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Terahertz plasmon-induced transparency and absorption in compact
graphene-based coupled nanoribbons
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Adnane Noua - Madiha Amrani' - El Houssaine El Boudouti' - Yan Pennec® - Bahram Djafari-Rouhani

Abstract

We investigate theoretically and numerically the possibility of realizing plasmon-induced transparency (PIT) and plasmon-
induced absorption (PIA) in a novel compact graphene-based nanostructure. The main graphene bus waveguide is coupled
to two graphene nanoribbons (GNRs). The PIT effect is obtained by setting the two GNRs in an inverted L-shape aside of
the main waveguide, giving rise to lambda-like configuration in analogy with three atomic-level systems. The possibility
of improving the quality factors of PIT-like resonances is shown and the associated slow light effects are showcased. The
mechanism behind the observed transparency windows is related to mode splitting also known as Autler—Townes splitting
phenomenon. Two PIA resonances are also demonstrated by the same system. This is achieved by inserting the two GNRs,
forming an inverted T-shape, inside the main waveguide. Here the two GNRs are also set in a lambda-like configuration.
We indicate the possibility of improving the Q-factor of the PIA resonances and showcase their fast light features. The PIA
absorption bands are shown to be essentially caused by interference phenomena between three states as in electromagnetic-
induced transparency. The proposed system may help the design of tunable integrated optical devices such as sensors, filters

or high speed switches.

1 Introduction

Recently, a great deal of attention has been paid to mimic
the quantum phenomena in classical systems [1, 2]. These
classical analogs of quantum phenomena enable to avoid
extreme required experimental conditions, and consequently,
make it really easier to achieve practical applications. One
of these quantum phenomena is electromagnetically induced
transparency (EIT), which is a quantum effect occurring
in atomic systems and caused by destructive interference
between different excitation pathways to atomic levels [3].
The effects of EIT are light absorption reduction by the
atomic medium and a steep dispersion over a narrow spec-
tral region. Intense research efforts have been conducted
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to realize the classical analog of EIT in both metal-insula-
tor—metal (MIM) waveguide-based structures and metamate-
rials [4-8]. The plasmonic analog of EIT is called plasmon-
induced transparency (PIT). Recently, the coupling of MIM
waveguides with plasmonic resonators in the shape of nano-
disks has been shown to support PIT with multiple induced
resonance peaks [9-11]. PIT devices based on either MIM-
waveguide structures or metamaterials are built from metal-
lic materials. Nevertheless, it is quite hard to adjust the noble
metal material permittivity, which renders their utilization
in some plasmonic components rather limited. Graphene
is a carbon atom thick layer with outstanding and unique
optical and physical properties. Surface plasmon excitation
on a graphene layer has been shown [12], and as compared
to surface plasmon propagation in metals, graphene plas-
mons manifest a higher confinement and a relatively low
propagation loss [13]. The main advantage of graphene over
noble metals is the possibility to dynamically tune its con-
ductivity by changing its Fermi-level energy; this is per-
formed in practice by applying a voltage gate on graphene
layer [14]. Some years ago, the utilization of graphene and
plasmonics has sparked a large body of research to design
graphene-based metasurfaces [15, 16], photo-detectors [17,
18], optical waveguides [19, 20], refractive index sensors



[21, 22] and perfect multi-band plasmonic absorbers [23].
Furthermore, tunable PIT resonances have been realized in
graphene-based waveguide structures [24], and important
PIT effects were recently achieved in two-layer crossed gra-
phene nanoribbon-based nanostructure [25].

In addition, plasmon-induced absorption (PIA) is a
similar phenomenon to PIT giving rise to a sharp dip in
the transmission spectrum of the system and an enhancing
absorption. PIA arises due to extreme destructive interfer-
ences between dark and bright modes [26]. Recently, PIA
has been investigated in metamaterial-based nanostructures
[27, 28]. It has been shown that PIA can play a significant
role in the realization of THz-integrated spectral control and
the design of ultra-fast optical switching [29], information
storage [30] and optical buffers [31]. However, similar to
electromagnetic-induced transparency (EIT), a plasmon
transparency window may be observed only due to the inter-
action between modes that causes their splitting, a phenom-
enon known as Autler—Townes splitting (ATS) [32-34]; it
consists in field-driven splitting of the optical response of
the system. In particular, unlike EIT-effect no Fano interfer-
ences are involved in ATS phenomenon.

In this paper, we investigate theoretically, based on cou-
pled mode theory (CMT), and numerically, based on finite
element method (FEM), PIT-like effect and PIA phenom-
enon in a compact graphene-based waveguide nanostructure.
The geometry design of the proposed device consists in a
graphene bus waveguide (GBW) and two graphene nanorib-
bons (GNRs) set in an inverted L-shape or T-shape, giving
rise to a lambda-like state in analogy with three atomic-level
system. The two GNRs are, respectively, inserted inside or
aside of the main waveguide as depicted in Fig. 1a, b. These
proposed designs enable the control of the Q-factor of the
PIT(-like)/PIA resonances by adjusting the appropriate
parameters of the structure. Moreover, to the best of our
knowledge, these designs aimed at realizing PIT(-like)/
PIA resonances have not been reported before in the litera-
ture. We demonstrate that PIT(-like) resonances are mainly
caused by mode splitting or ATS-effect, whilst the PIA dips
are shown to arise fundamentally because of EIT phenom-
enon. The graphene waveguide and the two GNRs should
be both embedded in a dielectric material such as SiO,, to
fit practical applications [35].

In that spirit, the proposed device is placed in a dielectric
medium with a dielectric permittivity e = 2.25.

2 Model and simulation method

The in-plane cross section (xy-plane) of the structure is
investigated and analyzed based on FEM method. Specifi-
cally, we use COMSOL Multiphysics to perform the numeri-
cal simulations. In our model, we treat graphene as a very
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Fig.1 a Geometry of a graphene-based waveguide structure side-
coupled to two graphene nanoribbons forming an inverted L-shape
letter shape. b Same as in a but the two ribbons are inserted inside
the waveguide, and set in an inverted T-shape. The three atomic levels
represented as |1 >, la> and Ib> (in analogy with atomic systems) are
sketched within the structure in both configurations (a) and (b)

thin anisotropic material with a thickness A, which we chose
throughout the paper to be equal to 1 nm. The effective sur-
face permittivity of graphene is given by ¢, = 1 + 0'/ £owA
[36], while its normal permittivity is a simple constant
€, = 2.5. Here, o is the surface conductivity of the graphene,
€, 1s the vacuum permittivity and w is the angular frequency.
In the terahertz frequency domain, o takes the form of a
Drude-like expression, o = iezEF / xh%(w + it~ ") [37], where
e, Eg, h, 7 are the electron charge, the Fermi energy level,
the reduced Planck constant and the relaxation time, respec-
tively. The carrier relaxation time is related to the Fermi
velocity, vp = 10° m/s [24], and to the carrier mobility y as
7 = pEg/ev:. We assumed a value of 10° cm?V~"s~! for y as
in [24]. The Fermi energy level of the two GNRs is identical
and is referred to as Ep;, whereas Ep, corresponds to the
GBW Fermi energy level. A fixed value for Ep, is set
throughout this paper such as Ey; = 140 meV. To get rid of
any possible reflections perturbing the system, we put up
PML layers on the bottom and upper sides of the structure.
Numerical port boundary condition is applied at the input
(left side) and output (right side) sides of the system.
Extremely fine triangular mesh is set within PML layers,
whereas a finer (triangular) mesh is used in the dielectric
material. This ensures to have more than five points per
wavelength in these domains. In the graphene, we employ a



triangular mesh with maximum element size such as
1 nm X 0.2 nm, that is, five elements along the graphene
thickness. Numerical tests show that the results do not
evolve if finer mesh schemes are applied, which indicate that
the implemented mesh is sufficient for the numerical con-
vergence of the results. A TM-polarized SPP-eigen mode of
the GBW is excited and launched from the left port; the
transmission spectrum is then recorded at the right end of
the waveguide. In this paper, the transmission coefficient is
defined as the ratio between the output powers measured at
the right end port with and without the two GNRs.

3 Plasmon-induced transparency

In this section, PIT-like resonances are shown in the geom-
etry design sketched in Fig. la with the L-shape GNRs.
The parameters of the system depicted in this figure are set
as follows:d =60 nm, g =10 nm, /; =/, =250 nm and
Ep; =160 meV. In Fig. 2a, we present the corresponding
transmission spectrum recorded at the right end port of the
structure (black curve). For comparison purposes, we also
give in Fig. 2a the transmission spectrum when a single rib-
bon horizontally (red curve) or vertically (blue curve) set
is side-coupled to the GBW. In the case of one vertical rib-
bon, two SPP-eigen modes are found in the frequency range
of interest [4.75, 18.25] THz. One can note that the high
frequency mode is not excited when the ribbon is horizon-
tally set. This is related to the distance of the ribbon to the
waveguide which is quite higher in this case and to the high
confinement of this mode around the ribbon. Indeed, the
low frequency mode is excited (although with less intensity
as compared to the vertical ribbon); and its magnetic field
map (not shown here) indicates that the second order mode
is strongly localized around the ribbon as opposed to the first
order mode. Hence, at such far distances, the mode in the
GNR does not couple well with the guided mode and is not
excited. Now, when both ribbons are coupled to the GBW
(black curve in Fig. 1a), we notice the emergence of two
resonance peaks around 10.5 THz (low frequency peak) and
16.2 THz (high frequency peak) separated by a transparency
window. Each transmission window is surrounded by two
transmission dips. The transmission peaks are plasmon-like
induced transparency (PIT-like) resonances of the system.
The comparison of the transmission of the system with the
transmission spectra of the identical single ribbons is taken
alone (Fig. 2a), indicate that the coupling of the latter causes
the splitting of their transmission dips, giving rise to four
dips either symmetric or anti-symmetric as shown in Fig. 2b,
d, e, g) by the z-component of their magnetic field maps. The
symmetry is defined with respect to the symmetry plane C,,
of the ribbons, which is highlighted by white dashed curve
in the figures. In particular, the H,-field maps at the PIT-like
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Fig.2 a Transmission spectra of the structure depicted in Fig. la for
d=60nm, g =10 nm, /, =, = 250 nm and E, = 160 meV. Trans-
mission spectra when a single ribbon is either vertically or horizon-
tally side-coupled to the waveguide are also shown. b—g H,-field map
within the structure at the transmission dips and peaks referred to as
(1)—(6) in (a), respectively. Notice the different color scales between
b-d and e-g. Symmetry plane Cy, of the two ribbons is highlighted in
dashed white curve

resonances (Fig. 2c, f) reflect a strong coupling between
the ribbons, leading to the suppression of the bright mode
(lower vertical ribbon). The physical mechanism behind the
observed resonance peaks will be discussed in more details
later on in this section.

In the light of temporal coupled mode theory (CMT), the
transmission properties of the system could be fairly well



captured and fitted. Indeed, if we denote by a, and a;, the
energy mode amplitudes of the lower vertical ribbon (bright
mode) and the upper horizontal ribbon (dark mode), respec-
tively, then we can write [38, 39]:
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where o, and w,, are the eigenfrequencies of the vertical
and the horizontal ribbons, respectively. Q.. Q.. Q. and O,
are the quality factors related to intrinsic losses, waveguide
coupling loss and coupling strength between the two GNRs,
respectively. On the other hand, S;, and S;_ are, respectively,
the amplitude of the input and output SPP waves, where the
subscripti = 1, 2 represents the left and right ports (resp.) of
the GBW. It should be noted that |S;, |2represents the power
carried out by the SPP waves. In our model, we set S,, =0,
that is, no SPP wave is launched from the right port. Based
on time reversal symmetry and energy conservation, one
gets the following relationships between the incoming and
outgoing SPP waves:
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The combination of Eqs. (1)—(4) leads to the transmission
spectrum of the structure:
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where 8, , = (0 — @, ;) /@, is used so to normalize the
incident frequency. In our model, we choose 6, = 6, (that is,
®, = w,). Let us mention that the intrinsic quality factors Q;
(i = h, v) can be estimated using Q,; = real(n.g)/2 Im(n.g)
[38], where ng = ki /Ko is the effective refractive index
of the SPP wave propagating along the GNR i, ki, is the
SPP propagation constant and k is the wave vector in vac-
uum. On the other hand, Q.and Q, are evaluated as fitting
parameters. Given that in the frequency range of interest
the system exhibits two PIT-like resonances, we shall follow
the approach of [40] to get the total transmission spectrum.
One gets

S,
S

T =

T=T, xT,, (0)

T, (i = 1, 2) being the transmission coefficient of the sys-
tem associated with the resonance frequency w;,. In Fig. 3, we
give the transmission spectrum provided by the CMT model
along with the FEM-based numerical results. The parameters
of the structure are chosen as in Fig. 2a. One notes that a quite
good agreement is obtained between theoretical results based
on CMT model and numerical simulations, despite some
small discrepancies (in terms of transmission values). We
attribute these to the rough approximations of the intrinsic
quality factors Q; (i = h, v) of the GNRs and the approxima-
tion of the CMT model. Nevertheless, both theoretical and
numerical curves produce a quasi-identical profile, so that the
CMT-based fitting can significantly help understanding the
numerical transmission spectra. It is worth mentioning that
the fitted parameters for the low frequency resonance are found
as Q. ~ 7.8586, Q. = 7.7425 and w, = w,, =~ 10.365 THz.
For the high frequency resonance, one gets Q, = 125.88,
0.~ 987and w, = w, ~ 16.18 THz.

To figure out if the observed PIT-like resonances in the
transmission spectrum of the system are originated by EIT or
Autler—Townes splitting (ATS) [32-34], we proceeded to the
fitting of the numerical results based on the equations provided
in [32-34] where the difference between both phenomena is
highlighted. In the case when the transparency window is
caused by ATS, the numerical spectrum is fitted by two Lor-
entzian lines having the same sign so as to signify the absence
of Fano interferences. The transmission coefficient reads in
this case:
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Fig.3 Transmission spectra provided by the CMT model (red circles)
and the FEM method (black solid line). The parameters of the struc-
ture are chosen as in Fig. 2a



where C, 6, and I, (k=1, 2) are the free fitting parameters
which can be estimated from the numerical transmission
spectrum.

On the other hand, the EIT-fitting function is such that the
two Lorentzians have opposite signs, thereby reflecting the
presence of Fano interferences. One has

C C
Tor =1 - ~ + 2
(a) - a)R) +T,2

(w—a)R)2 +l"22' ®)

Similarly, C, and I', (k=1, 2) are the free fitting parame-
ters whilst wy, is the position of the PIT-like resonance peak.
In Fig. 4a, b, we present the transmission spectra based on
ATS-fitting function together with the FEM spectrum around
the low and high frequency resonances, respectively. The
structure parameters are set as in Fig. 2a. We have checked
that the EIT-function provides a quite poor fitting of the
FEM results (not shown here) around both the low and high
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Fig.4 a Transmission spectra based on FEM method (black solid
line) and ATS-fitting results (green curve) around the low frequency
resonance. b Same as in a but around the high frequency resonance

frequency resonances. Conversely, it can be seen in Fig. 4a
that the ATS fitting is very close to the simulation result at
the low frequency resonance. The same trend is observed
around the high frequency mode (Fig. 4b), where the ATS
function provides an almost perfect fitting. Hence, both PIT-
like peaks are mainly caused by ATS effect rather than EIT
phenomenon. As explained in [32-34], these results indicate
that the lower vertical GNR (bright-mode) is strongly cou-
pled to the upper horizontal ribbon (dark-mode). In other
words, the two GNRs lie in the strong coupling regime in
which the mode splitting is mainly attributed to ATS. To dig
deeper in this, we have progressively increased the coupling
parameter monitoring the coupling intensity between the two
GNRs, that is, the metallic gap g (Fig. 1a). The correspond-
ing results are depicted in Fig. Sa.

We observe that the low frequency PIT-like peak gets
more and more narrow and that the full width at half max-
imum (FWHM) of the two dips surrounding it decreases
down asymmetrically as g increases. The behavior of the
high frequency resonance is similar in that the resonance
peak gets narrower while g is increased. Nevertheless, we
notice a small difference, which is that the FWHM of the
dips surrounding the resonance peak gets decreased down
symmetrically with g. This can be explained by referring
to the z-magnetic field maps depicted in Fig. 2b, g on the
one hand.

Indeed, the first supermode (Fig. 2b) seems more
intensely coupled to the GBW as compared to the sec-
ond supermode in Fig. 2d, which is more localized within
the GNR. On the other hand, the supermodes depicted in
Fig. 2e, g reflect a rather equivalent coupling strength with
the GBW as both these modes are more localized around the
GNRs and less coupled to the GBW.

In the following, we shall check if in the range of the
high values of g (Fig. 5a), the PIT-like resonances shall be
fitted by EIT or ATS corresponding functions. To that end,
we have performed the EIT/ATS fitting of the numerical
results for g = 80 nm, while keeping the remaining param-
eters as before. The results are depicted in Fig. 5b (low
frequency resonance) and 5c (high frequency resonance).
One notices that the EIT function provides a much better
fitting as compared to the case when g = 10 nm, especially
around the high frequency resonance. Nevertheless, the
ATS-fitting function still approaches better the numerical
results in comparison with the fitting provided by the EIT-
based function. This is particularly true around the high fre-
quency mode where the ATS-fitting is almost perfect. Over-
all, the observed trends indicate that at g = 80 nm we are
actually in an intermediate situation where the resonances
fit more or less both ATS and EIT phenomena [32] even
though ATS is a preponderant mechanism as compared to
EIT phenomenon.
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Fig.6 Transmission spectra of the system (of Fig. la) for differ-
ent values of d, namely d = 20, 40, 60 and 80 nm. The rest of the
parameters are kept constant as in Fig. 2a

The results of Fig. 5a demonstrate the possibility of
improving the Q-factors of the resonance peaks by adjusting
the metallic gap g. For instance, for g = 25 nm, the Q-factor
of the low frequency peak is about O, =~ 7, whereas the sec-
ond order mode Q-factor is Q, ~ 19. The increase of g up
to g = 80 nm results in improved Q-factors such as, for the
low and high frequency resonances, one gets Q; ~ 17.2 and
0, = 127, respectively.

Another means by which one can further improve the
Q values is to adjust the parameter d (Fig. 1a) represent-
ing the coupling strength between the GBW and the lower
vertical GNR (bright mode). Figure 6 presents the transmis-
sion spectrum of the system for different values of d. The
remaining parameters are set as in Fig. 2a. The evolution of
the transmission coefficient of the system versus d shows the
improvement of the Q-factor associated with the PIT-like
resonances as d decreases. Indeed, increasing d diminishes
the coupling strength between the GBW and the vertical
ribbon, which results in a narrower dip of the bright mode
and also the dark mode (because of their interaction). As a
consequence, the FWHM of the PIT peaks surrounded by
the bright and dark mode dips increases. Hence, by appropri-
ately tuning the parameters d and g, one can get fairly good
Q-values of the two PIT-like resonances.

The shape of the transmission spectrum for d = 20 nm
seems quite different from the other spectra ford > 20 nm,
especially all the dips reach almost zero and the FWHM of
the two first dips are quite large. This is probably due to the
high interaction between the vertical ribbon and the main
guide (Fig. 1a) for this value.

Alongside the study of the transmission amplitude, it
is quite instructive to analyze the dispersion properties



5 1.5
g 11
Z ) &
10.5
) g
3 2
o ©
E ——Time delay ( 6) v A
- —FPh
-10 e “)
3 1-0.5
)
1
-15 ( -1
0.6 0.8 1 1.2 1.4 1.6 1.8
Frequency [Hz] %1013

Fig.7 Phase and delay time of the structure of Fig. la as a function
of the frequency. The parameters of the structure are chosen as in
Fig. 2a

of the proposed structure (Fig. 1a). To that end, we have
plotted together in Fig. 7 the delay time and the trans-
mission phase evolution as a function of the frequency.
The parameters of the system are set such as:d = 60 nm,
g=10nm, [, =1, =250 nm and Ep, =160 meV. The
delay time is defined as 7 = —j—z, where @ is the phase of
the transmission coefficient. It is worthwhile to recall that
the delay time represents physically the time spent by the
light waves captured by the two GNRs before their trans-
mission to the output. Steep phase drops can be observed
around the transmission dips labeled (1), (3), (4) and (6) in
Fig. 2a, whilst around the induced transparency domains
labeled (2) and (5) the phase becomes steeply positive.
On the other hand, the time delay turns negative at the
transmission dips and gets higher within the transparency
windows, indicating the falling down of the group velocity
(i.e., slow light effect).

The PIT-like resonances may be readily adjusted by
simply shifting the Fermi energy levels of the ribbons.
To show that, we have calculated the transmission spec-
tra of the system for different values of Ey;. The remain-
ing parameters are left unchanged as previously. Figure 8
presents the corresponding results where it can be seen
that the resonance peaks are shifted towards high frequen-
cies with increasing Ep,. The observed trend can be easily
explained if one refers to the relation giving the resonance
wavelength of a single graphene nanoribbon embedded in
a dielectric; this relation reads [41]:
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Fig.8 Transmission spectra of the structure of Fig. la for different
values of Ep;. The rest of the parameters are kept unchanged as in
Fig. 2a

where [ is the nanoribbon length, and # is a dimensionless
fitting parameter (from the simulations data). Based on this
equation, the resonance wavelength is proportional to the
inverse of the square root of the Fermi energy level of the
GNRs, which is coherent with the obtained numerical results
of Fig. 8.

4 Plasmon-induced absorption

Now, we focus on the geometry design sketched in Fig. 1b,
where the lower graphene ribbon is inserted horizontally
along the GBW, whereas the upper ribbon, placed at a dis-
tance g from the GBW, is tilted at an angle 8 from the y-axis.
In this configuration, the two ribbons couple evanescently
through the near field with the two decoupled branches of
the GBW, and transmits only frequencies corresponding to
their eigen-SPP modes to the output. The filtered modes
appear as transmission peaks in the transmission spectrum.
Figure 9a gives the transmission spectrum versus frequency
for each ribbon coupled alone with the GBW (black and
green curves). The parameters of the system are set such as
[, =1, =250 nm, E =160 meV, and g = 10 nm for the
horizontal ribbon. For the inclined ribbon, we choose 8 = 0°
and d = 120 nm. Two transmission modes of the horizontal
ribbon are observed in the frequency range of interest, whilst
the vertically ribbon (above the GBW) gives rise to the first
order transmission mode only (with low intensity), while
the second mode vanishes. This is due to the fact that the
vertical ribbon is weakly coupled to the waveguide being
far apart, especially for the second order mode frequency.
Indeed, as mentioned above this mode does not couple well



Fig.9 a Transmission spectrum of the structure of Fig. 1b when »
a single ribbon is coupled to the waveguide with /;, =250 nm and
g=10 nm for the horizontal ribbon (black curve). For the rib-
bon shifted above the waveguide (green curve), the parameters are:
l, =250 nm, d = 120 nm and @ = 0°. The Fermi energy level of the
ribbons isEg; = 160 meV. b Same as in a but when both ribbons are
present in the structure. ¢-h z-component of the magnetic field map
at the transmission dips and peaks frequencies labeled (1)—(6), in b,
respectively

with the waveguide at such far distances because of its strong
confinement around the GNR. In Fig. 9b, we have calcu-
lated the transmission spectrum of the structure depicted in
Fig. 1b when both ribbons are present.

Two transmission dips labeled (2) and (3) occur between
new emerging transmission peaks. The associated absorp-
tion coefficient (not given here) of the system shows an
enhanced absorption at the transmission dips. Therefore, the
induced transmission dips correspond to plasmon-induced-
like absorption resonances. The physical mechanism behind
these resonances is related to the interaction of the identi-
cal ribbons, giving rise to the splitting of the transmission
modes of one ribbon. The resulting new peaks are rather
either symmetric or anti-symmetric with respect to the sym-
metry plane parallel to the vertical ribbon. This can be seen
in Fig. 9c, e, f, h, where we give the z-component of the
magnetic field map at the transmission peak frequencies.

On the other hand, the magnetic field map at the induced
dips depicted in Fig. 9d—g, indicates that the upper ribbon
is strongly excited, whereas the lower one is much less
excited. To determine which from EIT and ATS fits well
the observed PIA-like dips, we will proceed as before (see
below) to the fitting of the numerical results based on EIT/
ATS-fitting functions.

Following the same theoretical approach [42] developed
in the previous section, we can obtain the theoretical trans-
mission coefficient of the structure (Fig. 1b) based on the
CMT model such as
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where 6 = (0 - ®,,)/w,, and @, = w, = @, in the case
where no detuning is set between the two GNRs as in this
work. As before, Q,,, Q.. O, and Q, refer to the quality
factors related to intrinsic loss, waveguide coupling loss
and coupling strength between the two GNRs, respectively.
The CMT-based fitting results along with the FEM-based
numerical spectrum of the system are presented in Fig. 10a.
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The parameters of the structure are set as in Fig. 9b. A fairly
good fitting can be observed despite some deviations, which
we relate (as mentioned earlier) to the approximations of the
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Fig. 10 a Transmission spectra based on the CMT model (red circles)
and the FEM method (black solid line). The parameters of the system
are fixed as in Fig. 9b. b ATS/EIT-fitting curves of the FEM spectrum
at the low frequency resonance. ¢ Same as in b but around the high
frequency resonance

CMT model and the rough estimations of the fitting param-
eters (Q,.Qopn> O and Q).

- - "tetha=0"[deg]
N —tetha=45 [deg]
=-=-tetha=85 [deg]

0.8

Transmission

0.6 0.8 1 1.2 1.4 1.6 1.8
Frequency [Hz] <1013

Fig. 11 a Transmission spectrum for three different values of 8 = 0°,
45° and 85°, with d =120nm, [, =/, =250 nm, g = 10 nmand
Ep; =160 meV

To get a quantitative answer as to what is the origin of
the PIA-like dips (EIT or ATS), we set out to perform the
ATS/EIT fitting of the simulation results. Specifically, we
used the equations provided in [32-34] for the ATS-fitting
function as follows:

Tars = < + G
M (0-6) 4T (0-6) 4T an

Whereas for the EIT-fitting function, we have
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(a)—a)R)2+F12 (a)—a)R)2+F22’

Ter = (12)

where Cy, 6, and I'y are the free fitting parameters. The cor-
responding results are depicted in Fig. 10b, ¢ around the first
and second order resonances, respectively. The EIT func-
tion truly provides the best fitting to the numerically based
spectrum and does capture all its features; this is even more
visible at around the high frequency resonance. As a result,
the observed resonances can be mainly attributed to the EIT
phenomenon rather than ATS.

Given that EIT is the principal cause behind the induced
dips, it is worth adding that the destructive interferences
accompanying EIT and taking place here between the two
ribbons can be explained in analogy with a Mach—Zehnder
interferometer as in [43]. As a matter of fact, the incident
light takes two path ways through the two ribbons: the
direct path through the horizontal ribbon and the indirect
path through the vertical ribbon and the resulting two waves
interfere destructively at the exit of the system giving rise to
the observed PIA-transmission dips.



To investigate the possibility of improving the quality
factor of the two PIA resonances, we have studied the evolu-
tion of the transmission spectrum of the system as a function
of the upper ribbon orientation with respect to y-axis, that
is, the angle 6. In Fig. 11, we have plotted the transmis-
sion coefficient evolution of the structure for three values of
0 = 0°, 45° and 85° (the remaining parameters being kept
as before). One observes that the first order PIA resonance
at 6 = 0° is clearly the best case as the FWHM increases as
function of €. This may be related to the fact that when the
upper ribbon is tilted with an angle 6, its coupling with the
lower ribbon is more effective, leading to the increase of
the coupling strength between the ribbons. As a result, the
FWHM of the transmission dip is increased.

Nevertheless, intriguingly the behavior of the second
order PIA resonance is quite different. Indeed, increasing 8
leads to the improvement of the Q-factor and the height of
the transmission dip (or its excitation rate) reaches a mini-
mum around 6 = 45°. Then, the height of the dip becomes
higher again. Overall, for this PIA resonance, the Q-factor is
best at high values of 8. This behavior may be related to the
ribbon second order mode structure/symmetry which is quite
different from the first order mode. The parameter d repre-
senting the coupling intensity between the dark mode and
the bright mode also has an impact on the Q-factor. Indeed,
the evolution of the transmission spectrum of the system
with d (not shown here) indicates that the latter should be
taken as big as possible, to get higher Q-values. Nonetheless,
bigger d results in less deep transmission dips which means
that a trade-off should be reached at this point.

PIA resonances gives rise to fast light features [29]. To
show this, we present in Fig. 12 the delay time evolution
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Fig. 12 Delay time of the structure in Fig. 1b as a function of the
frequency for d=120nm and 6 =0° with [} =/, =250 nm,
g = 10 nm and Ey; = 160 meV
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Fig. 13 Transmission spectra of the system for different values of Ep,.
Remaining parameters are the same as in Fig. 8b

versus the frequency for d = 120 nm, 6 = 0°. It can be
observed that the delay time becomes negative at the two
PIA windows, indicating a time advance.

Therefore, this character leads to unique fast light feature
in the proposed graphene-based device. Let us mention that
fast and slow light exhibit potential applications in vari-
ous fields: telecommunication, interferometry and optical
memories [44].

To show the possibility to tune the PIA resonances, we
have plotted in Fig. 13 the transmission spectra of the system
for different values of the Fermi level Ej,, while keeping the
remaining parameters fixed. One notices the blue shift of the
PIA dips with increasing the Fermi energy level. We jus-
tify this behavior as previously based on the simple Eq. (9)
relating the resonance wavelength of a GNR with its Fermi
energy level.

5 Conclusion

In this paper, we have studied numerically and theoretically
the possibility of realizing plasmon-induced-like transpar-
ency (PIT-like) and plasmon-induced absorption (PIA) reso-
nances in a novel ultra-compact graphene-based-structure.
The geometry design of the structure consists in a GBW
side-coupled to two GNRs placed either in inverted L-or
T-shapes. Both forms of the ribbons give rise to lambda-
like state in analogy with the three atomic-level systems.
The whole structure is embedded in a SiO, dielectric mate-
rial to suit practical applications. When the ribbons are
in an inverted L-shape configuration, we have shown that
two PIT-like resonances may be obtained by the system.
Temporal coupled mode theory (CMT) is provided to fit



the FEM-based numerical results. The physical mechanism
of the PIT-like peaks is unveiled as being caused by mode
splitting phenomenon, the so-called Autler—Townes split-
ting rather than EIT effect. This has been demonstrated by
performing the EIT/ATS fitting of the numerical results.
In particular, we have shown that increasing the coupling
distance strength between the two GNR resonators, results
in a cross-over regime where both EIT/ATS contribute to
the PIT-like peaks. The improvement of the Q-factor of the
resonances is investigated. In addiion, the slow-light effect
within the double transparency windows is shown. On the
other hand, PIA transmission dips are generated by the
system when the two GNRs are set in an inverted T-shape.
Here also the two ribbons act like dark and bright modes,
respectively. Fitting of the FEM-based results is carried-out
using the CMT model. By performing the EIT/ATS fitting
of the simulated transmission spectrum, we have shown that
the induced dips originate from the EIT effect rather than
ATS. Hence, destructive interferences take place between
the GNRs at the dip frequencies, leading to the formation of
the PIA windows. The amelioration of the Q-factor of the
PIA resonances as well as the associated fast-light features
are showcased. These results may have potential applica-
tions in the realization of graphene-based THz-integrated
optical devices such as filters, sensors and ultra-fast optical
switching.
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