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Abstract

A plasmon-induced transparency (PIT) effect based on an asymmetric graphene loop structure has been proposed and
investigated in this paper. The microstructure consists of a pair of graphene square loops and a dielectric substrate. The
calculated results show that the transparency peak can be produced at 5.68 THz by the frequency detuning between two
different graphene square loops. The geometric parameters of microstructure, such as the coincidence degree between two
square loops, the length and the width of two square loops, will affect the position of PIT-window. Moreover, by adjusting
the Fermi level of graphene through external gate voltage, the PIT-window can be dynamically tuned. Importantly, the PIT-
window in graphene metamaterials can also serve as the amplitude modulator at the fixed frequency and the refractive index
sensor. In addition, an improved microstructure is proposed for realizing the multi-PIT-window. The amplitude modulation
of multi-PIT-window can be adjusted up to 53% by controlling the coupling distance, which has certain application prospects

in the fields of double-channel filters, optical switches, and modulators.
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Introduction

Since electromagnetically induced transparency (EIT) effect
was originally observed in the atomic system, it has been
attracting the attention of researchers [1, 2]. EIT effect is
often accompanied by strong dispersive and slow-light prop-
erty, which can be employed in slow-light devices [3], opti-
cal switches [4], filters [5], and sensors [6, 7]. Metamaterial
is a kind of artificial periodic composite material, which can
be widely applied in photodetectors [8, 9], optical polar-
izers [10], and perfect absorbers [11]. Recent discoveries
have found that plasmon-induced transparency (PIT) effect
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can also be realized in the metamaterial structures, which
is the classic analogy of EIT-like effect based on various
coupling principles [12]. PIT effect in metamaterials can not
only effectively avoid the strict experiment conditions, but
also take advantage of the unique properties of metamateri-
als. Generally, four main kinds of schemes can be adopted
to realize the PIT effect: bright-bright mode coupling [13],
bright-dark mode coupling [14], phase coupling [15], and
bright-quasi dark mode coupling [16]. Zhang et al. pro-
posed a metal metamaterial structure with near-field cou-
pling between bright and dark modes to achieve the EIT-like
effect [17]. Meng et al. experimentally verified polarization-
independent PIT effect through bright-dark mode coupling
between split-ring and spiral-ring [18]. Liu et al. designed a
three-dimensional metamaterial structure and theoretically
analyzed the formation reason for PIT effect [19]. Addition-
ally, Jin et al. theoretically demonstrated the PIT effect based
on bright-bright mode coupling by two silver strips [20]. The
bright-bright mode coupling can be directly excited by inci-
dent plane waves to produce PIT-window, which depends on
the weak hybridization caused by the frequency detuning,
while the bright-dark mode coupling mainly relies on the
destructive interference between two modes [21]. So far,
many PIT effect in metamaterials have been proposed in the
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grating structure [22], resonators and planar structure [23],
and waveguide structure [24]. However, these structures are
mostly composed of metal materials. Due to the shortcom-
ings of material loss in metals and its determined structure, it
is difficult to change its structural parameters, which greatly
restricts the practical application of PIT effect.

At present, the researchers have attempted to realize the
tunable PIT effect by simple metamaterial structures, such
as MEMS technology [25], electrical operations [26], ther-
mal control [27], and photosensitive materials [28]. Among
them, graphene has attracted considerable attention due to its
properties of electrical controllability. Graphene is a honey-
comb-shaped two-dimensional structure with the thickness
of only about 0.34 nm [29]. The surface conductivity of gra-
phene can be adjusted by applying the gate voltage or chemi-
cal doping, which is very helpful for dynamic tunability of
electromagnetic response. Thus, some dynamically tunable
PIT effects in graphene metamaterials have been proposed.
Chen et al. designed a system of tunable PIT effect based
on the near-field bright-dark mode coupling by graphene
nanostrips [30]. Zhang et al. demonstrated a II-shaped gra-
phene structure with the adjustable broadband PIT-window
[31]. Ning et al. obtained a multi-band PIT-window by using
the composite structure with graphene films and air grooves
[32]. Nowadays, the tunable multiple PIT effect is becom-
ing a new trend for researchers and the results above dem-
onstrate that graphene is an ideal option for realizing the
tunable single and multiple PIT effect.

In this paper, firstly, we propose an asymmetrical gra-
phene loop structure to realize the dynamically tunable PIT
effect. The structure mainly consists of two graphene square
loops (two-dimensional materials) and a quartz dielectric
substrate. This microstructure adopts the method of bright-
bright mode coupling. When incident light is irradiated on
the microstructure, two graphene square loops with different
structural parameters can be excited at the same time. When
the distance between two square loops and the lateral offset
is appropriate, the frequency detuning between the two gra-
phene square loops will cause the weak hybridization, which

Fig. 1 a Three-dimensional H(y)

results in a sharp PIT-window. Meanwhile, the influence of
structural and environmental parameters on the PIT-win-
dow have been studied, such as the width of two graphene
square loops, the length of single square loop, the lateral
offset between two square loops, and the refractive index
of substrate. The Fermi level of graphene can also be con-
trolled to change the position of PIT-window. The variation
of transmission spectrum with different Fermi levels is also
considered, when the Fermi level of each graphene square
loop is independently controlled. Additionally, an improved
graphene microstructure is proposed to realize the multi-
PIT-window, and the amplitude modulation of multi-PIT-
window can reach up to 53%. Obviously, the simple planar
structure can be widely used in many fields such as multi-
channel filters, optical switches, modulators, and sensors.

Structure Description and Theoretical Model

Figure 1 a and b respectively show a three-dimensional and
top view of the microstructure. The microstructure is divided
into two layers: the upper layer is a graphene layer, and the
lower layer is a quartz substrate with a dielectric constant of
2.6. The thickness of dielectric substrate tis 1 pm. By using
the finite-difference time-domain (FDTD) method, the gra-
phene microstructure can be numerically simulated. In terms
of setting simulation parameters, X— and Y- directions can
be set as periodic boundary conditions, and Z-direction can
be set as PML boundary conditions. The incident plane light
is along the Z-direction, and its polarization direction (E) is
parallel to the X-direction. In aspects of the structural param-
eters of graphene loops, the lengths of two square graphene
loops are /=1300 nm and /, =1200 nm, the width of the
two square loops £ is 320 nm, and the lateral offset between
two square loops s is 600 nm. The Fermi level of graphene
is set as 0.65 eV, and the distance between the two square
loops d is set as 600 nm. The length of periodic substrate is
4 pm in both X- and Y-directions. Among all of them, the
lateral offset s, the length of the square loop / and the spacing
between two loops d are all variable.

view of graphene loop (a)
microstructure. b Top-view of E(x)
graphene loop microstructure

K(-z)
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Generally speaking, the total conductivity of graphene
is composed of intra-band conductivity o, and inter-band
conductivity o;,,,, hen the Fermi level of graphene is greater
than half of the photon level, according to the Pauli block-
ing principle [33], the inter-band transition can be ignored,
and the conductivity of graphene is mainly determined by
the intra-band transition. The photon level in the terahertz
(THz) band is quite low and the conditions are very sim-
ple to satisfy. Therefore, the intra-band conductivity o;,,,
can be equal to the total conductivity in the THz band. The
simulation waveband of this structure is 4-8 THz. When the
surface conductivity of graphene is described by the Drude

model, it satisfies the following formula [34, 35]:

Ootal = Ointra + Ointer (1)
where

_ ZeszTl 9c0sh E; i 5
Tintea = T FCOSN T ) @ v 2 @

i (ho + 2E;)°

Where in E; represents the Fermi level of grapheme,
kg denotes the Boltzmann constant, w is the angular fre-
quency, 7 is the reduced Planck constant, 7=300 °C is the
temperature, and I'=0.21 meV represents the carrier scat-
tering rate. In addition, when the width of the graphene
loop A is greater than 30 nm, the edge-quantum-confined
effect can be ignored [36]. The Fermi level of graphene
can be changed by applying an external gating voltage,
and thus, the conductivity of graphene can be dynamically
adjusted.

Results and Discussions

Figure 2 shows the transmission spectrum of separate gra-
phene square loop and combined graphene loop structure
excited by the incident plane wave, when the structural
parameters are stable: the lateral offset s is 600 nm, the
spacing between loops d is 600 nm, and the chemical
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potential of graphene E; remains 0.65 eV. Due to the
electric field direction of incident plane wave is along the
X—direction, two separate graphene square loops can both
be directly excited to produce electromagnetic resonance.
Two graphene square loops can respectively produce obvi-
ous transmission valleys at 5.50 THz and 5.91 THz, so
they can be considered to act as bright model, as shown
in Fig. 2a, b. When the combined graphene square loops [
and /, are placed along the vertical direction and the polar-
ization direction of electric field is along the X-direction,
an obvious PIT-window can be observed at 5.68 THz, as
shown in Fig. 2¢. The two transmission valleys are located
at 5.48 THz and 5.93 THz, respectively, which are slightly
shifted from the original resonance frequency. By compar-
ing with the simulation and experimental results of previ-
ous literatures [20, 37, 38], the appearance of PIT-window
in the spectral response of our proposed structure is con-
sistent with the spectral characteristics of classical EIT
analogue by the hybridization between two bright modes.

Furthermore, to better understand the formation mecha-
nism of PIT-window, we study the total electric field dis-
tribution diagram |El and the Z-direction distribution of
electric field diagram Ez, when the structural parameters of
graphene loop structure are stable (s =600 nm, d =600 nm),
as shown in Fig. 3.

According to Fig. 3a—c, the surface total electric field
is generally distributed on the inner and outer sides of
graphene square loops, which is similar to the electric field
distribution of a typical electric dipole oscillation. The
square graphene loop /, can be excited by incident light at
the frequency of 5.93 THz, while the square graphene loop

|E|

H 100

P

! is hardly excited, as shown in Fig. 3a. As can be observed
from Fig. 3¢, when the frequency is 5.48 THz, the square
graphene loop [/ is strongly excited, and the square gra-
phene loop /; can be only weakly excited. At the frequency
of 5.68 THz, two combined graphene square loops can be
excited at the same time. The total electric field intensity
of combined graphene square loops is weaker than the
electric field intensity excited separately, as depicted in
Fig. 3b.

In addition, by observing the Z-direction distribution of
electric field Ez, the reason for the appearance of narrow
PIT-window can be further interpreted. At the frequency of
two transmission valleys, the resonance direction of induced
electric field of two separate square loops is consistent, as
shown in Fig. 3d, f. At the frequency of transmission peak,
the resonance direction of induced electric field of two com-
bined square loops is opposite. As a result, the quadrupole
resonance and frequency detuning caused by the strong near-
field coupling leads to the PIT effect, as shown in Fig. 3e.

Moreover, Fig. 4 shows the influence of lateral offset s
on the PIT-window when the length /;, /, and the spacing
d of two square graphene loops are stable. Obviously, the
lateral offset s determines the coupling strength between two
graphene loops. When the lateral offset s increases from 0
to 600 nm, the lower the coincidence degree of two square
loops becomes, the more balanced the strength of coupling
between two square loops tends to be. When s is 600 nm,
the induced electric field intensity of two square loops is at
a comparable level, and the frequency detuning can be easily
achieved, which can result in a more obvious PIT-window.
After s exceeds 600 nm, the difference between two square
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Fig.3 Total electric field diagram at the frequency of a 5.93 THz, b 5.68 THz, and ¢ 5.48 THz. Z-direction distribution of electric field at the

frequency of d 5.93 THz, e 5.68 THz, and f 5.48 THz
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Fig.4 Transmission spectrum with the lateral offset s changing
(d=600 nm, 1=1300 nm, 11 =1200 nm)

loops’ induced electric field intensity increases, which will
lead to the deformation of PIT-window.

Figure 5 demonstrates the variation of transmission spec-
trum with the width % of square loops / and [, increasing,
when keeping the lateral offset s between graphene loops /
and /; unchanged. When the loop’s width % increases from
220 to 370 nm, the amplitude of transmission peak remains
about 0.85, and PIT-window will blue-shift, owing to the
change of electromagnetic resonance frequencies of two gra-
phene loops. At the same time, the depth of transmission
valley will be furtherly deepened because the intensity of

1.0
0.8
=
2
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=
s —+—h=220nm
= —— h=270nm
0.4 ——h=320nm
u —— h=370nm
0.2 . L . . L
4 5 6 7 8
Frequency(THz)

Fig.5 Transmission spectrum with the width of graphene loops h
changing (s =600 nm, 1=1300 nm, 11 =1200 nm)

each graphene square loop’s electromagnetic resonance will
also strengthen, with the width 4 of square loops increasing.

Also, we study the influence of square loop’s length / on
the PIT-window when other structural parameters remain
unchanged. As shown in Fig. 6, when the length / and [;
are both 1200 nm, only a deep transmission valley appears
because two square loops have the same resonance mode.
As the length [ increases from 1200 to 1500 nm, the position
of transmission valley of square loop /, remains unchanged.
Meantime, the position of transmission valley of square loop
! will red-shift. Due to the difference between two square
loops’ resonant frequency increases, the near-field coupling
strength will become weaker, which leads to the expansion
of PIT-window.

Besides, the surface conductivity of graphene metama-
terials depends on its Fermi level. The Fermi level can be
adjusted by chemical doping or applying an external bias
voltage. On the one hand, the Fermi level affects the reso-
nance frequency of graphene. Figure 7 shows the transmis-
sion spectrum with different Fermi levels when the overall
parameters of structure remain unchanged. With the Fermi
energy continuously increasing from 0.55 to 0.85 eV, the
PIT-window has a blue-shift, and satisfies the conclusion
fa\/k_Ef / 272hcl [39], where f is the resonant frequency
of structure, k = e? / hc is a fixed structural constant, and [
is the length of graphene loop. On the other hand, when the
Fermi level E; keeps stable, as the length of graphene loop /
continues to increase from 1200 to 1500 nm, the resonance
frequency of graphene loop becomes red-shifted, which sat-
isfies the variation trend of the resonant frequency of square
loop [, as shown in Fig. 6. Thus, PIT-window in graphene

1.0
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£ 06 —— -1200nm
= ——[=1300nm
= ——[=1400nm
——[=1500nm
0.4 2|
0.2 L
7 8
Frequency(THz)

Fig.6 Transmission spectrum with the length of square loop 1 chang-
ing (11=1200 nm, d=600 nm, s =600 nm)
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Fig.7 Transmission spectrum with different Fermi levels

(1=1300 nm, 11 =1200 nm, d =600 nm, s =600 nm)

metamaterials can become adjustable, which avoids the
disadvantages of metal materials that need to modify the
geometric parameters of microstructure.

Ideally, the Fermi level of each graphene square loop
can be independently controlled; thus, our proposed gra-
phene square loop microstructure can dynamically adjust
the amplitude of transmission peak at a fixed frequency. As
depicted in Fig. 8, when the Fermi level of two graphene
loops are Eq=0.6 eV and E;=0.7 eV, only a transmission
valley appears at the frequency of 5.7 THz because two
square loops have the same resonance frequency. When Ej

1.0
0.8
=
2
206
g ——0.6eV&0.7¢V
g ——.62eV &0.69¢V
o4l ——10.63¢V&0.68¢V |
——0.64eV&0.67¢V
——0.65¢V&0.65¢V
02l ——0.68eV&0.63eV |
s ——10.7¢V&0.6eV
4 5 6 T 8

Frequency(THz)

Fig.8 Transmission spectrum at the fixed frequency of 5.7 THz with
different Fermi levels Efl and Efr
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Table 1 The amplitude of transmission peak at the fixed frequency of
5.7 THz with different Fermi levels Ej; and Ej,

E; (eV) E; (eV) Transmission peak Transmission
frequency (THz) peak amplitude
0.6 0.7 5.7 0.19
0.62 0.69 5.7 0.46
0.63 0.68 5.7 0.63
0.64 0.67 5.7 0.74
0.65 0.65 5.7 0.84
0.68 0.63 5.7 0.91
0.7 0.6 5.7 0.95

increases from 0.6 to 0.7 eV and E;, decreases from 0.7 to
0.6 eV, the PIT-window will gradually appear and the width
of PIT-window tends to expand. At the same time, the trans-
mission peak remained at the frequency of about 5.7 THz.
For the microstructure at different Fermi levels (Ej; and Ey,),
the amplitude of transmission peak at the fixed frequency of
5.7 THz is listed in Table 1. By applying different bias volt-
ages to two graphene square loops, the amplitude modula-
tion depth of modulator Ty (Ty; = |Tygax — Tytin|/ Thiax) €20
reach up to 80%. Therefore, the microstructure can also act
as an amplitude modulator or optical switch with electric
tuning in the terahertz region.

The sensitivity of our proposed microstructure as a
refractive index sensor is also considered. Figure 9 shows
the variation of transmission spectrum with the refractive
index (RIU) of medium substrate changing. As shown in
Fig. 9, when the substrate RIU increases from 1.2 to 1.8, the
PIT-window will have a red shift, and the transmission peak

=
Q

=
a

Transmission

=
n

=
=

=
W

Frequency(THz)

Fig.9 Transmission spectrum with different refractive indexes of
medium substrate
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Fig. 10 Fitting function of PIT with different substrate refractive
index. Multi-PIT-window structure model and results analysis

has moved from 6.77 to 5.23 THz. The slope obtained by
fitting the curve is about 2.57 THz/RIU, which can satisfy
the sensitivity requirements of refractive index sensor. The
data fitting curve is shown in Fig. 10, and the linear fitting
is in line with expectation.

In this section, an improved composite graphene resona-
tor structure is proposed to realize the multi-PIT-window.
Figure 11 shows the top view of structure. As depicted in
Fig. 11, a graphene strip with appropriate spacing is placed
between two square loops so that the resonance frequency
of graphene strip is close to the resonant frequency of two

g

H(y)

1,
m—
/
E(x)

Fig. 11 Top view of composite graphene microstructure

graphene square loops, thereby generating a multi-PIT-
window by bright-bright-bright mode coupling.

The structural parameters of two graphene square loops
remain unchanged (/=1300 nm, /, = 1200 nm, =320 nm),
the length of graphene strip /, is 1900 nm, the width £, is
400 nm, the lateral offset between the left square loop and
graphene strip s; is 550 nm, the lateral offset s, between the
right square loop and graphene strip is 650 nm, and the cou-
pling distances d, and d, between two graphene square loops
and central graphene strip are both 150 nm. The incident
plane wave is still along the Z-direction, and the polarization
direction of the electric field is set along the X-direction.
The Fermi level of graphene strip and square loops is both
set as 0.65 eV.

Figure 12a shows the transmission spectrum of composite
graphene structure and an obvious multi-PIT-window can be
observed. The resonance frequencies at the point B and D are
Jfs=5.14 THz and f,=5.68 THz. As shown in Fig. 12a, the
amplitude of two transmission peaks B and D can reach up to
0.85 and 0.87, respectively. Both the graphene square loops
and graphene strip can be directly excited by the incident
light because the polarization direction of incident plane
wave is along the X-direction. The resonance frequencies
at the points A, C, and E are f, =4.85 THz, f-=5.45 THz,
and f;=5.87 THz, which exhibits the characteristics of three
bright modes in the transmission spectrum.

In order to understand the formation mechanism of multi-
PIT-window, we observe the total electric field distribution
IEl at the point of A—E, as shown in Fig. 12b—f. According
to Fig. 12b, d, and e, the graphene strip and graphene square
loops are respectively excited by the incident wave at the
point of A, C, and E, surface electric field |IEl mainly dis-
tribute at both ends of graphene loops and strip, and electric
field of other parts can nearly be neglected.

As shown in Fig. 12c, the total electric field diagram at
the point of B is localized at the graphene strip and square
loop I, which indicates that the transmission peak B is gener-
ated by the frequency detuning between the graphene strip
and square loop /, and the square loop [, is hardly excited.
As depicted in Fig. 12e, the transmission peak D is not just
caused by the frequency detuning between two graphene
square loops. In addition to the obvious electric field distri-
bution at two graphene square loops which can be observed,
the left side of graphene strip also has an intense surface
electric field. Therefore, the joint coupling between gra-
phene strip, square loop /, and square loop /; contributes to
the transmission peak D.

Finally, we have studied the influence of coupling distance
d, and d, on the multi-PIT-window, as shown in Fig. 13.
As the coupling distance d, and d, decreases, the coupling
strength between the graphene square loop /; and strip
becomes stronger. Therefore, the first PIT-window tends
to be more and more obvious with the coupling distance
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Fig. 12 a Transmission spectrum of composite graphene structures. Total electric field distribution diagram with different frequencies of inci-
dent wave: b 5.17 THz (point A), ¢ 5.34 THz (point B), d 5.46 THz (point C), e 5.71 THz (point D), f 5.92 THz (point E)

d1 and d2 decreasing. When the coupling distance d; and
d, changes within a certain range, the amplitude of trans-
mission peak D varies slightly. By controlling the coupling
distance d; and d,, the position and amplitude of first PIT-
window can be easily controlled, and the positon of second
EIT-window can be stable at the same time. The improved

@ Springer

structure can be applied to multi-channel filters and modu-
lators. The performance of modulation can be evaluated by
the amplitude modulation depth of transmission peak (7)),
which is defined as Ty; = |Tyax — Tvtin |/ Tnviax [401. It can be
calculated that the maximum amplitude modulation depths
for transmission peak is about 53%.
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Fig. 13 The transmission spectrum with different coupling distances
dl and d2

Conclusion

In this paper, we make use of an asymmetric graphene
loop structure to achieve the tunable PIT-window in the
terahertz region through the bright-bright mode coupling.
At the same time, the simulation results show that the
parameters of microstructure also have a great impact on
the PIT-window. Importantly, when the Fermi level of
graphene increases from 0.55 to 0.85 eV, the PIT-window
will totally be blue-shifted, which can effectively control
the position of PIT-window. In addition, the amplitude of
transmission peak at the fixed frequency of 5.7 THz can
be tuned from 0.19 to 0.95 and the amplitude modulation
depth can reach up to 80%, when the Fermi levels of two
graphene loops with different values change accordingly.
Our proposed microstructure also has a sensitivity of 2.57
THz/RIU to the variation of substrate’s refractive index.
Finally, we propose a composite structure to realize the
multi-PIT-window, and the multi-PIT-window can also be
effectively adjusted by controlling the Fermi energy of
graphene. The multi-PIT-window is sensitive to the cou-
pling distance, and the amplitude of transmission peak can
be adjusted through the coupling distance. The amplitude
modulation can reach up to 53%. Therefore, the single and
multiply PIT-window realized in the terahertz band can
obtain certain application prospects in multi-channel fil-
ters, optical switches, amplitude modulators, and sensors.
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