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Polarization-insensitive multiple transparency windows are obtained with a graphene-based complementary meta-
material structure in terahertz regions, which is composed of two kinds of monolayer graphene perforated in shapes of a
cross and four identical split rings that construct a resonator. The geometric parameters of resonators are different from
each other. Numerical and theoretical results show that the quantum effect of Autler—Townes splitting is the key factor for
appearance of transparency windows within the resonant dips. Further investigation demonstrates that by employing the
fourfold-symmetry graphene complementary structure, polarization-independent transparency windows can be achieved.
Moreover, multiple transparency windows can be separately manipulated over a broad frequency range via adjusting the
chemical potential of the corresponding graphene resonators, and the bandwidth as well as resonance strength can also
be tuned by changing the relative displacement between resonators each consisting of a cross and four split rings. The
proposed metamaterial structure may be utilized in some practical applications with requirements of no polarization-varied

loss and slowing the light speed.

Keywords: graphene, polarization-independent, multiple transparency windows

PACS: 42.79.Hp, 42.50.Gy

1. Introduction

The well-known quantum effects of Autler—Townes split-
ting (ATS)!!! or electromagnetically induced transparency
(EIT)[?-6] can generate transparency windows within two res-
onance dips, which have been utilized in many applications
such as bio-sensors,”! light slowing devices!® and terahertz
wave modulators.”) Although the effects of ATS and EIT
have similar transmission spectra, even some transformation
would be happened between them under some situations, ']
their physical mechanisms are quite different.!'!l Concerning
about EIT, the destructive interference between two different
excitation pathways can result in appearance of transparency
windows, while in ATS it is caused by the strong coupling
induced splitting of resonant modes. With geometric dimen-
sions scaled down to micro- or nano-levels, a new concept of
plasmon-induced transparency (PIT)!'?! effect has been intro-
duced to mimic EIT effect in microwave ranges and investi-
gated in metamaterial (MM) structures to obtain transparency
windows.

So far, working frequency bands of transparency win-
dows observed in metal-based MM structures are fixed. Trans-
parency windows can be tuned unless the geometric parame-
ters or make-up constituents are re-optimized and re-selected.
In practical applications, it is highly appreciated that trans-
parency windows can be flexibly tuned without any variation
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in parameters or materials. Fortunately, some raw materi-

als with tunable electromagnetic (EM) parameters (i.e., per-

mittivity or permeability), such as phase-change materials, ']

[14]

ferrite-based materials and nonlinear materials,'> are

found and used to achieve tunable properties. Especially
graphene, a single layer of carbon atoms gathered in a shape of
honeycomb lattice, is the best choice for achieving a tunable
transparency window since it exhibits many unique physical
properties and its response time is ultra-fast. Specifically, the
tunable property has been obtained by varying the chemical
potential of graphene material via chemical doping or electro-

16,17] Owing

static gating, which is ranged from —1 eV to 1 eV.!
to combination of strong plasmonic response and extremely
low loss, the working frequency band of graphene-based MM
structure can be tuned over a broad range from the terahertz to
infrared frequencies.

Recently, many scientists have discovered that multiple
transparency windows in graphene-based MM structures are
more advanced than a single transparency window. '8-2%] Nev-
ertheless, most of the multiple transparency windows face
a common problem what can also be found in single trans-
parency windows. Performance of an induced transparency
window would be worse gradually and it even disappears
when the polarization angle of incident light is shifted signif-
icantly. In our previous paper,>3! a polarization-independent
transparency window has been realized using resonators each
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consisting of a metallic cross and four identical metal split
rings, i.e., split-ring resonators (SRRs), which are placed on
the surface of a planar monolayer graphene, and the EIT-like
effect induces transparency windows. Although polarization-
independent transparency windows are achieved owing to the
center symmetry, some defects in this graphene-based MM
structure are found and summarized as follows: Firstly, only
a single transparency window can be obtained. Secondly, the
preparation process for metal-graphene metasurface is compli-
cated and inconvenient for large-scale production. Lastly, the
individual adjustment of the transparency window cannot be
realized, which is an important merit for multiple transparency
windows to expand its practical applications. Therefore, it is
still important and urgent to design graphene-based MM struc-
tures with a simple fabrication process as well as realizing the
individual modulation of multiple transparency windows.

In this paper, a polarization-independent graphene-based
complementary MM structure is proposed to obtain multiple
transparency windows in a terahertz region, whose top layer
is composed of two kinds of monolayer graphene perforated
in shapes of a cross and four identical split rings that con-
struct a resonator. The geometric parameters of resonators are
different from each other. By investigating the relative dis-
placements between the cross and the SRR, it is found that
the transparency window is more likely induced by the quan-
tum effect of ATS, not the well-known EIT-like effect, and
the working frequency band of multiple transparency windows
can be individually tuned by varying the chemical potential
of corresponding graphene resonators. Moreover, the perfor-
mance of multiple transparency windows is immune to any
variation in polarization angles because of the center symme-
try. The theoretical results reveal that the SRRs can involve
two strongly coupling modes, proving the origin of multiple
transparency windows in our proposed structure. Therefore,
we believe that the proposed graphene-based MM structure
can pave a new way for some applications such as slow-light
devices and light switches.

2. Designed model and simulated method

A unit cell of the proposed MM structure is illustrated
in Fig. 1(a). Two kinds of graphene complementary struc-
ture (GCS) arrays with different sizes and element numbers
are placed on the quartz glass substrate. It is worth noting that
two GCSs are perforated, each consisting of a cross and four
identical split rings, which are the common structure of the

[2324] The detailed fabrication process is

graphene resonators.
shown in Figs. 1(b)—1(d). First, two planar graphene monolay-
ers are separately etched by an electron beam into the forms of
a cross and four identical split rings with different geomet-
ric parameters. Then, two metal electrodes are deposited, and
contacted to ultra-thin metal ribbon pairs, respectively, which

are used to connect two kinds of GCSs (G1 and G2) along the

y-direction. Secondly, the ion gel is spinning on arrays of two
kinds of GCSs. Finally, a transparency indium-tin-oxide (ITO)
film is deposited on the ion gel layer acting as a top gate elec-
trode, and two external gate voltages V,| and Vy, are applied
on the corresponding graphene layer to tune the chemical po-
tential, as shown in Fig. 1(e). The relationship between chem-

ical potential (Er) and external gate voltage (V;) is expressed
[25]

TEEY Vi
Ef,»zﬁvf\/%, (i=1,2) (1)

where v = 10® m/s is the Fermi velocity, & and t, are assigned

as follows:

as the quartz’s relative permittivity and thickness, respectively,
& is air permittivity, e is the electron charge, / is the reduced
Planck constant.

In the terahertz regimes, graphene’s surface conductivity
is described by the Drude model %]

2 .
e Ey 1
Oy = —» " ——T—— (2)
wh* o+it
where T = pEg/(ev}) is the carrier relaxation time

related with a maximum electron mobility of u =
200000 cm?-V~!.s~1 271 The relative permittivity of graphene
is written as

% 3)

e(w) = 1+it P
géo@

Graphene can be modelled as an effective medium with the
atom-like thickness of #; = 0.034 nm. Hence, a practical de-
vice for the aim of independently manipulating the multiple
transparency windows is obtained.

In order to obtain the numerical results, the three-
dimensional electromagnetic simulation method based on fi-
nite integrated technology (FIT) is used to simulate the PIT
effect.?®2° During the simulation, the unit cell boundary con-
ditions are applied at the x and y directions, while the trans-
verse electric (TE) polarized wave is normally irradiated in
the z direction with a perfectly matched layer. The thickness
and index of the quartz glass are 40 nm and 3.75, respectively.
The periodicity spacings of unit cells in the x and y directions
are considered as P, = 600 nm and P, = 1030 nm. In the large-
sized GCS (Gl1), the length of the cross is L} = 300 nm and its
width is W = 15 nm. Four identical split rings have the outer
radius of R; = 50 nm, width of W; = 30 nm and the gap width
of g1 =35 nm. The relative distance between the center of the
rings and adjacent bars of the cross is set as d, while the width
of the large-sized GCS is P = 500 nm. In the small-sized GCS
(G2), the length of the cross is Ly = 200 nm and its width is
W = 15 nm. The complementary rings have the outer radius
Ry =40 nm, width W, = 30 nm and the gap width g» =20 nm.
The relative distance between the center of a ring and the ad-
jacent bar of the cross is d, while the width of the small-size
GCS is P =500 nm.
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Fig. 1. (a) The photograph of the unit cell of multi-band PIT MM structure with the detailed geometric parameters. (b)—(d) The preparation
process for controlling chemical potential of graphene resonators via the adjustable method of two top electrostatic grating. (e) The picture of

a practical device.

3. Results and discussion

To dig out the origin of transparency windows in the
GCSs, the transmission spectra of three graphene resonators
with different sizes are initially plotted, as shown in Figs. 2(a)
and 2(b). The first structure is designed with a monolayer
graphene perforated with a cross, the second one is a mono-
layer graphene perforated with four identical split rings, and
the third one is the combined GCS. In Fig. 2(a), it can be found
that the resonant point of large-size cross structure is located
at 13.68 THz, showing a typical LC resonant mode.*°! How-
ever, the large-size SRR structure has the weak resonance dip
at 14.43 THz, which is caused by the dipole mode.*!! An ob-

vious transparency window at 12.98 THz is appeared when the
split rings and the cross are combined into one unit cell. From
Fig. 2(b), the appearance of a transparency window in the
small-size GCS can also be explained by the same way. Thus,
the origin of the transparency window would be explained by
the coupling effect between the cross and the split rings, which
seems like that the transparency window is mainly induced by
typical PIT effect, indicating the destructive interference be-
tween two weakly coupled modes. However, we think that the
transparency window is more likely induced by the ATS ef-
fect instead of PIT effect,3?! and the cross plus four split rings
structures should be treated as two strongly coupled modes
with the similar quality factors (Q-factor).

dy =70 nm d; =80 nm d; =90 nm
(e) (f) (=) I
) g
1.0 1.0 V€ ) 11(5 i‘L_
g (a) (b) W ‘ U 1'—
S 0.8f 0.8} ) ) G
m ey G B
g 0.6} 0.6 A
7}
=1}
8 0.4} 0.4} ., (w,
3 + | -
0.2t . B 0.2¢ | , : . =
8§ 10 12 14 16 18 8 10 12 14 16 18 ) L‘.
Frequency/THz Frequency/THz
. 1.0L (h) | (1)
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: 0.8} 517
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Fig. 2. Simulated transmission spectra of three graphene resonators: (a) large-size structure and (b) small-size structure. (c) and (d) Simulated transmis-
sion curves of G1 and G2 under different relative distances d; and da, respectively. (e)—(j) Z-component of magnetic field (H) of each transmission dip

with normally incident wave.
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To prove the above assumption about the origin of the
transparency window, we investigated the effect of geomet-
ric parameters d; and d, on the transmission performance of
GCSs in Figs. 2(c) and 2(d). Here, the separation between two
transmission dips represents the coupling strength of two res-
onance structures. In Figs. 2(c) and 2(d), it is seen that with
the increasing relative distance d; (or d;), the separation be-
tween two transmission dips is decreased, indicating that the
coupling strength between two resonance modes is decreased.
An obvious transparency window will appear with the suit-
able relative distance d; (or dy) between the SRRs and cross.
The distribution of z-component magnetic fields (H;) at dif-
ferent transmission dips are given in Figs. 2(e)-2(j). From
Figs. 2(e)-2(g), it can be seen that the H, distributions at each
transmission dip is quite similar except intensity difference,
revealing that two strongly coupled modes are induced by the
same quantum effect. In the case of d; = 70 nm and 80 nm,
the center of the SRRs is much closer to the cross than that of
d; =90 nm, and having much stronger magnetic field than that
of di =90 nm. In other words, the coupling strength between
the cross and the rings is affected by the geometric parameter
d;. Likewise, in the case of the small-size GCS, the similar
H, distributions and intensity difference are both observed in
Figs. 2(h)-2(j). Based on the above analysis, the cross plus
four-ring structures could be regarded as two oscillators with
similar Q-factor, demonstrating the fact that the origin of trans-
parency window is more likely caused by the quantum effect
of ATS not the PIT effect.

In order to obtain the multiple transparency windows,
two kinds of GCSs with different parameters and element
numbers are designed and simulated with different displace-
ments between the cross bar and the nearby rings, while the
chemical potentials of the corresponding G1 and G2 are both
fixed at 0.2 eV. In Fig. 3, it is clearly observed that mul-
tiple transparency windows are achieved at two frequencies
of 11.62 THz and 15.45 THz, respectively. From Figs. 3(a)-
3(d), we find that the separation between two transmission dips
caused by the large GCS is decreased gradually when the rela-
tive distance d; is increased from 90 nm to 120 nm, while the
distance d» = 60 nm is kept unchanged. Similarly, as shown
in Figs. 3(e)-3(h), the effect of distance d, on transmission
performance is investigated. It is seen that the separation be-
tween two transmission dips, which is caused by small-size
GCS part, is also decreased with the relative distance d» in-
creasing from 60 nm to 90 nm for the distance d; fixed at
90 nm. The H; distributions of the combined structure at the
transmission dip for d; =90 nm (d, = 60 nm) and d; = 120 nm
(d» = 60 nm) are plotted in Figs. 3(i) and 3(j), respectively; the
transmission dip for d, = 60 nm (d> = 90 nm) and d, = 90 nm
(d; =90 nm) are plotted in Figs. 3(i) and 3(k), respectively.
It is clearly seen that the resonant modes at the transmission
dips for different d; or d have similar H, distributions in re-

gardless of the intensity difference, which shows that this res-
onance comes from the same origin. In addition, the closer the
two resonators are, the stronger the resonant mode is, and the
multiple transparency windows remain unchanged. The simi-
lar physical phenomena can also be found in another paper. 33!
Hence, with the appropriate displacements d; and d, multiple
transparency windows can be obtained with the proposed MM
structure.

The individual modulation of multiple transparency win-
dows is vital in some applications where only a desired fre-
quency band will be selected to meet the practical require-
ments, expanding the range of potential applications. By
changing the chemical potential of the corresponding GCS
part (Ef; and Efp) via controlling the external gate voltages
(Vg1 and Vi), the individual modulation is carried out. Noting
that two relative displacements d; and d, between the cross
and the rings are fixed at 90 nm and 60 nm, respectively. First,
we simulate the transmission spectrum as a function of fre-
quency when the chemical potential Ey is varied from 0.19 eV
to 0.22 eV while Ey, is fixed at 0.2 eV, as shown in Fig. 4(a).
It is observed that the peak frequencies of two transmission
dip 1/dip 3 are blue-shifted from 10.16 THz/14.07 THz to
11.18 THz/14.93 THz, while the transmission dip 2/dip4 are
nearly fixed at 12.62 THz/16.48 THz. Thus, the transmis-
sion for Ef; = 0.19 eV and Ef; = 0.22 eV at 10.91 THz are
0.551 and 0.991, respectively, which indicates that the trans-
mission could be switched between 55.1% and 99.1% by sim-
ply varying Ef; with a variation of 0.03 eV. Thus, a transmis-
sion magnitude modulation depth of 44.3% could be achieved
via a small variation of 0.03 eV. Similarly, the transmission
performance is then simulated with the chemical potential Ey,
varying from 0.19 eV to 0.22 eV, while maintaining the Ef
is fixed at 0.2 eV, as shown in Fig. 4(b). It is noted that
the peak frequencies of the transmission dip 2/dip 4 are blue-
shifted from 12.36 THz/16.19 THz to 12.99 THz/17.25 THz,
while the transmission dip 1/dip 3 are fixed at the frequen-
cies of 10.86 THz/14.42 THz. Also, the transmission at
12.34 THz can be changed from 0.651 to 0.987 with a varia-
tion of 0.03 eV, indicating that a transmission magnitude mod-
ulation depth of 34.0% is obtained with a small variation of
0.03 eV. Interestingly, the transmission performance of mul-
tiple transparency windows experiences a very slight varia-
tion during the modulating process. Therefore, multiple trans-
parency windows in the proposed MM structure can be mod-
ulated independently via adjusting the chemical potential of
corresponding GCS part. Based on the above results, switches
or modulators can be proposed to adjust the transmission mag-
nitude at the resonance point. In Figs. 4(c) and 4(d), we fur-
ther investigate the corresponding group delays for the pro-
posed MM structure at different graphene’s chemical poten-
tials. Positive and negative values refer to the slow and fast
light, respectively. From Figs. 4(c) and 4(d), we can see that a
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positive group delay of 0.6 ps is obtained in the vicinity of the  fect. Also, the group delays are tuned individually with differ-

corresponding transmission peak, indicating a slow light ef-  ent chemical potentials, covering multiple frequency regions.
—— simulation — theory
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Fig. 3. Simulated transmission spectra of the proposed MM structure with different relative displacements d; (a)—(d) and d» (e)—(h), respec-
tively. (i)—(k) The H; distributions of combined structure at the transmission dip for different d; and d,.
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Fig. 4. Simulated transmission spectra of the proposed MM structure with different chemical potentials (a) Ey; and (b) Er,. The corresponding
group delay with different chemical potentials (c) E¢; and (d) Ef,.

Most importantly, one excellent feature of the proposed  transparency window will be attenuated or even disappeared
MM structure is that the polarization-insensitive transparency ~ when the polarization angle is varied significantly. To demon-
window can be obtained due to the center symmetry. This  strate the polarization-insensitive transparency window of the
is highly desirable in many practical applications because the  designed MM structure, the transmission spectra of the pro-
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posed MM structure with different polarization angles is plot-
ted in Fig. 5. It is obviously seen that the transmission perfor-
mance remains unchanged at any polarization angles ¢ rang-
ing from 0° to 90°, and two transmission peaks are fixed at
11.62 THz and 15.45 THz. The H, distributions of @ = 0°
(TE mode) and ox = 90° (TM mode) at the first resonant dip
are plotted in Figs. 5(b) and 5(c), respectively. From Figs. 5(b)
and 5(c), it is found that the coupling strength between two os-
cillators keeps unchanged except the polarity of coupled mode,
proving that the performance of transmission window is not af-
fected by the polarization mode and the resonant dip is fixed at
10.805 THz. Owing to the center symmetry, the arbitrarily po-
larized waves, which can be decomposed into horizontally and
vertically polarized lights, can interact with the object identi-
cally. Thus, the transparency window in the proposed MM
structure is polarization-independent.

1.0
0.8
0.6
0.4
0.2
0
—-0.2

Transmission

—0.4 1 1 1
8 10 12 14 16 18

Frequency/THz

(b) (c)
Ve

SN () S

Y€
S
Fig. 5. (a) The transmission spectra of the proposed MM structure un-

der different angles of the polarized wave. The H, distributions of (b)
o = 0° (TE mode) and (c) & = 90° (TM mode) at the first resonant dip.

DIW 1

To more deeply understand and prove the numerical re-

sults about multiple transparency windows, a theoretical mode
named as a coupled harmonic oscillator system is employed to
fit the simulated results. The incident E-field is set as Eyel®’.
The two strongly coupled modes in the proposed GCS are ex-
pressed as |Dj)») and |Qy»). respectively. The subscripts 1
and 2 represent the large and small GCSs (G1 and G2), respec-
tively. Based on the two oscillator modes, the field amplitude

can be written as?¥
{CO(DD,]/2+WQ,1/2 Ki/2 §1/2
K1/2 O—0g12+1p12 ] | Q1)
_ 81/250 4
] .

where @p 1> and @g ;> are the resonance frequencies of two
oscillators, respectively, Ky, is the coupling strength between
two resonance structures, g1, is the geometric parameters in-
dicating the coupling strength between the oscillators, ¥p 1 /2
and 7y 1/, are the damping factors in two resonance structures,
representing the inherent losses. Thus the transmission perfor-

mance of the designed MM structure is!>>!
5 2 5 2
T(@)=1-|=| - |= . )
Ey Ey

where the oscillator amplitude (D ) is given as**

Dy
—g12E0(0 — g 12 +1%p.1/2)
(©—p1+i¥p12)(@— 012 +1Y.1/2) — (Ki2)*
(6)

Based on Eq. (6), we can theoretically fit the simulated
transmission spectrum. In Fig. 3, the theoretical transmission
curve traces well with the simulated transmission results. The
solid black curves represent simulated data for various d; and
d», while the dotted red lines give the corresponding theoreti-
cally fitted results.

Table 1. The fitting parameters for different d;.

Variable d;/mm p,1/0p»/THz g1 /09 >/THz 81/g2/THz Yp,1/Vp2/THz Yo,1/Yo,1/THz K1 /12/THz
90(d, = 60) 11.28/15.87 11.46/15.56 0.11/0.03 0.28/0.09 0.15/0.05 4.89/3.45
100(d> = 60) 11.51/15.81 11.65/15.68 0.16/0.03 0.25/0.07 0.13/0.04 4.42/3.45
110(d, = 60) 11.72/15.83 11.79/15.62 0.18/0.03 0.24/0.05 0.12/0.03 4.03/3.45
120(d, = 60) 11.95/15.79 11.83/15.60 0.21/0.03 0.21/0.03 0.10/0.01 3.72/3.45

Table 2. The fitting parameters for different d,.

Variable dj/mm wp,1/0p/THz p,1/0p>/THZ 81/82/THz Yp,1/¥p2/THz Yo.1/Yo,1/THz K1 /K2/THz
60(d; =90) 11.28/15.87 11.46/15.56 0.11/0.03 0.28/0.09 0.15/0.05 4.89/3.45
70(d; =90) 12.13/15.91 11.56/15.68 0.11/0.08 0.23/0.06 0.14/0.04 4.89/3.01
80(d; =90) 12.21/15.98 11.67/15.62 0.11/0.12 0.20/0.04 0.10/0.03 4.89/2.86
90(d; =90) 12.36/16.13 11.96/15.60 0.11/0.15 0.18/0.02 0.07/0.02 4.89/2.12
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Also, the fitting parameters for different relative distances
dy and d, are listed in Tables 1 and 2, respectively. In Ta-
ble 1, the coupling strength k7 between two resonance modes
is decreased with the increasing distance dj, which is con-
sistent with the different separations between two transmis-
sion dips shown in Fig. 3(a). Moreover, the relationship
K > |YD,1 — ’J/D,z‘ can be found from Table 1, which indicates
that the coupling effect is in the strong coupling regime. In
other words, the separation between two transmission dips is
increased gradually with the increasing coupling strength be-
tween two oscillators, and further confirming the fact that the
strongly coupled modes between two oscillators are the ori-
gin of multiple transparency windows, which are induced by
ATS effect instead of EIT-like effect. Similarly, the parameters
extracted from the fitting curves for various d» are given in Ta-
ble 2. It is also found that the relationship & > |yp,1 — Y02
exists, which is consistent with the relationship between k|

and |Yp.1 — b2

4. Conclusions

In summary, two kinds of GCSs with different sizes
and element numbers are proposed to obtain the polarization-
independent transparency windows in terahertz regions. The
independently tunable transparency windows can be achieved
by modulating the chemical potential of the corresponding
GCS parts via controlling the external gate voltage. Numerical
and theoretical results reveal that the transparency windows
within two transmission dips are more likely caused by the
ATS effect, instead of the EIT-like effect. After conducting the
parametric study, the origin of multiple transparency windows
is demonstrated and interpreted as the effect of two strongly
coupling modes. In addition, owing to the center symmetry,
the polarization-independence is realized in the proposed MM
structure. The new designed complementary structure, which
is based on graphene, may pave a new path for realization of
multiple transparency devices, bio-sensors and switches in ter-
ahertz regimes.
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