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Abstract: In this paper, we propose a graphene-based metasurface that exhibits multifunctions
including tunable filter and slow-light which result from surface plasmon polaritons (SPPs) of
graphene and plasmon induced transparency (PIT), respectively. The proposed metasurface
is composed by two pairs of graphene nano-rings and a graphene nanoribbon. Each group
of graphene rings is separately placed on both sides of the graphene nanoribbon. Adjusting
the working state of the nanoribbon can realize the functional conversion of the proposed
multifunctional metasurface. After that, in the state of two narrow filters, we put forward the
application concept of dual-channel optical switch. Using phase modulation of PIT and flexible
Fermi level of graphene, we can achieve tunable slow light. In addition, the result shows that
the graphene-based metasurface as a refractive index sensor can achieve a sensitivity of 13670
nm/RIU in terahertz range. These results enable the proposed device to be widely applied in
tunable optical switches, slow light, and sensors.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The plasmon induced transparency (PIT), a plasmonic analogue of the electromagnetic induced
transparency (EIT), produces a narrow spectral window of transmission near an absorption
peak excited by surface plasmon polaritons (SPPs) [1-3]. The generation of PIT is generally
attributed to the coupling of bright and dark modes which can be grouped into two main categories
according to the production mechanism: (1) Through the coupling between two bright modes, a
transparent window is generated between the two bright fields [4,5]. (2) The coupling between
dark and bright mode for which the purpose is to reach a transparent window in the original
frequency range of SPPs [6—10].

The superior characteristics of SPPs are not limited to PIT. SPPs are surface electromagnetic
waves formed by collective oscillation of free electrons in metal interacting with the incident
light field. SPPs, which include waveguide plasmon polaritons and surface plasmon resonance
(SPR), could support a series of functional devices, such as color-tunable and perfect absorber
[11-13]. Because of the enhanced optical transmission (EOT) phenomenon of SPPs, it can be
used for filter and absorber [14-16]. However, the tune of metal SPPs mainly depends on the
change of structure scale, which is difficult to achieve in the fabrication.

As a two-dimensional material, graphene attracts considerable attention of researchers because
of its unique optoelectronic properties [17-21]. Due to the semi-metallic properties of graphene,
single-layer graphene can be processed into ribbon [22,23], disks [24,25], and split rings [26,27]
that can also excite SPPs. The SPPs properties of graphene can be controlled by the Fermi level
of graphene. According to some reports [28,29], the Fermi level of graphene can be flexibly tuned
by the gate voltage. Graphene, as a platform to replace metals to excite PIT, has produced a series
of applications, such as sensors [30-32], absorbers [33—36] and slow light [37,38]. Similarly, the
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use of graphene SPPs can achieve efficient narrow-band filter, and this filter can dynamically
tune the response frequency [39—41]. Besides, both surface plasmon filter and PIT can be used
for refractive index sensing applications [42,43] with high sensitivity. However, there are rarely
related reports on multifunctional devices that combine filters with PIT.

In this paper, we proposed a graphene-based metasurface that exhibits multifunction including
tunable filter and PIT which can achieve function switch by applying an external voltage. The
proposed metasurface is composed by four graphene nano-rings and a graphene nanoribbon
which generate the bright and dark mode on the SiO,-Si substrate. An ion-gel layer and a
conductive layer are attached to the metasurface, and an Au gate is manufactured on the ion-gel
layer. By changing the gate voltage, we can independently tune the Fermi level of graphene rings
and nanoribbons. The simulation result of finite-difference time-domain (FDTD) show that the
proposed metasurface has some excellent properties including two narrow filters, tunable slow
light of PIT and high refractive index sensitivity of 136700 nm/RIU in the terahertz. Based on
the behavior of two tunable filters, we propose a concept of dual-channel optical switch which
including four states by tuning the Fermi level of graphene. With the above benefits, the proposed
device is potential in tunable optical switches, slow light, and sensors.

2. Model construction

Figure 1 exhibits the graphene-based multifunction device, which is composed of periodically
patterned graphene single layer sitting on the SiO;-Si substrate. The thickness of SiO, and Si are
both 0.1um, the relative permittivity is 1.96 and 11.7, respectively. The 3D FDTD method is
used for the numerical simulation and the commercial software of Lumerical FDTD Solutions is
employed. In our simulation, the thickness of the graphene layer is 1 nm. The graphene-based
metasurface unit consists of a continuous nanoribbon and four rings with the same outer diameter.
Among them, in order to exist a dark mode, we set up continuous nanoribbon with width of
0.8um. The continuous nanoribbon is in the middle of the periodic unit. The four graphene rings
are named as RI, R2, R3 and R4, which are marked in Fig. 1(b). The four rings are divided into
two groups which are named as GI and G2 (R] and R2 are GI, R3 and R4 are G2). The rings of
each group have the same scale and are symmetrical about the Y axis. The ion-gel and conductive
layer, described by a nondispersive permittivity e=1.82 [44], are attached to the top of the entire
structure. The voltage is tuned by the Au gate fabricated on the ion-gel layer, thereby tuning the
Fermi energy level of the graphene metasurface. Since the ion-gel layer has little effect on the
output spectrum and phase modulation of the entire structure, it is omitted in the simulation. This
part of the content is reflected in the Supplementary SI1. Moreover, the boundary condition of x
direction is symmetrical layer, y direction is periodic layer, and z direction is perfectly matched
layers (PML).

THz plane waves are normally illuminated on the device and the monitors to obtain transmission
spectrum T(w) and phase change (w). Due to the SPPs of graphene, the transmission spectrum
and phase exist some changes, which can be explained by the Kubo formula to the conductivity
o(w) of graphene [45,46]:

O-(w) = O-intra(w) + O—imer(w)a (1)
2e%kpT i Ef
Tintra(W) = R In [2 cosh (ZkBT)] , 2)
2 hiw — 2E j hw + 2Ef)?
Tinter(W) = L + l arctan e ) S In (hw /) . 3)
4|2 w 2kpT 21 (hw — 2Ep)? + 4(kgT)*

Where w is response frequency of graphene SPPs, E is the chemical potential (Fermi level),
e is the elementary charge. Both kp and # are constants which represent Boltzmann constant
and Planck constant respectively. T represents the ambient temperature which we set 300K
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Fig. 1. (a) Schematic of the proposed multifunctional graphene metasurface consisting of
two pairs of graphene nano-rings and a graphene nanoribbon sitting on the SiO;-Si substrate.
The thickness of SiO, and Si are h=0.Ipwm, t=0.1um. The ion-gel was spin-coated on the
graphene metasurface and contacted to the Au electrodes as the top gate. An ultrathin and
transparent conduct thin layer was deposited between the SiO, and graphene as the bottom
gate. (b) Top view of unit cell of the structure in Fig. 1(a) with its geometrical parameters:
P=6um, r=1.0um, a=0.8um, b=0.8um, c=0.3um, d=1.6um, e=3.2um. Names and groups of
graphene rings are marked on the graph. (R/ and R2 are G/, R3 and R4 are G2).
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to make it close to reality in the simulation. 7 is the time of carrier relaxation, which can be
given by T = uEy/(evz), thereby vy = 10%m - s~! expresses Fermi velocity [47,48]. When the
Ef > (hw,kgT), we can use the metal-like Drude model to simplify the above equation in
terahertz band as [49]:

ek i
mh? (w+ L)
The graphene Fermi level can be changed by gate voltage and chemical surface modification.

This change essentially changes the doping level of graphene ny, and the relationship between Ef
and n can be given by the following equation:

Ef = ﬁVF\/ﬂ_l’ls. (5)

Where the vy = 10%m - s~ expresses Fermi velocity, it also set in our simulation. Based on
simple capacitor model, we can give the linear dependence on the n, and the gate voltage [50]:

“

o(w) =

_ 8r80|vg — Virac|

ng = od (6)

Where &, and &g represent the permittivity of insulator layer and vacuum, respectively. |V,
—Vbirac| is the applied voltage, d is the thickness of insulator layer. According to the above
equation, we can make a conclusion of the SPPs response wavelength A:

1= 2nhe lwsreo' 7
e Ef

We use the Au gate bias voltage to change the working state of the graphene nanoribbons.
According to the previous reports [26,40], we can know that there is almost no SPPs when the
Fermi level of the graphene layer is 0. Since the graphene nanoribbons are off (Fermi level is
0) and the Fermi level of graphene rings are 1eV, the simulation results of the proposed device
show two narrow filters which excited by the SPPs of graphene rings in the terahertz as shown in
Fig. 2(a). Figure 2(a) displays the transmission spectrum for different states under the plane wave
incident to single-group of graphene rings and double-group of graphene rings. According to the
transmission spectrum of different states, we can make a conclusion that the coupling between
the two narrow filters is weak. It reminds us of its potential to apply in switch. Figure 2(b) shows
two narrow filters which depend on the graphene Fermi level are tunable. It is worth noting that
when the Fermi level of graphene decreases, the transmission spectrum of the proposed device
undergoes a significant blue shift. This phenomenon is consistent with the tunable conductivity
theory of graphene mentioned above. Through Fermi level tuning, we realize dual-band tunable
filters.

We also add the graphene nanoribbon coupling a dark mode to generate the transparent window
in two original narrow filters. When we turn on the graphene nanoribbon (Fermi level of graphene
nanoribbon is 1eV), we can get two PIT windows at 5.16THz and 9.18THz, as shown in Fig. 3(a).
The incident wave causes the graphene to excite the surface SPPs, as a result, the transmission
trough emerges in the spectrum. This mode is named as bright mode (B) as shown in the blue
line. The dark mode (D) has no response frequency to the incident wave due to the continuity
of the nanoribbons, as shown in the green line. Only when the bright mode and the dark mode
exist at the same time, because of the destructive interference between dark mode and bright
mode, the bright and dark mode produce the transparent window as shown in the red line. We
also give the electric field distribution at the transparent window frequency and the transmission
trough frequency. In addition, in order to study the formation of the transparent window, we
have also given the electric field distribution in the mode with only SPPs as shown in Fig. 3(c).
Through Fig. 3(a), we can find that the transparent window of G/ and the nanoribbon is easier to
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Fig. 2. (a) The transmission spectra of two tunable narrow filters with different states of
the graphene metasurface. (The off state indicates that the Fermi level of single-group of
graphene rings is 1.0 eV, and the on state indicates that the Fermi level is 0 eV. For example,
“off-off” means that both G/ and G2 are 1eV) (b) The response of two tunable narrow filters
with different Fermi energies of graphene. (A color version of this figure can be viewed
online.)

observe. This phenomenon can be reasonably explained by CMT [37,51,52]. Figure 3(b) shows
the coupling between the bright and dark modes by CMT. Two states of resonances are named
as mp and mp respectively describe the resonance excited by SPPs and the resonance of the
coupling between bright mode and dark mode, where the superscript “out” and “in” represent
the input and output in the resonance, and the subscript “+” and “-” describe the direction of the
mode transmission. Thus, the system can be expressed as:
1
YB —IiKBD mp —T;B 0 BT + Bi_"
: = e . ®)

; 2 in in
—ikpp YD mp 0 -T,p DV + D"

(S]]

Where «pp and kpp represent the coupling coefficient between bright mode and dark mode,
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respectively. Moreover, w is the angular frequency of the incident waves, y;pp) =
1

T, EXPrEsS

o8 ) express the attenuation rate of energy that
escaping from mode to outer space. According to Eq. (8) and y;p) and y.pp), we can get

the decay rate due to intrinsic loss, y.pp) =

YB = iW — iWB — Vi — YeB> (&)

YD = iw — IWp = ViD = YeD- (10)

Supported by the principle of conservation of energy, the input and output of the bright and
dark modes are expressed as follows,

DI = B B = DM, an
. _1 . _1
B = B" — 1 2mp, D" = DI — 1,2 mp. (12)

Here, ¢/? expresses the phase shift of the incident wave. According to Egs. (8)-(12) and the
initial condition that only single incident wave is incident on the graphene layer from the negative
direction of the z-axis, it means that D" = 0. The transmission coefficient of the system can be

~
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Fig. 3. (a) The function translation of graphene metasurface by tuning the graphene
nanoribbon. (A color version of this figure can be viewed online.) (b) Equivalent CMT
model between bright mode and dark mode for the proposed structure in this work. (c)
Simulated electric field intensities profile with different states of graphene metasurface.
Two SPPs response frequencies of the narrow filter at 4.85THz and 9.64THz are shown in
turn. Comparing the resonance of narrow filters, transmission peak (transparent window
at 5.16THz) and three resonance dips (4.65THz, 5.61THz and 9.78THz) are significantly
different.
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quantitatively expressed as

out
— D+

) _ i L e
B ot [TeBl e + 756 yp + (TenTen) 2 xg
’ 13
1 B 13)
+(TeBTen) 2)(D] -(ysYD — XBXD) -

Where xpp) = ikppsp) + 2\/YeBYeD - €%, and we can make a conclusion that T = |#]>.

In addition, the coupling of G2 and graphene nanoribbon also has a PIT phenomenon. When
we test G2 separately, we can see the existence of this PIT phenomenon. However, due to the
mutual influence between the two-ring systems, the PIT becomes more difficult to observe than
before. This part of the work is detailed in Supplementary S2.

3. Result and discussion

According to the CMT theory, we specifically discussed the PIT peak generated by G/ and
continuous nanoribbon. The transmission spectrum of the FDTD simulation and the curve fitting
CMT theory are compared when the Fermi level of G/ changes from 0.8 eV to 1.0eV. As shown
in Fig. 4, the blue dotted line dedicates the FDTD simulation result, and the red solid line shows
the curve fitting CMT theory. Combining with the coupled-mode theory and the theoretical
conclusions, which are explained in Egs. (8)-(13), we get the transmission spectrum given by
CMT fitting curve. Comparing the two curves, we can see that the results of the CMT are
consistent with the results obtained from the FDTD simulation. In addition, we found that the PIT
generated by G/ and continuous nanoribbon is consistent with the tunable conductivity theory
of graphene. As the Fermi level increases, the two dips undergo a blue shift. In the above, we
have discussed the proposed graphene dual-band tunable filter using the graphene conductivity
adjustable theory. Here, the two dips based on the PIT effect of graphene can also be explained
by the theory of tunable graphene conductivity.

Detecting refractive index is an indispensable method which is widely used in biochemical
molecular sensing applications [43,53] and solution salinity detections [54]. To investigate the
refractive index sensitivity of the SPP excited by graphene, we change the refractive index of the
top surrounding medium and track the change of the response wavelength of the SPP resonance
center. All the structural parameters and the Fermi level setting of the graphene metasurface are
consistent with the initial state of the tunable filter. (The Fermi level of graphene rings are 1eV
and nanoribbon is 0eV.) The sensitivity of the device depends on the relationship between the
change in refractive index and the change in resonance wavelength, which can be expressed as
[55,56]:

da
S==", 14
n (14)
S
FOM = . (15)
FWHM

Where dA represents the shift of resonance center wavelength, dn is the change of refractive index.
FWHM is the full width at half maximum of the transparency window. As shown in Fig. 5(a),
we can find that as the refractive index increases, the resonance peak has a red shift. As for
FOM, the resonance generated by G2 is more obvious than the resonance generated by G1. The
calculated sensitivity of the resonance of G2 is 13670 nm/RIU, FOM is 6. When the refractive
index changes from 1.0 to 1.3, the resonance wavelength is red-shifted from 31.11um to 35.22um.
Compared with the previously reported work [40,55,56], the sensitivity of the proposed device is
high in the terahertz. Figure 5(b) shows that the linearity of the proposed structure sensitivity
which is crucial to evaluate the quality of the sensor. Besides, we compared the work of others to
illustrate that our device is highly sensitive to the refractive index, as shown in Table 1.
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Fig. 4. The transmission spectra of the G/ graphene PIT metamaterial at terahertz band
when Ef in mode D (graphene nanoribbon) and G2 is maintained at 1.0 eV and in element B
(GI)is 0.8¢V, 0.9¢V, 1.0eV, from top to bottom.
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Fig. 5. (a) Simulated transmittance spectra of the metamaterial with refractive index ranging
from 1 to 1.3. (A color version of this figure can be viewed online.) (b) Wavelength
change of the tunable filter peak versus the refractive index (blue solid line with the marked
wavelength).
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Table 1. Comparison of sensitivity and tunability of the
graphene metasurface with other sensitive refractive index

sensors.
Ref. [571 [42] [58] Our metasurface
Sensitivity (nm/RIU) | 590 | 3020 | 5160 | 13670
Tunability No Yes Yes Yes

Similarly, when the graphene nanoribbon is in the “off” state, we can get the dual-channel
optical switch. According to the characteristics of the proposed device that the two transmission
troughs have a certain distance during the filtering process and the coupling between the two
transmission dips is weak, we propose the design concept of a dual-channel optical switch in the
terahertz. This switch has four states (on-on, on-off, off-on, off-off), and the four states can be
quickly converted by tuning the graphene Fermi levels of two groups GI and G2 including R1,
R2, R3 and R4. The Fermi level of the graphene ring group (G/ and G2) is 1 or 0, indicating the
“on” state and “off” state, respectively. Four states are clearly described in Table 2, including the
Fermi levels of different groups of graphene rings and the corresponding transmission spectrum.

Figures 6(a)-6(d) illustrate transmission spectrum under different states, which can be flexibly
converted.
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Fig. 6. (a) The transmission spectra with different Fermi levels for different groups of
graphene rings (G1 and G2) at four states: (a) with 1eV and 1 eV, respectively, (b) with

1eV and 0 eV, respectively, (c) with 0eV and 1 eV, respectively, and (d) with 0eV and O eV,
respectively.

Finally, we discuss the effect of the device on slow light in the case of an induced transparent
window, especially the phase change near the transparent window caused by the coupling of R/,
R2 and graphene nanoribbon light-dark mode. The narrow-spectrum resonance effect is one of
the methods to realize slow light. The narrow resonant peak implies that the effective refractive
index of the nearby wavelength changes drastically, so it has a strong dispersion effect, and strong
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Table 2. Four states of
dual-channel optical switches and
different chemical potentials.

State Fermi level (eV) | Figure
on-on 11 (a)
onoff | 10 (b)
off-on | 0 1 (c)
off-off | 0 0 (d)

dispersion will cause the speed of the light wave group to delay and form slow light. PIT is a
typical narrow-spectrum resonance. The delay time of the slow light effect can be calculated by
the following formula [59]:
()
& do

Where ¢(w) represents the phase difference of light of different frequencies from the incident
end to the exit end of the common waveguide. As shown in Fig. 7(a), we can find that different
Fermi level of G can tune the response frequency of PIT. This change is consistent with the
tunable conductivity theory of graphene. Figures 7(b)-7(d) illustrate the phase shift of PIT when
the Fermi level of G increases. According to the phase shift, we can clearly get the delay time
near the transparent window which can be varied by the Fermi level changing. When Ef = 0.8¢V,
the delay time reaches a maximum at the induced transparent window, and the value is up to
0.227ps. We can find that the range of slow light can be dynamically adjusted by the Fermi level,
which offers a novel idea for designing applications with high-performance slow-light index in
the future.

In order to reflect the versatility of the proposed device, we compared the proposed device
with other devices [60-62] which realize some unique functions. As shown in Table 3, the
proposed device in our work has some functions including dual-channel optical switch, sensitive
refractive index sensor and slow light. All of the above devices have the function of an optical
switch. However, the previous works are based on the coupling of bright and dark modes to
realize optical switches. The proposed device can not only realize the optical switch through
PIT, but also realize the dual-channel optical switch with four states by using graphene SPPs.
Besides, our metasurface has a competitive sensitivity of refractive index with the recent study
[60,62]. Compared with the previous reports [61,62], the slow light efficiency of our metasurface
still needs to improve. However, it is worth mentioning that a device with such comprehensive
functions and unique sensitivity of refractive index is rarely reported in previous reports.

(16)

Table 3. Comparison of the function of the graphene metasurface with other graphene devices.

Ref. Mode number of optical switch | Sensitivity of refractive index (nm/RIU) | Slow light (ps)
Our metasurface | Four modes 136700 0.227

[60] Two modes 2300 Do not mention
[61] Two modes Do not mention 0.7

[62] Two modes 4310 1.33
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Fig. 7. (a) Transmission spectrum of tunable slow light at various Fermi levels of the
graphene. Only changing the Fermi level of G/ make the transparent window shift, the other
parameters are as same as Fig. 1(A color version of this figure can be viewed online.) (b)-(d)
Phase shift (green solid line) and Delay time (yellow solid line) of slow light at different
Fermi level, (b) is GI at 1€V, (c) is G1 at 0.9¢eV, and (d) is G/ at 0.8 V.

4. Conclusion

In conclusion, we have proposed a multifunction graphene-based metasurface which can realize
the tunable filter and PIT by the SPPs of graphene in the terahertz. The results of FDTD show
that some superior characteristics including the narrow filters, phase changing and sensitivity
of refractive index. According to the tunable conductivity theory of graphene, we discuss the
changes of transmission spectra in different function modes with Fermi levels. Using the CMT,
we have demonstrated the bright and dark mode coupling which generate two transparency
windows in the SPPs frequency of patterned graphene. In addition, we have put forward a concept
of dual-channel optical switch based on our device. Therefore, this work offers an unprecedented
design for combining multiple functions including switch, refractive index sensor and slow light
on one device.
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