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The plasmon induced transparency (PIT) effect is investigated in a graphene-based waveguide, which is composed
of a graphene bus waveguide side-coupled with a graphene strip directly and a graphene ring indirectly.
Conventional numerical simulations based on finite element method (FEM) are used to study the transmission
properties through optimizing the relevant parameters, and it is proved that the simulation results agree well
with the analytical results. Then as one of the potential application branches of the PIT-like effect, the property

of refractive index sensing with a higher sensitivity of 4160 nm/RIU is further studied. The result can help to
deepen the understanding of PIT-like effect and nano sensor, and it would be also beneficial for the studies and
applications of nanoscale graphene-based optical devices.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the effect of quantum interference has become one
of the research hot spots in the field of physics because many physical
phenomena are generated in quantum optics and atomic physics, such
as electromagnetically induced transparency (EIT) and electromagnet-
ically induced absorption (EIA). The EIT is generated by quantum
interference between pumping and probing field, which occurs in three-
level atomic system [1,2]. Compared with the EIT in atomic systems,
the plasmonic analogue of EIT or plasmon induced transparency (PIT)
has attracted much attention due to its significant advantages and
wide practical applications, such as sensor [3,4], active plasmonic
switch [5,6], polarization conversion [7], and so on. However, most
of these structures mentioned above are composed of metallic materials
and in real application, it is often needed to change their geometrical
parameters to realize the dynamic control of the PIT-like window, which
significantly limit the scope of their applications. Meanwhile, not only
the metallic structures will have larger propagation losses but also it will
have difficulties in controlling the permittivity, and it will also result in
a lower ability of active modulation. To overcome these shortcomings,
many approaches have been focused on the structures using graphene
material [8-11] in recent years to achieve dynamic tunability of PIT
phenomenon.

Graphene, known as a type of two-dimensional material of which
the carbon atoms are packed in honeycomb like crystal lattice [12,13],

has attracted particular attention in recent years due to its remarkable
electronic and optical properties [14-16]. The latest research results
show that enhanced performance of light-controlled conductive switch-
ing can be achieved in hybrid cuprous oxide/reduced graphene oxide
(Cu20/rGO) nanocomposites [17]. In [18], tunable photoluminescence
of water-soluble AgInZnS-graphene oxide (GO) nanocomposites and
their application in-vivo bioimaging are reported. It is well-known
that in the mid-infrared and terahertz frequency ranges, graphene can
be used as an alternative to the traditional noble-metal plasmonics.
To excite the plasmons in graphene-based waveguide, the periodi-
cally patterned graphene structures [19], sub-wavelength dielectric
gratings [20], have been used in the experiments. Compared with
traditional noble metal materials working in visible and near infrared
frequencies, graphene has some major advantages [21] such as low loss,
extreme mode confinement capacity and dynamic tunability [10,11].
The stronger confinement of plasmons in graphene can create strong
light-matter interactions and can be potentially used to build different
types of optical devices. Moreover, in contrast to the noble metals,
the most notable property of graphene is that its surface conductivity
can be flexibly altered by either chemical doping or gate voltage
[22-25] without refabricating the structure. Based on these unique
characteristics, the graphene has certainly turned to be a very promising
material for optical devices analogue to those using noble metals,
including absorber [26], sensor [27] and PIT applications [10,28-30].
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Fig. 1. (a) 3D schematic diagram and (b) Side view of the graphene-based PIT waveguide
structure.

In [31], plasmon-induced absorption in a single graphene sheet with
two air cavities side-coupled to a graphene nanoribbon is investigated.
In [32], the authors demonstrated that PIT can be achieved by placing
a flat monolayer graphene under a sinusoidally curved graphene layer.
In [33], multi-mode PIT in dual graphene ring resonators is studied,
and in [34], multicavity-coupled graphene-based waveguide system
as well as its PIT transmission is demonstrated. In [35], the authors
have theoretically investigated the PIT characteristics using coupled
mode theory (CMT) in integrated graphene waveguides with direct
and indirect couplings. Recently, Wang et al. investigated the Fano
resonance and its sensing application in an improved grating-coupled
graphene structure [36].

However, as far as we know, few results have been found for the
research of PIT in a graphene-based waveguide coupled to a vertically
placed graphene strip resonator except for Ref. [30], where the authors
use two graphene sheets with finite length placed symmetrically on
both sides of the graphene bus waveguide as two detuned side-coupled
resonators to achieve the PIT-like phenomenon. However, the two
resonators are both standing-wave (SW) cavity, and it is well-known
that the couplings between a bus waveguide and a traveling-wave (TW)
cavity or SW cavity are different [35]. Thus inspired by the special
properties of graphene and the reported research results, this paper is
to design a new type of graphene-based PIT waveguide system, where a
vertical placed graphene strip is used as a resonator, and at the same
time, it is side-coupled with a graphene ring on the top and with a
graphene bus waveguide at the bottom. Meanwhile, the ring resonator
works as a TW cavity while the strip resonator works as a SW cavity.
Then in this paper, the effects of the structural parameters and chemical
potential of the graphene on the transmission characteristics are studied
in detail. In addition, the refractive index sensing performance based
on the PIT-like effect is also to be calculated. This proposed compact
plasmonic structure may pave a new way for the flexible and tunable
PIT-like properties in the application of compact integrated photonic
devices.

2. Geometry and theoretical model

The graphene-based waveguide system designed to demonstrate the
PIT-like phenomenon is shown is Fig. 1. It consists of a graphene ring
and a graphene bus waveguide with a vertical graphene strip placed
in between. The graphene bus waveguide and strip can be made by
chemical vapor deposition (CVD) method [37-39], and the graphene
layer can tightly coat a dielectric nanowire due to van der Waals
force [40] to form the ring resonator. The input optical power can
only be coupled to the graphene ring indirectly through the near-field
coupling with graphene strip. The length of graphene strip is L, the
radius of graphene ring is R, the separation distance between the strip
and the ring is w, and that between the strip and bus waveguide is g.
The overall system is embedded in a background material with a relative
permittivity of €,. Graphene is treated as an ultra-thin two-dimensional
material with a thickness of + = 0.5 nm [41], because the surface
conductivity of graphene remains constant when its effective thickness
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varies, and the mode properties, i.e. the refractive index, are actually
insensitive to the specific value of the thickness, as long as it is small
enough. Its equivalent dielectric constant can be calculated by [42]:

io (w)
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where w is the frequency of the incident light, ¢, is the vacuum dielectric

constant, o(w) is the surface conductivity of graphene, which can be
expressed by the Kubo’s formula [43]
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where T = 300K is room temperature, k is the Boltzmann’s constant,
h is the reduced Planck’s constant, and e is the electron charge. The
electron relaxation time is expressed as = = yuE;/eVZ, where Vj = ¢/300
is the Fermi velocity, E, is the chemical potential, and u = 2.0m?/Vs
is the DC mobility of graphene [41,44]. In our analysis, the incident
light is assumed to be in the mid-infrared wavelength range where the
intraband transition is dominant, and under this condition, the optical
conductivity of monolayer graphene can be simplified as:
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In this paper, the chemical potentials of the graphene waveguide,
graphene strip and graphene ring are respectively set as E;, E,, and
E ;5. During the simulation, only the transverse magnetic (TM) polarized
graphene surface plasmon (GSP) mode is considered throughout this
paper. To excite the plasmon waves in practice in the real structure,
one can refer to the method of Refs. [20,45,46]. The fundamental GSP
mode is injected from the left side of the bus graphene waveguide.
The transmission spectra and field distributions are simulated by the
Comsol Multiphysics based on the finite element method (FEM), and the
2D-RF Module with perfectly matched layer (PML) absorbing boundary
condition is used. Convergence tests are done in the processes of mesh
generation to ensure the accuracy of the calculation. During simulation,
non-uniform mesh is used and the mesh size in graphene layer is 0.1 nm,
and extremely refined mesh size is used in other area.

It should be noted that in [35], PIT phenomenon using graphene
strip resonators placed parallel to the bus waveguide is studied. But
here, compared with the Refs. [8] and [35], a vertical graphene strip
resonator is used in the structure. As we have found that the difficulty of
manipulating the PIT effect will increase if the parallel graphene strip is
used in the proposed structure. That is because it will increase the direct
coupling between the graphene bus waveguide and the ring resonator
even though the whole structure will become compact. What is more,
according to the CMT [35,47], if one considers a waveguide composed
of a bus waveguide side-coupled with only a ring resonator or a strip
resonator, the transmission can be respectively written as
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where w, is the resonant frequency, k; and k, are respectively decay
rates due to intrinsic loss and waveguide coupling loss. Thus one
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satisfied as long as the waveguide size is much smaller than the working

wavelength, and then the minimum transmission T,,;, is less than T,
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which will present a good performance in real application. And thus
a graphene strip resonator is to be used in this paper to study the
transmission properties of the proposed waveguide structure.

3. Simulation and discussion

Before investigating the PIT characteristics of the proposed structure,
we firstly calculated the dependence of the transmission spectrum on
the incident wavelength when the upper graphene ring is absent. The
result shown in Figs. 2(a) and (c) respectively represent the transmission
spectrum when the background material is air and SiO,. The graphene
strip lengths are respectively set as L = 280 nm (black line), L = 300 nm
(red line) and L = 320 nm (blue line) for comparison. The other
parameters are E;; = 0.4 eV, E;, = 0.5 eV, and g = 50 nm. It can
be clearly found that there are two stopbands, which correspond to
the first and second order resonance of the graphene strip respectively,
appearing in the transmission spectra for the given wavelength range.
Meanwhile, the spectra all red shifted with the increase of L. When the
background medium is silica, the whole transmission spectrum moves
to the long wavelength band, and the line widths (the full width at half
maximum, FWHM) of the two stopbands are larger than that of using
air as the background medium. These results can be explained in terms
of the resonant condition of the graphene strip resonator, which can be
deduced from the quasi-static analysis [48-50]
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here, L is the length of the graphene strip, ¢ is the velocity of light
in vacuum, # is an undetermined dimensionless fitting constant, and
Epp = (e, €.) /2 = &, is the effective permittivity of the medium
surrounding the graphene strip. It can be obtained from Eq. (5) that
Ap oy Land 4, x \/587 are always satisfied, that is to say, the increase
of the strip length L and permittivity ¢, will lead to the redshift of
the resonance wavelength. The dependences of the first- and second-
order resonant dip wavelengths on the length of the graphene strip are
respectively shown in Figs. 2(b) and (d) corresponding to Figs. 2(a) and
(c). As is expected, the two dip wavelengths are linear with the strip
length, and the simulation results agree well with the theoretical fitting
results calculated by Eq. (5). The fitting parameter # in Fig. 2(b) is 2.675
or 1.139 for the first- or second-order transmission dips, and is 2.671
or 1.137 in Fig. 2(d). One can find that the fitting parameter is nearly
equal for the same resonant order, and is almost independent on the
surrounding medium of the waveguide structure.

It is known that the performance of a graphene-based waveguide is
greatly affected by the GSP mode confinement and propagation length.
When the SiO, with &, = 2.09 is used as the background medium,
the real part of the effective index Re(neff) = Re(f)/k, and the
propagation loss will increase than the case of air background, and the
maximum transmission rate will also decrease. Here § represents the
propagation constant of GSP wave and k, is the vacuum wavenumber.
Figs. 3(a) and (b) show the propagation length Lp = 1/Im(p#) and the
effective index Re(nef f) of the GSP mode. It can be found that the
effective index will decrease with the increase of working wavelength,
while the propagation length will increase with the increase of working
wavelength, indicating a decreasing propagating loss. Meanwhile, the
effective index in silica is larger than that in air while the propagation
length is smaller. To sum up, one can find that the change of background
medium will not affect the shape of the transmission spectra except for
the locations of transmission dips and the line width of each stopband.
So in order to simplify the numerical simulation, the background
material is assumed to air in the rest of this paper [8,29,46,48]. When
the background medium is set as air, the propagation constant g of the
GSP wave along the suspended graphene sheet can be written as [22]:

2
= (X
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Fig. 2. (a) and (c) are respectively the transmission spectra for different graphene
strip lengths when the upper graphene ring is absent. (b) and (d) are respectively the
dependence of the first and second order resonant dip wavelengths on the length of
the graphene strip. Black dots are simulation results and red line is theoretical result.
The background medium is air in (a), (b) and is SiO, in (c), (d). Here, E;; = 0.4 eV,
E; = 05eV, g = 50 nm. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 3. (a) Effective index and (b) propagation length as a function of the incident
wavelength for graphene sheet embedded in different background material.

Fig. 4. (a) Real part of GSP effective index and (b) GSP propagation length as functions
of working wavelength and chemical potential.

here, ny ~ 377 Q and k, = 2z /4 are respectively the impedance and
the wavenumber in free space. The dependences of Re(neff) and L,
on the incident light wavelength and the chemical potential E, using
Eq. (6) are shown in Figs. 4(a) and (b). Obviously, one can find that for a
fixed incident wavelength, Re(nef f) increases with the decrease of the
chemical potential E;, which means that GSPs are better confined at a
lower chemical potential and that a lower chemical potential will give a
smaller propagation length. Thus, for the considered infrared frequency
range, both these important factors should be taken into consideration in
the design of PIT-like system. Interestingly, one can control the chemical
potential of graphene by external gate voltage without changing the
geometry of the structure, which provides a smart way to actively
control the transmission properties of the proposed structure.

The PIT transmission spectrum of the proposed structure with £, =
04 eV, E; = Ep3 =05eV, R =100 nm, L = 300 nm, g = 50 nm,
and w = 40 nm is shown in Fig. 5(a). For the aim of comparison,
the transmission spectra of the structure with merely graphene strip
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Fig. 5. (a) Transmission spectra without the graphene ring (black curve), without the
graphene strip (red curve) and with both graphene ring and strip (blue curve). The
distributions of the magnetic field component Hz corresponding to the points b, ¢, and
d in (a) are shown in (b) A = 10.11 pm, (c) 4 = 10.73 pm, and (d) 4 = 12.34 pm. The other
parameters are Ef, =04 eV, Ef2 = Eﬂ =0.5eV, R =100 nm, L =300 nm, g = 50 nm,
and w = 40 nm. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

and with merely graphene ring are also given. It can be seen from the
black curve that if the upper graphene ring is removed, the resonant
wavelengths of the first- and second-order transmission dips are about
11.70 pm and 7.62 pm with the two transmission dips both approaching
to zero, which means that most of the field power can be trapped into the
graphene strip at resonance. The red curve is for the case of removing
the graphene strip, and one can see that the resonant wavelength of the
first- and second-order transmission dips are about 9.86 pm and 7.16
pm at this time, and both the two dip transmissions are larger than 0.3.
To sum up, both the two basic structures can act as optical bandstop
filters. When the graphene ring and strip are used simultaneously, as is
shown by the blue curve, two PIT windows occur in the transmission
spectrum, one corresponding to the first-order resonance and the other
to the second-order resonance. The new transmission dips on both sides
of the first- and second-order PIT peaks are all close to zero. In addition,
the wavelengths of the transmission dips on the left sides of the PIT
windows are close to those of the structure with only graphene ring (red
curve), while the wavelengths of transmission dips on the right sides of
the PIT windows are close to those of the structure with only graphene
strip (black curve). For the first order PIT window, the wavelengths of
the two dips and the PIT peak are respectively about 10.11 pm, 12.34 pm
and 10.73 pm. As for the second order PIT, they are about 7.26 pm, 7.73
pm, and 7.41 pm. In this paper, we mainly focus on the first order PIT,
and the result for the second order one is similar. It will be proved that
the left dip (marked as b) and the transparent window (marked as c) are
mainly affected by the upper graphene ring resonator and its coupling
with the graphene strip. And the right dip (marked as d) is relative to
the graphene strip and its coupling with the upper graphene ring. This
phenomenon can also be explained by the destructive interference of
GSPs between two optical pathways [51,52]. In fact, the resonance in
the graphene strip can be directly excited by the incident GSP wave from
the graphene bus waveguide, while the resonance in the ring resonator
can only be excited by the coupling of GSP wave from the strip resonator.
Thus, the lower graphene strip acts as a bright resonator, while the
upper ring behaves as a dark resonator. Then two optical pathways
can be referred as graphene bus-strip-ring-strip and graphene bus-strip.
As a result, the destructive interference of the GSP waves propagating
between these two optical pathways will lead to the formation of PIT-
like transparent window on the spectrum.

In order to give a deep insight into the physical mechanism behind
the PIT-like effect, the distributions of the field component Hz for
the proposed structure at wavelength 10.11 pum, 10.73 pm, and 12.34
pm corresponding to the points b, ¢ and d in Fig. 5(a) are shown in
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Fig. 6. (a) Transmission spectra for different values of R when g = 50 nm, and L = 300 nm.
(b) Transmission spectra for different values of g when R = 100 nm, L = 300 nm. (c)
Simulation (black lines with circles) and theoretical results (red lines) of the resonant
wavelength of the left dips of the first and second order PIT-like transparent windows as a
function of the radius of the graphene ring. (d) Transmission spectra for different L when
R = 100 nm, g = 50 nm. The other parameters are E,; = 0.4 eV, E;,= E;; = 0.5 eV,
w =40 nm. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Figs. 5(b), (c) and (d) respectively. It is well-known that for the
graphene ring resonator, the phase matching condition for the formation
of a standing wave at resonance can be described by the following
equation [53,54]:

(7)

where L,;, = 2zR is the perimeter of the graphene ring, and positive
number m stands for the standing wave order. By using of Eq. (7)
together with Eq. (6), one can find that the wavelength of point b
in Fig. 5(a) is approximately satisfied with the condition of standing
wave formation in the graphene ring with m = 1, and which will
result in a strong field trap in the graphene ring as shown in Fig. 5(b).
However, as can be seen from Fig. 5(c), destructive interference is
formed in the graphene strip and only the dark graphene ring resonator
is efficiently activated, while the bright graphene strip resonator is
strongly suppressed [55]. Also GSP wave can be directly passed through
the graphene bus waveguide, resulting in a PIT-like transparent window.
In Fig. 5(d), the magnetic field is mainly distributed in graphene strip
and is less on the graphene ring. This is mainly because 4 = 12.34 pm is
closer to the first-order resonance of the single graphene strip, and away
from the resonant wavelength of the graphene ring. Furthermore, one
can also find from Figs. 5(b) and (d) that the distributions of Hz in the
graphene strip and the bus waveguide are out-of-phase, which will lead
to the transmission dips b and d. Meanwhile, it can also be considered
that the transmission dip d is mainly controlled by the graphene strip,
while the dip b is relevant to the graphene ring.

To further understand the transmission characteristics of the pro-
posed PIT waveguide on the structure parameters, we firstly fix the
geometry parameters L = 300 nm, w = 40 nm and g = 50 nm but
make the radius of the graphene ring R vary from 80 to 100 nm with a
step of 10 nm so as to study the changes of the transmission spectrum
and the results are shown in Fig. 6(a). It can be found that the overall
transmission spectra are red shifted with the increase of radius R, which
can be interpreted by Eq. (7), namely, the increase of radius R will lead
to the increase of the perimeter of the graphene ring resonator, and
thus the increase of its resonance wavelength. Meanwhile, the redshifts
of the transmission dips on the left sides of the transparent windows
are clearer than those on the right sides. As a result, the line width
(FWHM) of the transparent windows decreases with the increase of R.
In addition, it also certifies that the left dips are mainly controlled by

Lors X Re(neff)=mi
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Fig. 7. (a) Transmission spectra for different values of w. (b) Pseudo color plot of transmission spectrum as a function of w. (¢) FWHM and (d) Q factor extracted from the transmission
spectra for different values of w. Here E;| = 0.4 eV, Ef, = E;3 = 0.5 eV, R =100 nm, L =300 nm and g = 50 nm. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

the graphene ring, and thus people can control the location and the line
width of the transmission spectra by adjusting the graphene ring’s radius
in realizing the applications of filtering or other photonic devices. Next,
the wavelength of the dips on the left sides of the transparent windows
as a function of the graphene ring radius is shown in Fig. 6(c), which
indicates a better agreement between the simulation results (black lines
with circles) and the theoretical results (red lines) calculated by Eq. (7).
The slight difference between the theory and the simulation results,
especially for the first order resonant, is caused by the stronger coupling
between the graphene strip and the ring. Yet the difference can be
reduced by increasing the coupling distance w or taking the higher order
resonance into consideration. Then, the influence of the gap g on the
transmission spectra is shown in Fig. 6(b) with R = 100 nm, w = 40 nm
and L = 300 nm. It is clear that the resonance wavelengths are almost
unchanged when g increases from 30 nm to 70 nm, but the maximal
transmission ratio increases slightly due to the weakened coupling of
the field power from bus waveguide to strip resonator. Fig. 6(d) shows
the relationship between the transmission spectra and the length L of
the graphene strip under the condition of g = 50 nm, w = 40 nm and
R =100 nm. One can find that the positions of the PIT-like windows and
the left transmission dips are very slightly red shifted with the increase
of L, but the line widths of the transparent windows increase clearly
with the increasing L due to the obvious redshift of the right dips. This
further indicates that the right transmission dips are mainly controlled
by the graphene strip resonator.

It is known that the formation of PIT-like effect of the proposed
graphene-based waveguide structure is due to the existence of the
stronger coupling between the bright resonator act by the graphene
strip and the dark resonator act by the upper graphene ring. However,
the interaction between the bright and the dark resonance is mainly
controlled by the separation distance w. Studies of the transmission
properties affected by the parameter w is shown in Fig. 7. It can be
found that when w changes from 40 to 280 nm or even more, the
transmission rate of left dips for both first and second order resonance
will rise gradually, but theirs locations have no clear changes. When w =
280 nm, the transparent window formed by second order resonance will
disappear. The transparent window formed by the first order resonance
will also disappear when w continues increasing. This is because the
increase of w will lead to the weakened coupling between the graphene
strip and the upper graphene ring resonator, and thus one of the optical
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pathways (graphene bus-strip-ring-strip) is to be destroyed gradually.
As a result, the GSPs power entering into the graphene ring resonator
decreases, and the PIT-like transmission spectrum shifts gradually into
the transmission spectrum of the waveguide structure composed of a
graphene bus waveguide side-coupled with a single vertical graphene
strip resonator. During this process, the dips on the right sides of the
first-order transparent windows are clearly blue shifted, but there is no
obvious change for those of the second-order one. All the results shown
here again prove that the left transmission dips are mainly determined
by the graphene ring resonator, and the stronger coupling between the
graphene strip and ring will lead to the redshift of the right dips. Here
the other parameters are the same as those in Fig. 5. To deepen the
understanding of the result shown in Fig. 7(a), the pseudo color plot
of the transmission spectra as a function of separation w is shown in
Fig. 7(b), from which one can see the effect of w on the transmission
spectra more intuitively. As a conclusion, the value of w can be an
effective tuning factor in altering the line shape of the transmission
spectra to present features of stopband filtering and PIT-like effects.
Figs. 7(c) and (d) show the changes of FWHM [56] and the quality
factor of the two transparent windows when w increases from 40 nm to
120 nm with a step of 20 nm. Here the quality factor of the transparent
window is defined as O = A/FWHM and in which 1 is the PIT peak
wavelength. In Fig. 7(c), the FWHM of the two transparent windows
decreases with the increase of w, and the FWHM value of the lower
order PIT-like transparent window is more sensitive to w than that of
the higher order one. The quality factor Q increases with the increase of
w, as plotted in Fig. 7(d) because PIT peak wavelength of the transparent
windows has almost no dependence on w. This result provides a possible
way to control the PIT-like transparent window in real application.

As is known for the graphene-based plasmon waveguide, one of
the greatest advantages is that one can change the chemical potential
of graphene by applying external gate voltage to dynamically adjust
the transmission properties. So the dependence of the transmission
properties of the proposed PIT waveguide on the chemical potential
will be investigated as following. At first, the transmission spectrum for
different chemical potentials of graphene strip E, is studied by setting
E;| = 0.4 eV and removing the graphene ring and the simulation result
is given in Fig. 8(a). The other parameters are the same as those in
Fig. 5. It can be seen from Fig. 8(a) that the transmission spectra are
blue shifted with the increase of £, while the line shape is not affected.
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Fig. 8. (a) Transmission spectra without the upper graphene ring for various chemical
potentials of the graphene strip £,, when E;; = 0.4 eV. (b) Dependence of the resonant
wavelength on E;, when E; = 0.4 eV. Red lines are the analytical results and black
circles are the numerical results. (c) Transmission spectra with E,; = 0.4 eV when
E;, = E;y = E; is different. (d) Transmission spectra with E;; = 0.4 eV, E;, = 0.5
eV when the chemical potential of graphene ring E; is different. Here R = 100 nm,
L =300 nm, g = 50 nm and w = 40 nm. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

This can be also seen from Fig. 8(b), which further illustrates that the
numerical results agree well with the theoretical fitting determined by
Eq. (5). Secondly, the upper graphene ring resonator with chemical
potential E,; is added. Here, E;, = E;; = E; is used and other
parameters are the same as Fig. 8(a), and the transmission spectra
of different E , are shown in Fig. 8(c) in which the blue shift of the
transmission spectrum is observed when E increases from 0.48 eV to
0.52 eV. Thirdly, take the E;, = 0.5 eV and the changed values of
Eg, the simulated transmission spectra are shown in Fig. 8(d). It is
obvious that as the chemical potential of graphene ring E,; increases,
the transmission dips on the left sides of the PIT-like windows are blue
shifted while the right dips have almost no changes. By adjusting the
chemical potential of the graphene ring and strip respectively, one can
dynamically tune the transmission dips and the PIT-like windows, and
thus the proposed graphene-based PIT structure can work as a nanoscale
plasmon filter or other functional devices without changing the size of
the structure.

In order to broaden the applications of the proposed PIT waveguide
structure, it is necessary to further study its transmission characteristics
from the perspective of refractive index sensors. Practically, as an
example, one can select the stopband on the left side of the first
order PIT-like window as the working frequency band. The transmission
properties will be investigated by filling the sample to be detected into
the graphene ring resonator. For the aim of simplicity, the refractive
index of the medium filled in the graphene ring is assumed to be n = 1.00
to n = 1.05 with a step of 0.01 during the numerical simulation, and
the result is shown in Fig. 9. It can be seen from Fig. 9(a) that the
transmission spectrum is red shifted obviously with the increase of
medium index n, and the shift of the transmission dip is about to 208 nm
when the refractive index n varies from 1 to 1.05, which means that the
change of transmission spectrum is sensitive to the change of medium
index n. Fig. 9(b) indicates that the dip wavelength of the transmission
spectrum is linearly dependent on the increase of medium index n.
This is helpful to design refractive index sensors by using graphene
materials in the nanoscale. Fig. 9(c) reveals that the FWHM increases
with the increase of the refractive index. It is well-known that the
sensitivity and the figure of merit (FoM *) are the two basic parameters
for describing a nanoscale sensor. Here the sensitivity is defined as the
ratio of the wavelength shift to the change of refractive index .S = §4/6n
[57,581, which reflects the change of the resonance wavelength when
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Fig. 9. (@) Transmission spectra with different refractive indexes of graphene ring. (b)
Transmission dip wavelength with different refractive indexes. (¢) The FWHM under
different refractive indexes. (d) FOM* as a function of working wavelength. Here E
=04eV, E;=E;; =05eV, R=100nm, L =300 nm, g =50 nm and w = 40 nm.

the refractive index of the medium changes one unit and allows for
the detection of a small refractive index change of the medium filled
in the graphene ring resonator. Meanwhile, another comprehensive
parameter of FOM* used to evaluate the sensing performance is defined
as FoM* = §T/(Tén) [59], where T denotes the transmission in the
proposed structure, and 67 = |T (w,n+ én) — T (w, n)| is the variation
of the transmittance at frequency  caused by refractive index change
&n. The calculated sensitivity is as high as about 4160 nm/RIU in the
wavelength range of 9.5-11.5 pm, which is larger than that obtained
in Refs. [32,60,61]. As shown in Fig. 9(d), when the refractive index
changes from 1.00 to 1.05 with én = 0.05, a obvious sensing response
can be found at the wavelength of about 10.11 pm, and the calculated
result shows that the maximum FoM* is about 175 at this time, which
is superior to that of Ref. [62-64] and is beneficial for the design of
nanoscale photonic sensors.

4. Conclusion

In conclusion, a new type of graphene-based waveguide structure
composed of a bus waveguide side coupled with a graphene strip
resonator directly and with a graphene ring resonator indirectly has
been proposed in this paper. The so-called PIT effect can be achieved
by controlling the relevant parameters. The refractive index sensor is
realized with a sensitivity of 4160 nm/RIU as well as a higher value
of figure of merit. The presented waveguide structure and the features
obtained for it can be useful in optical integrated circuits, especially in
the design of nano sensors, switches, slow light devices, and modulators.
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