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Abstract

Double narrowband induced perfect absorption in the terahertz region is achieved in a graphene-dielectric—gold
hybrid metamaterial, whose physical mechanism is analyzed using the coupled-mode theory (CMT), which agreed
well with the finite-difference time-domain (FDTD) simulation. This study found that the Fermi level of graphene can
be adjusted to improve the absorptivity when the refractive index (RI) n4 of the chosen dielectric cannot achieve

a good absorption effect. In addition, the blue shift of absorption spectrum can be used in the design of dual-fre-
quency electro-optical switches, of which the modulation degree of amplitude (MDA) can reach as high as 94.05%
and 93.41%, indicating that this is a very promising electro-optical switch. Most significantly, the Rl sensing perfor-
mance is investigated, which shows an ultra-high absorption sensitivity S, =4.4°/RIU, wavelength sensitivity S, =9.8°/
RIU, and phase shift sensitivity S,=2691%/RIU. At last, an interesting finding is that the two peaks (R1 and R2) of
plasmon-induced absorption (PIA) show different polarization characteristics (insensitive or sensitive) to the incident
light angle; this polarization-sensitive is particularly important for the PIT/PIA-based optical polarizers. Undoubtedly,

this paper is of great significance to the research and design of terahertz photonic devices and sensors.
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Introduction

Surface plasmon polaritons (SPPs) [1, 2] have been exten-
sively studied in the micro-nano optics. SPPs, as carriers
of information and energy transmission, are originated
from the interaction between photons and electrons on
the surface of metal or insulator. SPPs are confined to
and transported along the metal medium interfaces so
that the surface structure of metal or metal-like medium
can be changed to control the transmission of SPPs [3].
Thus, SPPs provide new methods for electromagnetic
wave transmission. SPPs can break the limit of diffrac-
tion, and control photons and device miniaturization in
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the sub-wavelength band, indicating that SPPs have good
prospects for nano-integrated optical chip applications
[4]. Recently, graphene, as a new material with a single
layer of two-dimensional honeycomb lattice structure
[5], displays a metal-like property in the terahertz band.
And scientists have confirmed through experiments
that graphene can also excite the SPPs in specific wave-
bands [6]. Compared to metal-based SPPs, graphene-
based SPPs have many unparalleled advantages and
optical properties [7-9]. First of all, dynamic tunability
is an outstanding advantage of grapheme [10]; we indi-
rectly control the conductivity and dielectric constant of
graphene by applying gate voltage to regulate the Fermi
level, thus achieving dynamic transport modulation of
SPPs. Secondly, the field localization and enhancement
effects of graphene-based SPPs are more remarkable than
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metal-based SPPs [8]. And the propagation range can be
from near-infrared to terahertz frequency. In addition,
strong dispersion is a significant advantage of graphene-
based SPPs, the group index can reach more than 1000
[11], which far exceeds metal-based SPPs. Accordingly,
some plasmon devices based on graphene-based SPPs
have been widely applied to various fields such as optical
switches [12], optical absorbers [13—15], sensing technol-
ogy [16, 17], plasmonic enhancement [18, 19] and others.
The most typical case is the plasmon-induced transpar-
ency (PIT) [20-23], which is produced by the destructive
interference between resonant SPPs modes. Compares to
the electromagnetically induced transparency (EIT) [24]
obtained by the destructive quantum interference, exper-
imental conditions of PIT are lower than EIT. Accord-
ing to the previous researches, various photonic devices
based on PIT have been proposed, including photo-
electric switches [25, 26], absorbers [27, 28], slow light
devices [29], nano-imaging, modulators [30], etc.

For most PIT systems, perfect absorption has always
been a challenge because the absorption rates of most
PIT systems only reach about 50% [31]. In order to
solve the problem of low absorption based on PIT, the
idea of induced reflection in Tamm plasmon systems
is proposed [32, 33], based on which some researchers
designed a plasmon-induced reflection (PIR) [34] sys-
tem, which achieved significant absorption effect. The
concept to PIR is the opposite of PIT and rarely reported
in graphene-based SPPs devices. And another concept
of PIR is plasmon-induced absorption (PIA) [27, 35, 36],
where the resonance peaks and dips of PIR and PIA can
all correspond to the PIT. Moreover, the designed system
is usually composed of metal and medium, among which
the metal substrate is mainly designed to reflect all inci-
dent light to make sure the transmission rate is 0. The
absorption rate is significantly enhanced compared with
some PIT systems. Thus, it is meaningful to design meta-
materials by combining patterned graphene with dielec-
tric and metal materials to realize perfect absorption,
PIA, and other related characteristics. Accordingly, this
study proposes a graphene—dielectric—gold hybrid meta-
material structure to achieve perfect PIA in the terahertz
band.

In this paper, a single-layer graphene patterned struc-
ture based on a graphene—dielectric—gold hybrid meta-
material is put forward to achieve the double narrowband
induced perfect absorption. Firstly, the Fermi level of gra-
phene is adjusted to improve the absorptivity when the
refractive index (RI) n,; of the chosen dielectric cannot
achieve good absorption effect. Secondly, the results of
the FDTD simulation agree well with the CMT numeri-
cal simulation; and the blue shift phenomenon is applied
to design an electro-optical switch. Most significantly,
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its RI sensing performance is investigated, which shows
an ultra-high absorption sensitivity S, =4.4°/RIU, wave-
length sensitivity S, =9.8°/RIU, and phase shift sensitiv-
ity §,=2691°/RIU, indicating an extraordinary sensor. In
addition, we find the two peaks (R1 and R2) of PIA show
different polarization characteristics (insensitive or sen-
sitive) to the incident light angle. And this polarization-
sensitive is particularly important for the PIT/PIA-based
optical polarizers. To summarize, the proposed structure
provides many potential advantages. On the one hand,
the provided structure has multiple means of modula-
tion, enabling the structure to be multifunctional. On the
other hand, the patterned graphene structure based on a
graphene—dielectric—gold substrate is simple and mon-
olayer, which is easy to manufacture. Therefore, the pro-
posed structure provides a new way to realize terahertz
photonic devices and sensors.

Methods

A graphene—dielectric—gold hybrid metamaterial is
designed to achieve the PIR and perfect PIA in the ter-
ahertz band, as shown in Fig. 1la, the substrate of the
proposed structure is composed of a metal layer and
a dielectric layer, with a single-layer graphene placed
above. And the unit structure of the periodic structure is
shown in Fig. 1b; the patterned graphene consists of four
graphene blocks (FGBs) and a cross-shaped graphene
(CSQG). Figure 1d indicates the preparation process of the
provided structural metamaterial. Then, Fig. 1c exhib-
its the cross-sectional view of the proposed structure,
the bottom layer is a gold layer, which is mainly used for
reflecting most of the light; the upper layer is a dielectric
layer; and the single-layer graphene metamaterial is set
on the dielectric layer. The patterned graphene is con-
nected to the electrode, and we can apply a gate voltage
v, (see the circuit diagram in Fig. 1c) to adjust the Fermi
level of graphene. The formula is as follows [37]:

TTEQEGVg
B =t —a (1)
where v,and d, refer to the Fermi velocity and the thick-
ness of the dielectric layer, respectively.

This work is based on the Lumerical FDTD Solu-
tions software for simulation calculations. Here, both
the X-axes and Y-axes directions are set as the periodic
boundary conditions while the Z-axes direction is the
perfect matched layers. Meanwhile, the incident light in
the x-polarization direction is applied to the surface of
the provided structure. In addition, according to the ran-
dom phase approximation (RPA) theory, the surface opti-
cal conductivity g, of graphene can be given [38]:
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Fig. 1 a Patterned structure of periodic monolayer graphene. b Single-layer graphene patterned unit structure. ¢ The cross-sectional view of the
structure and circuit diagram. d Preparation diagram of the provided structure metamaterial. Here, the geometric parameters of the structure are as
follows:a=b=1.5um,c=d=02 um,e=03 um, f=14 um, i=4 um; g=1.6 um, h=0.5 pm
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where 7 and T are the carrier relaxation time and the
temperature (7=300 K), respectively. G()=sinh(¢)/
[cosh(Ef /kgT) + cosh(§)] and §=¢/kgT with kg being the
Boltzmann constant. Due to kzT'<<E; in the terahertz
band, 6™ can be ignored. Thus, the conductivity of gra-
phene can be expressed by:
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Fig. 2 a Reflection and absorption spectrum of the PIR and PIA
at E,=1.0 eV. b-d The electric field distribution at f, =6.684 THz,
f,=5.758 THz and f;=7.064 THz, respectively. e The theoretical
coupling between resonant modes

Firstly, when the FGBs of the structure are exposed to
the linear polarized light, an obvious reflection valley (red
dotted curve) is generated at f; =6.684 THz in Fig. 2a, we
call it bright mode; when the CSG is irradiated by the
linear polarized light, we get the blue dotted curve as
shown in Fig. 2a, i.e., we call it dark mode. The PIR effect
is generated when the FGBs are combined with CSG and
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the linear polarized light is vertical. Concretely, the two
reflection valleys correspond to two resonance frequen-
cies (f,=5.758 THz, f;="7.064 THz). Here, the black solid
curve expresses the absorption spectrum of the proposed
structure in Fig. 2a, which we call PIA effect. Moreover,
the physical mechanisms of the PIR effect and PIA effect
were discussed by the electric field around the proposed
structure, as shown in Fig. 2b—d. Among them, Fig. 2b
is the electric field diagram of FGBs at f;=6.684 THz,
which shows the electric field energy is distributed at the
edge of FGBs, indicating that the resonance reflection
valley is excited by the edge of FGBs; additionally, Fig. 2c,
d shows the electric field diagrams of two resonance
reflection valleys of the PIR. In particular, the first reso-
nance valley at f,=5.758 THz (see Fig. 2c) shows that the
electric field energy is mainly distributed between FGBs
and CSG, indicating that the first resonance valley is
mainly contributed by the interaction between FGBs and
CSG; the second resonance valley at f;=7.064 THz (see
Fig. 2d) expresses the same distribution as well, besides,
there is energy around the upper edge of the CSG, show-
ing the second resonance valley is mainly affected by
CSG. Here, the refractive index RI of the dielectric layer,
the mobility of graphene and the Fermi level of graphene
are ng=2, g =1.5 m*/(Vs) and E;=1.0 eV, respectively.
Secondly, the physical mechanisms of the PIR effect
and PIA effect can also be analyzed by the CMT, as
shown in Fig. 2e. Here, I' and II represent the complex
amplitudes of the two modes, respectively; Fii“/ °ut and
I1,"/°4¢ correspond to the input and output waves of the
two modes, respectively. In addition, the subscript “+”
and “in/out” denote the same/opposite direction and the
entering/exiting of the incident light. The coupling rela-
tionship between the two modes is as follows [39, 40]:
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where g and ppr represent the coupling coefficients of
the two modes, respectively; yrm) = (i0 —io —y;rm —7,
@) where y; rqp) and y, r are the inter-loss coefficient
and the extra-loss coefficient, respectively. According to
the law of energy conservation, the coupling relationship
between the two antennas can be expressed as follows:

Fif = retain, (7a)

Mt = [, I = re, (7b)
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where ¢=Re(f)-h; represents the phase difference
between the two resonant modes IT and I'. There is a gold
layer at the bottom of the structure to reflect all the inci-
dent light, so the energy passing through the structure is
0. Therefore, entering the second resonant mode satisfies:
I1_" =11 """, where y = Re(B)-h, represents the phase
difference between mode II and the metal layer. There-
fore, the transmission and reflection coefficients are as
follows:
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therefore, the transmission and reflection coefficients of
the structure are: T=|t|*, R=|r|% respectively; to sum
up, the absorption rate of the structure: A=1—T—R.
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Results and Discussion

In order to obtain the optimal absorption effect and param-
eters, we made a detailed investigation on the bright mode
mentioned above first, and the structure diagram is shown
in Fig. 3a, where @ expresses the incident light angle. FGBs
are placed above the dielectric layer and the gold layer
A; moreover, since the RI n,, of the surrounding dielec-
tric can be affected by the change of gas concentration, a
gas simulator is designed above the structure, which the
detected gas can pass through. As shown in Fig. 3b, the
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Fig. 3 a The periodic structure of four graphene blocks. b Three-dimensional diagram of the maximum absorption with incident light ® and
refractive index ny of the dielectric. ¢ The absorption spectrum at positions @(2.3, 10), @4.3, 10) and @(7.3, 10) of (b), respectively. d The FDTD
numerical absorption spectrum with the Fermi level of graphene changing from 0.5 to 1.1 eV (n=2)
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absorption results vary with the incident angle @ and the
RI #,; of the medium, and the contours represent different
absorption values. What’s more, Fig. 3c shows the absorp-
tion diagrams at positions @(2.3, 10), @(4.3, 10) and @(7.3,
10) of Fig. 3b, respectively. Here, the X- and Y-values of
@(X, Y) denote the RI n, of the medium and the incident
angle @, respectively. Among them, the absorption value
at position @(4.3, 10) is almost 100%, which indicates the
proposed structure can achieve perfect absorption. The
FDTD numerical absorption spectrum with the Fermi
level of graphene changing from 0.5 to 1.1 eV is shown in
Fig. 3d. And the gate voltage v, of graphene varies from
1.15 to 2.53 V, which has been experimentally proven that
the range is feasible. With E being increased from 0.5 to
0.9 eV, the maximum absorption gradually increases and
reaches 100%, then decreases during 0.9—1.1 eV. This phe-
nomenon can be explained by the effective impedance
[41] Z=(((1+S;1)* =S, 2)/((1 = ;1) = S5,2)Y* where
|S;1|=|r|*=R and |S,;|=|¢|*=T. In Fig. 3d, we can dis-
cover the graphene meets excellent impedance matching

(Z=1) at E;=0.9 eV. However, the impedance does not
match well when E;=0.9 eV and the reflection appears so
that the absorption decreases. Therefore, the Fermi level of
graphene can be changed to improve the absorption when
that of the selected dielectric is not ideal.

According to the previous section, we can adjust the
parameters of the structure to improve its absorptivity
when the FGBs are combined with CSG and the linear
x-polarized light is vertical. Therefore, we chose the RI
ng=2, ny, = 1 of the dielectric layer and the surround-
ing dielectric, respectively, and adjust the Fermi level to
improve double absorption peaks in this section. The
FDTD numerical absorption spectrum and the CMT fit-
ting results with the Fermi level increasing from 0.5 to
1.0 eV are shown in Fig. 4a. Here, the solid lines repre-
sent the results of the FDTD numerical and the dotted
lines for the CMT results. The FDTD results fit well with
the CMT numerical simulation. We can see that the two
absorption peaks gradually increase to almost 100% with
the Fermi level changing from 0.5 to 1.0 eV. This is due to
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Table 1 Comparison of switches based on single-layer graphene
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Modulation mode MDA (%) Material structure PIT/PIA
[43] Three resonance points 80.01,61.37,50.97 Single-layer graphene EIT
[12] Four resonance points 77.70,58.90, 75.40, 77.60 Single-layer grapheme PIT
[44] One resonance points 84.20 Single-layer graphene PIT
21 Four resonance points 90.10, 80.10, 94.50, 84.70 Single-layer grapheme PIT
This paper Two resonance points 94.05,9341 Single-layer graphene PIA
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Fig. 4 aThe spectra of the FDTD numerical and CMT simulation with
the Fermi level changing from 0.5 to 1.0 V. b The real and imaginary
parts of the impedance Z when £,=1.0 eV. ¢ Three-dimensional
diagram of absorption with the Fermi level and frequency. Here, the
discussed structure is Fig. 1a and other parameters are ny=2, n,,, =1

the fact that the impedances of both absorption peaks are
perfectly matched when E;=1.0 eV. The real and imagi-
nary parts of the impedance Z are exhibited in Fig. 4b,
and it reveals that the real impedances of two resonance
frequencies (f,=5.758 THz, f;=7.064 THz) are 1, mani-
festing that the two peaks reach 100% absorption.

Figure 4(c) displays the three-dimensional evolu-
tion diagram of absorption with Fermi level and fre-
quency, there is an obvious blue shift phenomenon,
which can be applied to the design of dual-frequency
electro-optical switches in practical applications.
As shown in Fig. 4c, at K,, the absorption ampli-
tude Koy at 5.543 THz is 100%, the electro-optical
switch is set as “ON” state with the Fermi level being
0.9 eV; while the absorption amplitude Kqgp is 5.95%

wavelength (um)

Fig. 5 Absorption spectrum and the phase shift diagram when the
refractive index ng,, is increased from 1 to 1.1 by a step of 0.05. Here,
the discussed structure is Fig. 1a and other parameters are ny=2,

n 1

sur—

Table 2 Parameters of the absorption, wavelength, phase shift

Absorption Wavelength Phase shift
A1 02182 03723 12117
A2 02214 04927 13457
S of this paper 44 9.8 2691
S of [46] 38 3.0 2560

at E,=0.7 eV, corresponding to the “OFF” state of the
switch. Thus, the modulation degree of amplitude
(MDA) at K, is 94.05%. Here, the MDA can be calcu-
lated by MDA = (Kqn — Kopp)/Kon % 100% [42]. Simi-
larly, the MDA at K is 93.41% (f;=6.233 THz). Since
the single-layer graphene structure is easier to realize
under the experimental conditions, some electro-optic
switches based on single-layer patterned graphene are
shown in Table 1, which clearly illustrate the excellent
performance of the proposed switch. The MDA of the
two frequencies can reach as high as 94.05%, 93.41%,
respectively. In addition, the absorption of PIT can only
reach about 50%, whereas that of PIA can reach as high
as 100%. Consequently, the proposed structure is of
great significance in both electro-optical switches and
solar energy absorption devices.



Liu et al. Nanoscale Research Letters (2022) 17:85

Page 7 of 10

90°
G50
60°
45°
300 )i
150 J;

(b)c

Absorptio

1
1
1
|

4 5 6 7 ¢
Frequency

Electric field insensity
o000
oONDOK=

(o))
o

w
o

Polarization angle
& &

o

45 5 55 6 65 7 75 8

Frequency

Fig. 6 a Single-layer graphene patterned unit structure. b Absorption spectrum with polarization angle varying from 0° to 90°. ¢, d The electric
field around the structure at fy;, fs,- and f, with polarization angles being 0° and 90°, respectively. e Three-dimensional diagram of absorption with
polarization angle and frequency. f Polar coordinates diagram variation of the polarization angle from 0° to 180°

SIYIT~.. 60

o 30

3 .-.. v ..-. .
180+« ‘~ .0
100 80 60 40 20 O 20 40- 60- 80- 100

Absorbance

In recent years, most of the work based on SPP sens-
ing has been realized by detecting the SPP wave trans-
mission at the interface between air and metal [45]. The
gas concentration on the metal surface is changed to
regulate the refractive index (RI) of the metal surface.
In this section, we directly adjust the RI n,, of the sur-
rounding dielectric of the whole structure to discuss

the sensing performance with setting E,=1.0 eV and
ng=2. As shown in Fig. 5, the CMT fitting absorp-
tion spectrum and the phase shift diagram are exhib-
ited when the RI ng, of the surrounding dielectric
is increased from 1 to 1.1 by a step of 0.05. Here, we
divide the two absorption peaks into two parts, Al
and A2, with a red dotted line for clear analysis. The
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subscript of the obtained parameter is set as 1 for part
Al, and 2 for part A2. When the RI ng,, is adjusted
from 1.0 to 1.05 (Ang=0.05), the parameters are shown
in Table 2.

Here, A1(2)=1|X,_; —X,_105] (X=A4, 1 and ¢) repre-
sents the changes of absorption amplitude, wavelength
and phase shift, respectively; S,=max[Al, A2]/Any
represents the sensitivities of absorption S,, wavelength
S, and phase shift S, respectively. Compared with Ref.
[46], it can be seen that the phase shift sensitivity of the
proposed structure is significantly improved from 2560°/
RIU to 2691°/RIU. Therefore, it shows a wide application
prospect in sensors.

The polarization angle of the incident light of the pro-
posed structure in Fig. 6a is further investigated in this
section. As shown in Fig. 6b, the two absorption peaks
show different polarization characteristics when the
polarization angle is changed from 0° (x-polarization)
to 90° (y-polarization) by a step of 15°. In general, peak
R1 shows sensitive characteristics while R2 shows insen-
sitive characteristics to the incident light angle. Spe-
cifically, the absorptivity of R1 remains unchanged at
Jfr1=5.758 THz, while that of R2 decreases gradually
from 100 to 15% at fp,=7.064 THz; and a new peak R2’
is formed at f;,=6.373 THz, whose absorptivity can
reach almost 100%. Thus, we consider that R1 and R2 are
mainly controlled by FGBs and CSG, respectively; and
R2 is moved to R2’ due to the asymmetry of CSG. The
physical mechanism of this phenomenon is analyzed by
the electric field around the proposed structure in Fig. 6¢
, d to confirm the above analyses. When the polariza-
tion angle is changed from 0° to 90°, we find that most
electric field energy is always distributed around FGBs
at fpy, manifesting that the formation of resonance peak
R1 is mainly excited by FGBs; at fy,, most energy is trans-
ferred from the Y-axis to the X-axis edge of CSG as the
polarization angle is adjusted from 0° to 90°, indicating
that R2 is mainly affected by CSG. Therefore, the above
analyses are in line with our view that R1 is polarization-
insensitive due to the symmetry of FGB, while R2 and R2’
are polarization-sensitive due to the asymmetry of CSG.
The three-dimensional evolution of absorption with
polarization angle and frequency is plotted in Fig. 6e. It’s
clear that there is no change in peak R1 with the polari-
zation angle transforming from 0° to 90°; while peak R2
increases gradually; peak R2’ decreases gradually, which
can more vividly describe the change process of the two
resonance peaks. Additionally, the polar coordinates of
resonant dips generated under varied polarization angles
from 0° to 180° are plotted in Fig. 6f, where the radius of
the polar coordinates is the absorption amplitude, show-
ing the evolution of the absorption resonance peaks. As
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the polarization angle gradually increases, the peak R1
shows a semicircle shape (green dotted line), indicat-
ing that the peak R1 does not vary with the polarization
angle. However, the two peaks R2 and R2’ show opposite
changes (red and blue dotted lines). These two variations
are caused by the symmetry and asymmetry of FGBs
and CSG, respectively. In summary, the provided struc-
ture has good polarization characteristics and has a good
prospect for polarizers and other applications.

Conclusion

To conclude, this paper provides a double narrowband
induced perfect absorption. Firstly, the bright mode is inves-
tigated to enhance the absorption by adjusting the Fermi
level. Then, the corresponding characteristics of PIA are
discussed by the CMT numerical and the FDTD simula-
tion, and the FDTD simulation is in good agreement with
the CMT numerical results. In addition, we design an elec-
tro-optical switch based on PIA, and the MDA can reach
as high as 94.05% and 93.41%. Noteworthy, the proposed
structure is applied to sensors, which exhibited an ultra-
high absorption sensitivity S, =4.4°/RIU, wavelength sen-
sitivity S, =9.8°/RIU and phase shift sensitivity S,,=2691°/
RIU. In the end, with the polarization angle varying from 0°
to 90°, we further find the absorption peak R1 is polariza-
tion-insensitive, while both R2 and R2’ are polarization-sen-
sitive. For the above analysis, the provided structure shows
multiple means of modulation, enabling the structure to
be multifunctional. Therefore, this designed structure will
make sense in terahertz photonic devices and sensors.

Abbreviations

PIT: Plasmon-induced transparency; FDTD: Finite-difference time-domain;
CMT: Coupled mode theory; SPPs: Surface plasmon polaritons; PIA: Plasmon-
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