguide system.

Table 2. Qiy, O, and Oy under different Fermi levels of graphene rectangle cavities in triple cavities side-coupled with a graphene nanoribbon waveguide

system.

Fermi levels of graphene
rectangle cavities (eV)

The corresponding intrinsic quality factors

The total quality factors The corresponding coupling quality factors

Er1 =0.39, Epy =0.40, Ep3 = 0.41
Ep; =0.40, Ep; = 0.41, Ep3 = 0.42
Ep; =0.41, Epp =042, Ep3 =043
Er1 =0.42, Epy =0.43, Ep3 = 0.44

Oint,1 = 108.2, Qi p = 113.5, Qine 3 = 120.1
Oint,1 = 113.4, Qinep = 120.1, Qi3 = 126.5
Oin,1 = 120.1, Qjne o = 126.1, Qi3 = 132.9
Oint,1 = 125.2, Qinep = 132.3, Qine 3 = 139.7

011 =902,885  Qy =540.1, Qyo = 432.2, Oy 3 = 329.2
02 =80.4,77.6 Qw1 =272.8, Oy =223.1, Q3 = 197.1
03 =727,703 Qi =1842,Qy2=159.8, 0,3 = 149.5
04 =656,634  Qui=1372, 042 =130.3, 0y3 =116.3

Figure 10(d1) shows that A, B, and C are the correspond-
ing transmission dips when the Fermi levels of rectangle cav-
ities 1, 2, and 3 are 0.42, 0.43, and 0.44 eV, respectively.
Peak I is the PIT transparent peak, which is caused by the

light resonance in cavities 2 and 3. The amplitude of the in-

put wave in cavity 1 is equal to that in cavity 2 because the

(1 _ @
+,in S+,in’

Ty = |S(+37)0ut /Sf)m|2. Similarly, peak II, which is caused by the

light is not coupled into cavity 1. Therefore, S and

resonance of the light in cavities 1 and 2, is the PIT transparent

peak. The amplitude of the output wave in cavity 2 is equal to
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that in cavity 3 because the light is not coupled into cavity 3.
Herein, Sgrz}out - S(+3.,)out’ and 73’ = |S(+2,)out/S(1) 2.

) +.in
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Fig. 10. Dual-PIT effect simulation analysis of triple cavities side-coupled
with a graphene nanoribbon waveguide system. (al)-(dl) Transmission
spectra of the dual-PIT effect. (a2)—(d2) Corresponding transmission phase
shift responses and group indexes.

Figures 10(al)-10(d1) show the normalized transmission
intensity spectra of the dual-PIT effect under various Fermi
levels of graphene rectangle cavities. The resonant wave-
lengths of cavities 1, 2, and 3 show a blue shift, and the
two PIT transmission peaks increase with the Fermi levels of
graphene rectangle cavities, as shown in Figs. 10(al)-10(d1).
The transmission peaks I and II of the dual-PIT effect are the
minimum values of only 21% and 18%, respectively, when the
Fermi levels of graphene rectangle cavities 1, 2, and 3 are 0.39,
0.40, and 0.41 eV, respectively, as shown in Fig. 10(al). How-
ever, the values of the transmission peaks I and II can reach
74% and 71%, respectively, when the Fermi levels of graphene
rectangle cavities 1, 2, and 3 are 0.42, 0.43, and 0.44 eV, re-
spectively, as shown in Fig. 10(d1). These results indicate that
the dual-PIT effect can be effectively tuned by adjusting the
Fermi level of the graphene rectangle cavity.

Figures 10(a2)-10(d2) show the transmission spectrum
phase shifts and group indexes of dual-PIT effect with the
change in the Fermi level of graphene rectangle cavity. The
results reveal the aggressive phase changes of the dual-PIT
windows. The strong destructive interference near the peak
of the transparency in the monolayer graphene-PIT structure
results in a drastic dispersion. Hence, this phenomenon can
induce a phase mutation, and the round-trip phase difference

between the two cavities in the PIT system is an integer multi-
ple of 27. The transmission phase shifts of the dual-PIT effect
caused by the light resonance in cavities 1 and 2 as well as cav-
ities 2 and 3 are Ow. The dispersions are normal in the three
cavity systems. Then, the phase dispersion results in a change
in the group index. The group index of the dual-PIT system
increases with the decrease in the Fermi level of the graphene
rectangle cavity, and the two transmission peaks decrease, as
shown in Figs. 10(a2)-10(d2). This trend is due to the ad-
ditional time spent by the signal light in resonance between
cavities 1 and 2 as well as that between cavities 2 and 3, result-
ing in increased optical power loss among the three rectangle
cavities. Therefore, the output light intensity of the dual-PIT
system decreases with the graphene Fermi level. Moreover,
a large group index is always maintained at the peak wave-
length of the dual-PIT system. The corresponding maximum
group indexes are 143.2, 127.3, 116.2, and 108.6, as shown
in the black dots of Figs. 10(a2)-10(d2). These results can
be applied to dynamically tunable two-channel optical filters,
optical modulators,** and slow light devices because of high
transmission and ultranarrow bandwidth. 2]

The field distributions of |H,|> at the two peak wave-
lengths are depicted by simulation at the transmission peak
wavelengths, as shown in Figs. 11(a) and 11(b) to further
understand the dual-PIT effect mechanism of this structure.
Herein, the Fermi levels of rectangle cavities 1, 2, and 3 are
0.42, 0.43, and 0.44 eV, respectively. Figure 11(a) shows the
magnetic field distribution at the peak wavelength of A;p =
6232 nm when the light is resonated between cavities 1 and 2.
Moreover, figure 11(b) shows the magnetic field distribution at
the peak wavelength of Ay3 = 6029 nm when the light is res-
onated between cavities 2 and 3. The corresponding transmis-
sion spectrum of the dual-PIT effect is shown in Fig. 10(d1).
The results indicate that the three rectangle cavities act as three
resonators, and the Fabry—Perot resonance is realized between
cavities 1 and 2 or cavities 2 and 3. Therefore, the formation
mechanism of the dual PIT effect is the same as that of the
single PIT effect, which is caused by resonance between two
rectangle cavities.

(a)  Ap=6232 nm (b)  Ay3=6029 nm = - ll

-
D . et
V--‘-.---'-.-.---.-.-.--A‘ ‘ e ‘O

L»a: o e '_1

Fig. 11. |H,|* magnetic field distributions of the dual-PIT effect in triple cav-
ities side-coupled with a graphene nanoribbon waveguide system at the peak
wavelength.

6. Simulation results and discussion of triple-
PIT system

Figure 1(d) shows that the triple PIT system comprises
rectangle cavities 1, 2, 3, 4, and the graphene nanoribbon
waveguide. The triple-PIT effect is also obtained by the com-
bination of a bright and dark mode coupling and the cavities
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side-coupled with a graphene nanoribbon waveguide mecha-
nism. The Fermi levels of graphene rectangle cavities 1, 2, 3,
and 4 are initially set to 0.40, 0.42, 0.42, and 0.44 eV, respec-
tively. The dynamic transmission characteristics for the triple-
PIT system in Figure 12 are analyzed by a temporal CMT. The
normalized amplitude g; for the time-harmonic field e ¢! of
the i-th cavity (i = 1, 2, 3, 4) are given by the following equa-

tions
da; .
e (j@o1 — Kin,1 — Kw,1) ai
+v/ Kw,lsgrl,)in ++/ KW,IS(_{)in —jMpaz,  (23)
day . )
FT (joo1 — Kint2) a2 —jMi2a1, 24)
das .
T (j002 — Kint;3 — Kw,3) a3
t
+v/ Kw,355r2,)in +/ Kw,35(_21>i[1 —jUzsas,  (25)
day . i
o (j®o2 — Kint4) a4 — jU3sa3, (26)

where wy; is the intrinsic resonant frequency of cavities 1 and
2, and @y is the intrinsic resonant frequency of cavities 3
and 4. K, ; (i =1, 3) is the attenuation ratio due to energy
coupling into the graphene nanoribbon waveguide, and Ky
(i=1,2,3,4)is the attenuation ratio of the i-th rectangle cav-

ity. o = o1 /(2Qc.1) and pz4 = @02/ (20, 2) are the coupling
\

coefficients between cavities 1 and 2 and between cavities 3
and 4, respectively. Qw; (i =1, 3), Qin; (i = 1, 2, 3, 4), and
Q.. (i =1, 2) are the waveguide coupling loss, cavity quality
factors due to the intrinsic loss, and direct coupling between
bright and dark modes, respectively.

Rint,2

Hint,l

Fig. 12. Schematic diagram of the realizing principle of the triple-PIT sys-
tem.

The energy conservation of the output wave amplitude in
each cavity indicates that the output spectral transmittance of
the system for the triple-PIT system is as follows:

2
T gl S| _ (Bs + (13,/B) (B + (1hs/B2)) 2 o
! s (Br + w1 + (12/B2)) (B + K3 + (134/Ba) )i — K1 Kw3e 30|

where i = j(@ — @o1) + Kine,1, B2 = j(@ — @01) + Kin,2, B3 =
j(0 — o) + Kine3, Bs = j(@ — wo2) + Kine s, and 74 are the
transmission coefficients of the triple-PIT system.

The total quality factors are caused by the triple-PIT

transparent peaks. The corresponding intrinsic quality factors,
total quality factors, and the coupling quality factors of rectan-
gle cavities 1 and 3 are shown in Table 3. Herein, Q. 1 =42.13,
41.85,41.27,40.93, and Q. » = 41.43, 41.12, 40.87, 40.46.

Table 3. Qiy, O, and Qy, under different Fermi levels of graphene rectangle cavities triple-PIT system.

Fermi levels of graphene
v . g P The corresponding intrinsic quality factors
rectangle cavities (eV)

The total quality factors The corresponding coupling quality factors

Epy = 0.40, Egy = 0.39,
Ep3 = 0.42, Epy = 0.41
Er) = 0.40, Er; = 0.40,
Eps = 0.42, Epy = 0.42
Ep1 = 0.40, Ep, = 0.41,
Ep3 = 0.42, Epy = 0.43
Ep1 = 0.40, Ep, = 0.42,
Ep3 = 0.42, Epy = 0.44

Oin,1 = 119.5, Qi 2 = 116.2,
Oin3 = 117.1, Qi s = 113.3
QOint,1 = 123.1, Qi 2 = 122.5,
Oint3 = 119.2, Qinea = 119.6
Oint,1 = 124.3, Qi = 131.2,
Oint3 = 121.7, Qina = 125.6
Oint,1 = 127.8, Qine2 = 136.1,
Oint3 = 124.2, OQinea = 133.5

Q.1 =44.36, 0,3 = 47.88 Qw1 =71.02, O3 = 81.00

Oi1 =43.21, 03 =47.04 Ow,1 = 66.57, Qw3 =77.71
O1 =42.37, 013 =46.19 Ow1=64.28,0y3=74.44

O1 =41.50, 03 =45.32 Qw1 =61.46, Qw3 =71.36

Figure 13(d1) shows that peak I is the PIT transparent
peak obtained by the bright and dark mode coupling mecha-

nism attributed to the light resonance in cavities 1 and 2. The

amplitude of the output wave in cavities 1 and 2 is equal to that
in cavities 3 and 4 because the light is not coupled into cavities

3 and 4. Hence, S\, = STh,. and Tf = |51, /S) . Tn-
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stead, peak Il is the PIT transparent peak based on the cavities
side-coupled with a graphene nanoribbon waveguide mecha-
nism attributed to the light resonance in cavities 1 and 3. Con-
|2

sequently, 7, = |S out/ st! Similar to peak I, peak III is

+,in
the PIT transparent peak based on the mechanism of the bright
and dark mode coupling caused by the light resonance in cav-
ities 3 and 4. The amplitude of the input wave in cavities 1

and 2 is equal to that in cavities 3 and 4 because the light is

not coupled into cavities 1 and 2. Therefore, SSr )m SSL )m, nd
"no__ 2
T |S+ Ollt/SJ,» 1n|
1.0 TJ0.40 oV 150 @2)
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Fig. 13. Triple-PIT effect simulation analysis. (al)—(d1) Transmission spec-
tra of the triple-PIT effect. (a2)—(d2) Corresponding phase-shift responses
and group indexes.

Figures 13(al)-13(d1) show the normalized transmission
intensity spectra of triple-PIT effect under various Fermi levels
of graphene rectangle cavities. The peak wavelengths show a
blue shift, and the triple-PIT transmission peaks increase with
the Fermi levels of graphene rectangle cavities, as shown in
Figs. 13(al)-13(d1). Figure 13(al) shows that the transmis-
sion peaks I, I, and III of the triple-PIT effect are the minimum
values of 51%, 44%, and 51%, respectively, when the Fermi
levels of graphene rectangle cavities 1, 2, 3, and 4 are 0.40,
0.39, 0.42, and 0.41 eV, respectively Meanwhile, the values of
the transmission peaks I, I, and III can reach 74%, 65%, and
73%, respectively. These results are attributed to the strength-
ened coupling strength, which is affected by the resonance be-
tween the bright and dark modes and the resonance between
rectangle cavities and a graphene nanoribbon waveguide when
the Fermi levels of graphene rectangle cavities 1, 2, 3, and 4

are 0.40, 0.42, 0.42, and 0.44 eV, respectively, as shown in
Fig. 13(d1). Therefore, the triple-PIT effect can be effectively
tuned by adjusting the Fermi level of the graphene rectangle
cavity.

Figures 13(a2)-13(d2) show the transmission spectrum
phase shifts and group indexes of triple-PIT effect with the
change in the Fermi level of graphene rectangle cavity. The
group index sharply drops due to the sudden change in the
phase shift at the transmission dip. A 27 phase shift exists
at the peak wavelength, and the highest group index reaches
161.4. Hence, a large group index is obtained near the trans-
mission dip due to the strong dispersion. The corresponding
frequency light signal remains longer than other frequencies
when it travels in this structure. This feature enables the device
to be used in optical storage applications. If the Fermi level
of the dark mode of cavities 2 and 4 is tuned to differ from
the bright mode of cavities 1 and 3 by varying applied volt-
age attached to graphene, then the group index increases, and
the corresponding maximum group indexes are 161.4, 144.8,
131.4, and 115.8, as shown in the black dots of Figs. 13(a2)—
13(d2). Thus, the triple-PIT phenomenon can be effectively
modulated to seek the desired slow light effect. These results
can be applied to dynamically tunable three-channel optical
filters,[®! optical modulators,*#! sensors,!*! switching,[4647]
and slow light devices!!!! with high transmission, ultranarrow
bandwidth, and good slow light effect.

(a) A34=5935 nm (b) /\13—6185 nm (c) “Ap = 6440 nm!

— -

Fig. 14. |H,|> magnetic field distributions of the triple-PIT effect at the peak
wavelength.

Figures 14(a)-14(c) show the field distributions of |HZ\2
at the three peak wavelengths represented by I, II, and III by
using the FDTD method in Fig. 13(d1) to further understand
the triple-PIT effect mechanism of this structure. The field dis-
tributions of |HZ|2 shown in Figs. 14(a) and 14(c) demonstrate
that the strongly destructive interference between the bright
and dark cavities produced the transmission peaks I and III,
thereby enabling the propagation of the SPP wave through
the structure without limitation. Notably, the dark cavity is
activated strongly, and the magnetic field of the bright cav-
ity is activated weakly at 5935 nm and 6440 nm. Therefore,
the drastic excitation of the dark cavity can destructively re-
strain the oscillation of the bright cavity. Moreover, the occur-
rence of the transmission peak II at 6185 nm is very different
from that of peaks I and III because all bright cavities are acti-
vated simultaneously, as shown in Fig. 14(b). Meanwhile, the
bright-dark mode and waveguide couplings between the cavi-
ties below and above the graphene nanoribbon waveguide af-
fect the transmission spectrum simultaneously. The formation
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of transmission peak II is due to the destructive interference
between the magnetic fields of cavities below and above the
graphene nanoribbon waveguide.

Table 4 shows the maximum transmission and group in-
dex of the dual and triple-PIT systems under different Fermi
levels of graphene rectangle cavities and pump light intensity
at the peak wavelength of PIT. The transmission peak of the
dual-PIT effect is tuned from 21% to 74% and the group index
of the dual PIT system is controlled between 143.2 and 108.6
when the Fermi levels of graphene rectangle cavities 1, 2, and
3 are 0.39 eV to 0.42 eV, 0.40 eV to 0.43 eV, and 0.41 eV
to 0.44 eV, respectively. This finding indicates that dual PIT
systems always maintain a large group index and good slow
light effect. Furthermore, the transmission peak of the triple-
PIT effect is tuned from 51% to 74%, and the group index of
the triple-PIT system is controlled between 161.4 and 115.8
when the Fermi levels of graphene rectangle cavities 2 and 4
are 0.39 eV to 0.42 eV and 0.41 eV to 0.44 eV, respectively.
Thus, the maximum group index is realized, and the best slow
light effect can be obtained in the triple-PIT system. Mean-
while, as the intensity of the PIT transparent peak decreases
at all PIT windows, the group index increases. The reason is
that as the signal light takes more time to resonate in rectangle
cavities, more light power is lost by scattering in the cavities.
Therefore, the group index is enhanced at all PIT windows.

The resonant wavelengths of the three cavities are blue-

shifted at the same time, the bandwidth is almost constant and
the transmission spectrum changes more obviously with the
increase of the Fermi levels of the three rectangle cavities,
which is different from the bandwidth widening in the two
cavities side-coupled with a graphene nanoribbon waveguide
system. According to

¢ J0(w)

T 90

the group index increases. It is worth noting that the transmis-
sion phase shift in the triple PIT windows violently changes.
In this ultracompact structure, the strong destructive interfer-
ence near the transparent peak results in a more severe disper-
sion and a stronger coupling between the rectangle cavities.
A mutation of the transmission phase shift can be obtained in
this work. Hence, the stronger dispersion and coupling lead to
the increase of the group index.

In addition, Han et al. proposed that the multiband PIT ef-
fect is dynamically tuned by a pump light.[?®! The maximum
transmission of the PIT effect is 58% when the intensity of
the pump light is 5 MW-cm ™2, and the group index can reach
6. Dynamically tunable slow light effect is obtained using the
pump light. However, a considerably large group index can be
obtained, and an effective slow light effect can be achieved in
the PIT system investigated in this study.

Table 4. Maximum transmission and group index of the dual- and triple-PIT systems under different Fermi levels of graphene rectangle cavities and pump

light intensity at the peak wavelength of PIT.

Tuning . Maximum transmission Maximum group
System model Corresponding parameters (eV) .
method of PIT peak (%) index of PIT system
Er; =0.39, Epp =0.40, Ep3 = 0.41 21 143.2
Dual-PIT effect of triple Fl F2 F3
e . Ep; =0.40, Epy = 0.41, Ep3 =042 37 127.3
cavities side-coupled with — 041 042 043 50 1162
Graphene waveguide system Epy =0.41, Epp = 0.42, Eps =0. ’
Fermi Er) =042, Epp =0.43, Ep3 = 0.44 74 108.6
level Ep) =0.40, Epp = 0.39, Ep3 = 0.42, Epg = 0.41 51 161.4
Triple-PIT system Ep) =0.40, Epy = 0.40, Ep3 = 0.42, Epg = 0.42 62 144.8
Ep; =0.40, Epy = 0.41, Ep3 = 0.42, Epg = 0.43 67 1314
Ep; =0.40, Epp = 0.42, Ep3 = 0.42, Eps = 0.44 74 115.8
Pump Triple-PIT effect of four
light disk cavities side-coupled I=5MW-.cm~?2 581261 6261
intensity with a waveguide system

7. Conclusion

In summary, dynamic tunable multiband PIT effects are
theoretically and numerically studied on the basis of consid-
erable rectangle cavities coupled with a plasmon waveguide
system by tuning the Fermi level of the graphene rectangle
cavity. Two completely different realization methods are used
to achieve single-PIT effect: one is the bright and dark mode
coupling through direct destructive interference, and the other
is the cavity coupled with a graphene nanoribbon waveguide
through indirect destructive interference. In addition, dual-PIT

effect is obtained by three rectangle cavities side-coupled with
a graphene nanoribbon waveguide. The transmission of the
dual-PIT effect can be significantly tuned between 0.21 and
0.74, and the corresponding group index is controlled between
143.2 and 108.6. This finding indicates that a large group
index is maintained and a good slow light effect is realized
in the dual-PIT system. Furthermore, the triple-PIT effect is
achieved by combining bright—dark mode coupling and the
cavities side-coupled with a graphene nanoribbon waveguide

mechanism. The results reveal that considerably sharp trans-
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parent windows of triple-PIT effect can be obtained, a high
transmission is maintained between 0.51 and 0.74, and the cor-
responding group index is controlled between 161.4 and 115.8.
Therefore, the maximum group index is realized, and the high
transmission and the best slow light effect can be obtained in
the triple-PIT system. The proposed structure is ultra-compact
because its size is less than 0.5 um? and considerably easier
to fabricate than the proposed graphene-based metamaterial
structures. Moreover, the slow light effect is more significant
than the metal waveguide coupled structure. Therefore, the
current study not only introduces a novel approach toward the
realization of optical sensors and optical filters, but also has
important application in slow light and light storage devices
with ultrafast, ultracompact, multiband, and dynamic tunable.
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