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Abstract

In this chapter, we focus on the development on tunable terahertz/infrared metama-
terials enabled with plasmonic excitations in graphene micro-/nanostructures. We
aimed the issue that high loss in the plasmonic excitations of graphene limits the
performance of graphene’s ability in manipulating light. We show the enhancement of
light-graphene interactions by employing plasmonic metamaterial design for proper
plasmonic excitations, and coherent modulation on optical fields to further increase
the bonding of light field for boosted plasmonic excitations. The enhanced plasmonic
excitations in graphene provide the possibility of practical applications for terahertz
and infrared band graphene photonics and optoelectronics.

Keywords: graphene, plasmonics excitations, tunable metamaterials, terahertz, infra-
red, surface conductivity

1. Introduction

There have been numerous reports on scientific advances in graphene, a first realistic two-
dimensional (2D) material with carbon atoms arranged in a hexagonal lattice. Since its first
exfoliation from graphite by Geim and Novoselov [1, 2], graphene stimulated and led the
research upsurge in two-dimensional materials [3, 4]. It is attractive for myriad applications
that profits from its high electronic mobility (25,000 cm?/V™* s) [5], exceptional mechanical
strength (~1.0 TPa) [6], and thermal conductivity [7]. It has also been widely investigated for
potential applications in photonics and optoelectronics [8-10]. Graphene exhibits much
stronger binding of surface plasmon polaritons [11-16], and the Dirac fermions in graphene
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provide ultra wideband tunability in optical response through electrostatic field, magnetic
field, or chemical doping [15-20]. All these are good for dynamical control on optical signals.
However, there are still some challenges in developing graphene photonics for practical
applications. One of them is that graphene is almost transparent to optical waves due to the
relatively low carrier concentrations in the monolayer atomic sheet; this might be useful for
some cases, for example, for the transparent electrodes, but strong light-matter interactions is
the most crucial part for practical optical applications. Boosting the light-matter interaction in
graphene is one important issue to address to take further advantage of graphene in optical
devices or systems, for example, to realize functionality such as optical insulator similar to
gapped graphene [21-23] for nanoelectronics, which is essential for myriad applications in all-
optical systems and components of much miniaturized optical circuits [24-26]. It is impor-
tant to take effectual strategies to improve the light-graphene interactions.

1.1. Plasmonic metamaterials

Artificially engineered microstructures, that is, the plasmonic metamaterial and photonic
crystals, are well-known platforms for the enhancement of light-matter interactions [27-29].
Optical absorption enhancement in graphene had been demonstrated in a photonic crystal
nanocavity for high-contrast electro-optic modulation, at the regime of critical coupling with
photonic crystal-guided resonance, and in photonic crystals for broadband response [30-34].
And in the meanwhile, plasmonic metamaterials [35-42] with even miniaturized elements are
promising for the manipulation of light at the deep subwavelength scale by making use of the
plasmonic excitations. Especially a kind of metamaterials with a single 2D function layer,
named as metasurface [43—49], has been intensively studied in recent years for various
possibilities to manipulate light peculiarly. The metasurface is naturally connected to the 2D
graphene for the following: (i) changing conversional plasmonic material-metal with gra-
phene will provide frequency-agile responses and make the metasurface even more subwa-
velength and (ii) the light-graphene interactions can be significantly enhanced in an atomically
thin graphene metasurface. Optical absorption enhancement has been studied in graphene
nanodisks, in which periodic graphene disks are placed on a substrate or a dielectric layer with
metallic ground, the plasmonic excitations in the structure resulting in the complete absorp-
tion of incident light. Graphene micro-/nanoribbons, split ring resonators, mantles, nano-
crosses, and photonic crystals have also been exploited for controlling terahertz and infrared
light.

1.2. Coherently modulated light-matter interactions

Another strategy that was proposed recently to remarkably improve the light-matter interac-
tion is the coherent modulation technique, which is based on the coherence of optical fields.
The coherence of laser made it unique in modern optics and photonics. A coherent perfect
absorber (CPA), also called anti-laser, was recently proposed [50] and demonstrated [51] in a
Si-resonator. The coherent absorption comes from the phase modulation on light fields. Since
the first proposal, relevant coherent modulation-assisted processes have attracted considera-
ble research interests with various photonic structures [52-58], for example, laser absorber and
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symmetry breaking in PT-symmetric optical potentials and strongly scattering systems,
unidirectional invisibility in PT-symmetric periodic structures, and perfect mode (polariza-
tion or morphology) conversions. It has been proven that coherently modulated optical field
provides additional localization of the light within artificially engineered microstructures,
including both the photonic crystals and plasmonic metamaterials, to further boost light-
matter interactions.

In this chapter, we summarize our recent studies on the excitation of electric/magnetic
plasmonic modes in graphene structures [59, 60], and their synergic action with the coherent-
ly modulated optical fields that provide strong interaction between graphene and light for
practical and tunable terahertz/infrared metamaterials or metasurfaces [61, 62].

2. Tunable plasmonic excitations in graphene metamaterials

2.1. Optical conductivity of graphene

The optical response of a monolayer graphene can be described with the complex surface
conductivity in the local-random phase approximation (RPA) approximation as

2T i
7h o+ir

+Z_;[H(w/2)+ 4ia)J-ocH(8)—H(a)/2)dg}}’

7 Y0 w* —4¢’

o(w) log[2cosh(EF /ZkBT)]
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sinh(he [ kT
with H (&)= e /kBT( E /Coﬁh()hs 75,7+ @ is the angular frequency of the incoming light wave, e is

the electron charge, 7 is the reduced Planck constant, k; is the Boltzmann constant, and T is

the temperature. 7 is a phenomenological relaxation time representing the scatterings in
graphene or the quality of graphene sample, E; is the Fermi energy away from the Fermi

surface.

Figure 1 shows the surface conductivity of a monolayer graphene (Fermi level: 0.1 eV) at 0 K.
We can see that the total conductivity of the graphene includes two parts: (i) contribution from
the intraband transition (blue), the response is similar to Drude dispersive metals; and (ii)
contribution from the interband transition (green), with near nondispersive real conductivi-
ty at frequencies higher than double Fermi level. For that graphene is interesting for dynam-
ically controlled photonic applications, we plot the surface conductivities under different
Fermi levels (from 0.06 to 0.14 eV) in Figure 2; we can see from the figure that the conductiv-
ity of graphene can be s-tuned by changing the Fermi level, especially the low-frequency
Drude-like response. The tunable Drude-like metallic behavior has received intensive
attention in the past years, and this chapter focuses on the tunable plasmonic excitations in
graphene at terahertz/infrared frequencies.
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Figure 1. Complex surface conductivity of a monolayer graphene (Fermi level: 0.1 eV) at 0 K.
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Figure 2. Tunable surface conductivity of a monolayer graphene (Fermi level: from 0.06 to 0.14 eV) at 0 K.

2.2. A comparative study on the plasmonic excitations in graphene split ring resonators
(SRRs)

We proposed to enhance infrared extinction and absorption in a monolayer graphene sheet by
patterning split ring resonators, a kind of basic structure in the design of plasmonic metama-
terials. By introducing asymmetric split ring resonators (ASRRs) into the monolayer gra-
phene sheet, we excited both fundamental magnetic mode and electric mode, and the
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contributions on the enhancement of infrared extinction and the absorption of these two modes
are comparatively studied. The designed periodic SRR-patterned graphene metamaterial is
shown in Figure 3, the rings are with width 2=2.5 um and the lattice constant of the square
lattice is P=3.0 um, the gap size of SRR is ¢=0.6 um. We note that the line width w of the ring
and the gap center position (6with respect to the center of the ring) are parameters that can
significantly influence absorption/extinction properties of the graphene metamaterial.

Figure 3. (a) Schematic of the SRR-patterned monolayer graphene sheet and corresponding electromagnetic excitation
configuration (the polarization direction is along the x-axis). (b) A unit cell of the SRR-patterned graphene sheet.
Geometric parameters are denoted by black letters.

In calculations, the graphene sheet was approximately treated as optical interface with
complex surface conductivity, since a one-atom-thick graphene sheet is sufficiently thin
compared with the concerned wavelength; the complex surface conductivity can be well
described by a Drude model as o=¢2E, [ (nh?) % i/(w +it ™), especially at low frequencies and

heavily doped region, where E.=0.5eV is the Fermi energy away from Dirac point, and
t=uE; [ev? is the relaxation rate with u=10*m?V's™ and v~10°m/sbeing the mobility and

Fermi velocity, respectively. The Fermi level can be easily controlled by electrostatic doping
via tuning charge-carrier density.

First, we set 9=0.45 um#0, which introduces symmetry breaking in SRRs. It is known that both
the electric mode and the fundamental magnetic mode can be excited for normal incidence in
the ASRR metamaterial [63—65]. It can be seen from Figure 4 that there are two transmission
dips on the curve. The transmission and reflection coefficients of the electric-field magnitude

of the x-polarized incident wave are defined as t.=|E™EM|(i=x, 1), and
T = | ERef [ g Inc ), in which E "¢ is the field of incident wave, and E;”™ and E**' are the field

of transmitted or reflected waves. We confirmed that (through numerical simulation) these
two dips correspond to fundamental plasmonic resonances: magnetic mode and electric mode.
The electric resonant mode at 3.96 THz is well excited. The magnetic mode at 1.99 THz is with
avery shallow dip in the transmission curve, which indicates that the graphene ASRR is weakly
excited. When comparing the resonant strength with resonant dips, it is clear that the electric
resonant mode is stronger in responding the incident field, and it shows better extinction and
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absorption compared with the magnetic mode. We believe that this is because the graphene’s
low-carrier concentration leads to the weak capturing on optical fields. The electric dipolar
mode is easier to excite, because to excite the electric mode capturing the incident field into a
current loop is not required. We also notice that the polarization transformation ¢, =r,.#0,
which is the radiation from the induced surface current on the graphene ASRRs. This
polarization conversion will also influence the optical extinction and absorption of the x-
polarized incident waves. The optical extinction and absorption with respect to x-polarized
incident wave are defined as E=1-1t, 1% and A=1-lt |2-1r [2-1¢t [2-1r |*for

considering the polarization conversion.
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Figure 4. Transmission (f) and reflection (r) coefficients with respect to the x-polarized incident wave of ASRRs-pat-
terned graphene sheet (gap position 0 =0.45 um and line width of graphene ASRR w =0.5 um).

We investigate the influences of geometric parameters on the optical extinction and absorp-
tion of the ASRR graphene metamaterial. Figure 5 shows resonant frequencies of the electric
mode and the magnetic mode, and the extinction and absorption at resonant frequencies for
graphene metamaterial with different line widths. The extinction on the resonance for both
the electric mode and the magnetic mode rises as the line width becomes wider, and the
extinction of the electric resonance is nearly one order higher than that of the magnetic
resonance. We can see that the extinction can be efficiently boosted at the frequency of electric
resonance, for example, the optical extinction of about 87% at a wavelength of 58.5 um is
achieved.

Then, we investigate the influence of symmetry (of the SRR structure) on the optical extinc-
tion and absorption. We find that the resonant frequency of the electric mode almost did not
shift when changing the asymmetric parameter, and the enhanced extinction and absorption
of the symmetric SRR (E=81%, A=49%) is higher than that of the ASRR (E=75%, A=43%).
Then, we study comparatively the extinction and absorption in symmetric (0=0) and asym-
metric (0=0.45 um) graphene SRRs. We find that the symmetric SRR is better than ASRR for
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the enhancement of extinction and absorption in a monolayer of graphene. A maximum
extinction of about 90% (w=0.8 um) and a maximum absorption of 50% (w=0.4 um) can be
achieved in a symmetric SRR graphene metamaterial. Since only an electric resonance is excited
in the symmetric SRR structure, and there exists no polarization conversion, the enhance-
ment on the extinction and absorption can be understood simply as follows: First, the SRRs
trap optical field that shines on graphene according to their receiving ability. Then, the trapped
field is redistributed through an absorbing channel and a radiating channel (including both
the forward and backward radiation). We note that the receiving or radiating ability of the
graphene SRRs and trapped ratio with respect to the incoming energy are two key charac-
ters in this process, and these two aspects are both strongly connected to the line width of the
graphene SRRs. On the one hand, the radiating property can be significantly influenced by
changing the line width since we know that a thin dipole possesses better radiation. On the
other hand, the line width determines directly the graphene area ratio to the whole unit cell
and thus remarkably modulates the trapped ratio to the incident light as well as the absorp-
tion in the graphene metamaterial. The electric resonance and dissipation of the graphene will
compete for an optimized absorption, while for the extinction the incident light is more likely
to be scattered for SRRs with wider line widths, which contributes to an incremental optical
extinction.
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Figure 5. Resonant frequency (blue sphere), extinction (red square), and absorption (olive diamond) at resonant fre-
quencies of the ASRR (with 6 =0.45 um)-patterned monolayer graphene sheet with respect to different line width w
for electric mode (solid) (a) and magnetic mode (dashed) (b).
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2.3. Electric plasmonic excitation in graphene cut-wires and physics of a maximum 50%
absorption in graphene metamaterials

We have found that the electric dipolar mode is stronger in enhancing light-graphene
interactions at terahertz frequencies compared to the magnetic mode and other higher-order
modes. As the simplest structure that supports electric dipolar excitation, cut-wire is essen-
tial in designing plasmonic metamaterials. It has been widely adopted for exploring funda-
mental physics as well as novel functionalities, such as plasmon-induced transparency,
polarization manipulations, and optical antennas. We suggested a tunable metasurface by
exploiting a monolayer graphene patterned in a cut-wire array. We mainly focused on the
strengthening of graphene’s terahertz response by the electric dipolar excitation of the basic
cut-wire structure and the influences of the graphene qualities. A 50% maximum absorption
at the electric dipolar mode is confirmed by the extraction of effective surface conductivities
of a cut-wire array of the theoretical and experimental graphene. Systematic investigations to
the graphene metasurface by changing values of graphene sample between two sets of well-
known experimental data, that is, Li et al. data [18] and Yan et al. data [10], respectively, show
that optical response of the graphene cut-wire-based metasurface can be tuned substantially
in terahertz frequencies.

x(E)

Y(H)

Figure 6. Schematic of the single-layer graphene cut-wire structure together with the corresponding excitation configu-
ration: x-polarized incident light is propagating along the z-axis. Geometric parameters are denoted by black letters.

Figure 6 shows the schematic of the proposed tunable graphene metasurface. The meta-atoms,
that is, graphene cut-wires, are periodically arranged in xy-plane with lattice constants
P,=6 um and P, =3 pum. The length and width of the cut-wire meta-atoms are | and w, respec-
tively. In the setup, the THz beam, with electric field polarized along the x-direction, normal-
ly illuminates graphene metasurface along the z-axis.

We first took E;=0.5 eV for the graphene, and the width of the wire w=0.7 um. The changes of
the resonant frequency and the peak absorption for the fundamental resonance caused by the
increase of the cut-wire length () are plotted in the inset of Figure 7(a). We see that the resonant
frequency dropped dramatically to a lower frequency while the peak absorption found its
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maximum of 50% around 5.0 um. Figure 7(a) presents the spectra of transmission (T),
reflection (R), and absorption (A) spectra for the case of graphene cut-wire metasurface with
the length of the wire /=5.0 um. We can see an obvious resonance around 3.30 THz. From our
investigation on the local field and current distributions, the resonance was confirmed to be
an electric dipolar mode. It is well known that the resonance frequency of cut-wires changes
with the length of the corresponding meta-atom. However, it is found that the width of cut-
wires also plays an important role in determining the electromagnetic (EM) properties of
graphene metasurface. Then, we specifically focus on studying the influence of w to the optical
response of the cut-wire-array metasurface, by setting the length I at a constant value 5.0 um.
The absorption spectra of cut-wires with different line width show the influence of line width
to the terahertz performance of graphene cut-wire array; we find that the resonant frequen-
cy of the electric mode shows a monotonous blue shift as we increase the line width w. On the
other hand, we also notice that there exists an inflection for the absorption enhancement, which
runs up to the maximum under w=0.7 um at around 3.30 THz. The simple cut-wire structure
confirms that the 50% maximum absorption enhancement still holds for the excitation of
electric dipolar mode in a graphene sheet [59].
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Figure 7. (a) Transmission, reflection, and the absorption of a graphene cut-wire array; the inset shows resonant fre-
quencies and the peak absorptions for cut-wires with different lengths. (b) The absorption spectra for graphene cut-
wire arrays with different cut-wire widths: the resonant spectra show a blue shift (from red to blue) regarding the
increase of the widths.

Actually, the 50% maximum absorption of graphene metasurface can be understood simply
with a transfer matrix study on a conductive sheet: since the graphene cut-wires are of deep
subwavelength, we can neglect high-order scatterings of graphene metasurface, for that the
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unit cells of graphene metasurface are all of deep subwavelength, then we have the absorp-
tion (A) of a free-standing metasurface (described as a conductive sheet with effective complex
conductivity o)

A=1=|r - |
2 2
1 o, |_ 2 |
2+0"770| 2+0'170|
4 (2)

( 0'770 /0'770)+o-770+4
<1
2

where 1, represents the characteristic impedance of vacuum, r and t are the complex scatter-
ing coefficients, and o, and o; are the real and imaginary parts of o, respectively. We can find

that the absorption receives the maximum, that is, 50%, when ¢,1,=2 and ¢,=0 (or simply
o1y=2).

The retrieval method [66, 67] for the calculation of effective EM parameters from measured r
and t coefficients provides a very intuitive route to understand the EM properties of metama-
terials. Here, we applied a recently proposed retrieval method for sheet materials [68] to
understand the THz response of the metamaterial designs; the sheet retrieval method is
suitable for our 2D graphene structure. The effective electric surface conductivity o can be

obtained from the complex scattering coefficients

08_5(1—r—zj 3
”_g“ 1+r+t ®)

with C representing the wave impedance. The extracted complex surface conductivity of the
graphene metasurface for the case of w=0.7 um is shown in Figure 8. The resonant response
around 3.30 THz can be seen on the effective electric conductivity spectrum, which is the proof
of the excitation of electric dipolar mode. So far, we have investigated the graphene metasur-

face with the theoretical data, that is, the Drude weight and the collision frequency are
@=58.86 GHz/Q and y =2 THz. We then consider the metasurface with graphene data from
experimental measurements, that is, the Yan et al. graphene with a=76.0 GHz/Q and
y=9.8 THz THz. The same procedure for studying the influence of w was performed and the
50% maximum absorption occurs when w=2.6 um. The retrieved electric conductivity for Yan
et al. graphene metasurface is presented in Figure 8, the electric resonance is shifted to 5.06
THz for this case. It is interesting that the amplitudes of the effective conductivity of the
metasurfaces are nearly the same (as indicated in Figure 8). We also see from the figure that
01,=2 is almost fulfilled for the maximum 50% absorption at the resonant frequencies.
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Figure 8. Extracted effective surface conductivities for graphene cut-wire arrays with theoretical graphene data and
Yan et al. graphene data, respectively. Lorentzian fittings of the resonant conductivity responses are plotted on the
extracted curves.

Since the effective electric surface conductivity of the graphene metasurface shows a Lorentz
response, we used a Lorentzian function to fit the conductivity for quantitative descriptions
of the electric resonances

o =P @
where f, is the frequency of resonance, I" represents the damping, « is a constant measuring
coupling, and B characterizes the background polarization. The fitted Lorentz factors of the
theoretical graphene data case are f,=3.30 THz, I'=315.0 GHz, and x«=606.4 GHz, while for the
Yan et al. graphene data case these parameters are f,=5.06THz, [=1554.0 GHz, and
k=3048.1 GHz. We found two connections from the fitted Lorentz parameters: I, / I, =y, /v, and
i, /I,=%, /I, (in which subscripts 1 and 2 denote the cases with theoretical and Yan et al.
graphene data). These two relations imply the following: (i) the damping factor of plasmonic
excitation of the graphene metasurface is determined by the collision frequency in graphene;

and (ii) graphene metasurfaces with the same absorption (50% maximum absorption in our
study) have nearly the same resonant amplitudes—« /T

To further investigate the graphene metasurface with different surface conductivities, we
comparatively studied the graphene metasurface by changing the values of @ and y between
that of the two sets of well-known experimental data, thatis, Liet al. graphene (¢ =19.9 GHz/ Q,
y=29.4 THz) and Yan et al. graphene. The line width of cut-wires w is set as 2.6 um for the
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discussions in this section. The false-color maps of the extracted electric surface conductivity
are plotted in Figure 9(a) and (b), respectively. We change the parameters of graphene from
the Li et al. data (denoted as 1) to the Yan et al. data (denoted as 3) in two steps: decreasing
collision frequency and increasing Drude weight (2 represents a hypothetic graphene data
with =199 GHz/Q and y=9.8 THz). From 1-3, it can be seen that the electric dipolar
resonance changed considerably as we improved the quality of graphene (from the Li et al.
data in 2008 to Yan et al. data in 2012), which can be confirmed quantitatively from Figure
9(c), in which we plotted the fitted resonant frequencies and Q-factors (f,/I') of the studied
graphene metamaterial: (i) the resonant frequency maintains nearly the same when decreas-
ing the collision frequency; however, the changing of the damping frequency makes the Q-
factor to increase linearly; (ii) the damping frequency maintains when increasing the Drude
weight; however, the blue shift of the resonant frequency makes the Q-factor to increase
continuously during the increase in the Drude weight.
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Figure 9. Spectra of imaginary (a) and real (b) parts of extracted effective surface conductivities as a function of the
graphene Drude weight & and the collision frequency ). (c) Q-factors and resonant frequencies of graphene cut-wire
arrays with different Drude weights and collision frequencies.
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3. Graphene plasmonic excitations in coherently modulated optical fields

3.1. A monolayer graphene as a tunable terahertz CPA

We suggest enhancing the terahertz absorption with the technique of coherent modulation in
an unstructured and nonresonant monolayer graphene. We found that the quasi-CPA
frequency, at which the formation condition of CPA is fulfilled, does exist in the terahertz band
for suspending graphene. The scattering of coherent beams can be perfectly suppressed with
proper coherent modulation on the input beams. In our theoretical study, a layer of gra-
phene is free standing in vacuum, and it is illuminated by two counter-propagating and
coherently modulated input beams (I,), O, are the respective output magnitudes.

In the monolayer graphene system, the complex scattering coefficients (O,) can be related to

the two input beams (I,) through a scattering matrix, S,, which is defined as

0, I, t, r\Ile”
0_ =Sg I_ - r, t Iei¢, (5)

where t,/r, are the scattering elements of the forward (I,) and backward (I_) beams; the

scattering matrix can be simplified for that the system is of reciprocity and spatial symmetry.
We consider only phase modulation on the coherent input beams for simplicity, then the two
input beams are of equal amplitude I; the amplitude of the output beams would be

|0+| = |O_| = ‘t]e’”’+ + rle” (6)

In a terahertz coherent perfect absorber, the coherent modulation of the input beams perform-
ance is required to inhibit the scatterings and thus stimulate the complete absorption of
P i¢‘, we get the necessary condition for

coherent terahertz beams, which requires tle ""=rle

acquiring CPA performance: |t =171,

In calculations, the graphene sheet can be considered as an optical interface described by
complex surface conductivity (o). Reflection and transmission coefficients of forward- and
backward-propagating light through the graphene can be driven with the assistance of Ohm’s
law. The scattering elements t and r at the normal incidence are given by

2

t= : 7)
2+omn,

r ®

2407,
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where 1,is the wave impedance of free space. From these equations, we can give the condi-

tion for coherent perfect absorption:
jon,| =2 9)

In the work, we also found that the CPA based on a monolayer graphene is of angularly
sensitivity, which is good for wide angular tunability. For oblique incidence, we should
consider both s- and p-polarized modes; it is found with a transfer matrix formalism that the
quasi-CPA frequency splits into two frequency branches for the two polarizations: the CPA of
s-polarization has a blue shift compared to the normal incident case, while the CPA of p-
polarization has a red shift compared to the normal incident situation. The two bands together
covered a wide frequency range.

The charge-carrier density and thus the Fermi level can be easily changed through electro-
static doping, which makes graphene promising for wide-tunable and broadband optoelec-
tronic and photonic applications. With the increase in the electrostatic doping, we get higher
charge-carrier concentration and thus higher Fermi energies, and we found a blue shift of the
quasi-CPA frequency. This process can be understood as follows: the Drude weight of
graphene (with higher carrier concentration) becomes higher, or we can say the graphene is
with reenforced metallicity, which will have more scattering, then the reflection will be
increased and the transmission will be decreased, and the quasi-CPA point will show a blue
shift.

3.2. Graphene metamaterial interaction with coherent-modulated optical field as a tunable
infrared CPA

The discussed suspending monolayer graphene CPA is physically based on the intrinsic Drude
response of graphene, which is realizable only in the few-terahertz range with achievable
graphene samples. And then we exploited the possibility of coherent perfect absorption at
infrared frequencies. We designed a graphene nanoribbon-based metasurface and found that
quasi-CPA frequencies, which is the necessary formation condition of coherent absorption, do
exist in the mid-infrared regime for properly designed graphene nanoribbon arrays. The
scattering of coherent beams can be perfectly suppressed at the quasi-CPA frequencies with
proper phase modulations on the input beams. For the case with two crosses on the transmis-
sion and reflection spectra, we can achieve coherent perfect absorption at the two quasi-CPA
frequencies, simultaneously. The flexible tunabilities of the graphene metasurface-based CPA
are of interests for tunable infrared detections and signal modulations.

Figure 10 shows the schematic of the proposed graphene nanoribbons-based metasurface and
the corresponding excitation configuration with two counter-propagating and coherently
modulated optical beams (1,), O, being the respective output magnitudes; the graphene sheet
is illuminated with perpendicularly polarized light. Both lattice constant and width of the
graphene nanoribbon meta-atoms play important roles in determining the optical resonant
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behaviors of graphene metasurface, the lattice constant is set to be P=0.7 um for the study of
CPA in the mid-infrared regime.

We took E.=0.5eV for the graphene. Figure 11(a) presents the spectra of the reflection
coefficients (r) and transmission coefficients (¢) for the case of graphene nanoribbon metasur-
face with the width of w=0.33 um. We can see an obvious resonance around 23.0 THz. The
resonance was confirmed to be electric dipolar mode (which will be verified from the effective
surface conductivity below), similar to the low-frequency resonance of split ring resonators as
that in reference [59]. The excitation of electric dipolar mode leads to the enhancement of
absorption in the graphene sheet; however, the maximum limit is 50%.

edge contact

Figure 10. Schematic of a graphene ribbon metasurface illustrated by two counter-propagating and coherently modu-
lated input beams.

Since the high-order scatterings of the deep subwavelength graphene nanoribbons are
negligible, the graphene metasurface can be formalized with effective surface conductivities,
then its interactions with the coherent modulated optical fields are the same as previously
discussed suspending graphene case. The scatterings of the input beams are required to be
inhibited to demonstrate a CPA, the necessary condition for CPA performanceis It !=1r1.

It can be seen from Figure 11(a) that there exists two frequencies (22.65 and 23.33 THz), which
we call quasi-CPA points, which implies the necessary condition for suppressing the scatter-
ing fields to completely absorb coherent input beams of equal intensity. In the view of
experiments, graphene generally needs to be transferred onto some substrate; we studied the
scattering responses of a nanoribbon array (with the same geometry as that in Figure 11(a))
sandwiched in between two 45-nm-thick hexagonal boron nitride (h-BN) substrates, which
was suggested as an exceptionally clean environment for achieving high confinement and low
levels of plasmon damping in graphene [69] and is suitable for the one-dimensional high-
quality electrical contact [70] (see the illustration in Figure 10). The dielectric function was
taken from experimental studies [69, 71]. As can be seen from the inset of Figure 11(a), the
resonant frequency shifts to lower frequency as expected because of the introduction of the
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substrate, and there exist two quasi-CPA frequencies. For simplicity and without loss of
generality, we will consider free-standing graphene metasurfaces.
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Figure 11. (a) Spectra of the reflection and transmission coefficients of a graphene nanoribbon metasurface; the quasi-
CPA points at the crosses of the scattering spectra are indicated with arrows. (b) Absolute values, real and imaginary
parts of the effective surface conductivities of the corresponding graphene nanoribbon metasurface.

Equation (9) gives the formation condition for CPA in an effective medium scheme. To verify
this, we used a recently proposed sheet retrieval method (see Eq. (3)) to extract the effective
surface conductivity ofof the graphene nanoribbon metasurface. Figure 11(b) shows the
absolute, real, and imaginary parts of the effective surface conductivities corresponding to
Figure 11(a). It is obvious that there is a Lorentz resonance around 23.0 THz on the effective
electric conductivity spectrum, which confirms the excitation of electric dipolar mode. The
extracted magnetic conductivity does not show any resonant feature around this electric
resonance, so we have not included the corresponding result here. And it is also seen that the
condition | (Mo | =2 is fulfilled at the two quasi-CPA frequencies, which indicate the validity

of describing the graphene nanoribbon metasurface with the effective surface conductivity.

To implement the perfect absorption with the graphene metasurface, we set a chirped phase
modulation A¢(f)=¢,~¢p_=¢,+kf on the beams I, with f being the frequency, and
k=-1.87x10""*1t being the chirped factor to compensate the frequency dispersion. The plotted
false-color map of the normalized spectra of total absorptions in Figure 12(a) shows the
detailed dependence on ¢, We see that a proper phase modulation (¢,=1.03m) of the input

coherent beams leads to significant suppression of the scattering outputs at the quasi-CPA
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frequencies. The normalized total absorption as a function of the frequency for the phase
modulation ¢,=1.03m is plotted in Figure 12(b). We can see total absorption at both the two
quasi-CPA frequencies. The significant boosting of the absorption implies destructive
interference, which prevents the coherent beams from escaping the absorbing channel of the
graphene metasurface, demonstrating completely absorption of the coherent input beams.

Phase modulation ¢, ()

21 22 23 24 25

|

20_—|||||||||||||||||||||||||||||\|||
21 22 23 24 25

Frequency (THz)

Figure 12. A two-dimensional false-color plot of the normalized total absorptions as a function of frequency and phase
modulation, the exact CPA points are denoted with green arrows. (b) Normalized total absorption as a function of

frequency for the phase modulation ¢,=1.037t.

The metasurface structures together with the electrically controlled graphene will provide
more wide tunable space for the design of mid-infrared CPA; we first consider the geomet-
ric tunability of the graphene nanoribbon-based CPA. Figure 13 shows the dependence of the
difference (I 7 | = |t I') of the scattering coefficients of the graphene metasurface on the widths
of nanoribbons. We can see that the resonant frequency of the electric dipolar mode shows a
monotonous red shift with the increase of w, which is similar to the cut-wire case [60] (actually,
the ribbon structure is the special situation of cut-wire with graphene covering all the lattice
range along the x-axis). Increasing the width or the graphene-filling factor in the unit cell of
the metasurface leads to stronger light-graphene interaction, that is, high resonant strength of
the electric dipolar resonance, and thus higher r and lower ¢ around the resonance that
introduce a regime where |7l -1#1=0 starting from w=0.138 um, which has its boundary
(as the solid line indicated) being the quasi-CPA points. The discrete spheres on top of the solid

curve, representing the extracted surface conductivities with | oMo | =2, also imply that the

formation condition of CPA is fulfilled at the boundary. At these quasi-CPA points, we can

247



248 Recent Advances in Graphene Research

completely suppress the scatterings of the graphene metasurface with proper phase modula-
tions as that shown in Figure 12.
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Figure 13. Geometric tunability of the graphene metasurface CPA.
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Figure 14. Electric tunability of the graphene metasurface CPA.

On the other hand, the graphene metasurface is also expected to have higher resonant strength
for graphene with larger Fermi level. The dependence on Fermi energy of the difference of the
scattering coefficients is plotted in Figure 14 (the width of the graphene nanoribbon was set
to be 0.138 um, the left edge of the solid boundary in Figure 13); it can be seen that the resonant
frequency shifts to higher frequencies and the resonant strength becomes higher while the
Fermi level changes from0.25 to 0.85 eV. Similar to the influence of the width of nanoribbons,
the light-graphene interaction is enhanced for better resonant behaviors, and thus a regime
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starting from 0.5 eV where with its boundary It |- 171 =0 being the quasi-CPA frequencies.
Combining the two functional bands for CPA, we see that it is free to achieve CPA at de-
sired frequency in an ultra-wide range by merging the geometric and electrical tunabilities.
And the discrete spheres representing the extracted surface conductivities in Figure 14 again
confirm that |a‘fn0| =2 is equivalent to the quasi-CPA condition t!=1r1| for graphene

nanoribbons-based metasurface.

4. Conclusion

In summary, this chapter summarized the recent progresses in the subfield of graphene
plasmonics. Aimed to the issue in practical applications based on graphene: high loss in the
plasmonic excitations of graphene limits the performance of graphene’s ability in manipulat-
ing light. We show some reported results on the enhancement of light-graphene interactions
by employing the new strategies including plasmonic metamaterial design and coherent
modulation on optical fields. We found that the terahertz/ infrared extinction and absorp-
tion can be enhanced in a single graphene sheet by patterning plasmonic metamaterial
structures, such as SRRs and cut-wires. It is found that we can significantly control the
plasmonic excitations by manipulating geometric symmetry. It is shown that the electric
plasmonic mode is stronger in enhancing infrared extinction and absorption compared to the
magnetic mode and higher-order modes. We prove that the condition for maximum 50%
absorption is ¢,1,=2. It is also found that graphene metamaterials interacting with coherent-

modulated optical fields can be employed to further take advantages from plasmonic
excitations in infrared frequencies to perfectly suppress scattering for CPA. We prove that the
necessary condition for realizing CPA for both suspending graphene and graphene metama-
terial cases is | an | =2. Furthermore, the CPA can be tuned in an ultra-wide frequency band

by considering both the geometric tunability and electrically controlled charge-carrier density
in graphene. Our results on enhancing optical response in graphene with plasmonic metama-
terial design, coherent modulations, and synergic action of them have potential applications
for terahertz and infrared band graphene photonics and optoelectronics. We also expect
potential applications of plasmonic metamaterial design and coherent modulations in two-
dimensional materials beyond graphene.
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